
Interactions between the skeletal 
dihydropyridine receptor (3 subunit, the 

ais II-III loop and the ryanodine receptor 

by 

Yamuna Alles Karunasekara 

A thesis submitted for the degree of Doctor of Philosophy of the 
Austrahan National University 

The John Curtin School of Medical Research 
Australian National University 

Canberra 
AUSTRALIA 

THE AUSTRALIAN NATIONAL UNIVERSITY 

June 2011 

c w 
'f 

THE JOHN Cum iN 
M l l l l D L D I M I D I C A L 1(1 S I M ( C I 1 



r U B H A 5 W ^ 



Statement 

This thesis presents the results of research undertaken in the Biomolecular Structure 

Group . Department of Translational Biosciences, The John Curtin School of Medical 

Research, The Australian National University between February 2007 and June 2011. 

This study was supported by an Australian Postgraduate Award, an Australian National 

University Supplementary Scholarship and the Peter Gage Memorial Supplementary 

Scholarship in Membrane Physiology. 

All exper iments and data analyses presented in this thesis arc my own original work, 

accomplished under the supervision of Dr. Marco G. Casarotto, Prof. Angela F. 

Dulhunty and Prof. Philip G. Board, except where otherwise acknowledged. 

'"Z 

Yamuna Alles Karunasekara 

Structural Biology Group 

Department of Translational Biosciences 

The John Curtin School of Medial Research 

College of Medicine, Biology and Envi ronment 

The Australian National University 



Acknowledgements 

First of all I would like to thank my main PhD supervisor, Dr. Marco Casarot to for his 

excellent guidance and assistance during the course of this PhD. The brain storming 

sessions formed the basis for this project and it is much appreciated. I thank you for 

your immense patience, humor and understanding through the ups and downs of this 

project as well as my personal life. Without your advice and understanding, the 

completion of this PhD would not have been possible. Your ability to turn tears and 

frustration into laughter and optimism is admirable. 

I would also like to express my gratitude to the other two members of my supervisory 

panel. Prof. Angela Dulhunty and Prof. Phil Board. Angela ' s extensive and in depth 

knowledge in the field of muscle EC coupling has been invaluable during the course of 

this project. I appreciate very much her efforts to introduce me to the international 

community in the field of EC coupling. Putting a face to names in scientific papers 

made a big difference to the way I approached this project. I would also like to thank 

Angela for all the help and input in the electrophysiology aspects of this PhD. 

1 would like to thank Prof. Phil Board for making me always welcome in his laboratory 

and for the use of resources in the Molecular Genetics group. He has been a wonderful 

mentor and his door was always open for any questions/problems at any time of the day. 

His numerous suggestions and input during this project is greatly appreciated. 

I acknowledge the contribution to this project by Dr. Marco Casarotto (NMR), 

Dr. Yanfang Cui (NMR), Dr. Nicole Norris (ITC), Dr. Esther Gallant (Lipid bilayer 

experiments) and Ms. Robyn Rebbeck (Lipid bilayer experiments). A special thank you 

goes to Esther and Robyn for teaching me lipid bilayer techniques and single channel 

data analysis. I also acknowledge the contribution of Ms. Suzy Pace and Ms. Joan 

Stivala in producing RyRl vesicles for lipid bilayer experiments carried out in this 

project. Thank you also to Dr. Dan Liu for proof-reading this thesis within a very short 

time frame. 

My heartfelt gratitude goes out to members of three research groups - The 

Biomolecular Structure group, the Muscle Research group and the Molecular Genetics 

group. I greatly appreciate their help and support in various aspects of this project. I 

would specially like to mention Dr. Han Shen Tae who has been a wonderful friend and 



colleague. His help and support contributed substantially to the completion of this 

project. I would also like to thank him for the companionship and laughter and for 

making the lab an enjoyable place to work in. 

A very big thank you goes to my two daughters - Niluka and Nadeeka. 1 appreciate you 

putting up with a constantly "busy" Mummy for the last few years. 1 would like to 

specially mention and thank Niluka for her help during the thesis writing process. Your 

help was invaluable and it is much appreciated. Last but not least I would like to thank 

the person who made all this possible - my husband, Neil. Without his endless patience, 

understanding and support 1 could not have ventured on this journey. Thank you Neil, 

for being there and for everything you have done for me. 

HI 



Abstract 

Excitation-contraction (EC) coupling in skeletal muscle requires a physical coupling 

between the dihydropyridine receptor (DHPR) Ca^"" channel in the surface membrane 

and the ryanodine receptor (RyRl) Ca^"" release channel in the sarcoplasmic reticulum 

(SR) Ca^"" store. However, the exact molecular mechanism of this interaction remains 

unresolved. Both the a,s and p,a subunits of the DHPR are essential for the skeletal EC 

coupling process and a central critical region of the ais IMII loop has been shown to be 

important for this interaction. The (3 subunit plays an essential role in the targeting of 

the pore-forming a i subunit to the t-tubular membrane and in the modulation of the 

DHPR Ca^"" channel. In addition the skeletal isoform, Pu, supports tetrad formation of 

the DHPRs opposite the ryanodine receptors, p u has a modular structure consisting of 

N, C termini and SH3/guanylate kinase (GK) domains separated by a Hook region. A 

high affinity interaction between the a ^ I-II loop and the pia-GK domain is responsible 

for the targeting function of the P subunit. However the functional significance of the 

SH3 domain remains unclear. 

SH3 domains are protein interaction domains that typically bind to proline rich motifs in 

their interacting partners. The critical region of the ais Il-III loop contains at least two 

such proline rich motifs. Therefore this study investigated the possibility of an 

interaction between the Pia-SH3 domain and the ais H-m loop. The Pia subunit and its 

SH3 domain bound to the critical region of the ttis II-III loop with an affinity of ~ 2 nM. 

One of these interactions was narrowed down to the first proline-rich motif of the 

critical region which encompasses four skeletal specific residues (A739, F741, P742 

and D744) that have been previously shown to be important for skeletal type EC-

coupling in-vivo. Mutation of these residues to their cardiac counterparts showed 

residues P742 and D744 to be important for the binding of the Pia-SH3 domain to the 

critical region of the aisII-IIl loop. 

The C-terminus of the Pia subunit binds to RyRl in vitro and the end 35 residues of the 

pia C-terminus is important for skeletal type EC coupling. This study investigated the 

structure of a peptide corresponding to this region by NMR and identified a nascent 

helical region extending from residues to Three hydrophobic residues 

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



putative binding surface for the skeletal ryanodine receptor. Mutation of these residues 

to alanines partially disrupts the helical surface and decreases the ability of the mutant 

peptides to activate the ryanodine receptor. 

In conclusion this study shows that the SH3 domain of the skeletal P subunit is able to 

bind to the critical region of the a ^ 11-111 loop in-vitro. This study also identifies a 

quasi-structured helical region in the C terminal tail of the Pia subunit that affects its 

interaction with the skeletal ryanodine receptor. Based on these findings, a model is 

proposed where the P u subunit acts as a conduit in the transformation of the EC 

coupling signal from the skeletal DHPR to RyRl . 
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Chapter 

Chapter 1 Introduction and background 

1.1 Muscle 

1.1.1 Overv iew of muscle tissue 

Movement is essential to life, and takes many forms, from cytoplasmic streaming and 

the growth of neurons at the cellular level, to the flight of a bird or the explosive 

performance of a sprinter. Muscle is an organ specializing in the transformation of 

chemical energy into movement. 

Muscle is made up of muscle tissue which in turn consists of muscle fibers. The most 

distinguishing functional characteristic of muscle fibers is their ability to transform 

chemical energy (ATP) into directed mechanical energy. In doing so, they become 

capable of exerting force. As a result muscle fibers are able to change the dimensions or 

shape of anatomical structures or cause movement of body parts with respect to each 

other. 

There are three types of muscle tissue: 

Skeletal muscle tissue is packaged into the skeletal muscles, organs that attach to and 

cover the bony skeleton. Skeletal muscle fibers are syncytia formed by the fusion of 

muscle cells. They have obvious stripes called striations and can be controlled 

voluntarily. Although it is often activated by reflexes, skeletal muscle is called 

voluntary muscle because it is the only type subject to conscious control. Skeletal 

muscle is responsible for overall body mobility. It can contract rapidly, but it tires easily 

and must rest after short periods of activity. Nevertheless, it can exert tremendous 

power. 

Cardiac muscle tissue occurs only in the heart, where it constitutes the bulk of the 

heart walls. Like skeletal muscle fibers, cardiac muscle cells are striated, but cardiac 

muscle is not voluntary. Cardiac muscle usually contracts at a fairly steady rate set by 

the heart's pacemaker, but neural controls allow the heart rate to vary for brief periods. 

Smooth muscle tissue is found in the walls of hollow visceral organs, such as the 

stomach, urinary bladder, and respiratory passages. Its role is to force fluids and other 
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substances through internal body channels. It has no striations, and like cardiac muscle, 

it is not subject to voluntary control. Contractions of smooth muscle fibers are slow and 

sustained. 

The types of muscle are summarized in Table 1-1 

1.1.2 Developmental aspects of muscle 

With rare exceptions, all muscle tissues develop from embryonic mesoderm cells called 

myoblasts. Multinucleate skeletal muscle fibers form by the fusion of several myoblasts 

to form multinuclear myotubes, a process guided by the integrins (cell adhesion 

proteins) forming part of the myoblast membranes. Functional sarcomeres are present, 

and skeletal muscle fibers are contracting by week 7 when the human embryo is only 

about 1 inch long. Myoblasts producing cardiac and smooth muscle cells do not fuse. 

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

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

Each skeletal muscle is a discrete organ. In an intact muscle, the individual muscle 

fibers are wrapped and held together by several different connective tissue sheaths. 

Together these connective tissue sheaths support each cell and reinforce the muscle as a 

whole, preventing the bulging muscles from bursting during exceptionally strong 

contractions. The endomysium is the fine sheath of connective tissue that surrounds 

each individual muscle fiber. Within each skeletal muscle, the endomysium-wrapped 

muscle fibers are grouped into fascicles that resemble bundles of sticks. Surrounding 

each fascicle is a layer of fibrous connective tissue called perimysium. Bundles of 

fascicles are in turn covered by an "overcoat" of dense irregular connective tissue called 

the epimysium that surrounds the whole muscle (Marieb, Human Anatomy and 

Physiology, 7 ed.). 
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Table 1-1 Comparison of muscle types 

Cell Type Structure Contractile properties Function 

Skeletal Long syncytial, Rapid, powerful Movement of the 

muscle Multinucleated cells; contractions; can shorten bones across 

orderly arrangement of to 60-80% of resting joints. 

myosin and actin f i laments length; contraction is 

gives striated appearance, initiated by the central 

each fiber is directly nervous system under 

innervated by a motor voluntary control. 

neuron. 

Cardiac Similar to skeletal muscle Similar to skeletal Movement of 

muscle but extrinsic innervation is muscle but contraction is blood by repetitive 

only at the specialized initiated by automatic rhythmic 

nodal pacemakers; the firing of pacemaker contraction; beats 

action potential is cells; contraction is about 3 billion 

conducted from cell to cell slower and more limes during a 

via gap junct ions prolonged than in normal lifetime. 

(nexuses). skeletal muscle. 

Smooth Elongated, tapering cells; Slow contractions under Control of shape 

muscle mononuclear; no involuntary control; can and size of hollow 

striations; occurs singly, in shorten to 25% of organs such as the 

small clusters, or in sheets resting length. digestive. 

enclosing organs; respiratory,genital. 

innervated by local and urinary tracts 

plexuses and extrinsically and the vascular 

by autonomic nerves. system. 
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Figure 1-1 Macroscopic anatomy skeletal muscle ( Marieb, Human Anatomy and Physiology, 7 ed.). 
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1.1.4 Microscopic anatomy of a skeletal muscle fibre (Figure 1-2) 

Each skeletal muscle fiber is a long cylindrical structure with multiple oval nuclei 

arranged just beneath its sarcolemma, or plasma membrane. Their diameter typically 

ranges from 10 to 100 ^im. 

The sarcoplasm of a muscle fiber is similar to the cytoplasm of other cells, but contains 

large amounts of glycosomes (granules of stored glycogen) and myoglobin, a pigment 

that stores oxygen. Muscle cells also contain many mitochondria which are often 

present as reticulum-like structures extending longitudinally in the fiber near the 

sarcolemma. 

Each muscle fiber contains many rod-like myofibrils that run parallel to its length. The 

myofibrils, each 1-2 ^m in diameter are densely packed and account for about 80% of 

cellular volume. The myofibrils contain the contractile elements of skeletal muscle 

cells. 

In skeletal and cardiac muscle, striations, a repeating series of dark A bands and light I 

bands, are evident along the length of each myofibril. In an intact muscle fiber, the A 

and I bands are nearly perfectly aligned with one another, giving the cell as a whole its 

striped (striated) appearance. 

Each A band has a lighter stripe in its midsection called the H zone. Each H zone is 

bisected vertically by a dark line called the M line. The I bands also have a midline 

interruption, a darker area called the Z disc (or Z line). A sarcomere is the region of a 

myofibril between two successive Z discs, that is, it contains an A band flanked by half 

an I band at each end. Averaging 2 fxm long, the sarcomere is the contractile unit of a 

muscle fiber. 

The banding pattern of a myofibril arises from an orderly arrangement of two types of 

structures, called myofilaments within the sarcomeres. The central thick filaments 

extend the entire length of the A band. The more lateral thin filaments extend across the 

I band and partway into the A band. The Z disc, a coin-shaped sheet composed largely 

of the protein alpha actinin, anchors the thin filaments. Intermediate (desmin) filaments 

extending from the Z disc connect each myofibril to the next throughout the width of 

the muscle cell. The H zone of the A band appears less dense because the thin filaments 
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Figure 1-2 Microscopic anatomy of a skeletal muscle fiber, (a) Photomicrograph of 
portions of two isolated muscle fibers (700x). (b)Diagram of part of a muscle fiber 
showing the myofibrils. One myofibril extends from the cut end of the fiber, (c) A small 
portion of one myofibril enlarged to show the myofilaments responsible for the striation 
pattern. Each sarcomere extends from one Z disc to the next, (d) Enlargement of one 
sarcomere (sectioned lengthwise), (e) Cross-sectional view of a sarcomere cut through 
in different areas. (Marieb, Human Anatomy and Physiology, 7 ed.) 
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do not extend into this region. The M line in the center of the H zone is slightly darker 

because of the presence there of fine protein strands that hold adjacent thick filaments 

together. The myofilaments are connected to the sarcolemma at the Z discs and the M 

lines. In areas where thick and thin filaments overlap, each thick filament is surrounded 

by a hexagonal arrangement of six thin filaments, and each thin filament is enclosed by 

three thick filaments. 

Thick filaments (about 16 nm in diameter) are composed primarily of the protein 

myosin. Each myosin molecule has a rod-like tail and two globular heads that link the 

thick and thin filaments together (form cross bridges). The thin filaments (7-8 nm 

thick) are composed chietly of the protein actin. Several regulatory proteins are also 

present in the thin filament. Two strands of tropomyosin, a rod-shaped protein, spiral 

about the actin core and help stiffen it. The other major protein in the thin filament, 

troponin is a three-polypeptide complex. One of these polypeptides (Tnl) is an 

inhibitory subunit that binds to actin; another (TnT) binds to tropomyosin and helps 

position it on actin. The third (TnC) binds calcium ions. Both troponin and tropomyosin 

help control the myosin-actin interactions involved in contraction. 

During the past decade or so other filament types also have been discovered. The elastic 

filament is composed of the giant protein titin, which extends from the Z disc to the 

thick tllament, and then runs within the latter to attach to the M line. It holds the thick 

filaments in place and assists the muscle cell to spring back into shape after being 

stretched or shortening. Another important structural protein is dystrophin, which links 

the thin filaments to the integral proteins of the sarcolemma. A genetic defect in the 

dystrophin gene leads to Duchenne muscular dystrophy, a severe x-linked form of 

muscle dystrophy. Other proteins that act to bind filaments or sarcomeres together 

include nebulin, myomesin, and vimentin. 

The sliding filament theory of contraction states that during contraction the thin 

filaments slide past the thick ones so that the actin and myosin filaments overlap to a 

greater degree. In a relaxed muscle fiber, the thick and thin filaments overlap only at the 

ends of the A band. But when muscle fibers are stimulated by the nervous system, and 

in the presence of Ca^" ,̂ the myosin heads latch on to myosin binding sites on actin in 

the thin filaments, and the sliding begins. These cross bridge attachments are formed 

and broken several times during a contraction, acting like liny ratchets to generate 
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tension and propel the thin filaments toward the center of the sarcomere. As this event 

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

Skeletal muscle fibers also contain two important sets of intracellular tubules that 

participate in the initiation of muscle contraction: the sarcoplasmic reticulum (SR) 

and the T (Transverse) tubules. The major role of the SR is to store Câ "̂  and regulate 

intracellular levels of ionic calcium. It stores calcium and releases it on demand when 

the muscle fiber is stimulated to contract. The T-tubules provide the conduit for the 

action potential to reach the fiber interior, and brings the outer membranes into close 

proximity with the internal sarcoplasmic reticulum (SR) (Marieb, Human Anatomy and 

Physiology, 7 ed.). 

1.2 Role of ionic calcium in muscle contraction 

In a resting muscle fiber, the SR actively maintains cytosolic Câ "̂  concentrafion at 

sub-micromolar levels, typically 0.1 |iM, by active transport mediated by Ca'"^-ATPase 

molecules present at high density along its length and circumference. Upon receiving a 

stimulus from the T-tubule the SR rapidly releases Ca'"" into the cytosol at rates 

approaching 100 |iM/ms to raise cytosolic Câ "̂  concentrafion to micro molar levels 

(typically 1-10 ^M). Released Ca "̂" ions diffuse and bind to troponin-C (TnC), the 

regulatory subunit of troponin, thereby removing troponin's inhibitory effect on the 

contractile proteins, actin and myosin, which shorten to generate force. Upon 

repolarization, Ca'"^ release terminates and multiple mechanisms act in concert to return 

cytosolic Ca "̂" to resting levels. High-density Ca^"'-ATPase pumps on the SR membrane 

rapidly pump Ca'^ back in to the SR where it is largely bound to the Ca''^ binding 

protein calsequestrin. Cytosolic Ca^'^-binding proteins with rapid kinetics buffer Ca'"^ 

transiently while the slower SR pumps return it to the SR. Force terminates when 

cytosolic Ca'"" returns to resfing levels. Thus, cytosolic Ca "̂" is the central link between 

membrane excitation and acfivation of the contractile proteins. Contraction is inhibited 

at low resfing Ca'"" levels and proceeds when Ca "̂" is elevated transiently in response to 

membrane excitation (Cell Physiology Sourcebook: A Molecular Approach, third 

edition). 
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1.3 Sarcoplasamic Reticulum ( SR) and T (Transverse) -tubules 

Synchronous activation of siceietal muscle depends on effective, rapid communication 

between the specialized extracellular membranes of the sarcolemma/T-tubules and the 

intracellular SR. To achieve this, the membranes of skeletal muscle are highly organized 

to bring into close physical proximity the proteins involved in each of the key events: 

membrane excitation, Câ "̂  release, and force generation. 

The sarcolemma and T-tubule membranes are organized to conduct the action potential 

rapidly to all parts of the fiber. The T-tubules compose the majority of the sarcolemma 

membrane, representing 30-80% of the total sarcolemma area. They invaginate from the 

sarcolemma in a transverse plane approximately twice every 1-2 ^iM (at two planes per 

sarcomere in mammalian muscle). Within this plane they branch extensively to form a 

network that covers the entire cross-sectional area of the muscle cell (Figure 1-3) 

The sarcoplasmic reticulum (SR) is an elaborate smooth endoplasmic reticulum. Its 

interconnecting tubules surround each myofibril. Most of these tubules run 

longitudinally along the myofibril. Others form larger, transverse cross channels at the 

A band-I band Junctions. These channels are called terminal cistemae ("end sacs") and 

they always occur in pairs. 

As each T tubule protrudes deep into the cell, it runs between the paired terminal 

cistemae of the SR to form successive groupings of the three membranous structures 

called triads (Figure 1-4). Up to 80% of the tubular membrane is associated with the SR 

at triad junctions (Dulhunty, 1984). Given this membrane architecture, no part of the 

sarcolemma is more than a few tenths of a micrometer from the Câ "̂  release channels of 

the SR. 

Variations on this architecture theme for the intracellular junctions occur in different 

species (Burighel et al., 1977). These include dyads, in which a junctional region of 

terminal cistema is apposed to a single short segment of T-tubule, and peripheral 

couplings, in which a junctional region of terminal cisterna is apposed to an 

approximately circular junctional domain of the surface membrane. Triads, dyads, and 

peripheral couplings are structurally and functionally equivalent. Each is the 

intracellular site at which the 
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Figure 1-3 Sarcoplasmic reticulum and T-tubular network of skeletal muscle 

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

Figure 1-4 An electron micrograph of 
a section through a triad junction of a 
frog tonic fibre, showing a central t-
tubular element flanked on either side 
by a terminal cistemae element of the 
sarcoplasmic reticulum. The arrows 
point to electron-dense junctional feet 
spanning the junctional gap on either 
side of the t-tubule between the t-tubule 
and terminal cisternae. (From Franzini-
Armstrong et al. Ann N Y Acad Sci. 
1998 Sep 16;853:20) 
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interaction between electrical excitation of the outer membrane is linked to the 
intracellular Ca'"^ release. Collectively, these intracellular junctions are called calcium 
release units (CRUs) (Franzini-Armstrong et al., 1999). 

1.4 Proteins of the triad junction 
At the triad junctions, voltage-dependent Câ "̂  channels in the T-tubular membrane (also 
known as voltage sensors because they respond to the action potential depolarization, or 
dihydropyridine receptors (DHPRs) because of their sensitivity to the dihydropyridine 
class of Ca^^ channel blocking drugs) detect the depolarization and transduce it into a 
signal for opening Ca'"^ release channels (also called the ryanodine receptors (RyRs) 
because they bind this plant alkaloid with high affinity) on the closely opposed SR 
membrane (Leong and MacLennan, 1998). 

The two key proteins of the calcium release units (CRU), the DHPRs and the RyRs, 
associate at the triad junctions to form a functional signal transduction complex (Flucher 
et al., 1996). At the junctions, the T-tubule and SR membranes flatten and face each 
other across a narrow gap of about 10 nm. The junctional surface of the terminal 
cistemae of the SR (jSR) contains two rows of proteins corresponding to the Ca'"^ 
release channels/RyRs (Franzini-Armstrong, 1970). The RyRs are packed in highly 
ordered arrays, in a skewed pattern with a center-to-center spacing of about 30 nm. The 
RyRs are also termed foot proteins because of their unique appearance as dense, 
bridging structures in electron micrographs of transverse section of the triad (Figure 
1-4). Each RyR/ Ca^^ release channel is composed of four identical subunits. Each 
subunit has a membrane-spanning domain and a large cytosolic domain that extends 
across the junctional gap and comes to within 1 nm of the T-tubule membrane. In a top 
view, the large cytosolic domains of the tetramer roughly resemble four spheres 
assembled in a four-leaf clover or quatrefoil pattern. The large cytoplasmic domain is 
identified with the foot structure observed in electron micrographs of the triad junction 
(Inui et al., 1987). In a side view, the tetramer assumes a mushroom shape with a 
smaller central region composed of four equal lobes that presumably insert into the jSR 
membrane to form the ion-conducting pore of the molecule (Wagenknecht et al., 1989). 
In skeletal muscle the junctional T-tubule membranes also contain a high density of 
proteins that are aligned with a regular periodicity in parallel rows of four-particle 
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arrays, termed junctional tetrads (Block et al., 1988). The tetrads have been identified as 

groups of four voltage sensors/DHPRs and are arranged in a pattern approximately 

corresponding to the outer coners of the cytosolic spheres of the RyR tetramer 

(Takekura et al., 1994). Tetrads are associated with RyRs in an alternate disposition 

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

In cardiac muscles, DHPRs are also clustered in close proximity to RyRs but they do 

not form tetrads and are not disposed in a detectable ordered arrangement (Figure 1-6). 

The T-tubules in cardiac muscle have a much larger diameter than in skeletal muscle, 

and the most common junctions are in the form of dyads formed by the close apposition 

of a flat SR cistema, which contacts the T-tubule over a wide area (Franzini-Armstrong 

et al., 1998). 

1.5 Excitation-Contraction Coupling 

1.5.1 Overview 

Excitation-contraction (EC) coupling is a term used to describe the events that link 

plasma membrane depolarization to the release of Ca "̂" from the SR, which in turn 

triggers muscle contraction. Central to this process is the functional interaction between 

the ryanodine receptor and the surface voltage-activated L-type Ca^^ channel, the 

dihydropyridine receptor (DHPR). 

Activation begins when an action potential from a motor neuron arrives at the 

neuromuscular junction, resulting in the release of the neurotransmitter acetylcholine 

(ACh) into the synaptic clefts. Binding of ACh to ACh receptors on the adjacent end 

plate locally depolarizes the postsynaptic membrane to threshold and elicits an action 

potential on the muscle sarcolemma. The action potential rapidly propagates the 

depolarization to the entire sarcolemma and into the fiber interior via the T-tubular 

network. At the triad junctions, the dihydropyridine receptors detect the depolarization 

and transduce it into a signal for opening the ryanodine receptor Ca^"" release channels 

on the closely opposed SR membrane. This leads to a rapid Ca'"" release from the SR 

into the cytosol. The released Ca "̂" binds to troponin-C and leads to the cascade of 

events that result in muscle contraction (Figure 1-7). 
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Figure 1-5 Arrangement of RyR l and DHPR in skeletal muscle. Model based on 

freeze-fracture studies and 3D reconstructions of the two Câ "̂  channels, generated by 

electron cryomicroscopy and single particle reconstruction. Two arrays of RyRs are 

overlaid by arrays of DHPRs grouped into tetrads. Scale bar represents 100 A 
(Serysheva et al., 2002). 

t - ^ ^ 
WT ^ « ^ • ' ' i f « » , . ^ 

Figure 1-6 Freeze-fracture electron micrographs of the surface membrane of 

developing mouse skeletal and cardiac muscle. DHPRs are clustered in both cardiac 

and skeletal muscle but in a different manner. A. In skeletal muscle DHPRs form an 

array of tetrads (arrows point to individual tetrads) B. In cardiac muscle DHPRs are 

randomly disposed. Scale bar = 0.1 jim (from Franzini-Arnistrong et al. Ann N Y Acad 

Sci. 1998 Sep 16;853:20-30) 
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Neuromuscular junction 
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Figure 1-7 Schematic representation of a triad junction illustrating the major components involved in EC coupling (Cell Physiology 
Sourcebook: A Molecular Approach, third edition). 
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1.5.2 Mechanisms of EC coupling 

Different EC coupling mechanisms exist in siceletal and cardiac muscles. A 

distinguishing feature is that EC coupling in cardiac muscle is dependent on 

extracellular Ca^^ whereas skeletal muscle EC coupling is not (Figure 1-8) (Nabauer et 

al., 1989). In cardiac muscle, the dihydropyridine-sensitive, L-type Câ "̂  channels 

located in the surface membrane and T-tubule mediate the intlux of Ca"^ during an 

action potential by functioning as voltage-dependent Câ "̂  channels. The resulting rise in 

intracellular Câ "̂  concentration triggers the massive release of Ca""̂  by opening SR Ca^"" 

release channels. This process is known as calcium-induced Ca""̂  release (CICR) 

(Tanabeet al., 1990). 

In vertebrate skeletal muscle, a different mechanism of EC coupling is present. A 

unique mechanism, referred to as the mechanical coupling mechanism, has been 

formulated and suggests that the SR Câ "̂  release channel is opened via a direct physical 

interaction with a voltage-sensing molecule in the T-tubule. In a classic experiment, 

Armstrong and colleagues (1972) demonstrated that a frog skeletal muscle fiber 

continues to twitch in the absence of extracellular Câ "̂  when stimulated with action 

potentials. Similarly, voltage-clamp experiments demonstrated that a skeletal muscle 

fiber can develop tension provided only that the membrane is depolarized to a minimum 

potential and duration, termed the mechanical threshold. Subsequently, Schneider and 

Chandler (1973) discovered the presence in skeletal muscle membranes of mobile 

intramembrane charges whose movement could be delected electrically as a 

voltage-dependent dielectric current, termed charge movement. Based on the similarity 

of the kinetics and voltage dependence of charge movement to mechanical activation, 

they proposed that it reflected the movement of charged intra-membrane domains of a 

molecule in the T-tubules that functioned as the essential voltage sensor for EC 

coupling. They further suggested that the voltage sensor might interact directly with a 

hypothetical Ca''^-conducting protein on the SR to cause its opening. It was not until the 

late 1980s that this hypothetical protein on the SR was identified as the ryanodine 

receptor (RyRI). 
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Figure 1-8 Models of skeletal and cardiac muscle EC coupling. EC coupling in cardiac muscle is dependent on extracellular Ca^" ,̂ whereas 

skeletal muscle EC coupling is not. 
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Biophysical and pharmacological evidence, as well as molecular expression studies, 

suggest that the T-tubule DHPR is the voltage sensor for EC coupling in vertebrate 

skeletal muscle (Rios et al., 1987, Rios and Pizarro, 1991). The mechanical or allosteric 

hypothesis of EC coupling (electromechanical coupling) proposes that movement of 

charged voltage-sensing domains of the skeletal DHPR allosterically alters an activation 

domain of RyRl . This early allosteric model of EC coupling, formulated before the 

identity of the proteins of the triad junction, has formed the framework for subsequent 

investigations into the nature of the molecular interactions at the skeletal triad junction 

complex. However, the exact molecular relationship between the cUhydropyridine 

receptor and the ryanodine receptor in skeletal muscle remains ill-defined 

(Dirksen,R.T.,2()09, Beam and Bannister,2010). Whether there is a direct interaction 

between these proteins or whether this interaction requires accessory proteins as part 

of a larger complex remains to be established. 

Further studies also found that the proper targeting of DHPRs into tetrads (groups of 4) 

that are aligned with RyRs is essential for skeletal type EC coupling. The discovery of 

bidirectional signalling between the DHPR and RyR allowed a distinction between 

misalignment(defective targeting) and interruption of EC coupling (Nakai et al., 1996). 

One arm of the bidirectional coupling is the 'orthograde' EC coupling process 

(signalling from the DHPR to RyRl). The second arm is a 'retrograde' signal in which 

the coupling between the DHPR and the RyR markedly increases the size of the L-type 

Ca'"^ current. Thus, a large L-type Câ "̂  current recorded at the same time as a small 

external Ca^"^-independent Câ "̂  release implies correct targeting of the DHPR and RyR, 

but defective EC coupling (Dirksen.R.T., 2002, Dulhunty, 2006). 

The existence of two populations of skeletal muscle RyRs, one coupled to tetrads and 

one not, as evidenced by the spacing of the DHPR tetrads (Takekura et al., 1994), raises 

the question of how unlinked RyRs are activated. One suggestion is that Câ "̂  released 

by DHPR-linked RyRs activates DHPR-unlinked RyRs in skeletal muscle by a Ca^""-

induced mechanism resembling that in cardiac muscle (Rios and Pizarro, 1991). An 

alternative mechanism is that neighboring skeletal muscle RyRs are physically linked, 

leading to simultaneous channel opening and closing, termed coupled gating (Marx et 

al., 1998) 
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1.6 Ryanodine receptor Ca^^ release channel (RyR) 

1.6.1 Overview 

The RyR Ca "̂̂  release channel belongs to a superfamily of ligand-gated ion channels 

(Franzini-Armstrong and Protasi, 1997). RyRs share significant sequence and structural 

homology with the inositol 1,4,5- trisphosphate (IP 3) receptors that release Ca^"" from 

internal stores in other cell types (Berridge 1993). RyRs are larger molecules with a 

significantly greater Ca "̂̂  conductance than IP 3 receptors and are found in cells such as 

muscle that generate large, fast changes in intracellular Ca'"^ concentration (Mackrill et 

al., 1997). 

1.6.2 History 

RyRs were initially observed in skeletal muscle in the early 1970s, where they were 

visualized in electron micrographs as large electron-dense masses situated along the 

face of the sarcoplasmic reticulum (SR), spanning the junctional gap between SR and 

the plasma membrane, and they were therefore termed junctional foot proteins (Saito et 

al., 1984, Franzini-Armstrong, 1999). But at the time the molecular identity of this 

structure was not known. The RyR was identified as the foot protein and gained its 

present name in the late 1980s after it was found by Fleischer et al to be the protein that 

binds ryanodine, a plant alkaloid that enabled purification and molecular 

characterization of the protein (Fleischer et a!., 1985, Inui et al., 1987). 

1.6.3 RyR isoforms and distribution 

Mammalian tissues express three types of RyRs that are encoded by three different 

genes. The three RyR isoforms are also known as the skeletal muscle (RyRl ) , cardiac 

muscle (RyR2), and brain (RyR3) RyR because they were first identified and isolated 

from skeletal muscle (Takeshima et al., 1989, Zorzato et al., 1990), cardiac muscle 

(Otsu et al., 1990, Nakai et al., 1990), and brain (Hakamata et al., 1992), respectively. 

Hence, the currently accepted terminology is based on the abundance and timing of 

purification of the RyRs from various tissues. RyRl and RyR2 are the predominant 

isoforms in skeletal muscle and cardiac muscle, respectively; however, both isoforms 

are also expressed in brain and other tissues at low levels. In turn, the brain RyR is 

expressed as a minor component in skeletal and cardiac muscles. All three share a 
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high-affinity binding site for [-^H] ryanodine and a high-conductance pathway for Ca^"" 
and monovalent cations, but display isoform- and species-dependent differences in their 
in vitro regulation by Ca'"^ and other effector molecules. 

1.6.4 RyRl structure 

The skeletal muscle RyR is composed of four polypeptides as evidenced by (a) the 
four-leaf clover-like (quatrefoil) appearance of negatively stained samples (Figure 1-9) 
(b) a high apparent sedimentation coefficient of 30S, and (c) cross-linking studies (Lai 
et al., 1989). Each of the large RyR polypeptides in RyRl , RyR2. and RyR3 is 
comprised of - 5 0 0 0 amino acids with a predicted molecular mass of - 5 6 0 kDa and 
amino acid sequence identity of 65-70% between the isoforms. 

Three dimensional reconstructions of RyRl based on cryo-electron microscopy show a 
four-fold symmetry and a characteristic mushroom shape, which comprises of two 
square-shaped regions interconnected by four column densities. A large square-shaped 
region with overall dimensions of 270 x 270 x 120 A represents a bulky cytoplasmic 
region exposed to the gap between the SR membrane and the t-tubule membrane. The 
cytoplasmic (CY) assembly has numerous distinctive structural domains and 
intervening cavities that appear suitable for interaction with channel-specific ligands. 
The clamp-shaped regions, located at the corners of the CY assembly are interconnected 
by "handle" domains and form a continuous network with the central rim and the 
column domains of the CY region via several bridging densities. The small square-
shaped structure with dimensions of 120 x 120 x 60 A is rotated by -40° with respect to 
the CY assembly and represents the region which spans the SR membrane (Serysheva, 
2004) (Figure 1-10). 

The proposed assignment of two major morphological regions within the 3D 
reconstruction of RyR is consistent with the topological arrangement that is predicted 
based on hydropathy analysis of the channel protein sequence (Takeshima et al., 1989, 
Zorzato et al., 1990). Sequence analysis indicates a large hydrophilic N-terminal region 
thought to constitute the cytoplasmic or foot domain and a smaller mostly hydrophobic 
C-terminal region predicted to form the intra-membrane channel. The foot region 
contains four repeat motifs that occur in two tandem pairs. Studies with site-directed 
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antibodies suggest that the N and C-termini of RyRl are cytoplasmically localized, with 
the C-terminus being important for the expression of a functional RyRl complex 

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

SR lumenal face 

Figure 1-10 3D Reconstruction of the R y R l based on cryoelectron microscopy. 
Regions of significant differences between open and closed state of the channel are 
shown in red. (a) view from the cytoplasm, (b) side view (c) view from the SR lumen. 
The clamp shaped domains are indicated with dashed circles. The scale bar represents 
100 A"(Serysheva, 2004) 
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(Gao et al., 1997). The membrane-spanning region is highly conserved and has strong 

similarity with the same region of the IP 3 receptor. The number of trans-membrane 

helices in the C-terminal region has not been established, but is proposed to be between 

4 and 12 (Figure 1-11) Experimental data obtained by Du et al indicate 8 

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

Cytoplasm 

Sarcoplasmic 
reticulum 

Lumen 

Foot region 

•^Channel region 

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

The structure of RyR has also been analysed under conditions that drive the channel 

population predominantly to its "open" (conducting) and "closed" (non-conducting) 

states. These studies of the RyR in different functional states suggest that channel 

activation is associated with significant mass rearrangements in the channel complex, 

implying a highly allosteric regulation of channel gating (Orlova et al., 1996, Serysheva 

et al., 1999, Samso et al., 2009). 

1.6.5 Modula t ion by pharmacological agents 

The isolation and structural determination of the SR Ca""̂  release channel has been 

greatly facilitated by the identification of ryanodine as a channel-specific ligand. 

Ryanodine is a neutral plant alkaloid that is obtained from the stems of the South 

American shrub, Ryanio speciosa, and is composed of two major compounds: ryanodine 

and 9,21- didehydroryanodine. Ryanodine binds to the RyR with high affinity and 

specificity, preferably in its open conformation, and thus, ryanodine binding is used as 
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an index of channel activation. Ryanodine activates the channel at low (nanomolar) 

concentrations, but inhibits the channel at high (micromolar) concentrations. Activation 

is associated with prolonged channel opening to a reduced conductance level (Ehrlich et 

a!., 1994). 

A plethora of exogenous compounds, including volatile and local anaesthetics, 4-chloro-

m-cresol, polylysine, doxorubicin, dantrolene, neomycin and peptide toxins, has also 

been shown to modulate RyR channel activity (Zucchi and Ronca-Testoni , 1997). Of 

special note is caffeine, which is the most commonly used drug to activate the RyR in 

vitro and ruthenium red, which is the most commonly used channel blocker. 

1.6.6 Modulation by endogenous effectors 

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

Ca^"^, Mg''^ and A T P being the key regulators (Zucchi and Ronca-Testoni, 1997). 

SR Ca^"^ flux measurements, single channel recordings and ryanodine-binding assays 

have demonstrated that cytosolic Ca^^ has a biphasic effect on skeletal muscle RyR 

channel activity (Meissner et al., 1997, Meissner et al., 1986). The threshold for channel 

activation is approximately 100 nM with a maximum in the range of 10-100 | iM, 

whereas millimolar Ca^'^ strongly inhibits the channel. 

Mg'"^ is a potent RyR channel inhibitor. SR Ca^"^ flux measurements , single channel 

recordings and ryanodine-binding assays have demonstrated that Mg'"^ inhibits RyRl in 

a dose-dependent manner, with millimolar concentrations resulting in complete 

inactivation (Laver et al., 1997, Meissner et al., 1986). This Mg^"^ inhibition must be 

relieved during EC coupling for Ca^"^ release (channel opening) to proceed (Laver et al., 

2004) 

The adenine nucleotides ATP, ADP, A M P and cycl ic-AMP, as well as adenine, activate 

RyR channel activity (Meissner et al., 1986). SR Ca^"" flux measurements , single 

channel recordings and ryanodine-binding assays have demonstrated that A T P at 

millimolar levels is a potent agonist of skeletal muscle RyR (Laver et al., 2001, 

Meissner et al., 1986, Smith et al., 1986). RyRl is stimulated by A T P even at very low 

nanomolar Ca^"^ concentrations, whereas the combination of micromolar Ca^"^ and 

millimolar A T P elicits persistent channel activation. 
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1.6.7 Gene knockout studies 

The physiological role of the RyR has been addressed by gene knock-out studies. 

Mutant mice lacking RyRl (dyspedic mice) died perinatally and the skeletal muscle 

fibers failed to show a contractile response to electrical stimulation under physiological 

conditions (Takeshima et al., 1994). RyR3 knockout mice showed an impairment of 

contraction in neonatal but not adult skeletal muscle (Sonnleitner et al., 1998, 

Takeshima et al., 1996). Deletion of RyR2 resulted in embryonic lethality and altered 

cardiomyocytes (Takeshima et al., 1998). Hence RyRl and RyR2 are essential proteins, 

but RyR3 is not. 

1.6.8 Functional interactions and accessory proteins 

The RyR is the centre of a dynamic macromolecular complex interacting directly or 

indirectly with numerous proteins that affect its channel function (Fij»ure 1-12). RyRl 

interacts primarily with the DHPR/L-type calcium channel on the cytoplasmic side and 

with the calcium binding protein calsequestrin (Beard et al., 2004) on the luminal side 

of the jSR through the anchoring proteins, Triadin and Junctin. It uses the DHPR as a 

'voltage sensor' to detect the surface membrane action potential and calsequestrin to 

detect the environment within the sarcoplasmic reticulum. Consequently, the RyR is 

able to respond to surface depolarization in a manner that depends on the Câ "̂  load 

within the calcium store. 

In addition, the RyR also interacts with other components of the jSR including triadin, 

junctin, FKBP12 protein (FK506 binding protein) and a 90-kDa jSR protein that may 

associate with RyRl in fast-twitch skeletal muscle (Froemming et al., 1999). Junctin 

and triadin both bind to CSQ and RyRs (Goonasekera et al.. 2007, Jones et al., 1995) 

and are thought to anchor CSQ close to the RyR. Junctin plays a distinct and important 

role in Câ "̂  homeostasis (Dulhunty et al., 2009) although the potential impact of the 

triadin association with RyRl in skeletal muscle EC coupling remains elusive (Allen, 

2009, Many et al., 2009). FKBP12 protein is stably bound to the corners of the 

cytosolic domain of the RyR in a 1:1 ratio and may mediate a subunit 
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Figure 1-12 Model illustrating the many protein-protein interactions that contribute to the macromolecular complex that forms the calcium 
release unit of skeletal muscle sarcoplasmic reticulum (SR). The core of the complex is the dihydropyridine receptor (DHPRVryanodine receptor 
(RyR)/triadin/junctin/ calsequestrin (CSQ) interaction that provides continuity from the extracellular space (lumen of the t-tubule) to the lumen of the 
SR. Interactions with other cytoplasmic components that also alter EC coupling are shown, including protein kinase A (PKA), FK506 binding protein 
12 (FKBP12), chloride intracellular channel (CLIC), glutathione S-transferase (GST), calmodulin kinase II (CaMK II), Ca2+ binding sites, Mg2+ 
binding sites, protonation sites, ATP binding sites, phosphorylation and oxidation sites, phos, phosphorylation (Dulhunty 2006) 
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to subunit interaction stabilizing a closed state of the channel (Avila et al., 2003, Chelu 
et al., 2004, Cornea et al., 2010). 

The skeletal R Y R l is capable of dual modes of activation, both allosteric and ligand 
gated. It can be allosterically opened by an associated skeletal DHPR or opened by 
direct Ca '^ binding when not associated with a skeletal DHPR. When isolated and 
purified in the absence of triad junct ions or DHPRs, the skeletal RYRl behaves as a 
ligand-gated ion channel with a high single-channel ion flux. Studies in which DHPRs 
have been inserted into dysgenic myotubes that congenitally lack DHPRs have 
demonstrated that RyRl can be activated by Ca""^ entering through DHPRs when the 
inserted DHPR contains key cardiac-specific sequences. On the other hand, RyRl can 
be opened allosterically and mediate a skeletal-type EC coupling (independent of 
extracellular Ca^^) only when associated with a skeletal-type DHPR. Thus, the complete 
skeletal D H P R - R y R l complex is required to initiate Ca^"^ release by the physiologically 
relevant mode in fast-twitch skeletal muscle. 

1.7 Dihydropyridine receptor (DHPR) L-type Ca^^ channel 

1.7.1 Overview of voltage gated Câ ^ channels (VGCCs) 
The skeletal muscle dihydropyridine receptor is a slowly-activating (L-type) voltage 
gated calcium channel that requires large depolarisations for activation and functions as 
the voltage sensor in excitation-contraction coupling. 

Voltage-gated Ca^"^ channels or VGCCs (also known as voltage-dependant calcium 
channels or VDCCs) are activated in response to membrane depolarization and are 
essential in cytoplasmic Ca^"^ signaling processes in a variety of cells. V G C C s regulate a 
number of cellular processes including muscle contraction, secretion, neurotransmitter 
release, gene regulation and neuronal migration. 

1.7.2 History and classification 
Voltage-gated calcium channels were first identified by Fatt and Katz in 1953 (Fatt and 
Katz, 1953). Later it was discovered that there were different channel subtypes in 
excitable cells and, consequently, voltage-gated calcium channels were classified and 
named according to various schemes (Lacinova, 2005). 
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In the 1980's, the calcium channel protein was purified and shown to consist of several 

subunits (Borsotto et al., 1985, Flockerzi et al., 1986, Takahashi et al., 1987, Leung et 

al., 1988). The principal subunit of the voltage-gated calcium channel (VGCC) was 

named a i , and auxiliary subunits were named (3, a i , 5, and y. Cloning of the genes 

encoding individual subunits followed soon after. So far, ten genes for a i subunits, four 

for P subunits, four for the a2-6 complex and eight for y subunits have been identified. 

The very first channel classification was based on basic electrophysiological and 

pharmacological properties. An observation was made that some calcium channels need 

only a small depolarization to be activated, while others require a relatively high step in 

membrane voltage to open (Hagiwara et al., 1975, Llinas and Yarom, 1981). According 

to this criterion, calcium channels were divided into low-voltage activated (LVA) and 

high-voltage-activated (HVA). LVA calcium channels activate at a membrane voltage 

positive to -70 mV. Because of the small amplitude of single channel conductance and 

its fast decay, these channels were also called T-type calcium channels (T for tiny or 

transient). HVA channels have an activation threshold at membrane voltages positive to 

-20 mV. Because of its large-single channel conductance amplitude and slow kinetics 

of current decay, it was named L-type calcium channel (L for large or long-lasting) in 

contrast to the T-type. A pharmacological hallmark of all L-type channels is their 

sensitivity to 1,4-dihydropyridines (DHPs) - which include a wide class of drugs with 

either inhibitory (nifedipine, felodipine, amiodipine) or activatory (Bay K 8644) action 

on the channel. 

In the 1980's, experiments with neuronal cells revealed novel calcium channels, 

insensitive to DHPs and with single-channel conductances between those of T-type and 

L-type channels (Nowycky et al., 1985, Fox et al., 1987). These channels were named 

N-type calcium channels (N for neuronal). Later, it was shown that neuronal non-L-type 

channels could be further classified into subtypes according to their sensitivity to 

peptide toxins isolated from cone snails and spiders. The channel sensitive to co-

conotoxin, kept the name N-type channel, while the channels sensitive to w-Agatoxin 

was named P/Q-type calcium channel (P for Purkinje cells, where this channel was 

characterized) (Llinas et al., 1989). The channels resistant to these toxins were named 

R-type calcium channel (R for resistant). 
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The second classification of voltage-gated calcium channels was developed in the 

1980's and was based on cloning of cDNAs encoding individual channel types. Since 

the ai subunit is responsible for basic electrophysiological and pharmacological 

properties, it formed the basis of early channel classifications. Investigators tried to 

establish links between the newly cloned subunits and channel complexes identified 

earlier by traditional electrophysiological experiments in native tissues. 

The first a i subunit was purified from rabbit skeletal muscle (Curtis and CatteralL 

1984). It was cloned, sequenced and named ais (Tanabe et al., 1987). Due to its 

structural and sequence similarities to the voltage-dependent sodium channel it was 

suggested that in the transverse tubule membrane of skeletal muscle the dihydropyridine 

receptor may act both as voltage sensor in excitation-contraction coupling and as a 

calcium channel. In 1988 Tanabe and colleagues demonstrated that Câ "̂  currents and 

EC coupling could be restored in DHPR a-subunit null (dysgenic) muscle fibers 

transfected with cDNA for the a-subunit, confirming the essential role of the DHPR as 

the voltage sensor in signal transduction to the SR (Tanabe et al., 1988). 

As the number of cloned calcium channel tti subunits increased, a need arose for a 

systemic nomenclature. It was agreed that individual tti subunits will be named 

according to the CayX.y scheme (Ertel et al., 2000), where Cav stands for voltage-gated 

calcium channel (VGCC), x is a number designating the channel subfamily (i.e., L-type, 

neuronal, and T-type in the initial classification), and y is a number designating 

individual members of subfamilies. An overview of VGCC classification is given in 

Table 1-2. 

1.8 Subunit structure of the skeletal DHPR Ca^^ channel 

VGCCs are multi-subunit membrane complexes which are composed of a pore-forming 

a I subunit together with associated auxiliary subunits, ai-S, P and in skeletal muscle, 

Y subunit (Figure 1-13). 
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Table 1-2 Voltage gated Ca2+ Channel types based on their electrophysiological and pharmacological properties 

Electrophysiological 
nomenclature 

a l subunit 
nomenclature 
Old New 

Gene 
name 

Specific 
blockers 

Primary locations 

HVA L Wis Cav 1.1 CACNAIS Dihydropyridines Skeletal muscle 

ttic Cav 1.2 CACNAIC Dihydropyridines Cardiac muscle, smooth muscle. Endocrine cells, 
Neurons 

ttlD Cav 1.3 CACNAID Dihydropyridines Endocrine cells, Neurons 

ttlF Cav 1.4 CACNAIF Dihydropyridines Retina 

P/Q OClA Cav 2.1 CACNAIA CO - Agatoxin Nerve Terminals, Dendrites 

N Ot lB Cav 2.2 CACNAIB CO - Conotoxin Nerve terminals. Dendrites 

R ttlE Cav 2.3 CACNAIE None Nerve terminals, Dendrites 

LVA T ttiG Cav 3.1 CACNAIG None Cardiac muscle, smooth muscle, Neurons 

a i H Cav 3.2 CACNAIH None Cardiac muscle, Neurons 

OCii Cav 3.3 CACNAII None Neurons 
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Figure 1-13 A schematic structure of VGCC . The principal tt] subunit is a transmembrane protein containin a conducting pore. The ai subunit is 

further regulated by auxiliary subunits; intracellular P subunit, transmembrane y subunit and a complex of extracellular a i subunit and transmembrane 

5 subunit, connected by a disulfide bridge. 
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1.8.1 3D structure 

Structural studies of DHPR have been hampered by difficulties in isolation, purification, 
and expression of this large channel protein complex. However a number of groups 
have been pursuing structural studies of the DHPR by various types of electron 
microscopy. A 30 A resolution 3D structure of the skeletal muscle DHPR determined by 
Serysheva el al. show an asymmetrical channel structure measuring about 
130x115x120 A (Serysheva et al., 2002). This structure consists of two major regions: a 
heart-shaped region connected at its widest end with a handle-shaped region 
(Figure 1-14) 

Due to the low resolution of these structural studies, the molecular boundaries of 
individual subunits were not determined and electron densities were assigned primarily 
based on molecular mass and proposed topological arrangement of the channel subunits 
in the t-tubule membrane. Thus, in the model by Serysheva et al. the heart-shaped 
region accounts for the main pore-forming a i subunit associated with the y and (3 
subunits, and the handle-shaped region comprises the 028 complex. Therefore, the 
heart-shaped region spans the membrane with its narrow part exposed to the cytoplasm, 
while the major protein density comprising the handle-shaped region and the upper 
lobes of the heart-shaped structure is located on the extracellular side. This topology is 
consistent with the model proposed by Murata and coworkers based on antibody 
labeling (Murata et al., 2001). In contrast, the DHPR model reported by Wolf et al. 
suggests that the major protein densities comprising the tti, y, 6, and (3 subunits are 
embedded within the membrane, placing the extracellular a2 subunit within the smaller 
"leg" region. But this topology has not been verified by any other studies. 

A more recent 3D reconstruction and immuno-electron microscopic analysis performed 
on the purified skeletal DHPR has demonstrated that the a i .p complex was located in 
the large globular portion of the DHPR, and the N-terminal region of the (3 subunit was 
extended to the leg-shaped protrusion of the DHPR, which includes the a25 subunits 
(Murata et al., 2010). 
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a 

l(T-tubule 
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Figure 1-14 30 A resolution 3D structure of DHPR obtained by electron cryomicroscopy and single particle reconstruction. The structure is 
shown in four different views: (a) top view; (b) front view obtained by 90° rotation along the horizontal axis of the top view in (a); (c) and (d) are 
views obtained by stepwise rotation of the view in (b) along the vertical axis by 90°. The handle-shaped structure and the upper lobes of the heart-
shaped region were proposed to account for the extracellular channel region and to include the a2-6 subunit. Thus, the heart-shaped region includes the 
voltage-sensitive trcinsmembrane region of the L-type Ca 
(Serysheva et al., 2002). 

2+ channel and the cytoplasmically located p subunit. The settle bar represents 100 A 
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I.8.2 The pore forming a ^ subunit 

The primary ais subunit contains the major functional domain of the ion channel. It is a 

large integral membrane protein of 212 kDa that contains the pore-forming and voltage 

sensing regions as well as the binding site for dihydropyridines and other calcium 

channel blockers. 

The alpha subunit is composed of four hydrophobic internal repeats, termed domains I, 

II, III, and IV, that share a high degree of homology. Each domain consists of eight 

transmembrane alpha-helical segments denoted as SI to S6 plus two shorter 

intramembrane helices that fold into the bilayer to form the central pore. Domains I-IV 

are connected by longer segments of more hydrophilic amino acids (denoted I-II, II-III 

and III-IV loops). The loops as well as N- and C-termini are cytosolic. The domains 

assemble to form a trans-membrane protein with a central pore (Figure 1-15). 

The major functional domains on ttis have been identified. The shorter intramembrane 

helices (P-linker helices) of each domain fold into the membrane to form the pore for 

ion flux. The S4 trans-membrane helix within each domain is highly charged, 

containing a positively charged residue on every third amino acid. S4 is presumed to 

form the voltage sensor that responds to the depolarization during the action potential. 

Movement of the S4 segments is presumed to generate the macroscopic intramembrane 

charge movement currents that are detected electrically during EC coupling. Although 

further studies expressing the I-II and III-IV domains separately have indicated that the 

contribution of each domain to the charge movement is non-equivalent (Ahern et al., 

2001a) 

Contributions of the individual cytoplasmic domains of the DHPR Ca'"" channel have 

also been extensively studied. Crystal structures of the aic isoform have shown that the 

I-II loop interacts with the P2a and P3 auxiliary subunit (Chen et al., 2004, Opatowsky et 

al., 2004, Van Petegem et al., 2004). And the analogous ais I-II loop-pia interaction 

has been shown to be critical for triad targeting of the pore subunit (Gregg et a l , 1996). 

The ais IH-IV loop (residues 1066-1118) contains the lone locus for DHPR mutations 

linked to malignant hyperthermia. (R1086H and R1086C (Monnier et al., 1997)). 
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Figure 1-15 Schematic representation of the DHPR a u subunit. It consists of four homologous domains I - IV, each containing six 
transmembrane segments S1-S6 and a pore region between segments S5 and S6. Putative a-heiices are shown as cylinders. The fourth 
trans-membrane segment S4 in each domain bears a net positive charge. 
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Myoplasmic Ca""̂  release in dysgenic myotubes expressing DHPRs carrying the 

R1086H mutation was found to be somewhat more sensitive to both pharmacological 

(caffeine) and physiological (membrane depolarization) stimuli, suggestive of a 

negative allosteric contribution of the ttis IlI-IV loop in coupling with RyRl (Weiss et 

al., 2004). The observation that a peptide encompassing RyRl residues 922-1112 

bound specifically to a column with an immobilized ttu III-IV loop peptide is also 

consistent with the possibility that the tth III-IV loop is involved in the basic 

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

The amino-terminus of ais (residues 1-51) appears not to play a significant role in EC 

coupling. The ability of the DHPR to support evoked contractions or myoplasmic Ca'"^ 

transients was not hindered by substitution of au- amino-terminus for that of ais 

(Tanabe et al., 1990). Likewise, junctional targeting of DHPRs was shown to be 

unaffected by replacement of the ais amino-terminus with the amino-terminus of the 

less-conserved neuronal aia subunit (Flucher et al., 2000). The conclusions from these 

studies have been strengthened by the demonstration that deletion of the bulk of the a ^ 

amino-terminus (residues 2-37) has essentially no effect on either L-type currents or 

myoplasmic Câ "̂  transients (Bannister and Beam, 2005). 

The carboxyl terminus of ttis contains a PDZ domain ( a ^ residues 1543-1647) that is 

essential for targeting of a.is to the triad junction (Proenza et al., 2000, Flucher et al., 

2000). But incorporation of this domain in to a T-type channel background (Wilkens 

and Beam, 2003) or an a ^ I - II hemichannel (residues 1-670) (Flucher et al., 2002) is 

insufficient to deliver the chimera to the triad junction. Hence, attempts to demonstrate 

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

Many in vitro studies have identified a direct interaction between RyRl and the ais 

carboxyl-terminus. Peptides corresponding to segments of the a ^ carboxyl-terminus 

inhibit the binding of [^H] ryanodine to RyRl or bind directly to RyRl (Slavik et al., 

1997, Sencer et al., 2001). Fluorescence resonance energy transfer (FRET) experiments 

have also shown that the ais carboxyl-terminus and RyRl may make such a liaison 

further supporting the idea that EC coupling may be influenced by a functional 

interaction between the C-terminus of a ^ and RyRl (Lorenzon et al., 2004, 

Papadopoulos et al., 2004). 



Chapter 

The relatively long and variable carboxyl- terminus of ttis contains many other motifs 

that may facilitate interactions with various signaling and scaffolding proteins. For 

example , Ca'"^-calmodLilin (CaM) has been shown to interact with a synthetic peptide 

identical to a ^ residues 1522-1542 (the conserved IQ domain: (Pate et al., 2000) and a 

recombinant peptide corresponding to a is residues 1393-1527 (Sencer et al.. 2001). 

JP-45 is a junct ional protein that interacts with calsequestrin within the lumen of the SR 

while the amino-terminus extends across the myoplasm to make contacts of variable 

aff ini ty with the a i s carboxyl- terminus, the a ^ I - I l loop and/or the (3ia subunit 

(Anderson et al., 2006). The scaffolding protein A K A P 1 5 interacts with ttis residues 

1774-1821 via a modif ied leucine-zipper motif (Hulme et al., 2002) that lies in the 

region of the a ^ carboxyl- terminus that is protoelytically cleaved. It is speculated that 

the cleaved a ^ carboxyl- terminus may function as a regulator of exc i ta t ion-

transcription coupling, in a similar manner as has been shown for the ttic carboxyl-

terminus in neurons (Gomez-Ospina et al., 2006). Splice variants of another scaffolding 

protein. Homer HI have also been postulated to interact with a ^ via an E V H l motif 

present within the carboxyl- terminus (Feng et al., 2002). 

1.8.2.1 a i s II-III loop 

Overview 

Conformat ional coupling with RyRl is a unique property of the skeletal musclc DHPR 

(Tanabe et al., 1990, Garcia et al., 1994, Nakai et al., 1998b, Grabner et al., 1999, 

Kasielke et al., 2003). Tanabe and colleagues (Tanabe et al., 1990) first identified the 

ttis I I- l II loop as a major contributor to skeletal-type EC coupling by examining the 

functional properties of chimeric DHPRs consisting of the individual ttis cytoplasmic 

domains within the highly-conserved background of the cardiac a ic subunit. The 

chimera containing the ttis I l -II l loop (CSk3) was the only chimera with a single loop 

substitution that was capable of restoring EC coupling to a comparable degree to that 

observed for wild-type a ^ when expressed in dysgenic (ttis null) myotubes. In a 

subsequent study, a direct interaction between the full ttis 11-111 loop and RyRl was 

detected by Lu et al. (Lu et al., 1994), who showed that a peptide corresponding to the 

a i s I ' - I ' I '(^op activated purified RyRl in planar lipid bilayers and enhanced |H^ | 

ryanodine binding in isolated skeletal SR vesicles. Structural studies of the ttis II-III 
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loop by nuclear magnetic resonance (NMR) have shown it to be an intrinsically 

unstructured protein (lUP) with a short helical region towards the N-terminus (Cui et 

al., 2009, Casarotto et al., 2004). As such it belongs to a burgeoning structural class of 

functionally important proteins. The unstructured nature of the II-III loop may allow it 

to rapidly change its conformation in response to a signal from the voltage sensor. 

A region of the II-III loop 

Although there has been general agreement among investigators that the Il-IIl loop of 

the ais subunit plays a key role in transmitting the EC coupling signal to RYRl , the 

precise portion of the loop that is involved in this process has been a topic of contention 

due to differing results obtained in in vitro and in vivo studies (Dulhunty, 2006, Beam 

and Bannister, 2010, Bannister, 2007). In 1995 El-Hayek et al, synthesized several 

peptides (A, B, C, CI , C2 and D) corresponding to different regions of the a ^ II-Ill 

loop (Figure 1-16). In these experiments a peptide corresponding to residues 671-690 

in the a-helical peptide A region was shown to activate RyRl in reconstituted lipid 

bilayers and to increase [H^J ryanodine binding in SR vesicles (el-Hayek et al., 1995). 

However, the physiological implications of this interaction are unclear because several 

studies have shown that EC coupling can be restored in dysgenic myotubes expressing 

Wis constructs in which the peptide A domain has been disrupted or even deleted (Ahern 

et al., 2()01a, Ahem et al., 2001b, Bannister et al., 2009, Wilkens et al., 2001). 
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A : 671TSAQKAKAEERKRRKMSRGL690 
B : 694REEEKSVMAKKLEQKPKGEGIPTTAKLKV722 
C : '724EFESNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRP760 
CI: 725FESNVNEVKDPYPSADFPG743 
C2: '"ODFPGDDEEDEPEIPVSPRPRP^SO 
D : 760PLAELQLKEKAVPIPEASSFFIFSPTNKVRV790 

Figure 1-16 Different regions of the II-III loop of the a subunit of the rabbit 
skeletal muscle dihydropyridine receptor as depicted by El-Hayek etal. (El-Hayek 
R et al. J. Biol. Chem. 1995;270:22116-22! 18). 
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Critical region (C region) of the II-III loop 

Following on from the A region, chimeric studies in dysgenic ( a u null) myotubes 
identified a 46 amino acid sequence within the a ^ lI-IlI loop (ais residues 720-765) 
that was necessary to produce myoplasmic Ca^'^ release in response to membrane 
depolarization in intact cells ("orthograde coupling;" (Nakai et al., 1998b)). Likewise, 
the integrity of this region was also found to be necessary for the RyR 1-dependent 
potentiation of L-type Ca'"^ current ("retrograde coupling;" (Nakai el al., 1996, Nakai 
et al., 1998a, Avila and Dirksen, 2000) as retrograde coupling cannot be supported by a 
chimera in which the cardiac aic H- III loop was substituted for the corresponding 
region of ttis (chimera SkLC; (Grabner et al., 1999). However, retrograde coupling was 
restored by re-introduction of ais residues 720-765 into the cardiac aic II-III loop of 
this construct (chimera SkLCS46; (Grabner et al., 1999)). The necessity of this domain 
for both orthograde and retrograde coupling between RyRl and the DHPR precipitated 
the term "critical domain" . 

Critical residues of the C region of the II-III loop 

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

ttis 734- DPYPSiApFl feDjDEEDEPEIPVSPRPRPLAEL -764 * * * I . hir:- * * * * * * * * * * 
ttic 865- SPYPl^PJETTjGE^DEEEPEMPVGPRPRPLSEL 895 

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

Examinat ions of modified a ^ subunits expressed in dysgenic myotubes have indicated 

that the critical domain is not necessary to produce a component of skeletal-type EC 

coupling. A construct that lacked both the C and the A region (Ahern el al., 2001b) 

regained about 15% of the orthograde signal compared with 0% after the deletion of 

only the critical region., it was also observed that a component of vol tage-dependent 

Ca^"" release was lost in a chimera composed of the skeletal ttis II-III loop in the context 

of a cardiac a ic backbone in comparison to an ais /au- chimera that contained all f ive 

intracellular domains of a is (Carbonneau et al., 2005). 

The presence of the critical domain is also not absolutely required for tetrad formation 

because the SkLM chimera, which is composed of the fairly divergent (~ 75 % 

dissimilarity) Musca domesticus II-III loop in an a i s background, is able to support 

tetrad formation (Takekura et al., 2004, Beam and Bannister, 2010). This chimera is the 

one notable exception to the tetrad-EC coupling correlate because SkLM is the only 

engineered ais-based II-III loop chimera that forms tetrads but is incapable of 

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

Simultaneous substitution of the critical domain and the putative triad targeting region 

of the Wis carboxyl-terminus (residues 1543-1620; (Proenza et al., 2000, Flucher et al., 

2000) for the corresponding regions of a m , a relatively non-conserved T-type Ca'"^ 

channel, proved to be insufficient to support triad targeting and to reconstitute E C 

coupling when this chimera was expressed in dysgenic myotubes (Wilkens and Beam, 

2003). 

These results indicate that the presence of the critical domain alone is insufficient to 

support skeletal-type EC coupling in the absence of other elements conserved amongst 

L-type Ca^"" channels. 

In addition to the A and C regions, a recent study has indicated that the conserved 

C-terminal portion ot the ccis II-III loop, downstream of the critical domain, plays an 

important role in bidirectional coupling either by conveying conformational changes to 

the critical domain f rom other regions of the DHPR or by serving as a site of interaction 

with other junctional proteins such as RyRl (Bannister et al., 2009). 
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Binding studies 

Biochemical binding assays have been employed to investigate a direct interaction 

between the a is II-I l l loop and R y R l . Leong and MacLennan (Leong and MacLennan, 

1998a) found that the a ^ II-III loop binds residues 922-1112 of R y R l . This interaction 

of the a is II- III loop with the RyRl fragment was dependent on positively- charged 

residues (K677, K682) within the a ^ II-III loop A-region. An alternative study of a 

segment of a is H-III loop encompassing the critical domain (residues 719-767) was 

found to interact weakly with the R16 region (residues 1837-2168) of RyRl in a yeast 

two-hybrid assay, whilst no interaction with a portion of the amino-terminal region of 

the ttis II-III loop (residues 666-709) was detected (Proenza et al., 2()()2). 

A recent in-vitro study has also showed binding between the peptide A region of the a is 

II-III loop and a SPRY domain of RYRl (Cui et al., 2009). 

1.8.3 A u x i l i a r y s u b u n i t s 

Although the a ^ subunit is shown to carry the characteristic pharmacological and 

functional properties for voltage sensing, Ca "̂̂  ion permeability, and drug binding, 

complete receptor function (including targeting and modulation) requires the presence 

of all the subunits (Suh-Kim et al., 1996). An auxiliary (accessory) subunit is a protein 

that meets the following criteria : (1) existence in purified channel complexes (2) direct 

interaction with the a ; pore forming subunit (3) capability to directly modulate the 

biophysical properties and/or trafficking of the a i subunits and (4) stable association 

with the a i subunit (Arikkath and Campbell, 2003). 

1.8.3.1 a 2 5 subunit 

The a25 subunit is a product of a single gene that is post-translationally cleaved into a2 

and 6 peptides, and is associated via disulfide bonds (De Jongh et al., 1990, Jay et al., 

1991, Bauer et al.). A total of four genes ( C A C N a i S l - 4 ) code for a i h subunits (a25-l 

to a26-4), which display distinct tissue distributions (Ellis et al., 1988, Gao et al., 2000, 

Hanke et al., 2001, Qin et al., 2002). a26-l and a26-2 are targets of gabapentin and 

pregabalin, two anti-epileptic drugs that are also used in the therapy of neuropathic pain 

(Dworkin et al., 2007). 
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The a2 subunit is a highly glycosylated extracellular protein that interacts with the a \ 

subunit (Gurnett et al., 1997). Topological analysis of the a2h subunit supports a model 

for the protein in which a i is entirely extracellular and 5 has a single t ransmembrane 

region with a very short intracellular portion, which serves to anchor the protein in the 

plasma membrane (Gurnett et a l , 1996). Recent biochemical , immunohis tochemical 

and electrophysiological studies have shown that a^h subunits are 

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

The 125 kD, DHPR a i S - l subunit is the major a i h isoform of skeletal muscle. But it 

has a wide tissue distribution and is also part of calcium channels in the cardiovascular 

and nervous systems. Therefore, unlike the skeletal muscle a i s and (3ia null mutants 

which develop fairly normally up to birth, attempts to generate knock-outs of the DHPR 

a2§-l subunit have been problematic, indicating that this auxiliary channel subunit 

serves vital functions in tissues other than skeletal muscle (Obermair et al., 2008a). A 

viable 026-! knockout has recently been published, with a cardiac phenotype, showing 

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

al., 2009). 

Coexpression of a ^ subunits with 026 in various heterologous cell systems increased 

membrane expression of the channels and altered their L-type Ca^"^ current properties 

(Shistik et al., 1995, Felix et al., 1997, Sipos et al., 2000, Canti et al., 2005). In dysgenic 

(Cav l . l -nu l l ) skeletal myotubes a26-l is expressed diffusely throughout the plasma 

membrane in the absence of a is (Flucher et al., 1991, Obermair et al., 2005). 

Reconstitution of dysgenic myotubes with GFP-tagged Cay 1.1 and also Cay 1.2 caused a 

redistribution of a^S-l together with the a i subunit into triads (Obermair et al., 2005, 

Tuluc et al., 2007). Conversely, short hairpin RNA (shRNA) knockdown of a26-l did 

not affect the correct triad targeting and membrane expression of C a y l - I . Hence, in 

skeletal muscle, membrane trafficking of a25-l and a i subunits occur independently of 

each other and both subunits can exist in the plasma membrane separately. Moreover , 

correct triad targeting of a ^ is independent of a26- l . However, the a25-l needs the 

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

Whereas knockdown of a25-l in the dysgenic muscle expression system had no effec t 

on functional membrane expression, it significantly accelerated activation and 
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inactivation kinetics of the skeletal muscle Ca "̂̂  current. Depletion of a25-l with siRNA 

accelerates L-type Ca "̂̂  current activation by shifting the balance from mainly slowly 

activating channels to mainly fast activating channels. Hence in skeletal muscle a25-l is 

neither required for membrane expression/targeting of the channel into the triads nor for 

normal EC coupling. Instead, 026-1 is a critical determinant of the characteristic slow 

L-type current kinetics. More recently, other roles for the 026-1 subunit unrelated to 

L-type Ca""^ channel function such as extracellular signalling in muscle development 

have also been proposed (Garcia et al., 2008). 

1.8.3.2 Y subunit 

The calcium channel y subunits comprise an eight-member protein family that shares a 

common topology consisting of four transmembrane domains and intracellular N- and 

C-termini. Although the first y subunit was identified as an auxiliary subunit of a 

voltage-dependent calcium channel, a review of phylogenetic, bioinformatic, and 

functional studies indicates that they are a functionally diverse protein family. Three 

distinct cellular functions have been proposed for members of the y subunit family 

including regulation of VGCC expression and function, regulation of AMPA receptor 

gating and trafficking and, most recently, regulation of cellular aggregation (Chen et al., 

2007). 

Yi and ŷ , isoforms conforms to the original description of the protein family and seem to 

act primarily as subunits of calcium channels expressed in muscle. The 25.1 kD 

yi subunit is exclusively expressed in skeletal muscle (Jay et al., 1990). Co-expression 

of yi with a i c in heterologous systems indicated that yi is not involved in membrane 

expression of the channel but has an inhibitory effect on calcium currents (Eberst el al., 

1997). yi knock-out mice are viable and show no abnormal phenotype (Freise et al., 

2000). Thus, yi is not essential for EC-coupling or any other vital function. Like 026-1, 

yi is targeted to the surface membrane in the absence of a ^ , but requires the pore-

forming subunit for its association with the channel complex (Arikkath et al., 2003). 

Functional analysis of yi- null myotubes and muscle fibers showed that amplitudes and 

voltage-dependence of L-type Ca "̂̂  currents and depolarization-induced Ca^^ release 

from the SR were not altered (Ursu et al., 2004). However, detailed analysis found that 

the yl subunit accelerates current inactivation (Freise et al., 2000), causes a 
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hyperpolarizing shift in the voltage-dependence of inactivation and significantly reduces 

HVA calcium current density (Arikkath et al., 2003, Freise et al., 2000, Held et al., 

2002). Studies have also shown that the Yi subunit of the DHPR functions as an 

endogenous Ca"^ antagonist and it has been proposed that its task may be to minimize 

Ca^"" entry and Ca'^ release under stress-induced conditions favoring plasmalemmal 

depolarization (Andronache et al., 2007). Thus, the role of the yi subunit in skeletal 

muscle EC-coupling is to increase the voltage-sensitivity of inactivation and 

consequently to limit both calcium influx and, more importantly, calcium release in 

EC-coupling. 

1.9 P subunit 

1.9.1 History and nomenclature 

The (3 subunit was first identified in 1987 and was classified as a 54 kD auxiliary 

subunit of the DHPR because of its association with the purified skeletal 

dihydropyridine receptor (Takahashi et al., 1987). The protein was partially sequenced 

and the gene encoding the skeletal muscle isoform of this subunit, subsequently termed 

Pia, was cloned (Ruth et al., 1989). Three subsequent P subunit genes, CavP:, P3 and P4, 

were identified by homology and cloned (Perez-Reyes et al., 1992, Castellano et al., 

1993a, Castellano et al., 1993b, Hullin et al., 1992). According to the HUGO/GDB 

nomenclature, the genes encoding the (5 subunits are referred to as C A C N B l ^ and 

numerous splice variants for each gene are known (Table 1-3). Notably, all four 

isoforms are expressed in the brain. In addition, each (3 subunit is differentially 

expressed in other tissue types. Pia is a distinct pi variant that is uniquely associated 

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

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

where it acts as the most potent regulator of channel function and expression. 
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Table 1-3 Câ ^ Channel p subunit - Classification and Tissue distribution 

Subunit isoform HUGO/GDB gene Tissue distribution 

nomenclature 

p i C A C N B l P l a - skeletal muscle 

P l b - brain 

P2 

P3 

p4 

C A C N B 2 

C A C N B 3 

C A C N B 4 

Heart, lung ,trachea, aorta, brain 

Smooth muscle, trachea, aorta, lung, brain 

brain 

1.9.2 Structural modularity of the |3 subunit 

All (3 subunits possess a common structure consisting of five domains (Figure 

1-18). Homology modell ing and X-ray crystallographic studies have shown that these 

proteins consist of a core structure made up of a Src homology 3 (SH3) domain and a 

guanylate kinase (GK)-like domain (Figure 1-19). This core module is highly 

conserved amongst the four isoforms (Chen et al., 2004, Van Petegem et al., 2004, 

Opatowsky et al., 2004) while the region connecting these two domains (Hook region) 

and the N- and C-termini are relatively unconserved and are subject to alternative 

splicing. The core domain of the p subunits is similar to a group of scaffolding proteins 

dubbed Membrane-Associa ted GUanylate Kinases ( M A G U K s ) which contain several 

protein-protein interaction domains and are involved in the assembly of multiprotein 

complexes . (Dolphin, 2003, Hanlon et al., 1999) 

The GK domain of the P subunit is enzymatically inactive due to the absence of an 

A T P binding motif (Kistner et al., 1995), but it interacts with the SH3 domain to form a 
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N SH3 Hook GK C 

Figure 1-18 Schematic Domain modules of Ca "̂̂  Channel P subunits. The SH3 and 

guanylate kinase (GK) domains are conserved in all P subunits with the greatest 

sequence variability observed in the N and C termini and the Hook region. 

AID Binding site 

\ 

Guanylate kinase 
(GK) domain 

SH3 domain 

Figure 1-19 Crystal structure of the p3 core protein (Chen et al, 2004). The 

molecule is made up of a guanylate kinase (GK) and SH3 domain. An tti binding 

partner AID has been located on the GK domain. The loop highlighted in bold 

represents a potential SH3 binding site which is predicted to be occluded by helix a2. 

The Hook region is not visible due to poor electron density. 
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stable core. So far, crystallographic analysis of the p subunit has only been carried out 

on this central core region containing a short (P3, P4) or absent ([32) Hook sequence 

(Chen et al., 2004, Opatowsky et al., 2004, Van Petegem et al., 2004). In fact the p2 

structure was partially solved by co-crystalisation of separate SH3 and GK domains 

(minus the Hook region). The non-conserved N-terminal, C-terminal and Hook region 

have been shown to be exposed in a protease sensitive manner (Opatowsky et al., 2003) 

and no crystallographic data are available on these regions presumably due to their 

dynamic nature. It is noteworthy that unlike true MAGUK proteins which contain PDZ 

domains upstream to their SH3 domains, no comparable PDZ regions have been 

identified in the p subunits. The Hook region of MAGUK proteins has been shown to be 

involved in docking with other proteins (Chishti, 1998) whereas no such binding 

partners are yet to be attributed to the Hook region of the P subunit. The non-conserved 

C-terminal tail of the p subunit is highly divergent amongst the different isoforms, and 

is predicted to have less secondary structure (Hanlon et al., 1999). 

The p subunit associates predominantly with the a l subunit through a highly 

conserved high affinity interaction between the Alpha Interaction Domain (AID) in the 

MI loop of the a l subunit and the GK domain of the p subunit (Figure 1-19). All three 

X-ray structure studies investigated the binding of the AID peptide to the p subunit core 

and provided similar evidence that the interaction site of AID is located in a deep 

groove on the GK domain called the AID-binding pocket (ABP) (Van Petegem et al., 

2004, Chen et al., 2004, Opatowsky et al., 2004). Binding of the AID peptide does not 

significantly alter the core structure of the P subunit (Chen el al., 2004). The binding 

affinity of the P subunits to either the AID peptide or the full length I-II linker has been 

determined for a variety of combinations of subunits and shown, using several methods, 

to be in the low nanomolar range (Richards et al., 2004). In addition to this high affinity 

interaction, two other lower affinity P subunit interaction sites have also been identified 

on the C-terminus (Qin et al., 1997, Walker et al., 1999) and the N-terminus (Stephens 

et al., 2000) of the a l subunit. These interactions are isoform specific and involve the 

GK domain and the carboxyl terminal of the P subunit. 



Chapter 1 

1.9.3 The SH3 Domain of the p subunit 

Although the GK domain of the Pia subunit is responsible for the high affinity binding 

to the AID, the functional significance of the other structural motif the SH3 domain, 

remains unclear. 

SH3 domains were first described as a polypeptide fragment conserved between the 

N-terminus of a Src family tyrosine kinase and blocks of sequences in the adaptor 

protein Crk (Mayer et al., 1988). Hence it was named Src homology 3 (SH3) domain. 

The human genome encodes approximately 300 such domains and it is one of the most 

prevalent families of protein modules found in nature (Karkkainen et al., 2006). SH3 

domains are involved in a plethora of important cellular processes including 

intracellular signalling and cell-environment communication, cytoskeletal 

rearrangements and cell movement, cell growth and differentiation, protein trafficking 

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

SH3 domains contain approximately 60 residues and share significant sequence identity 

and a common structure featuring a five-stranded ant-parallel beta-sheet. The majority 

of SH3 domains characterized to date bind proline-rich sequences containing a core 

element, PxxP, where x denotes any amino acid, through a set of conserved residues 

(Yu et al., 1994, Musacchio et al., 1992). Chen et al, employed combinatorial peptide 

libraries to identify SH3-binding motifs and found that proline-rich peptides selected by 

SH3 domains could be classified into two related, yet distinct groups named classes I 

and II , respectively (Chen et al., 1993). The consensus sequences for these two classes 

of motifs are represented as the following : [R/K]xXPxXP (class I ) and XPxXPx[R/K] 

(class II), where the capital 'X' signifies a non-glycine, hydrophobic residue while the 

lower 'x ' denotes any naturally occurring amino acid. These peptides bind with an 

affinity of between 1- 100 ja M. 

Crystallographic studies have shown that the arrangement of the first four |3-strands of 

the P subunit SH3 are similar to canonical SH3 domains. However the fifth P-strand is 

separated by an unstructured central Hook region which gives the SH3 domain of the P 

subunit a 'split architecture'. In addition, two long helices that are absent in canonical 

SH3 domains are appended to the SH3 domains of the P subunit (Figure l-19)(Chen et 

al., 2004, Van Petegem et al., 2004). 
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Within the p subunit SH3 domain, there is good sequence homology amongst the 

residues noted to form the hallmaric proline binding residues of all SH3 domains 

(Figure 1-20) (Hanlon et al., 1999). Although the crystal structures have shown this 

putative polyproline binding site to be occluded, this does not preclude the possibility of 

dynamic structural rearrangements exposing these interaction sites for binding. Indeed 

such an interaction has been shown to occur between the P2a subunit and a GTPase 

involved in receptor-mediated endocytosis (Gonzalez-Gutierrez et al., 2007). Also, SH3 

domain binding sites have been identified in the cardiac a l Il-Ill loop and C-terminal 

(Dubuis et al., 2006). Hence it is interesting to note the presence of SH3 domain binding 

motifs in the critical C region of the skeletal ais II-III loop (Figure 1-21). An ais II-lll 

loop/ftia-SH3 interaction raises a possibility that the piu subunit may regulate or be part 

of the physical coupling between the DHPR ais subunit and the RyRl in skeletal EC 

coupling. 

1.9.4 Role in membrane expression and modulation of calcium channels 

The p subunit has a marked effect on DHPR channel expression and modulation of 

the pore forming ai subunit. A number of research groups have shown that 

over-expression of the P subunit increased the density of endogenous calcium currents, 

indicating an increase in the functional expression of HVA a l subunils (Colecraft et al., 

2002, Neuhuber et al., 1998, Raghib et al., 2001). The p subunit aids in the trafficking 

of ai to the plasma membrane, partly by its ability to mask an endoplasmic reticulum 

retention signal in the a l subunit (Bichet et al., 2000). According to He et al, the 

AID-GK domain interaction is necessary for p-subunit stimulated P/Q type Câ "̂  channel 

surface expression and the GK domain alone can carry out this function (He et al., 

2007). 

In addition to its role in membrane trafficking, the P subunit modulates a host of 

biophysical properties of the L-type Câ "̂  channel with characteristics specific to the 

a i -P combination. The P subunit can accomplish these dual functions independently, as 

illustrated by its ability to modulate the biophysical properties of channels in the 

presence of a mutation in the AID region, which disrupts its ability to enhance 

membrane trafficking of ai (Gerster et al., 1999). It has been suggested that this is due 

to the ability of some P subunits to associate with other intracellular loops of the 
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P3 
P4 
p2a 
Pla 

60 VAFAVRTNVSYCGVLDEEC 
92 VAFAVKTNVSYCGALDEDV 
60 VAFAVRTNVRYSAAQEDDV 

101 VAFAVRTNVGYNPSPGDEV 

P3 PVQGSGVNFEAKDFLHIKEKYSNDWWIGRLVKEGGDIAFIPS 120.. 
p4 PVPSTAISFDAKDFLHIKEKYNNDWWIGRLVKEGCEIGFIPS 152.. 
P2a PVPGMAISFEAKDFLHVKEKFNNDWWIGRLVKEGCEIGFIPS 120.. 
Pla PVQGVAITFEPKDFLHIKEKYNNDWWIGRLVKEGCEVGFIPS 161.. 

p3 17 0 PYDWP 176.. 
P4 211 PYDWP 217.. 
P2a 219 PYDWP 225.. 
Pla 267 PYDWP 273.. 

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

.666EAESLTSAQKAKAEERKRRKMSRGLPDKTEEEKSVM 

AKKLEQKPKGEGIPTTAKLKVDEFESNVNEVKDPYPSADFPG 

DDEEDEPEIPVSPRPRPLAELQLKEKAVPIPEASSFFIFSPTN 

KVRVL791, 

Figure 1-21 Sequence of the DHPR a ^ II-III loop. The critical C region is 
highlighted in blue and the proline residues in the putative SH3 binding sites are shown 
in red. 
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channel through weaker interactions. The independent functions support a model in 

which the conserved high-affinity binding of the P-subunit to the A ID anchors it to the 

a i subunit and facilitates low affinity interactions of other p-subunil domains/regions 

with different parts of the a l subunit, which in turn are responsible for the modulation 

of gating (He et al., 2007, Van Petegem et al., 2008). 

All four P subunit isoforms shift the voltage-dependent activation of all high 

voltage activated VGCCs to more negative potentials. In contrast, steady state 

inactivation properties reveal differences between the effects of different P subunits and 

particular «] subunits. In general, the p i , p3, and P4 subunits expressed with u l result 

in channels inactivating at more negative potentials and acceleration of the inactivation 

kinetics. On the other hand, partly due to palmitoylation of two cysteines in its 

N-terminus, the rat and human p2a subunit shifts the voltage dependence of inactivation 

to more positive potentials and dramatically slows the kinetics of inactivation (He et al., 

2007). Furthermore, the p core containing the SH3-Hook-GK module governs the 

modulatory effects on activation kinetics and the Hook region and the N-terminus 

(especially the distal variable region) are critical for modulating inactivation (He et al., 

2007, Richards et al., 2007). However, Hidalgo et al have recently reported that the 

structural determinants of inhibition of inactivation by P2a are encoded not in variable 

regions but rather within the GK domain (Gonzalez-Gutierrez et al., 2008). Although 

the C-terniinus constitutes a large portion of the P subunits, the deletion of it did not 

have any effect on activation or inactivation of, at least, Cav2.1 channels (He et al., 

2007). 

Regulation of L-type Ca~'^channels also occurs through modification of the P 

subunits and/or its interactions with other proteins. p2a is a substrate for protein kinase 

A, and phosphorylation of p2a is important for the ability of protein kinase A to 

stimulate the currents generated by the a i l . 2 channels in mammalian expression 

systems and in cardiac myocytes. The P subunit also plays a role in the modulation of 

the ai2.2 channels through the mitogen-activated protein kinase (MARK) pathway 

(Fitzgerald, 2002). Gem is a small Ras related G protein that has a high affinity for the p 

subunit, the binding of which interferes with the p subunit's ability to traffic the a I to 

the plasma membrane (Beguin et al., 2001). 
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1.9.5 Gene knockout studies and disease 

The significance of the p subunit is emphasised by diseases associated with its 

knockout and through mutations. Knock-out of the p i isoform (CACNBl) , present in 

skeletal muscle as Pu and in heart and brain as Pib, results in a lethal phenotype. 

Homozygous pi -/- mice show reduced skeletal muscle mass with structural 

abnormalities and die at birth from respiratory failure. Interestingly heterozygotes are 

asymptomatic, indicating that there is normally a sufficient excess of p i subunit, such 

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

Deletion of the CavP2 gene (CACNB2) gives rise to an embryonic lethal 

phenotype, underlining the essential role of p2 in cardiac contraction (Ball et al., 2002). 

In contrast, knock-out of the P3 isoform (CACNB3) does not result in a major 

phenotype, indicating that other p subunits are able to substitute for its function. The 

lethargic mouse is a spontaneous mutation in the gene encoding the P4 subunit 

(CACNB4). This causes a premature stop codon resulting in no detectable protein as it 

is a null mutation. Lethargic mice exhibit ataxia, lethargic behavior and spontaneous 

focal motor seizures. (Burgess et al., 1999) Mutations in the Cavp4 subunit gene have 

been found in patients with idiopathic generalized epilepsy and episodic ataxia (Escayg 

et al., 2000). In cardiac myopathy associated with failed cardiac myografts, there was a 

large reduction in p subunit mRNA and protein by up to 80%, and the major species 

detected was Pib (Hullin et al., 1999). There was also an increase in the amount of 

truncated relative to full-length P3 transcript in human left ventricular tissue showing 

ischaemic cardiomyopathy, compared to non-failing tissue (Hullin et al., 200.3). 

1.9.6 CavP subunit in skeletal muscle 

The pia isoform is specific to skeletal muscle. It is a 58 kD protein consisting of 524 

amino acid residues (Figure 1-22). Similar to other isoforms, it has five domains 

including the conserved SH3 and GK domains and has also been shown to perform a 

dual role as a chaperone and modulator of the ais subunit (Bichet et al., 2000, Gerster et 

al., 1999). Consistent with its role in membrane expression of the ais subunit, 

patch-clamp analyses of pu-null myotubes show that their L-type calcium currents are 

strongly decreased (Strube et al., 1996). Although these observations indicate a failure 
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of EC-coupling due to a reduction of voltage sensors, further experiments have shown a 

direct role of the p subunit in the transmission of the signal from the voltage sensor (ais) 

to the Ca"^ release channel (RyRl) (Sheridan et al., 2004, Beurg et a!., 1999). pi-null 

myotubes transfected with the cardiac P2a isoform show cardiac-type EC coupling and 

deletion/chimeric studies of and p2a in knock-out cells have identified a region in the 

C-terminus of Pia that enables skeletal type EC coupling. In this study, the deletion of 

35 residues of P ^ at the C-terminus produced a fivefold reduction in the maximum 

amplitude of the Ca^"" transients (Beurg et a!., 1999, Figure 1-22). A further study by 

the same group identified a heptad repeat (repeated at seven residue intervals) of 

hydrophobic residues (L478, V485, V492) contained within the last 47 residues of the 

pia subunit (pia 478 - 524) as being essential for skeletal type EC-coupling (Sheridan et 

al., 2004). It was also shown that the pia is able to bind to a cluster of positively charged 

residues (3495-3502) in the foot region of the RyRl and that this interaction strengthens 

EC-coupling (Cheng et al., 2005). It is of interest that the region of the RyRl involved 

in the binding with pia subunit is immediately adjacent to a variably spliced region 

implicated in myotonic dystrophy which also has a significant influence on EC coupling 

(Kimura et al., 2007). These results reinforce the interesting question about the precise 

role of pia in skeletal EC coupling. 

The recent analysis of a novel p-null zebrafish mutant "Relaxed" has demonstrated that 

the lack of EC-coupling in this system is caused by the disruption in the structural 

network involving the DHPR and the RyRls (Schredelseker et al., 2008, Schredelseker 

et al., 2005). The authors suggest that Pia may act as a scaffolding protein and that at 

least in skeletal muscle cells, the reduced number of channels in the membrane may 

result from a decreased stabilization in the signalling complex rather than from reduced 
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1 MVQKSGMSRGPYPPSQEIPMEVFDPSPQGKYSKRKGRFKRSDGSTSSDTT 
51 SNSFVRQGSAESYTSRPS DSDVSLE EDREALRKEAE RQALAQLEKAKTKP 

101 VAFAVRT NVGYN PSPGDEVPVQGVAITFEPKDFLHI KEKYNNDWW IGRLV 
151 K EGCEVGF I PSPVKLDSLRL LQEQTLRQNRLSSSKSGDNSSSSLGDVVTG 
201 RPTP PASGNEMTNFAFELDPLE LEEEEAELGE HGGSAKTSVSSVTTPP 
251 P-SGKRIPF FKKTEHVP PY DVVPSMRPI I LVGPSLKGYEVTDM MQKALFDF 
301 LKH RFDGRIS I TRVTAD I SLAKRSVLN NPSKH I I I ERSNT RSSLAEVQSE 
351 I E R I E LARTLQLVALDADT I NH PAQ LSKTS LAP I I VY I K I TSPKV LQRL 
401 I KSRGKSQSKH LNVQ I AASEKLAQCPPEMFD I I LDENQLEDACEH LAEYL 
451 EAYWKATH PPSSTPPN PLLN RTMATAALAASPAPVSN LQN/QVLTSLRRNU 
501 SFWGGLEASPRGGDAVAQPQEHAM 

Figure 1-22 The amino acid sequence of the skeletal isoform of beta subunit. The SH3 domain is shown in purple, GK domain in green and the 
Hook region in orange. Amino acids of the heptad repeat are denoted in red. The 35- residue C-terminal tail shown to be important for skeletal EC-
coupling is highlighted in yellow. 
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trafficking to the membrane (Obermair et al., 2008b). However, tluorescent protein-

tagged Pia subunits failed to colocaMze with RyRl in dysgenic myotubes indicating that 

triad-targeting of may require an association with a l s (Leuranguer et al., 2006). 

Further study on the Pi-null zebrafish relaxed larvae and isolated myotubes also failed 

to show an effect on tetrad formation and skeletal EC-coupling upon mutation of the 

hydrophobic heptad repeat residues in the pia C-terminal tail (Dayal et al., 2010). This is 

contrary to the observations made by Sheridan et al (2004) in mouse fetal myotubes. 

1.9.7 The role of (3ia subunit in skeletal EC coupling? 

All CavP subunit isoforms play a vital role in the membrane expression and modulation 

of HVA calcium channels. However, the presence of DHPRs in freeze-fracture replicas 

obtained from the muscle of Pia null zebra fish (relaxed) mutants suggests that 

trafficking the ais subunits to the triad junctions is not the only role of the Pia subunit. 

In particular, the Pu subunit is essential for the structural organization of the DHPR 

complex into tetrads in the t-tubule opposite RyRl in the SR, thus enabling skeletal type 

EC coupling. However, the exact molecular mechanism of how the pia subunit 

participates in the skeletal EC coupling process remains unresolved. 

Of the 5 domains of the pia subunit, the GK domain alone can carry out the ttis targeting 

role of p i a - But the role of the P i a - S H 3 domain is less well understood. The DHPR p 

subunit belongs to a class of MAGUK proteins which are scaffolding/clustering 

proteins. The presence of SH3 binding motifs in the critical region of the ais II-III loop 

raises the possibility that a Pia-SH3/ais II-III loop interaction may play a role in 

clustering the DHPRs into a tetrad formation apposing the RyRl . Furthermore, the pia C 

terminal tail has been shown to be important for skeletal type EC coupling. It is also 

known that the Pia subunit and its 35-residue C terminal tail are able to bind to RyRl . 

This raises the possibility that the ftu, subunit may not only support tetrad formation but 

possibly may he a component of the trigger mechanism for SR Ca^^ release. 

Therefore the author hypothesize that the skeletal isoform of the p subunit (Pu,) not only 

plays a role in membrane targeting and modulation of ttis, but acts as a conduit in the 

transmission of the EC-coupling signal from the DHPR to the Ryanodine receptor in 

skeletal muscle. 
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1.10 This thesis 

The first objective of this study is to investigate the interaction between the DHPR Pia 

subunit and the a i s IMII loop and to identify regions involved in this interaction. The 

second objective is to investigate the structure of the 35-residue C-terminal tail of the 

Pia subunit and to identify residues important for the modulation of R y R l . 

The second chapter of this thesis describes the general materials and methods used in 

this study whereas methods specific to a given experiment will be detailed in the 

relevant chapter. Chapter three of this thesis describes the development of the protocol 

for cloning, expression and purification of the full length recombinant Pia subunit for 

the use of downstream experiments. Chapter four details the investigation of the 

interaction between the pia-SH3 domain and the a is II-III loop and the identification of 

regions involved in this interaction. Chapter five looks into the structure of the 

35-residue C terminal tail of the Pia subunit and chapter six investigates the functional 

effects of mutating a predicted binding site in the C terminal tail on R y R l . Chapter 7 

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

These materials and methods are those used in general sample and solution preparation 

in the course of experimental procedures. Materials and methods specific to a technique 

are detailed in the relevant chapters. 

2.1 Materials 

All chemicals and reagents used in this study were of analytical grade unless otherwise 

slated. Buffer recipes and stock solutions used for each method are given in Appendix 

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

All primers for PCR amplification and mutagenesis were obtained from GeneWorks 

(Australia). 

2.2 Methods 

All general methods used in this project are detailed below: 

2.2.1 Peptide synthesis 

Peptides used in this study were synthesized by the A C R F Biomolecular Resource 

Facility (BRF), JCSMR, ANU on a C E M Liberty Microwave peptide synthesizer. 

Synthesis was performed using Fmoc chemistry and solid phase peptide synthesis 

(SPPS) techniques. Peptides were purified using HPLC (SHIMADZU. Japan) and the 

homogenei ty of the synthetic peptides was checked by mass spectroscopy (MALDI 

T O F / T O F ™ Model 4800, Applied Biosystems, USA). 

1 mM stock solutions of the peptides were prepared ( in distilled water or relevant 

buffer depending on the downstream application) by weighing out the equivalent 

amount based on the calculated molecular weight ( Prot Param- Gasteiger et al., 2005). 

The precise concentration of the peptide solutions were confi rmed by a modified BCA 

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

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

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

The Histidine-tagged Ubiquitin Expression vector, pHUE, (Fig. 2-1) was constructed by 

modifying the pET15b vector (Novagen) containing an ampicillin resistance marker and 

a T7 RNA polymerase promoter. This is an efficient Escherichia co//-based expression 

system where the protein of interest is expressed as a fusion to a 8 kDa, poly-

histidine-tagged ubiquitin, enabling a simple one-step purification of the fusion protein 

by immobilized metal affinity chromatography (IMAC). A poly-histidine-tagged 

catalytic core of a mouse deubiquitylating enzyme, Usp2cc, is then used to cleave the 

ubiquitin tag from the desired protein. This allows the selective removal of the protease 

from the cleavage reaction, along with the cleaved ubiquitin, any uncleaved fusion 

protein, and any copurified contaminants using a second IMAC, leaving the desired 

protein as the only soluble product. 

This system has the added advantage that deubiquitylating enzymes (DUBs) do not 

cleave non-specific sequences and do not leave additional amino acids at the N-terminus 

of the protein of interest. Cleavage occurs precisely after the final glycine residue at the 

carboxyl terminal of ubiquitin irrespective of the amino acid immediately following, 

with the sole exception of proline. 

2.2.3 Polymerase Chain Reaction (PCR) 

Amplification of genes for the purpose of constructing protein expression vectors was 

carried out using Phusion®High Fidelity PCR kit (NEB) according to the 

manufacturers' instructions. All other PCR reagents were obtained from Promega, 

USA. Molecular biology-grade water (DNase, RNase, and nucleic acid free) was used 

in all steps and solutions. 

Routine PCR amplification was carried out as follows: The PCR mix (20|il) was made 

up of IX PCR buffer, 1.75 mM MgC^, 0.2 mM dNTPs, 2U Taq DNA polymerase, 5ng 

template DNA and 0.3 pmole oligonucleotide primers. The mixture was cycled 33 times 

in a PTC-200 DNA Engine (MJ Research, USA). The following general cycling 
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Ncol (5941) 
Xbal (5902) j 

Bglll(5836) \ / ATG-H,s(6) 
SphI (5643) 

MCS 

lad 

Sacll (279) 
BamHI (286) 
EcoRI (292) 
Sad (298) 
Kpnl (304) 
Sail (310) 
NotI (316) 
HIndlll (324) 

- PstI (1376) 

Amp" 

B 
His(6 

Ubiquitin > 
'T7 Bglll Sacll BamHI EcoRI Sad Kpnl Sail NotI Hindlll 

AGCCATATGCAGATCTTC.. .CTCCGCGGTGGAtccgaattcgagctcggtaccgtcgacgcggccqcaagctta 
Met Q 

1 2 
I F 
3 4 

L R G G s 
73 74 75 76 

f I g t I 

Figure 2-1 (A) Plasmid map of pHUE showing the ubiquitin (Ub) coding region (black box), the T7 polymerase promoter (black triangle), and 
other regions (shaded boxes). Arrows indicate the direction of transcription. Restriction enzyme recognition sites within the multiple cloning site 
(MCS) are listed and other useful recognition sites in the vector backbone are also shown (unique, except Bglll); locations are given relative to the start 
codon upstream of the his-tag, ATG = 1. (His)6, poly histidine tag; Amp\ P-lactamase gene; ori, colEl origin of replication; lad, l ad repressor gene. 
(B) DNA and encoded protein sequence of the 5' and 3' end of the ubiquitin coding region showing the engineered Sacll site (underlined) within 
codons Leu 73, Arg 74, and Gly 75, and the 3' polylinker. Restriction sites and protein translation are given above and under the DNA sequence, 
respectively (Baker et al., 2005). 
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parameters were used and the annealing temperature and extension time was adjusted 

according to the primer composition and template length, respectively. 

Time ( s ) 

Initialization 120 

Denaturation 20 

Temperature ( C ) 

95 

95 

Annealing Primer dependant 

Extension 60/ kb product sequence 72 

Final extension 300 72 

5 - 10 10.1 of PCR reaction was then electrophoresed on an appropriate percent agarose 

gel containing SYBR®Green nucleic acid stain (molecular probes) for visualization. 

Following electrophoresis, the product was excised from the gel, purified with a 

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

2.2.4 DNA extraction 

5 ml of LB/amp (A.1.1) was inoculated with the cells of interest and incubated 

overnight with agitation at 37"C. Plasmid DNA was extracted from the overnight 

culture using the QIAprep miniprep kit (Qiagen, Germany) as per manufacturers' 

instructions and quantified using a Nanodrop ND-1000 (Thermo scientific) 

spectrophotometer. 

2.2.5 Site directed mutagenesis 

Mutagenesis was carried out using a PCR based Phusion™ site-directed mutagenesis kit 

(Finnzymes, Finland). The 25 nl PCR mix consisted of Ix High Fidelity (HF) buffer, 

0.2 mM dNTPs, 1U Phusion DNA Polymerase, 0.5 pmol primers (forward and reverse) 

and 0.4 ng/pl DNA template. Reactions were carried out according to the 

manufacturer's instructions in a PTC-200 DNA Engine (MJ Research, USA). The 

mutated plasmid was digested with lU Dpnl (New England BioLabs) at 37°C for 
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30min. The digested PGR product was immediately transformed into E. coli DH5a 

strain and streaked on a pre-warmcd LB/amp-agar plate and incubated overnight at 

37°C. A single colony was picked from this plate and inoculated into 5mi of LB/amp 

(A. 1.1) and incubated overnight at 37°C. Plasmids were purified from the overnight 

culture using QIAprep Miniprep Kit as per manufacturer's protocol (Qiagen, Germany) 

and sequenced (2.2.6.) to verify the presence of the desired mutation. 

2.2.6 DNA sequencing 

Automated DNA sequencing was carried out by the AGRF Biomolecular Resource 

Facility (BRF), JGSMR, ANU on an ABI® 3730 Sequencer (Applied Biosystems, 

USA). Samples were prepared using BigDye® Terminator v3.1 Cycle Sequencing Kit 

(Applied Biosystems, USA) and cleaned-up as stated in the manufacturer's protocol. 

DNA sequences retrieved from the BRF, were analysed using Sequencher® 4.8 

software (Gene Codes Corporation, USA). 

2.2.7 Plasmid Transformation 

Competent cells were prepared using the calcium chloride method (Sambrook and 

Russell, 2001), dispensed in l()0|al aliquots and snap frozen before storage at -70°C. 

All transformations were performed by incubating 2ng of plasmid DNA with a 100 (AI 

of respective competent cells. The mix was gently agitated by carefully pipetting the 

solution on ice, followed by a 30 min incubation at 4°C. The plasmid/competent cell 

mix was then heat shocked by spreading onto a pre-warmed (37°C) LB/amp-agar plate 

(A. 1.1). Subsequently the transformed cells were grown overnight at 37°C. 

2.2.8 Protein expression 

All incubations were carried out at 37"C unless otherwise noted. 

First, an LB/amp agar plate (A. 1.2) was streaked with the relevant E.coli host strain 

containing the plasmid of interest and incubated overnight. A single colony from this 

streak plate was then inoculated into 5 ml of LB/amp starter culture and again incubated 

overnight. The LB/amp starter culture was then inoculated to 400ml of LB/amp broth in 

a 2 litre llask and incubated with agitation until A^x) (absorbance at 600 nm) reached 

approximately 0.8 - 1.0 (Gary 100 UV-vis spectrophotometer). Protein expression was 
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induced by the addition of 0.1 - 0.4 mM IPTG (A.2.26) and incubation was continued 

for another 3 - 4 hours. The exact concentration of IPTG and the temperature and time 

of protein expression were optimized for each protein individually. Following protein 

expression, the cells were harvested in 500 ml-Drypin bottles (Du Pont Instruments, 

USA) by centrifuging at 5000 rpm ( 4400g) for 20min at 4°C in a SLA3000 rotor 

(Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instruments, USA). The 

cell pellets were stored at -20"C. 

2.2.9 Protein purification by IMAC (Immobilized metal affinity 

chromatography ) 

Initial purification of proteins used in this study was carried out by immobilized metal 

affinity chromatography using a Ni-NTA agarose resin produced in-house according to 

(Hochuli, 1990). 

2.2.9.1 Non-denaturing purification (Native) 

All steps were carried out at A^C unless otherwise noted. 

The E.coli cell pellet was thawed on ice and re-suspended in lysis Buffer A (A. 1.4) at 

5 ml per gram wet weight. Cells were lysed by sonication on ice using six 30s bursts at 

300W with a 30s cooling period between each burst (Branson Sonifier, USA). The cell 

lysate was spun down in 50 ml-polycarbonate tubes (DuPont Instruments, USA) in a 

SS34 rotor (Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont Instruments, 

USA) at 15000 rpm ( 10 000 g) for 30min. 

The supernatant was added to a 50% slurry of Ni-NTA agarose resin pre-equilibrated in 

wash buffer A (A. 1.5). Based on the binding capacity of the resin, Ni-NTA agarose was 

used at 0.5 ml bed volume per 400 ml of original culture (Hochuli, 1990). The mix was 

incubated on a slow-rotating wheel for 1 hour. Following incubation, the resin was spun 

down at 1500 rpm (453 g) in a benchtop centrifuge (Eppendorf Centrifuge Model 

581 OR, Eppendorf, USA) for 5 min. The supernatant was discarded and the resin was 

washed by centrifugation with 10 bed volumes of wash buffer A (A.1.5). After the final 

wash, the resin was transferred to a 10 ml polypropylene column and the fusion protein 

was eluted using elution buffer A (A.l .6). The eluate was collected in 2 ml fractions and 

10 |AI samples of the fractions were resolved on a 12% SDS-polyacrylamide gel 
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(2.2.10). The gel was stained with coomassie blue (2.2.10) and the fractions containing 

the band of interest were pooled together. 

The 6xhis-Libiquitin tag was removed by digesting the fusion protein with a 

ubiquitin-specific protease, Usp2cc, in the presence of ImM DTT. The Usp2cc to fusion 

protein ratio was 1:200 (v:v). Digestion was carried out overnight followed by dialysis 

into buffer A (A. 1.3) in order to remove the excess imidazole. The excised 

6xhis-ubiquitin lag was removed by incubating the digested recombinant protein with a 

50% slurry of Ni-NTA resin for Ih on a slow-rotating wheel. The resin was spun down 

at 1500 rpm (453 g) for 5min in a benchtop centrifuge (Eppendorf Centrifuge Model 

581 OR, Eppendorf, USA). The supernatant containing the native recombinant protein 

was stored at -20"C. 

2.2.9.2 Denaturing purification 

All steps were carried out at room temperature (24"C) unless otherwise noted. 

The E.coli cell pellet was thawed on ice and re-suspended in Buffer B containing 8iVl 

Urea (A.1.7) at 5 ml per gram wet weight. Cells were lysed by sonication using six 30s 

bursts at 300W with a 30s cooling period between each burst (Branson Sonifier, USA). 

The cell lysate was spun down in 50 ml-polycarbonate tubes (DuPont Instruments, 

USA) in a SS34 rotor (Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont 

Instruments, USA) at 15000 rpm ( 10 000 g) for 30min. 

The supernatant was added to a 50% slurry of Ni-NTA agarose resin pre-equilibrated in 

buffer B ( A. 1.7). Based on the binding capacity of the resin, 0.5 ml bed volume of 

Ni-NTA agarose was used per 400 ml of original culture (Hochuli, 1990). The mix was 

incubated on a slow-rotating wheel for 1 hour. Following incubation, the resin was spun 

down at 1500 rpm (453 g) in a benchtop centrifuge (Eppendorf Centrifuge Model 

581 OR, Eppendorf, USA) for 5min. The supernatant was discarded and the resin was 

washed by centrifugation with 10 bed volumes of buffer B (A. 1.7). After the final wash, 

the resin was transferred to a 10 ml polypropylene column and the fusion protein was 

eluted using elution buffer B (A. 1.8). The eluate was collected in 2 ml fractions and 

10^1 samples of the fractions were resolved on a 12% SDS-polyacrylamide gel 

(2.2.10). The gel was stained with coomassie blue (2.2.10) and the fractions containing 

the band of interest were pooled together. 
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The pooled fractions were diluted 3 fold with buffer A (A. 1.3) in order to bring down 

the concentration of urea to 2.6 M. The urea concentration was lowered in order to 

preserve the activity of the ubiquitin protease. Usp2cc was added to the fusion protein at 

a ratio of 1:200 (v:v) and digestion was carried out overnight at 30"C in the presence of 

ImM DTT. The digested sample was concentrated down to approximately 2 ml using a 

10 kDa cutoff AMICON® Ultra filter concentrator (Millipore, USA) according to the 

manufacturer's instructions. The concentrated sample was then diluted ten fold with 

buffer B (A. 1.7) to bring the imidazole concentration down to 50 mM. The excised 

6xhis-ubiquitin tag was removed by incubating the cleaved recombinant protein with a 

50% slurry of Ni-NTA resin for Ih on a slow-rotating wheel. The resin was spun down 

at 1500rpm (453 g) for 5 min in a benchtop centrifuge (Eppendorf Centrifuge Model 

581 OR, Eppendorf, USA). The supernatant containing the denatured recombinant 

protein was stored at -4"C. 

2.2.10 Denaturing ( SDS ) Polyacrylamide Gel Electrophoresis ( PAGE) 

One-dimensional SDS-PAGE was used to analyse and visualise the proteins used in this 

study. I mM thick Tris-Glycine ( A.1-9,10,11) gels varying from 7% - 12% were used 

according to the molecular weight of the analysed protein. Samples were mixed with 

sample loading buffer (A. 1.12) at a ratio of 1:3 and boiled for 5 min. Electrophoresis 

was carried out using a Bio-Rad Mini PROTEAN 3 cell ( Bio-Rad Laboratories, USA) 

attached to a Bio-Rad 100/500 power supply (Bio-rad Laboratories, USA) at 200V 

constant voltage. 

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

otherwise noted. 

The resolved proteins were visualised by Coomassie Blue R-250 staining. The gels were 

removed from the electrophoresis apparatus, placed in a container with the staining 

solution and gently agitated on a platform shaker for approximately 20 min. The 

staining solution was decanted and the gels briefly rinsed with deionized water to 

remove excess stain. Ten gel volumes of destaining solution (A. 1.13) were added and 

the gels were destained by slow agitation on a platform shaker until the background was 

clear and the protein bands visible. The gels were documented by digital imaging on a 

flat bed scanner. 
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2.2.11 Protein Quantitation 

The concentration of recombinant proteins used in this study was measured using the 

BCA assay (Smith et al., 1985) which measures the formation of Cu^ from Cu''^ by the 

Biuret complex in alkaline solutions of proteins using bicinchoninic acid (BCA). The 

assay was conducted according to the manufacture's protocol using the Thermo 

Scientific Pierce BCA Protein assay kit. 

Spectrophotometric determination of absorbance at 280 nm (A28()) was used when a 

rapid estimation of protein concentration was required. Absorbance was measured on a 

Nanodrop ND-1000 ( Thermo scientific) spectrophotometer. 

Protein concentration was calculated according to the Beer-Lambert law: 

A = £XlXC 

Where £ is the molar absorption coefficient ( M"'cm'') and / is the cell path length (cm). 

The molar absorption coefficient of a protein at 280 nm, £280 (in M 'cm"'), was 

calculated using the following equation: 

f 2S0 = (3500 X n,,^)+ (1490 X / I , , , ) + (125 x ) 

where the numbers are the molar absorbances for tryptophan (Trp), tyrosine (Tyr), and 

cystine (i.e., the disulfide bond, S-S), and nxrp = number of Trp residues, njyr = number 

of Tyr residues, and ns-s = number of disulfide bonds in the protein. 

2.2.12 Circular Dichroism (CD) spectroscopy 

Circular dichroism is the difference in the absorption of left-handed circularly polarised 

light (L-CPL) and right-handed circularly polarised light (R-CPL) and occurs when a 

molecule contains one or more chiral chromophores. It is used to monitor changes in the 

conformation of biopolymers and is used mainly for studying changes in the secondary 

and tertiary structure of proteins and peptides. 

CD data was aquired on a Chirascan™ Circular Dichroism Spectrometer (Applied 

Photophysics Ltd, UK). Samples were prepared at Img/ml in lOmM sodium phosphate 

buffer, pH 8.0. Spectra were measured at 20"C over the range of 320 - 180 nm at a scan 

rate of 1 nm/s. For all measurements, a cell with 0.1 path length was used. The CD 
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spectra were corrected for buffer contributions and an average of three scans was 
subjected to a smoothing function using the proprietary software of the manufacturer. 
Deconvolution calculations on the resulting spectrum were computed by the secondary 
structure prediction software, K2D2 (Perez-Iratxeta and Andrade-Navarro, 2008). 
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Chapter 3 Expression and Purification of the recombinant 

DHPR-pia subunit 

3.1 Introduction 

Since the DHPR P subunit was first cloned, much attention has been focused on its role 

in the function of voltage gated calcium channels (VGCCs). Two major findings have 

emerged during this period. First, the (3 subunit facilitates the proper localization and 

trafficking of the VGCC and in particular the pore forming a.| subunit to the plasma 

membrane (Bichet et al. 2000; He et al. 2007). Second, the P subunit acts as an 

important modulator of the channel's electrophysiological properties (Richards et al. 

2004; He et al. 2007). 

The p subunit associates with the «] subunit through a region in the loop between 

trans-membrane domains I and II known as the alpha interaction domain (AID). Further 

structural, biochemical and electrophysiological studies have shown that the second 

conserved motif of the P subunit, the GK domain, is responsible for binding to the a i 

subunit. Although this high affinity AID-GK interaction can account for many of the 

functional properties of the p subunit, other lower affinity interactions have been shown 

to contribute to the modulatory properties of this subunit. Notably, the variable 

C-terminus of the Pia isoform has been shown to contribute to skeletal type EC-coupling 

(Beurg et al. 1999; Sheridan et al. 2004). It has also been shown through pull-down 

experiments that the Pia subunit is able to bind to a stretch of positively charged 

residues of the RyRl (Cheng et al. 2005). 

Four different isoforms of p-subunits (Pi - P4) have been identified, each with multiple 

splice variants (Arikkath et al. 2003; Dolphin 2003). All four p isoforms contain five 

regions (N-terminus, C-terminus, Hook region, SH3 and GK domain - Figure 1-18 ), 

with the second and fourth (SH3 and GK domain) being highly conserved (68-92% 

identity) and the others highly variable among the four P-isoforms (Hanlon et al. 1999). 

So far, crystallographic analysis has only been carried out on this central core region 

containing a short (p3, P4) or absent (P2) Hook sequence (Chen et al. 2004; Opatowsky 

et al. 2004; Van Petegem et al. 2004) (Table 3-1). In two of these studies the core region 
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Table 3-1 - Summary of existing crystallographic studies on the Psubunit. SH3 - Src Homology 3 domain, GK Guanylate kinase-like domain, 

AID - alpha interaction domain 

Psubunit 
isoform 

Crystallised region Summary Reference 

Full length p subunit 

I N SH3 M GK 

p3 (Rat) 

P4 (Rat) 

SH3, Hook and GK domain 

SH3 GK 

SH3, Hook and Gk domain in complex with 
AID 

GK > 

SH3, Hook and GK domain 

SH3 GK J 

P-SH3 - has 5 beta strands similar to canonical SH3 
domains, but its 4th and 5th b strands are separated by 
the Hook region. The loop between 1st and 2nd b strands 
(RT-Src loop) is much longer and shields the putative 
PXXP- motif binding residues. 

Hook region - 13 amino-terminal residues form an 
a-helix (a2), but the remaining residues are disordered. 

(3-GK - overall structure is similar to canonical GK 
domains, but catalytically inative. 

AID binding - AID binds to the "AID-binding pocket" in 
the GK domain.Binding does not cause significant 
structural changes of the (3-subunit core 

Chen et al 2004 

Similar to P.i 

Table 3-1 continued on next page 
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p2a (Rat) SH3 and GK domain. No Hook region. 

n SH3 GK 

SH3 and Gk domain in complex with AID 

SH3 i GK 

SH3 and GK domains have been co-crystallized together. 
The Hook region is absent. Structure of the p2a-SH3 and 
GK domains similar to P3 and p4Core domains. 

Van Petegem et al. 2004 

P2a 
(Rabbit) 

SH3 and GK domain. No Hook region. 

'H3 | ~ GK 

SH3 and GK domain in complex with AID 

SH3 

SH3 and GK domains have been co-crystallized together. 
The Hook region is absent. Stnacture of the p2a-SH3 and 
GK domains similar to p3 and (34 core domains. 

Opatowsky et al. 2004 
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of the rabbit |32a i soform was crystalHsed alone and together with the A I D region of the 

tti subunit . In the third study the core regions of the and P4 i so fo rms were crystal l ised 

alone and together in complex with AID. So far no crys ta l lographic data are avai lable of 

the full length protein of any of the P i soforms. Also no crysta l lographic s t ructures are 

avai lable of the core region or the ful l length pja i soform which has been impl ica ted in 

skeletal type EC-coupl ing . 

3.2 Aim 

The aim of the work presented in this chapter was to genera te the full length 

recombinant Pia subunit for the investigation of its interact ions with the ttis II-III loop 

and the R y R l . An additional aim was to enable crys ta l lographic s tudies of the 

recombinant protein. 

3.3 Materials and Methods 

3.3.1 Plasmid Construction 

The pia subunit i soform is encoded by 1890 nucleot ide base pairs and consis ts of 524 

amino acids. It has a calculated (ProtParam - (Gaste iger et al. 2005)) molecula r weight 

of 57817 .4 Daltons. 

A GST-P)a-His vector generated by insert ing six hist idines in tandem into a p G E X - 2 T 

vector (Amersham Pharmacia) conta ining a ful l- length pia (GenBank access ion 

no. N M _ 0 3 1 1 7 3 ) was kindly provided by Cheng et al (Univers i ty of Wiscons in School 

of Medic ine , Madison , USA). The Pia insert was ampl i f ied (Ch.2.2 .3) and sequenced 

(Ch 2.2.6) to check its integrity. Sequenc ing results of the original c lone showed a " g c " 

to " eg" mutat ion which changed an arginine to a proline res idue at posi t ion 78. This 

mutat ion was corrected by si te-directed mutagenes i s (Ch. 2.2.5). T h e insert was then 

ampl i f ied f rom the original construct and inserted into the in-house vector p H U E 

(Ch.2.2 .2) as detai led below. This enabled the generat ion of a recombinan t protein with 

a m i n i m u m of addit ional residues at ei ther end. T h e presence of the ubiqui t in tag was 

also expec ted to assist in the solubil isat ion and fo ld ing of the recombinan t protein. 
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Primers, p.a forward (pu-F) and reverse (pia-R) ( GeneWorks, Australia) were designed 

to incorporate BamHl and Hindlll restriction sites to the amplified (3ia gene. These sites 

were chosen due to the presence of a Sad! restriction site within the pia sequence. This 

resulted in the addition of an extra residue (serine) to the Pia- N-terminus (Figure 3-1). 

PCR amplification was performed using the Phusion®High Fidelity kit (NEB) 

according to the manufacturers' instructions. The amplified product was analysed on an 

agarose gel, excised and purified (Ch. 2.2.4). The purified product was ligated into a 

pGEM-T-easy (Promega) vector system according to the manufacturer's instructions. 

This was done in order to facilitate a more efficient restriction digestion of the insert. 

The ligated product was transformed (Ch.2.2.7) into XLI-blue cells and positive 

transformants were identified by blue-white screening (Miller 1978). A single positive 

colony was inoculated into 5ml of LB/amp (A.I .I) and plasmid DNA was extracted 

from the overnight culture (Ch.2.2.4). 

Following extraction, the plasmid DNA was double digested with 0.5 lU each oi BamHl 

(NEB) and Hindlll (NEB) restriction enzymes in the presence of NEB buffer 2 at 37 " C 

for 1 hour. The digested insert was resolved on an agarose gel and purified with a 

QIAQUICK gel extraction kit (Qiagen, Germany). The pHUE vector was 

simultaneously digested with BamHI and Hindlll enzymes as above. The linearised 

vector was mixed with purified Pia insert in a ratio of 1:3 and ligated in the presence of 

Ix ligation buffer (Promega, USA) and 3 Weiss Units of T4 DNA ligase (Promega, 

USA). The vector/insert mix was incubated overnight at 4"C. The ligated product was 

transformed (Ch.2.2.7) into E.coli BL2I (DE3) competent cells and grown overnight at 

37"C. Cells from eight single colonies were picked and directly amplified by PCR 

(Ch.2.2.3.) using the Pu-F (forward) and Pu-R (reverse) primers to check for the 

presence of the insert. DNA was extracted (Ch.2.2.4) from one positive colony of cells 

and sequenced (Ch.2.2.6) to confirm the presence and the integrity of the Pia insert 

sequence. Once confirmed, glycerol stocks of the clone, His-Ub-pia were prepared by 

mixing 800 pi of overnight culture with 200 [xl of sterile 75% glycerol. The stocks were 

stored at -70"C. 
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Pla HimlJJl 

r e s t r i c t i o n s i t e 

TC GGA GTO CTC GTG CGG TAC ATT CCA ACG 5 ' 

Ubiquitin 
TCC ATG GTC CAG AAG AGC GGC ATG -

S M V Q K S G M 

- G A G CAC GCC ATG TAA 

E H A M Slop 
AGG T A C C A G G T C T T C T C G CCG TAC CTC GTG CGG TAC ATT 

on 

Figure 3-1 6Xhis-ubiquitin-(3ia construct. The protein sequence was ampHfied with (3ia-F and pia-R primers and inserted into the pHUE vector using 

BaniHI and Hindlll restriction sites (Adapted from Baker et al. 2005). 
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3.3.2 Protein Express ion 

Bacterial growth was carried out as described in Ch.2.2.8, but scaled up to 4.8 litres of 

culture. The culture was induced with 0.1 mM IPTG at an A^oo (absorbance at 600 nm) 

of 0.8 and the protein was expressed for 2 hours at 37"C. 

3.3.3 Purif icat ion 

Initial purification of the His-Ub-pia protein was carried out by IMAC (immobilized 

Metal Affinity Chromatography) under denaturing conditions using a Ni-NTA resin as 

described in chapter 2.2.9.2. Due to the persistent presence of contaminants and 

degradation products after IMAC, further purification of the protein was carried out by a 

method of preparatory electrophoresis using the Bio-Rad Prep Cell model 491 (Bio-Rad 

laboratories, USA). 

3.3.3.1 Preparatory Electrophoresis 

The Model 491 Prep Cell (Bio-Rad laboratories, USA) is an apparatus designed to 

purify proteins or nucleic acids from complex mixtures by continuous-elution 

electrophoresis (Figure 3-2). During a run, samples are electrophoresed through a 

cylindrical gel. As molecules migrate through the gel matrix, they separate into ring 

shaped bands. Individual bands migrate off the bottom of the gel where they pass 

directly into the elution chamber for collection. The elution chamber consists of a thin 

polyethylene frit. A dialysis membrane, directly underneath the elution frit, traps protein 

within the chamber. Elution buffer enters the chamber around the perimeter of a 

specially designed gasket. Buffer is drawn radially inward to an elution tube in the 

centre of the cooling core by a peristaltic pump. The peristaltic pump drives separated 

proteins to a fraction collector. To assure that separated molecules migrate in compact, 

parallel bands, temperature gradients across the gel are minimized. The temperatures of 

the internal and external surfaces of the gel are equalized by continuously pumping 

lower electrophoresis buffer through the central cooling core by means of the buffer 

recirculation pump. 

Running conditions (gel pore size, gel length and gel tube diameter) for preparative 

SDS-PAGE of the partially purified Pia subunit were optimized to give the maximum 

separation between the band of interest and its nearest contaminant. This was done by 
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Figure 3-2 Schematic diagram illustrating the major components of the apparatus 

used for preparatory electrophoresis (Bio-Rad Prep Cell 491 Manual, Bio-Rad 

laboratories). 

scouting runs on analytical mini-gels (ch 2.2.1). A 10 cm, 7% Tris-glycine resolving gel 

and a 2 cm, 6 % stacking gel gave the maximum resolution. These gels were poured on 

to the 2.8 cm diameter gel assembly tube of the Prep cell apparatus according to the 

manufacturers' instructions. 

The partially purified Pia protein was concentrated down to approximately 2 ml 

(lOmg/ml) using a 10 kDa cut off AMICON® Ultra filter concentrator (Millipore, 

USA). The concentrated sample was mixed with 1 ml of denaturing sample loading dye, 

(A. 1.12) boiled for 3 min and loaded on to the preparative gel. The Prep Cell apparatus 

was assembled according to the manufactures' instructions and electrophoresis was 

carried out at 4"C at a constant current of 40mA. A Tris-glycine buffer containing 0.1 % 

SDS (A. 1.11) was used both as the running and elution buffers. Fractions of 4 ml were 

collected after the dye front eluted (Gilson Model 201 Fraction collector. Gilson Inc.). 
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The eluted fractions were analysed on analytical mini-gels (Ch.2.2.10) and the fractions 

containing the band of interest were pooled together. Ice-cold acetone was added to the 

pooled sample at a ratio of 5:1 (v:v) in order to precipitate the protein from the buffer 

containing SDS. The proteins were precipitated overnight at -20"C and were spun down 

at 4000 rpm (Eppendorf Centr i fuge Model 581 OR, Eppendorf , USA) at 4°C for 30min. 

A vacuum desiccator was used to remove excess acetone and the desiccated protein was 

dissolved in 1ml of Buffer A (A. 1.3) containing 6M guanidine hydrochloride. This 

sample was then refolded to its native form by dialysing into Buffer A at 4°C overnight. 

The refolded and purified protein was quantified (Ch.2.2.11), aliquoted and stored 

at -70"C. 

3.3.4 Western blotting 

Western blotting was carried out on a Bio-Rad Mini-Trans-Blot Cell (Bio-Rad 

Laboratories, USA). Following SDS-PAGE (2.2.10), the gels were equilibrated in 

transfer buffer (A. 1.14). A sandwich of two sponges, six pieces of filter paper and a 

50cm^ nitrocellulose membrane (TransBlot® Transfer Medium, Bio-Rad Laboratories, 

USA), were also pre-soaked in transfer buffer (A. 1.14). The gel containing the protein 

(s) to be transferred was placed on the nitrocellulose membrane and sandwiched 

between the filter paper and the sponges and secured in the plastic gel holder cassette. 

The assembled cassette was then placed in the tank, containing transfer buffer {A.1.14) 

such that the membrane was positioned on the anode side of the gel. Transfer was 

performed at lOOv constant voltage for 1.5 hours. 

Following transfer, the membrane containing the transferred proteins was 

removed and blocked for 1 hour with blocking buffer (A. 1.15) at room temperature with 

agitation on a platform shaker. 

Anti-(3ia monoclonal antibody, VD2(1)B12 (Developmental Studies Hybridoma 

Bank, University of Iowa, Department of Biological Sciences, Iowa City, lA 52242) 

was diluted 1:3000 (v:v) with blocking buffer. The diluted antibody was added to the 

membrane and incubated in a sealed plastic bag at room temperature for 1 hour with 

gentle agitation. The membrane was washed 4 t imes with an excess of blocking buffer 

(A. 1.15), with each wash lasting 15 minutes. The blotted membrane was then incubated 

for another hour with horse radish peroxidise (HRP) conjugated-goat anti-mouse 

antibody (DakoCytomation, Denmark), diluted 1:10000 (v:v) with blocking buffer . The 
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membrane was washed again as before and treated with ECL detection reagent (GE 
Healthcare, UK) for Imin. The treated membrane was later exposed to X-ray film (FUJI 
Medical X-Ray Film, Fuji Photo Film, Japan) for Imin. Exposed film was later 
developed on an automated film developer (Kodak X-OMAT 1000 Processor, KODAK, 
Japan). 

3.3.5 Circular Dichroism (CD) spectroscopy 

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

3.3.6 Mass spectrometry 

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

3.4 Results 

3.4.1 Protein Expression 

During the process of expression and purification of the full length |3ia subunit, 
problems were encountered due to auto-cleaving of the histidine-ubiquitin tag and 
protein degradation. Therefore, many different conditions and experimental protocols 
were tried in a bid to optimise the expression and purification of this protein. 

In order to reduce auto-cleaving of the fusion protein, expression was trialed at room 
temperature (24"C) for different time intervals and at 4^C overnight. Expression was 
also attempted by auto induction using the Studier method (Studier 2005). Maximum 
yield of recombinant protein was obtained by expressing the protein for 2 hours at 37"C 
following induction with 0.1 mM IPTG. 
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3 .4 .2 P u r i f i c a t i o n 

Purification of the pu, subunit was initially tried out by IMAC (immobilized Metal 

Affinity Chromatography) under native conditions (Ch.2.2.9.1). However, a higher 

yield of recombinant protein was obtained by purifying under denaturing conditions 

(Ch.2.2.9.2). Due to the persistent presence of contaminants and degradation products 

after IMAC, further purification of the protein was necessary (Figure 3-3). This was 

initially tried out using an anion-exchange column (Mono Q HR 5/5) on the AKTA'^ ' 

(GE life sciences) FPLC (fast performance liquid chromatography) system. FPLC was 

carried out under varying buffer conditions, but the results were only partially 

successful. Although over 95% of contaminants were dispelled, two bands (denoted 

(3la-upper and Pia-lower) corresponding to the expected molecular weight were 

inseparable using FPLC. These bands were successfully separated by preparatory 

electrophoresis (Figure 3-4) where a purity of over 95% and a yield of approximately 

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

^ B C Figure 3-3 IMAC purified (chapter 

2.2.9.2) Recombinant Pia protein 

analysed on a 12 % SDS-PAGE gel 

_ 50 kD follovt'ed by staining with coomassie 

blue. 

A). 6Xhis-ub-(3ia. The fusion protein 

eluted from the Ni-NTA resin 

B) Cleaved pia protein. The 6Xhis-Ub 

tag has been cleaved with ubiquitin 

protease and removed by re-binding to 

the Ni-NTA resin. 

C) BenchMark™ prestained protein 

ladder (Invitrogen) 
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A B 

60 kD 

Figure 3-4 Further purification of the pia protein by preparatory electrophoresis 

using the Bio-Rad Prep Cell 491. (7 % SDS-PAGE gel coomassie stained) A) 

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

C) Eluted fractions containing the separated protein bands. 

B 

60 kD 

Figure 3-5 Recombinant pia protein 

further purified by preparatory 

electrophoresis and analysed on a 12% 

SDS-PAGE gel followed by staining with 

coomassie blue. 

A) Full length Pia protein separated by 

preparatory electrophoresis 

B) Truncated pia protein separated by 

preparatory electrphoresis 

C) IMAC purified input sample used for 

preparatory electrophoresis 

D) BenchMark™ prestained protein ladder 

(Invitrogen) 
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3.4.3 Western blotting 

Both pia-Lipper and Pia-lower bands migrated at the expected molecular weight of - 5 8 

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

VD2(])B12, indicating that the Purlower band was most likely a truncated product of 

the full length subunit ( Figure 3-6). 

B T 

t -

Figure 3-6 Western blot of the bands 

separated by preparatory electrophoresis 

and probed with anti-pia monoclonal 

antibody. Both bands are positively 

identified by the antibody indicating the 

presence of the epitope in both proteins, 

(proteins analysed on a 12 % SDS-PAGE 

gel) 

A), pia lower band 

B) BenchMark"'' prestained protein ladder 

(Invitrogen) 

C) Pia upper band 

3.4.4 Mass spectrometry 

Mass spectrometry was performed on the | 3 i a - u p p e r and P i a - l o w e r bands in order to 

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

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

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

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

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

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

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

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

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

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

1 M V Q K S G M S R G P Y P P S Q E I P M E V F D P S P Q G K Y S K R K G R F K R S D G S T S S D T T 
51 S N S F V R Q G S A E S Y T S R P S D S D V S L E E D R E A L R K E A E R Q A L A Q L E K A K T K P 

101 VAFAVRT N V G Y N P S P G D E V P V Q G V A I T F E P K D F L H I K E K Y N N D W W IGRLV 
151 K E G C E V G F I P S P V K L D S L R L L Q E Q T L R Q N R L S S S K S G D N S S S S L G D V V T G 
201 TR RPTP P A S G N E M T N F A F E L D P L E L E E E E A E L G E H G G S A K T S V S S V T T P P 
251 P H G K R I P F F K K T E H V P PY D V V P S M R P I I L V G P S L K G Y E V T D M M Q K A L F D F 
301 LKH R F D G R I S I T R V T A D I S L A K R S V L N N P S K H I 11 E R S N T R S S L A E V Q S E 
351 I E R I E L A R T L Q L V A L D A D T I NH PAQ L S K T S LAP I I VY I K I T S P K V L Q R L 
401 I K S R G K S Q S K H LNVQ I A A S E K L A Q C P P E M F D 11 L D E N Q L E D A C E H L A E Y L 
451 EAYWKATH P P S S T P P N P L L N R T M A T A A L A A S P A P V S N L Q V Q V L T S L R R N L 
501 S F W G G L E A S P R G G D A V A Q P Q E H A M 

B 

1 M V Q K S G M S R G P Y P P S Q E I P M E V F D P S P Q G K Y S K R K G R F K R S D G S T S S D T T 
51 S N S F V R Q G S A E S Y T S R P S D S D V S L E E D R E A L R K E A E R Q A L A Q L E K A K T K P 

101 VAFAVRT N V G Y N P S P G D E V P V Q G V A I T F E P K D F L H I K E K Y N N D W W IGRLV 
151 K E G C E V G F I P S P V K L D S L R L L Q E Q T L R Q N R L S S S K S G D N S S S S L G D V V T G 
201 TR RPTP P A S G N E M T N F A F E L D P L E L E E E E A E L G E H G G S A K T S V S S V T T P P 
251 P H G K R I P F F K K T E H V P PY D V V P S M R P I 1 L V G P S L K G Y E V T D M M Q K A L F D F 
301 LKH RFDGRIS I TRVTAD I S L A K R S V L N N P S K H I 11 E R S N T R S S L A E V Q S E 
351 I E R I E L A R T L Q L V A L D A D T I NH PAQ L S K T S LAP 11 VY I K I T S P K V L Q R L 
401 1 K S R G K S Q S K H LNVQ I A A S E K L A Q C P P E M F D 11 L D E N Q L E D A C E H L A E Y L 
451 EAYWKATH P P S S T P P N P L L N R T M A T A A L A A S P A P V S N L Q V Q V L T S L R R N L 
501 S F W G G L E A S P R G G D A V A Q P Q E H A M 

Figure 3-7 Mass spectrometry results of the pia-upper (A) and Pu-lower bands (B). The 

masses of peptides generated by enzymatic cleavage matched with peptides generated 

by theoretical cleavage of the protein using the search program MASCOT (Matrix 

Science). The matched peptides are highlighted in red. A) Upper band - sequence 

coverage - 39 % B) Lower band - sequence coverage - 60% 
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Although the peptide coverage for the upper band is only 39%, the protein migrates at 

the expected molecular weight of 60 kD in a 12% SDS PAGE gel (Figure 3-8) 

indicating that the protein is full length or close to that. Therefore, the Pia-upper band 

will be referred to as the recombinant full length pia protein. 

3.4.5 Circular Dichro i sm (CD) spectroscopy 

CD spectroscopy of the purified and refolded (3.3.3) full length |3ia (|3ia-upper) subunit 

(Figure 3-8) was carried out in order to verify the presence of secondary structure. The 

resulting spectrum contained a maximum at 191 nm followed by minima at 209 and 226 

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

Figure 3-8 Reconibinantly expressed and 

purifled full length pia protein analysed 

on a 1 2 % SDS-PAGE gel followed by 

coomassie staining. 

A) 10 [xg of purified full length pia protein 

B) BenchMark"'' prestained protein ladder 

(Invitrogen) 

by the secondary structure prediction software, K2D2 (Perez-lratxeta and Andrade-

Navarro, 2008).software predicted 17.94 % helical content and 26.38 % P-strand. These 

results are consistant with published data for full length P2aand p3(~35% P-sheet, - 15% 

a helix) which have over 90% similarity with pia in the SH3 and GK domains 

(Figure 3-9). The full length Pia CD spectrum indicates a protein of mixed secondary 

structure as evidenced by crystallographic studies of the core region of other p isoforms 

(Opatowsky et al. 2003; Chen et al. 2004; Van Petegem et al. 2004). Sequence analysis 

and proteolytic studies (Opatowsky et al. 2003) indicate that the relatively long N, C 

termini and the Hook region of all P isoforms have a random coil formation. 
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Figure 3-9 Comparison of Circular dichroism ( CD) spectra of full length Pia subunit, P2a and P3 A ) CD spectrum of the purified and 
refolded Pia protein. The spectrum shows a maximum at 191 nm followed by minima at 209 and 226 nm. Deconvolution calculations point to ~ 26 % 
P sheet and ~ 18 % a-helix. This is indicative of a protein containing a mixture of P-sheet and a-helical structure. B) CD spectra for full length P^a. p3. 
P2aCore and P2a minus the linkerless core (Opatowsky et al. 2003). The full length P ^ spectrum shows a strong similarity to the full length P3 spectrum. 
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3.5 Discussion 

The expression and purification of the Pia subunit posed many challenges. This was 

mainly due to the proteolytic cleavage of the fusion protein which gave rise to many 

degradation products and hence a low yield. Consequently the development of the 

expression and purification protocol required extensive optimisation at each step of the 

experiment. 

The first obstacle was faced during the expression of the fusion protein. Although the 

protein was expressed in a protease deficient host (E.coli BL2I- DE3), degradation of 

the protein was still apparent. In addition to degradation, auto-cleaving of the 

6Xhis-ubiquitin tag was also a problem. The presence of the ubiquitin tag was expected 

to assist in the solubility of the fusion protein, but in this instance it did not prevent a 

large amount of the protein from being expressed as inclusion bodies. In order to 

combat these problems, expression was tried out at many different temperatures (37"C, 

24"C, 4"C) and at different time points (2, 4, 6 hours and over-night). Different methods 

of induction (Studier method) were also tried. But the long induction period used in this 

method seemed to increase degradation and resulted in a low yield. A short period of 

expression (2 hrs) at 37"C produced the least amount of degradation and the maximum 

yield. 

Purification of the fusion protein by IMAC under native conditions gave a minimum 

yield. Auto-cleaving of the 6Xhis-ubiquitin tag appeared to be a continuous process and 

wasn't retarded by the presence of protease inhibitors in the lysis buffer (A.1.4). 

Progressive auto-cleaving of the tag significantly reduced the amount of fusion protein 

that was bound to the Ni-NTA resin thus reducing the yield. This problem was 

overcome by purifying the protein under denaturing conditions. The reduction of 

auto-cleaving and the improvement in yield of fusion protein was most likely due to the 

proteases being inactivated under denaturing conditions. After initial purification of the 

fusion protein using the tag, subsequent cleavage of the his-ubiquitin tag was carried out 

in the presence of 2.6M urea which allowed the activity of the ubiquitin protease 

(Ch.2.2.9.2) but discouraged further proteolysis. Further purification steps were 

continued under denaturing conditions since the protein appeared to be extremely prone 

to degradation. 
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The fusion protein purified by IMAC still contained numerous contaminants and 

degradation products (Figure 3-3). Efforts to improve purity by varying the imidazole 

concentration in the buffers and the quantity of resin were unsuccessful. This was 

probably due to two problems : 1) weak binding of the Pu fusion protein to the resin. A 

very low (10 mM ) concentration of imidazole was sufficient to elute the protein off the 

resin. This precluded the use of higher concentrations of imidazole in the lysis and wash 

buffers to prevent non-specific binding. 2) the presence of the 6Xhis-ubiquitin tag in 

most degradation products which resulted in co-purification of these with the fusion 

protein. 

The biggest challenge for further purification of the protein was posed by the presence 

of two major bands of almost equal intensity that migrated (12% SDS-PAGE) very 

closely together at the expected molecular weight of ~ 60 kD (Figure 3-3). Further 

purification was first tried out by FPLC (Fast Performance Liquid Chromatography) 

using an anion exchange column (Mono-Q, Amersham-Pharmacia). Anion exchange 

chromatography was carried out using buffers of different ionic strengths and 

composition. Although the protein was cleared of most contaminants the two bands of 

interest were inseparable using this method. This was probably due to the fact that these 

proteins were closely related and had very similar isoelectric points (Pi). 

The most successful result was obtained by using a method of preparatory 

electrophoresis (3.3.3.1) based on mass difference and the different migratory patterns 

of these two bands (Figure 3-4). Using this method the two proteins were separated and 

purified to over 95 % purity (Figure 3-8). 

Both purified bands were positively identified by the anti-Pia antibody, VD2(1)B12, 

which indicated that these two proteins were indeed closely related and contained the 

epitope recognized by the antibody (Figure 3-6). Finally, peptide mapping and mass 

spectrometry (3.3.6) of these bands confirmed that the lower band was a truncated 

product of the full length protein which corresponded to the upper band. 

Hence, the isolated upper band was refolded to its native state and circular dichroism 

(CD) spectra were obtained of the refolded full length protein (Figure 3-9). These 

spectra indicated a mixture of secondary structural elements (3.4.4) which are consistant 

with the available crystallographic data and suggested a correctly folded protein. 
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The Pia subunit is a 57817.4 dalton protein consisting of 524 amino acid residues. By 

sequence homology mapping to the published structural studies (Chen et al. 2004; 

Opatowsky et al. 2004; Van Petegem et al. 2004) using other |3 isoforms (pia, and |34). 

Pia is also predicted to contain two, well ordered, structural domains ( S H 3 and GK). 

The Hook region within the S H 3 domain and the N and C termini of this protein are 

predicted to have a random coil structure. The exposed nature of these random coil 

e lements most likely predisposes this protein to proteolysis. Previous structural studies 

expressing other isoforms of this protein have indeed alluded to this fact (Opatowsky et 

al. 2003; Van Petegem et al. 2004). Hence the challenges faced during the expression 

and purification of this protein were not entirely unexpected. 

The purified Pu, protein was used to examine its interactions with the a u IMH loop and 

the R y R l . Future directions will be to further optimise the purification protocol to 

obtain a sufficient yield to perform crystallographic studies. 
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Chapter 4 Interactions between the DHPR-pia subunit and 

the ais II-III loop 

4.1 Introduction 

Unlike cardiac-type EC coupling, skeletal-type EC coupling does not require an intlux 

of Ca'"" through the DHPR L-type-Ca^"" channel. For this reason, it is thought that 

transmission of the EC coupling signal from the voltage sensing skeletal DHPR to the 

RyRl depends on conformational coupling between these two multimeric complexes 

(Ch. 1.5.2). This idea is supported by a number of studies, the most significant of which 

was provided by ultrastructural studies of Franzini-Armstrong and colleagues who 

revealed that DHPRs are arranged into groups of four ("tetrads") and that these tetrads 

were arranged in register with the four subunits of every other RyRl (Franzini-

Armstrong et al., 1998)(Figure 1-6). Subsequent work showed that the distance 

between DHPRs within tetrads is decreased by exposure to concentrations of ryanodine 

sufficient to lock RyRl in a non-conducting state, hence demonstrating that skeletal 

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

The absence of either the ais or the Pia subunit of the DHPRs produce an EC 

coupling-dead phenotype in which mice deficient in either subunit die perinatally as a 

consequence of respiratory paralysis. The almost identical phenotype of Pia-null and 

dysgenic mice (ttis null) have been explained by the inability of ais to be trafficked to 

triad junctions in the absence of pu (Coronado et al., 2004). However, studies on 

Pia-null zebrafish (relaxed) mutants indicate that the lack of Pu does not prevent triad 

targeting of the ais subunit but precludes the skeletal muscle-specific arrangement of 

DHPR particles opposite the RyRl (Schredelseker et al., 2009). This suggests that 

trafficking of the a ^ subunit to triad junctions is not the only role of Pia and that the 

links between DHPRs and RyRl that result in tetrad formation and skeletal type EC 

coupling require the presence of the Pia subunit. 

The P subunit has a modular structure consisting of 5 regions - an N-terminus, 

C-terminus, SH3 and guanylate kinase (GK) domains connected by a Hook region 

(Figure 1-18). The existence of an SH3-Hook-GK module places the p subunit in a 
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family of proteins called the membrane-associated guanylate kinases (MAGUKS). 

MAGUKs, which include proteins such as PSD95, SAP97, CASK, Shank and Homer, 

function as scaffold molecules that play a key role in organizing multiprotein 

complexes. The Ca^"" channel (3 subunit differs from canonical MAGUK proteins in that 

it does not contain a well-defined PDZ domain. But considering its overall similarity to 

other MAGUK proteins, it is not surprising that the Pia subunit is involved in the 

organisation of tetrad complexes in skeletal musle (Schredelseker el al., 2005, 

Schredelseker et al., 2009) 

However, the exact molecular interactions that result in the isoform specific role of the 

pia subunit in tetrad formation and skeletal type EC coupling remain unclear. The (3 

subunit induced trafficking of the a i to the triad junction has been attributed to the high 

affinity (3-76 nM) interaction between the AID (alpha interaction domain) of the I-ll 

loop of the a i subunit and the highly conserved GK domain of the |3 subunit (He et al., 

2007, Richards et al., 2004). But the functional role of the SH3 domain is less 

understood. 

Canonical SH3 domains mediate specific protein-protein interactions by binding to 

proline-rich motifs in target proteins through an aromatic patch formed by a cluster of 

highly conserved hydrophobic residues (Zarrinpar et al., 2003). The SH3 domains are 

composed of five sequential P strands ((31- p5) arranged into two orthogonally packed 

sheets (Larson and Davidson, 2000). The Ca^"" channel |3-SH3 has a similar fold as 

classical SH3 domains, but its last two |3 strands are separated by a Hook region (Chen 

et al., 20()4)(Figure 1-18). This split configuration is also shared by other MAGUK 

proteins such as PSD-95 (McGee et al., 2001). Like canonical SH3 domains, the (3-SH3 

also contains a well-preserved proline-rich motif-binding site and therefore has the 

potential to bind proteins containing such motifs. However, in the crystal structures, this 

binding site is partly occluded by the a i helix which is situated near the N-terminus of 

the Hook region and the RT-Src loop connecting the first and second p strands (Figure 

4- l ) (Chen et al., 2004). Thus access to this site requires movement of these two regions. 

Such conformational changes are conceivable around the long and flexible Hook region 

and would expose the proline-rich motif-binding site of the p-SH3 domain for 

interaction with proline-rich motifs of neighbouring molecules. Such an interaction has 

in fact been documented in vitro between the SH3 domain of [32a and a poly-proline 
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A 
a2 helix of the 
hook region \ 

Argue ^ 

His167 

F rn TK SH3 

Figure 4-1 Crystallographic structure of the p3Core showing the az helix of the Hook region and the RT-Src loop. A) The Hook region is in 
purple. The arrow points to the tta helix. The SH3 domain is depicted in orange. B) The (33-SH3 domain ( orange ) is superimposed on the Fyn TK SH3 
domain ( blue ). The arrow points to the RT-Src loop between the and 2"'̂  p strands of the P3 SH3 domain, which is predicted to occlude the 
potential polyproline-motif binding site in P3 ( PI 19,W103,Y70, V68 and F117). Adapted from (Chen et al., 2004) 
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motif of the protein, Dynamin (Gonzalez-Gutierrez et a!., 2007). However, the 

fragment used in this study laciced the fifth (3 strand of the SH3 domain and the Hooic 

region, which hinders access to the prohne-rich motif binding site of (i-SH3. 

Assuming that dynamic re-arrangments around the flexible Hook region can expose the 

proline-rich motif binding site of Pia-SH3, we proceeded to search for potential 

proline-rich binding motifs in its neighbouring molecules. It was noted that functional 

SH3 binding sites have already been identified in the aic (cardiac) IMII loop (Dubuis et 

al., 2006). Therefore it was of interest to investigate the ais (skeletal) II-III loop for 

similar SH3 binding motifs, as several in vivo studies have unequivocally demonstrated 

that the II-III loop of the ais subunit plays a key role in transmitting the EC coupling 

signal to RyRl (Ch.l.8.2.1). 

Investigation of the ttis II-III loop sequence by ELM (Eukaryotic Linear Motif 

resource-hltp://elm.eu.org (Gould et al.)), a resource for identifying candidate functional 

motifs in proteins, revealed three such potential binding sites (Figure 4-2). It was 

interesting to note that all three predicted proline-rich motifs were contained in the 

C-region of the a ^ II-III loop. The C-region of the ais H-HI loop has been shown to be 

critical for skeletal type EC-coupling and it has been proposed that the C-region may 

interact in some manner with RyRl (Ch.l.8.2.1). More specifically, four skeletal-

specific residues (critical residues) within the C region (A739. F741, P742 and D744) 

have been identified as being essential for skeletal type EC coupling (Kugler et al., 

2004). However, the precise mechanism of the interaction between the ttis II-III loop 

and the RyRl remains a topic of contention and despite over a decade of intense 

research the site of its interaction with RyRl has not been established. This may be 

because the link between the a ^ II-III loop and RyRl is in fact through the Pa, subunit. 

4.2 Aim 

The aim of the work presented in this chapter is to investigate the role of the Pia-SH3 

domain as a potential binding site for the a ^ II-III loop. This includes the identification 

of key residues in the II-III loop involved in this interaction in vitro. 
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A) 

.666EAESLTSAQKAKAEERKRRKMSRGLPDKTEEEKSVM 
1 

AKKLEQKPKGEGIPTTAKLKVDEFESNVNEVKDPYPSADFPG ^ ^ 
DDEEDEPEIPVs'pRPRPt-AELQLKEKAVPIPEASSFFIFSPTN 

KVRVL791. 

B) 

666 
SDCL EAESLTSAQKAKAEERKRRKH3R-GLPDKTEEEK SVHAKKLEQK-PKGEG-IPT 

CDCL ^®^DAESLTSAQKEEEEEKERKKLARTASPEKKQEWGKPALEEAKEEKIELKSITADGESPP 

C region 

SDCL TAKLWDEFESMVTJEVKDPYPSADFPGDDEEDEPEIPVSPRPRPLAELQLKEKAVPIPEA 

CDCL TTKINHDDLQPNESEDKSPYPNPETTGEEDEEEPEHPVGPRPRPLSELHLKEKAVPHPEA 

791 

SDCL s s f f i f s p t w f : v r v l 
CDCL S A F F I F S P r a i R F R L Q ® ^ ^ 

Figure 4-2 A) 1,2,3 - Potential SH3 binding motifs in the a ^ II-lII loop as 

identified by ELM ( Eukaryotic Linear Motif search tool - http://elm.eu.org ) The C 

region of the II-III loop is enclosed in blue and the proline residues are highlighted in 

red. 

B) Alignment of the au II-III loop (SDCL) with the ttu II-III loop 

(CDCL). Exact matches are in red, highly similar residues in green and dissimilar 

residues in blue. Very different or non-aligning residues are in black. " * " . residues 

critical for skeletal type EC-coupling. The C region is enclosed. 
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4.3 Materials and Methods 

4.3.1 Expression of proteins and synthesis of peptides 

4.3.1.1 Peptides used in this study (Table 4-1) 

Peptides were synthesized as described in the general methods section (Ch. 2.2.1). In 

the peptide nomenclature the a ^ II-lll loop is referred to as "SDCL" (Skeletal 

Dihydropyridine receptor Cytoplasmic Loop) and the ttic ll-IH loop as "CDCL" 

(Cardiac Dihydropyridine receptor Cytoplasmic Loop). 

4.3.1.2 Peptide and protein quantitation 

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

described in chapter 2.2.1 and 2.2.11 respectively. 

4.3.1.3 piasubunit 

The recombinant pia subunit was prepared as described in Chapter 3.3.3. 

4.3.1.4 a is l l -mioop 

The H i s - U b-t t is IMII loop construct (Cui, Karunasekara et al., 2005) was transformed 

in to E.coU BL21 ( DE3) strain and bacterial growth was carried out in 4.8 litres of 

LB/amp (A.l .1). The culture was induced with 0.1 mM IPTG at an Awio (absorbance at 

600 nm) of -0 .9 - 1.0 and the protein was expressed for 4 hrs at 37"C. 

The protein was initially purified by IMAC (immobilized Metal Affinity 

Chromatography) under native conditions using a Ni-NTA resin as described in 

Chapter 2.2.9.1. This was followed by further purification using preparatory 

electrophoresis under native conditions on the Bio-rad 491 prep cell (Bio-Rad 

laboratories, USA) (Cui, Karunasekara et al., 2005). The purified sample was eluted in 

25 mM Tris, 192 mM glycine pH 8.3. The eluted sample was concentrated, dialysed 

against buffer A (A. 1.3) and stored at -70" C. 

The expression and purification of the circularized II-lll loop was carried out by 

Dr. Han-Shen Tae (Tae et al., 2009). 
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Name Description Sequence 

Peptides derived f rom a is I M I I loop ( SDCL) 

SDCL Peptide A A region of the ais II-III loop ""TSAQKAKAEERKRRKMSRGL'^^'" 

SDCL Peptide C Proline rich C region of the a ^ II-III loop '^YKVDEFESNVNEVKDPYPSADFPGDDEEDEPEI 

PVSPRPRPLAELQ^^' 

SDCL Peptide C P-A mutant C region of the a ^ II-III loop with all prolines mutated 

to alanine residues 

''YKVDEFESNVNEVKDAYASADFAGDDEEDEAE 

IAVSARARALAELQ'^^ 

SDCL Scrambled Peptide C Scrambled sequence of a ^ II-III loop C region IPEQNEDPEKSANDPSYLVVEPLRGEEPSEFDPVLD 

EKPVDEDRPA 

SDCL Peptide CI N-terminus of ais H-III loop C region ' " iKVDEFESNVNEVKDPYPSADFPGD'^ ' 

SDCL Peptide C2 Middle of a ^ II-III loop C region "^'NEVKDPYPSADFPGDDEEDEPEI'" 

SDCL Peptide C3 C-terminus of ttis II-III loop C region "•DFPGDDEEDEPEIPVSPRPRPLAEL'"^ 

SDCL Peptide C3 short Short peptide derived from the C region (SDCL peptide 

C) of the ccis II-III loop containing the canonical SH3 

binding motif, PXXP. 

'^'DEPEIPVSPRPRPLAEL"^" 

SDCL Peptide C3 short P-A 

mutant 

SDCL peptide C3 with all prolines mutated to alanines "*'DEAEIA VS AR AR AL AEL 
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SDCL Peptide C4 Short peptide derived from the C region ( SDCL peptide 
C) of the TTIS II-III loop containing the critical residues 
shown to be essential for skeletal type EC coupling.. 

' ' 'KDPYPS ADFPGDD 

SDCL Peptide C4 A to P SDCL peptide C4 A739 mutated to its cardiac residue " 'KDPYPSPDFPGDD'^^ 
SDCL Peptide C4 F to T SDCL peptide C4 F741 mutated to its cardiac residue ' ' 'KDPYPS ADTPGDD 
SDCL Peptide C4 P to T SDCL peptide C4 P742 mutated to its cardiac residue ' ' 'KDPYPS ADFTGDD 
SDCL Peptide C4 D to E SDCL peptide C4 P742 mutated to its cardiac residue ' ' 'KDPYPS ADFPGED 
Peptides derived from ttic IMII loop ( CDCL) 
CDCL Peptide C Cardiac equivalent of the ajs II-III loop '^"INMDDLQPNESEDKSPYPNPETTGEEDEEEPEM 

PVGPRPRPLSEL®''^ 
CDCL Peptide C3 Cardiac equivalent of SDCL peptide C3 ' '^EEPEMPVGPRPRPLSEL'^' 
CDCL Peptide C4 Cardiac equivalent of SDCL peptide C4 '"'^KSPYPNPETTGEE' 
Peptides derived from a i s MI loop 
AID Alpha Interaction Domain of the a ^ I-II loop "'^QQLEEDLRGYMSWITQGE"^ 
Peptides derived from |3IA subunit 
Short SH3 PIA SH3 domain minus the Hook region and 5 th 

P-strand. 
'^TKPVAFAVRTNVGYNPSPGDEVPVQGVAITFEP 
KDFLHIKEKYNNDWWIGRLVKEGCEVGFIPS'^' 
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4.3.1.5 SH3 domain 

Plasmid construction 
The Pia-SH3 domain including the intervening Hook region extends from Vahne 101 to 
Proline 272. In order to facilitate tertiary folding, the recombinant SH3 domain was 
cloned from Alanine 96 to Valine 280. The resulting protein was encoded by 555 
nucleotide base pairs and consisted of 185 amino acids with a calculated 
(ProtParam -(Gasteiger et al., 2005) molecular weight of 20294.9 Daltons. 

Primers, SH3 forward (SH3-F) and reverse (SH3-R) (GeneWorks, Australia) were 
designed to incorporate Sacll and Hindlll restriction sites to the amplified SH3 
sequence. The SH3 sequence was amplified from the His-Ub-Pia (3.3.1.1.) template and 
re-cloned into the pHUE vector (Ch.2.2.2) 

PGR amplification was performed using the Phusion®High Fidelity kit (NEB) 
according to the manufacturer's instructions. The amplified product was analysed on an 
agarose gel, excised and purified (Ch. 2.2.3) The purified product was ligated into a 
pGEM-T-easy (Promega) vector system according to the manufacturer 's instructions. 
This was done in order to facilitate a more efficient restriction digestion of the insert. 
The ligated product was transformed (Gh.2.2.7) into XLl-blue cells and positive 
transformants were identified by blue-white screening (Miller, 1978). A single positive 
colony was inoculated into 5ml of LB/amp (A. 1.1) and plasmid DNA was extracted 
from the overnight culture (ch.2.2.4.). 

Following extraction, the plasmid DNA was double digested with 0.5 lU each of SacH 
(NEB) and Hindlll (NEB) restriction enzymes in the presence of NEB buffer 2 at 37 " C 
for I hour. The digested insert was resolved on an agarose gel and purified with a 
QIAQUICK gel extraction kit (Qiagen, Germany). The pHUE vector was 
simultaneously digested with Sacll and Hindlll enzymes as above. The linearised vector 
was mixed with purified SH3 insert in a ratio of 1:3 and ligated in the presence of Ix 
ligation buffer (Promega, USA) and 3 Weiss Units of T4 DNA ligase (Promega, USA). 
The vector/insert mix was incubated overnight at 4"C. The ligated product was 
transformed (Ch.2.2.7) into E.coli BL2I (DE3) competent cells and grown overnight at 
37"C. Cells from eight single colonies were picked and directly amplified by PCR 
(Ch.2.2.3) using the SH3-F (forward) and SH3-R (reverse) primers to check for the 
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presence of the insert. DNA was extracted (Ch.2.2.4) f rom one positive colony of cells 

and sequenced (Ch.2.2.6) to confirm the presence and the integrity of the S H 3 insert 

sequence. Once conf i rmed, glycerol stocks of the clone, His -Ub-SH3 were prepared by 

mixing 800 pil of overnight culture with 200 |xl of sterile 75% glycerol. The stocks were 

stored at -70"C. 

Protein expression and Purification 

Bacterial growth was carried out as described in chapter 2.2.8, but scaled up to 2.4 litres 

of culture. The culture was induced with 0.1 m M IPTG at an A^K) (absorbance at 600 

nm) of 0.8 and the protein was expressed for 3 hrs at 37"C. 

The protein was purified by IMAC (immobil ized metal affinity chromatography) under 

de-naturing condit ions using Ni-NTA resin as described in chapter 2.2.9.2. The purified 

protein was refolded by dialysing against buffer A (A.1.3) and the presence of 

secondary structure was checked by circular dichroism as described in chapter 2.2.12. 

The purified and refolded protein was stored at -70*^ C. 

4.3.2 Tryptophan fluorescence quenching spectroscopy 

Tryptophan f luorescence quenching spectroscopy was used in this study for the 

detection and quantification of protein-protein interactions. Fluorescence measurements 

of fer a range of advantages, one of which enables this technique to be performed with 

only small amounts of protein. Hence it was the method of choice for this study due to 

the constraints posed by the complexity of purification and limited availability of 

purified recombinant proteins. Also the presence of the interacting partners in free 

solution as a first method avoids the complication of coupling to a matrix such as 

encountered in surface plasmon resonance where steric hindrance of the binding surface 

could occur. ITC (Isothermal calorimetry) was also considered for binding 

measurments , however the limited protein material meant that this technique was only 

used sparingly. 

The f luorescence of a protein is characterized by its excitation and emission spectra and 

corresponding emission maximum (^max). as well as by its quantum yield and 

anisotropy. These parameters depend on the local environment of the l luorophore and 

therefore can change upon its interaction with another protein or ligand. As a result. 
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these characteristics can be used to measure the extent of complex formation involving 

a given protein. To determine binding parameters, the change in fluorescence that 

results from the interaction is monitored while the concentration of one of the reaction 

partners is varied. The signal employed could be fluorescence intensity, anisotropy, 

lluorescence resonance energy transfer (FRET), or change in fluorescence intensity as a 

function of accessibility to a quencher molecule for the complex as compared with the 

unbound protein (Groemping, 2005). 

Tryptophan is the dominant amino acid contributor to the fluorescence spectrum of a 

protein. Upon binding to another protein or ligand, a decrease in fluorescence intensity 

due to direct quenching of the tryptophan fluorescence by the bound protein/ligand can 

occur (Kelly et a!., 1976). The phenomenon of fluorescence quenching by a bound 

protein or ligand was used as a measure of binding interaction between Pia/Pia-SH3 and 

ttis/ a i c H-lII loops and its peptide derivatives in this study. The a is / ttic H-III loops 

and their peptide derivatives contain one tyrosine residue but do not contain any 

tryptophan residues. Hence the contribution of the titrants to the overall fluorescence 

intensity was minimal. 

Spectroscopy was carried out using a LS50B Luminescence Spectrophotometer (Perkin 

Elmer, USA). The excitation slit width was set at 10 nm and the emission slit width was 

varied between 5 to 10 nm depending on the tryptophan composition of the protein. The 

cut-off filter was set at 290 nm. The excitation and emission wavelengths were set to 

280nm and 340 nm, respectively. All peptides and proteins were prepared in buffer A 

(A. 1.3) which was degassed and filtered prior to use. The protein to be quenched was 

placed in a quartz cuvette (Spectrosil® Far UV Quartz cuvette, Stama Cells Inc.,) at a 

concentration of 0.5 to 5 [xM. Quenchers were titrated into the cuvette and mixed gently 

by pipetting. The signal was allowed to stabilize before acquisition of data after each 

titration step. Titration was carried out at 24"C. 

The emission spectrum was monitored from 290 - 450nm and the maximum 

fluorescence intensity at 340nm was taken into account for the estimation of the 

dissociation constant (Kd). The contribution of quencher to the fluorescence signal was 

measured by titrating the quencher to buffer and subtracting this value(Fadd) from the 

observed fluorescence ( Fobs): 
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FfoiTl = Fobs - Fajj 

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

quencher: 

Fcorr2 = Fi;;,rr| (V„ + dV) / Vo 

Here, Fconi is the fluorescence observed prior to correction for dilution effects (and after 

correction for the fluorescence contribution of quencher) V,) is the total volume of 

protein in the cuvette at the beginning of the experiment, and dV is the total volume of 

quencher solution added during titration. 

Fcorr: was expressed as relative fluorescence intensity ( F.̂ ao ) and a non-linear regression 

plot with the relative F34() as a function of quencher concentration (nM) was generated 

using GraphPad PRISM® (GraphPad Software, USA). The dissociation constant (Kd) 

was derived from Equation 4-1. 

Equation 4- 1 

y = F. - - ^ ^ f ^ o + ^ + - + ^ + I^S 
'0 / 

Where; 

F() is the initial fluorescence of protein without quencher 

Fs is the final fluorescence of protein 

Eo is the concentration of protein to be quenched 

K j is the dissociation constant 

Stoichiometry is 1:1 

Statistical analysis - Dissociation constant ( K j ) is presented as mean ± SEM. The 

significance of differences was tested using Student's t-test for paired data. A P value of 

< 0.05 was considered significant. 
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4.4 Results 

4.4.1 pia subunit 

The recombinant Pia subunit was purified and its integrity was confirmed as described 

in chapter 3 (Figure 4-3). 

4.4.2 a , , II-III loop 

The recombinant ais II-III loop was expressed and purified (Figure 4-3) and the 126 

residue protein showed the same migratory pattern on a 12% SDS-PAGE gel as 

previously published results (Lu et al., 1994, Dulhunty et al., 2005). This is higher than 

its predicted molecular mass of 14.13 kD (Gasteiger et al., 2005). 

4.4.3 S H 3 domain 

4.4.3.1 Protein Expression and purification 

The SH3 domain was purified and a yield of approximately 2 mg per purification was 

obtained from a 2.4 litre culture. The purified protein migrated at the expected 

molecular weight of - 2 0 kD on a 12% SDS-PAGE gel (Figure 4-3). 

A B C 

— 60 kd 26 kd 

20 kd 

Figure 4-3 Purified recombinant proteins used for binding experiments. 12% 
SDS-PAGE coomassie stained gel. A) - Full length Pia subunit, B) - |3ia-SH3 domain, 
C) - ttis II-III loop. Right hand lane of each gel is a protein marker ( BenchMark'^' 
prestained- Invitrogen). Pink band corresponds to the molecular weight noted. 
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4.4.3.2 Circular Dichroism (CD) spectroscopy 

CD spectroscopy of the purified SH3 domain was carried out in order to verify the 

presence of secondary structure. The resulting spectrum contained a maximum at 

193 nm followed by minima at 213 and 221 nm. When compared to a reference 

spectrum of poly-L-lysine in a-helical, p sheet and random coil conformations 

(Greenfield, 2006), the shift of the first minimum to the right ( >210 nm) and the second 

minimum to the left (<225) is indicative of a conformation containing a higher 

proportion of P sheet (Figure 4-4). Furthermore, analysis of the spectrum by the 

deconvolution software, K2D2 (Perez-Iratxeta and Andrade-Navarro, 2008) predicted 

39.37 % (3-strand and a 11.52 % a helix. This is expected from a domain largely 

consisting of p-strands (Chen et al., 2004). The remaining percentage of structure could 

be attributed to the relatively long intervening Hook region that is predicted to be 

random coil. 

4.4.4 Tryptophan fluorescence quenching spectroscopy 

4.4.4.1 The pia subunit binds to the AID (alpha interaction domain) of the a ^ I-II 

loop 

Firstly, the well-established interaction between the DHPR MI loop (AID peptide) and 

pia was examined in order to assess the robustness of tryptophan fluorescence 

quenching as a method to measure binding interactions. Pia subunit (50 nM) was titrated 

with an increasing concentration of AID peptide (Table 4-1) starting from 5 nM until 

the signal reached saturation. The resulting binding affinity, Kj. was calculated using 

equation 4-1 as described in section 4.3.2. The AID peptide bound to the Pu, subunit 

with an affinity (Kj) of 15.2 ± 1.8 nM (Figure 4-5). This agrees with published values 

(3 -76 nM) for this interaction which have been determined for other P isoforms and 

AID peptides using different techniques (Richards et al., 2004). 

4.4.4.2 The Pia subunit and the Pia-SH3 domain binds to the ais II-III loop 

An interaction between the pia subunit and the ttis subunit H-lII loop was investigated 

using tryptophan fluorescence quenching spectroscopy as described in section 4.3.2. 

The pia subunit (0.5 (J.M) was titrated with an increasing concentration of a ^ II-III loop 

until the signal reached saturation (Figure 4-6). The fluorescence intensity at 340 nm 
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Figure 4-4 Circular dichroism ( CD ) spectrum of the recombinant (3ia-SH3 domain. A) The spectrum shows a maximum at 193 nm followed 
by minima at 213 and 221 nm. The shift of the first minimum to the right ( >210 nm) and the second minimum to the left (<225) is indicative of a more 
P sheet conformation. This would be expected from a domain largely consisting of (3-strand and a Hook region consisting mostly of random coil. B) 
reference spectrum of poly-L-lysine in 1- 100%a-helical, 2-100% (3 sheet and 3 -100 % random coil conformations (Greenfield, 2006). 
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Pia + a^s AID peptide - Krf= 15.2± 1.8 nM 
(n=3) 

Peptide concentration (nIVl) 

Figure 4-5 The Pia subunit binds to the Alpha Interaction Domain (AID) peptide of the ais I-II loop . Non-linear regression curve with the 
relative F340 as a function of the concentration of the titrant. The full length Pu, bound to the a ^ I-II loop AID peptide with an affinity (Kd) of 15.2 ± 
1.8 nM. The K j was calculated from equation 4-1. The K j value is the Mean ± SEM (n=3) 
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Figure 4-6 Quenching of the tryptophan emission spectrum of Pia subunit upon binding of the a ^ II-III loop. 0.5 |aM of Pia subunit was 
titrated with an increasing concentration of ais II-III loop. The florescence intensity at 340 nm was quenched from -1000 AU to - 4 5 0 AU 
(Au-arbitrary units). The dashed line indicates the fluorescence intensity at 340 nm. 
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was quenched from - 1 0 0 0 AU to - 4 5 0 AU. Titration of buffer to Pia and titration of 

aisl l- l l l loop to BSA ( Bovine Serum Albumin) were used as control experiments. The 

ttis II-llI loop bound to p u with an affinity (Kj) of 2.46 ± 0.37 |uM (Figure 4-7, Table 

4-2). The same experiment was repeated with the recombinant SH3 domain and a 

similar affinity (K^) of 2.57 ± 0.15 |LIM (Figure 4-7, Table 4-2) was obtained. 

An interaction between the circularized ais 11-111 loop and the Pia subunit as well as the 

isolated SH3 domain was also investigated. Both interactions showed a binding affinity 

similar to the non-circularized a ^ II-IM loop (Table 4-2). 

Table 4-2 
Dissociation Constant K<.i(|iM) 

Peptide/Protein Full length P u subunit S I B domain 

ais II-III loop 2.46 ± 0 . 3 7 2 . 5 7 ± 0 . I 5 

Circular a ^ II-III loop 3.32 ± 0 . 2 4 2.50 ± 0 . 2 5 

4.4.4.3 The Pia subunit and the pia-SH3 domain binds to the critical C-region of 

the ais II-III loop 

To determine which regions of the ais 'I-III loop were responsible for the binding to the 

full length Pia and its SH3 domain, two regions of the II-III loop were investigated - the 

A region which does not contain any proline residues and the C region which contain 3 

proline-rich motifs as predicted by ELM, a resource for identifying candidate functional 

motifs in proteins (Figure 4-2a). The P u subunit at a concentration of 0.5 |.iM was 

titrated with an increasing concentration of SDCL peptide A (Table 4-3) and SDCL 

peptide C (Table 4-3). The binding affinity was calculated as described in section 4.3.2. 

The binding affinity (Kd) of SDCL peptide A to the Pu subunit was significantly 

(P = 0.007) weaker compared to SDCL peptide C (Table 4-3). Binding of SDCL peptide 

A and peptide C to the SH3 domain showed a similar trend (P = 0.005, Figure 4-8, 

Table 4-3). The same experiment performed with a scrambled peptide C (Table 4-3) or 

a mutant peptide C, where all prolines were mutated to alanines (SDCL peptide C, P-A 

mutant - Table 4-3) showed no binding to either Pia or SI 13 domain. 
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Figure 4-7 The Pia subunit and the isolated SH3 domain binds to the a u II-IIl loop. Non-linear regression cui-ve with the relative F340 as a 
function of the concentration of the titrant. The full length Pu bound to the a ^ II-III loop with an affinity (Kd) of 2.46 ± 0.37. The SH3 domain bound 
to the ais ri-irr loop with an affinity (Kd) of 2.57 ± 0.15. The IQ was calculated from equation 4-1. The K j value is the Mean ± SEM (n=3) 
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-G- Control - SH3 + peptide C P-A mutant 

-B- Control - scrambled peptide C 

• SH3 + SDCL peptide A - = 24.42 ± 1.56 (n=3) 

• SH3 + Skeletal peptide C - K^ = 3.57 ± 0.59 
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SH3 + cardiac peptide C - K ̂  = 2.47 ± 0.27 
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Figure 4-8 The pia S H 3 domain binds to the C region of the ttu II-III loop with higher affinity. Non-linear regression curve with the reUttive 
F34oas a function of the concentration of the titrant. The SH3 domain bound to the a i s II-III loop C-region with an affinity ( Kd) of 3.57 ± 0.59, to the 
a ic II-III loop C-region with an affinity ( K^) of 2.47 ± 0.27 and to the a , , II-III loop A region with an aff ini ty ( K j ) of 24.42 ± 1.56. The K^ was 
calculated f rom equation 4-1. The Kd value is the Mean ± SEM. * compared to SDCL peptide A. P < 0.007 
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The binding of the C region of the cardiac (aic) II-III loop (CDCL peptide C, Table 4-3) 

to the (3ia and SH3 domain was also investigated. This interaction showed a similar 

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

Table 4-3 

Peptide/Protein Sequence 

Dissociation Constant 
Ku(^iM) 

Peptide/Protein Sequence Full 
length 

Pla 
subunit 

SH3 
domain 

SDCL peptide A ""TSAQKAKAEERKRRKMSRGL^'" ' 27.33 ± 
2.31 

24.42 ± 
1.56 

SDCL peptide C ""LKVDEFESNVNEVKDPYPSADFPG 

DDEEDEPEIPVSPRPRPLAELQ^^' 

4.86 ± 
0.56 * 

3.57 ± 
0.59* 

CDCL peptide C ' " INMDDLQPNESEDKSPYPNPETT 

GEEDEEEPEMPVGPRPRPLSEL^^^ 

3.53 ± 
0.43 

2.47 ± 
0.20 

SDCL scrambled 
peptide C 

IPEQNEDPEKSANDPSYLVVEPLRGF 

EPSEFDPVLDEKPVDEDRPA 

No fit No fit 

SDCL peptide C, 

P-A mutant 

""LKVDEFESNVNEVKDAYASADFA 

GDDEEDEAEIAVSARARALAELQ^®^ 

No fit No fit 

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

4.4.4.4 Proline rich sequence within the critical residues of the ttis II-III loop 

C region hind with higher affinity to the pia subunit and its SH3 domain 

Since the C region of the II-III loop exhibits low [xM binding to the SH3 domain of Pia, 

this region was divided into segments and examined. These peptides which had been 

previously synthesized in our laboratory (Tae et al - unpublished data) correspond 

approximately to the N-terminus, middle and C-terminus of the skeletal II-III loop 

C region (SDCL peptides CI , C2 and C3, Table 4-4). Not surprisingly all three peptides 

bound to Pia and its SH3 domain with similar affinity (table 4-4) as all three peptides 

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

sequences (Figure 4-9) of the a ^ and ttic II-III loop C regions - SDCL peptide C3short, 

SDCL peptide C4, CDCL peptide C3 and CDCL peptide C4 (Table 4-4). Binding of 

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

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

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

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

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

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

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

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

Table 4-4 

Peptide/Protein Sequence 

Dissociation Constant Kj 

(HM) 
Peptide/Protein Sequence 

Full length 

Pia subunit 

SH3 

domain 

SDCL peptide CI ""LKVDEFESNVNEVKDPYPSAD 

FPGD^^^ 

4.63 ±0.12 4.53 ± 0.27 

SDCL peptide C2 ""NEVKDPYPSADFPGDDEED 

EPEF^' 

5.00 ±0.80 2.05 ± 0.55 

SDCL peptide C3 "^DFPGDDEEDEPEIPVSPRPRPL 

AEL^̂ -̂  

5.16 ±0.29 6.22 ± 0.37 

SDCL peptide C3 

Short 

'^'DEPEIPVSPRPRPLAEL"'^ 5.39 ±0.87 3.75 ±0.15 

CDCL peptide C3 ' ' ' 'EEPEMPVGPRPRPLSEL''' ' 4.55 ± 0.25 3.60 ± 0.32 

SDCL peptide C4 ^''KDPYPSADFPGDD'^-' 3.63 ± 0.24* 2.60 ± 

0.36* 

CDCL peptide C4 ''^^KSPYPNPETTGEE"^ 14.07 ± 1.87 19.43 ± 

3.60 

* compared to CDCL peptide C4. P < 0.01, n = 3 
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Figure 4-9 The (3ia SH3 domain binds with similar affinity to the second proline rich motif of both ais and ttic I I-II I loop C-regions. Non-

linear regression curve with the relative F34oas a function of the concentration of the titrant. The SH3 domain bound to the second proline rich motif of 

the Wis II-III loop C-region (SDCL peptide C3 short) with an affinity ( K^) of 3.75 ±0.15 and to its cardiac counterpart (CDCL peptide C3) with an 

affinity ( Kji) of 3.60 ± 0.32. The K^ was calculated from equation 4-1. The K^ value is the Mean ± SEM. 



Chapter 4 

First proline rich motif 
t r 

Second proline rich motif • 

a i s 734- D P Y P S [ A i D O F P ' G 0 D E E D E P K I P V S P R P R P L A E L -764 

a i c «65 S P Y P N P t e i T T O E i E D E E E P E M P V G P R P R P L -895 

1.0 

g i T 

§ « 0.7 
.E re 

• • 

• SH3 + first proline rich motif - cardiac 

•̂ d = 19.43i 3.60 (n=3) 

• SH3 + first proline rich motif - skeletal 

Kd = 2.60 ± 0.36 (n=3)* 

* P < 0 . 0 1 , ( n = 3) 

0 4 8 12 16 20 24 28 

Peptide concentration (î lWI) 

Figure 4-10 The pia SH3 domain binds with higher affinity to the first proline rich sequence adjacent to the critical residues of skeletal type 
EC-coupling. Non-linear regression curve with the relative F340 as a function of the concentration of the titrant. The SH3 domain bound to the first 
proline rich motif of the a j s II-III loop C-region (SDCL peptide C4) with an affinity ( K<i) of 2.60 ± 0.36 and to its cardiac counterpart (CDCL peptide 
C4) with an affinity ( Kj ) of 19.43 ± 3.60. The Kd was calculated from equation 4-1. The Kd value is the Mean ± SEM. P = 0.009 (n=3) 
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4.4.4.5 Residues P742 and D744 of the ais II-III loop C region are important for 

binding to the pia and SH3 domain 

Studies by Kugler et al (Kugler et al., 2004) showed that four skeletal specific "critical" 

residues (A739, F741, P742 and D744) were important for skeletal type EC-coupling 

(Chap. 1.8.2.1). Based on these studies, four peptides were synthesized from SDCL 

peptide C4 (first proline rich sequence) containing mutations of the critical residues of 

the C region to its cardiac counterparts (SDCL Peptide C4 A-P mutant, F-T mutant, P-T 

mutant, D-E mutant - Table 4-5). The binding affinity of these peptides to the Pia 

subunit and its SH3 domain was investigated as described in section 4.3.2. The first two 

mutants (A-P and F-T) bound to the Pia and its SH3 domain with a similar affinity as 

the wild type SDCL peptide C4 (Figure 4-11, Table 4-5) The binding of the other two 

mutants (P-T and D-E) to the Pia and its SH3 domain were approximately five times 

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

Table 4-5 

Peptide/Protein Sequence 

Dissociation Constant Kj 

Peptide/Protein Sequence 
Full length 

Pia subunit 

SH3 domain 

SDCL peptide C4 WT "'KDPYPSADFPGDD'^' ' 3.63 ±0.24 2.60 ±0.36 

SDCL peptide C4 A-P 

mutant 

"'KDPYPSPDFPGDD^''^ 4.80 ± 0.20 2.27 ±0 .23 

SDCL peptide C4 F-T 

mutant 

"'KDPYPSADTPGDD'^'^ 4.57 ±0.37 4.63 ± 0.33 

SDCL peptide C4 P-T 

mutant 

"'KDPYPSADFTGDD'^^ 19.80± 

1.40* 

19.37 ± 

2.06* 

SDCL peptide C4 D-E 

mutant 

" 'KDPYPS ADFPGED 13.85± 

1.75* 

15.77 ± 

1.03* 

* compared to wild type SDCL peptide C4. P < 0.002, n = 3 
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Figure 4-11 Residues P742 and D744 of the au II-III loop C region are important for binding to the Pia-SH3 domain. Non-linear regression 
curve with the relative F^oas a function of the concentration of the titrant. Mutation of P742 and D744 to its cardiac counter parts reduced the binding 
affinity by approximately 5 fold compared to wild type. The K^ was calculated from equation 4-1. The Kj value is the Mean ± SEM. * compared to 
wild type SDCL peptide C4. P < 0.002, n = 3 
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4.4.4.6 The Pia-SH3 domain minus the Hook region (short SH3) binds to the 
ttis II-III loop C region 

Attempts to produce a recombinant SH3 lacking the intervening Hook region and the 
fifth (3-strand of the domain were as yet unsuccessful. Hence, a peptide encompassing 
this region was synthesized as described in chapter 2.2.1. The binding affinities of this 
peptide to the C region of the ais II-III loop (SDCL peptide C) and skeletal and cardiac 
peptides containing the first proline rich sequence (SDCL peptide C4 and CDCL 
peptide C4) were investigated as described in section 4.3.2. The SH3 short domain 
bound to these peptides with a similar affinity to that of the full length SH3 domain 
(Table 4-7). 

Table 4-7 

Peptide/Protein Sequence 

Dissociation Constant 
K j ( n M ) 

Peptide/Protein Sequence Short-
SH3 
domain 

SH3 
domain 

SDCL peptide C ""LK V DEFESN VNEV KDP YjPS ADFPG 

DDEEDEPEIPVSPRPRPLAELQ^^"^ 

6.0 ± 0 . 2 0 3.57 ± 0 . 5 9 

SDCL peptide 
C4 

' ' 'KDPYPSADFPGDD'^ ' ' 4.5 ± 0 . 1 0 2.60 ± 0.36 

CDCL peptide 
C4 

'^ '^KSPYPNPETTGEE'" ' 17.9±1.40 19.43±3.60 

4.4.4.7 The Pia-SH3 does not bind or binds very weakly to the au II-III loop 
C-region at higher concentrations 

The interaction between the recombinant Pia-SH3 domain and the a ^ II-III loop 
C region peptide was investigated using ITC (Isothermal calorimetry) by Dr.N. Norris 
(Biomolecular structure group, JCSMR, ANU). In order to carry out these 
measurements, the C region peptide was titrated into Pia-SH3 domain which was used a 



Chapter 4 

concentrations >100 |aM. Under these conditions no binding was detected between the 

Pia-SH3 domain and the C region peptide. Hence tryptophan tluoresccnce quenching 

was also earned out at higher concentrations (50 nM Pia-SH3 - the maximum possible 

concentration that gives a measurable emission spectmm) of Pia-SH3 domain in the 

cuvette and the resulting binding constant was over a thousand times weaker(Kd > 4 

mM)(Figure 4-11) in comparison to when the experiment was carried out at I uM. 

Further investigation of the recombinant protein by SDS-PAGE (Dr. N. Non-is) 

indicates that the recombinant SH3 domain may form multimcrs at higher 

concentrations. 

4.5 Discussion 

It is clear that the C-region of the a ^ ll-lll loop is important for skeletal type 

EC-coupling. Within this region lie three potential poly-proline binding motifs with the 

potential to bind SH3 domains (as predicted by ELM - a resource for identifying 

candidate functional motifs in proteins (Figure 4-2). This study investigated whether it 

was possible that the SH3 domain of the P u subunit could interact with the C-region of 

the ttis ll-III loop in vitro. 

Previous structural investigations have suggested that interactions between the P - S H 3 

domains and polyproline partners were not possible due to the binding site on the 

p i a - S H 3 domain being occluded by the a i loop of the Hook region and the RT-Src loop 

connecting two of the four continuous p strands of the SH3 domain (Chen et al., 2004). 

However previous studies with various isoforms of the beta subunit have indicated that 

such interactions are possible (Gonzalez-Gutienez et al., 2007, Dubuis et al., 2006). 

In this investigation tryptopan fluorescence quenching experiments show that an 

interaction between P u and the a ^ II-IH loop is feasible. Given that in vitro binding 

between the Pia and the ais lI-IlI loop was established, we sought to identify the regions 

within these proteins responsible for binding. 

Firstly, the well characterized binding between the Pu subunit and the AID (alpha 

interaction domain) peptide was used to validate the method. The AID peptide bound to 

the Pia subunit with an affinity (Kj) of 15.2 ± 1.8 nM indicating a tight interaction. 
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Figure 4-11 At higher concentrations (50 uM), the Pia-SH3 domain shows negligible binding to the a u II-IIl loop C region. Non-linear 

regression curve with the relative F340 as a function of the concentration of the titrant. At 50 uM, SH3 domain bound to the ais II-II loop C region 

with an affinity (Kd) of >4 mM. The K<.i was calculated from equation 4-1. The K j value is the Mean ± SEM (n=3) 
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Although there are no published values for the isoform specific (skeletal) Pia-AID 

interaction, the obtained binding constant fails within the range of reported values 

(3-76 nM) for other P isoforms. 

As predicted the full length Pia subunit and the SH3 domain in isolation were able to 

bind to the ais II-III loop with an affinity in the low micro-molar (~2 jiM) range. SH3 

domains in general are known to bind with affinities ranging from 1-100 ̂ M (Kaneko T 

et al., 2008). Hence the value obtained for the Pia-otis H-III loop interaction is within the 

lower end of this spectrum. Binding was also investigated with the circularized form of 

the ttis II-III loop which more closely mimics the II-III loop's position in the 

cytoplasmic membrane. The circular II-III loop bound to the Pui subunit and the SH3 

domain with a similar affinity as the linear II-III loop. Hence, any structural 

modifications (Tae et al., 2011) caused by circularisation of the loop do not appear to 

affect its binding to the pia subunit. 

The proline rich SH3 binding motifs in the II-III loop are located in its C region. Hence 

it is not surprising that the C region bound to the |3ia subunit and the SH3 domain with 

significantly higher affinity than the A region which do not contain such binding motifs. 

Furthermore, mutating all proline residues in the C-region to alanines completely 

abolished its binding to pia and the SH3 domain signifying that the proline residues 

were essential for this interaction. 

The interaction between the Pia subunit and its SH3 domain was also probed with the 

C-region of the aic (cardiac) II-III loop which also contain the predicted proline rich 

SH3 binding motifs. The C-region of the ttic II-III loop also bound to the Pia and its 

SH3 domain with a similar affinity as the C region of the skeletal loop. This is probably 

due to the almost identical compositions of the second and third predicted SH3 binding 

motifs between the cardiac and skeletal isoforms (Figure 4-2B). However, it is notable 

that the residues encompassing the first predicted SH3 binding motif are very different 

between the two isoforms (Figure 4-2B). It is these residues (A739, F741, P742 and 

D744) in the skeletal isoform that have been shown to be important for skeletal type 

EC-coupling (Kugler et al., 2004). 

In order to dissect which sections of the skeletal II-III loop C region was involved in the 

interaction with the pia SH3 domain, scouting experiments were first conducted with 
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three pre-existing peptides corresponding to the N-terminus, middle and the C-terminus 
of the C-region. Not surprisingly all three peptides bound to the P)a subunit and its SH3 
domain with similar affinity as all three peptides contained elements of the predicted 
poly-proline binding motifs. 

First proline rich region second proline rich region 

I ^ 1 I ^ 1 
720LKVDEFESNVNEVKDPYPSADFPGDDEEDEPEIPVSPRPRPLAELQ765 

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

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

Next, experiments were conducted to clarify which of these skeletal specific residues 
(A739, F74], P742 and D744), if any, were responsible for the increase in affinity. 
Mutant peptides were synthesized where each residue in turn was mutated to its cardiac 
counterpart. Mutating A739 or F741 did not alter the binding affinity of the peptide 
compared to the wild type (SDCL C4). But mutating P742 or D744 reduced its binding 
affinity approximately five times compared to the wild type. Hence these two residues 
appear to be important for the skeletal specific binding of the first proline rich motif of 
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the C-region. The loss of a proline residue could weaken the affinity of this peptide 

(SDCL C4 P-T) to the SH3 domain although the gain of a proline residue in mutating 

A739 (SDCL C4 A-P) did not seem to increase its affinity compared to the wild type. 

Aspartic acid (D) is a residue which commonly follows SH3 binding motifs (Kaneko T 

el al., 2008), hence weakening of the binding affinity upon its mutation is possible. 

The SH3 domain of the P u subunit has a split architecture (Van Petegem et al., 2004, 

Chen et al., 2004) where the fifth P-strand of the domain is separated by a largely 

unstructured Hook region. Hence the recombinant SH3 domain produced in this study 

included the Hook region. Experiments to generate a recombinant SH3 domain minus 

the Hook region are in progress. In the interim, a peptide was synthesized corresponding 

to the SH3 domain minus the Hook region and the fifth (3 strand (SH3 short). This 

peptide produced similar binding affinities as its full length counterpart with the skeletal 

II-III loop C-region and its first proline rich region, both skeletal and cardiac. Previous 

structural studies on different P isoforms have predicted that the a2 helix of the Hook 

region occludes the polyproline binding site of the P - S H 3 domains (Chen et al., 2004). 

But, in this in vitro study, the absence (or presence) of the Hook region or the fifth P 

strand did not significantly affect the binding affinity of the pia-SH3 domain to the ttis 

Il-Ill loop. This could be due to structural differences between the skeletal isoform of 

the P subunit and the isoforms used in the structural studies or it could be that the labile 

Hook region shifts to allow a Pia-SH3 - II-III loop interaction. 

Further to binding experiments by tryptophan fluorescence quenching, a series of 

experiments using ITC (Isothermal calorimetry) suggest that the interaction between the 

pia-SH3 domain and the ais II-III loop is concentration dependant. Upon further 

investigation it was revealed that the recombinant SH3 domain appears to form 

multimers at higher concentrations. This is not entirely surprising considering the role 

of SH3 domains (and membrane associated guanylate kinases - M A G U K s in general) as 

protein clustering/oligomerisation modules (McGee et al., 2001). It may also be that the 

Pia-SH3/ais II-III loop interaction is only possible at lower concentrations. This will 

require further investigation. 

This -study investigated the interaction between the pia-SH3 domain and the a ^ II-III 

loop in vitro. However, the in vivo role of the SH3 domains in L-type calcium channels 



Chapter 4 

remains unclear. Lately studies have emerged using a P)a null zebra fish mutant system, 

where the SH3 domain of the Pja subunit has been shown to be important for skeletal 

type EC-coupling (Dayal et al - unpublished data, Gordan Research Conference on EC-

Coupling 2009). Therefore the in vitro data on the interaction between the [3ia-SH3 

domain and the ais II-III loop presented here represent a starting point for further 

investigations in vivo. 
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Chapter 5 Structural analysis of the DHPR p,a subunit 

C-terminal tail 
5.1 Introduction 

Conformational coupling between the dihydropyridine receptor in the T-tubular 

membrane and the ryanodine receptor Ca""̂  release channel in the sarcoplasmic 

reticulum forms the basis of EC-coupling in skeletal muscle. Although a combination of 

electrophysiological, morphological and biochemical approaches provide a solid 

foundation for the notion that protein-protein interactions link the skeletal DHPR and 

RyRl , the exact mechanism of this coupling process remains unresolved. 

The pore forming ttis subunit and the accessory (3^ subunit of the DHPR are essential 

for skeletal type EC-coupling, with the absence of these subunits resulting in a lethal 

phenotype due to respiratory paralysis. Lack of Pia also gives rise to reduced membrane 

expression of ttis, reduction of its charge movement and the disruption of the 

arrangement of DHPRs in groups of four (tetrads) opposing RyRl . Although triad 

expression and facilitation of charge movement are functions common to a number of p 

isoforms, the skeletal specific ultrastructural arrangement of DHPRs opposite every 

other RyRl is an exclusive feature of the (iia isoform (Schredelseker et al., 2009). 

As has been discussed in detail in chapter 1.9.2, the p subunit consists of five well 

defined regions - the N-terminus, C-terminus, Hook region, SH3 and guanylate kinase 

(GK) domains. The OK and the SH3 domains of the P subunits are relatively well 

conserved among the four P isoforms . Hence the highly variable amino-terminus. 

carboxyl terminus and the Hook region maybe involved in the isoform-specific 

functions of the P subunits. In the pia isoform, deletion of the amino-terminal and the 

Hook region was found to have little effect on EC-coupling (Beurg et al., 1999). 

However the deletion of 35 residues of Pia at the C-terminus resulted in a fivefold 

reduction in the maximum amplitude of the Câ "̂  transients (Beurg el al., 1999). This 

same group showed that the purified full length Pia subunit is able to bind to a fragment 

of the RyRl in-vitro (Cheng et al., 2005). The binding site for the DHPR p u subunit has 

been mapped to the M^""' to region of RyRl and the strength of this interaction 

was shown to be controlled by a cluster of positively charged residues (K^'^'^'^KKRR . 
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within this region. These findings indicate that Pia is able to interact with the 

RyRl and that the end 35 residues of its carboxyl terminus are important for siceletal 

type EC-couph"ng. This region may be responsible for the DHPR tetrad formation 

opposite the RyRl or it may be a component of the trigger mechanism for SR Ca^^ 

release in skeletal muscle. 

Although the crystal structures of the core region (GK/SH3), of three (3 isoforms (P2a. P3 

and p4) have been published (Chen et al., 2004, Van Petegem et al., 2004, Opatowsky et 

al., 2004), no structural data exist on its variable regions - the C-terminus, N-terminus 

and the Hook region. This is presumably due to the disordered nature of these regions. 

Hence an alternative approach of investigating their structure is by examining specific 

regions and this study represents a starting point in gaining an insight into the function 

of these variable fragments, in particular, the Pia C-terminus. 

5.2 Aim 

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

identify structural elements that may facilitate its interaction with RyR l . 

5.3 Materials and Methods 

5.3.1 Peptide synthesis 

A peptide corresponding to the 35-residue C-terminal tail of the pia subunit 

(Figure 5-1), hereafter referred to as Pia-C35, and its mutants were synthesized and 

purified as described in Chapter 2.2.1. 

..490VQVLTSLRRNLSFWGGLEASPRGGDAVAQPQEHAM524 

Figure 5-1 pia-C35 peptide. Sequence of C-terminal 35 residues of p.a which has 

been shown to be important for skeletal type EC-coupling (Beurg et al., 1999). 

5.3.2 Solution State Nuclear Magnetic Resonance (NMR) Spectroscopy 

5.3.2.1 Introduction 

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

properties that can be utilized to yield chemical information. Each atom has distinct 
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quantum mechanical properties of spin. In some atoms (eg these spins are 

paired and cancel each other out so that the nucleus of the atom has no overall spin. 

However, nuclei with an odd mass or odd atomic number ( 'H, '^C, '''N) have "nuclear 

spin". The overall spin of the charged nucleus generates a magnetic dipole along the spin 

axis, and the intrinsic magnitude of this dipole is a fundamental nuclear property called the 

nuclear magnetic moment. In quantum mechanical terms, the nuclear magnetic moment of a 

nucleus can align with an externally applied magnetic field, either spin aligned or spin 

opposed. In NMR , a radio frequency pulse is used to "flip" the alignment of nuclear 

spins from the low energy spin aligned state to the higher energy spin opposed state. For 

a given type of nucleus, this precession (rotation) frequency (resonance) is proportional 

to the strength of the external magnetic field. 

Within a molecule, a nucleus of a given type, for example a proton ('H nucleus), will 

have a slightly different precession frequency depending on its location in the molecule. 

The molecular framework of a molecule (the chemical bonds between atoms) induces 

slight changes in the magnetic field experienced by the nuclei in that molecule. This is 

because the electrons that constitute chemical bonds also interact with the magnetic 

field, and act to "shield" the nuclei from the field. The more electron density associated 

with a particular nucleus, the greater the shielding from the static magnetic field and the 

lower the resonance frequency. Conversely, a nucleus bonded to an electronegative 

atom has a reduced electron density. Such a nucleus is said to be deshielded and 

experiences a greater proportion of the static magnetic field; consequently, its NMR 

transition is of higher energy. The concept of chemical shift is used to explain the 

difference in the precession frequency of the nucleus of interest compared to that of a 

standard reference molecule (for example, 5,5-dimethylsilapentanesulfonate (DSS)). 

Because the difference in precession frequency is proportional to the magnetic field, this 

number is divided by the precession frequency of the reference. The resulting numbers 

are small and are expressed in parts per million (ppm). The chemical shift is one of the 

fundamental NMR parameters and is associated with a particular atom in a defined 

molecule or complex under defined experimental conditions (Keeler, 2005). 

Chemical shifts in proteins are also influenced by non-covalent interactions, specifically 

hydrogen bonding and the proximity and relative orientation of carbonyl groups and 

aromatic rings. These influences on the chemical shift reflect the local environment of a 
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nucleus in a protein and are thus a function of the secondary and tertiary folded 

structures (Wurthrich, 1986). 

5.3.2.2 Types of 'H NMR experiments 

Two types of NMR experiments were used to determine the structure of the [3ia-C35 

peptide - 'H T O C S Y and 'H NOESY. Total correlation spectroscopy (TOCSY) spectra 

provide information regarding connections of 'H atoms through chemical bonds. In a 

T O C S Y experiment, magnetization is dispersed over a complete spin system of an 

amino acid by successive scalar coupling (coupling between two nuclear spins mediated 

by electrons participating in the bond (s) connecting the nuclei). The T O C S Y 

experiment correlates all connected protons of a spin system. Thus a characteristic 

pattern of signals results for each amino acid f rom which it can be identified based on 

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

While T O C S Y experiments provide information relating to 'H atoms connected through 

chemical bonds. Nuclear Overhauser Effect Spectroscopy (NOESY) spectra provide 

information relating to the relative closeness in space of 'H atoms. The N O E S Y 

experiment is crucial for the determination of protein structure. It uses the dipolar 

interaction of spins (the Nuclear Overhauser effect , NOE) for the correlation of protons. 

The correlation between two protons depends on the distance between them, but 

normally a signal is only observed if their distance is smaller than 5 A . The strength of 

the NOE signal is proportional to the inverse sixth power of the distance between the 

atoms, l/r^\ with r being the distance between the protons. The N O E S Y experiment 

correlates all protons which are close enough, including protons which are distant in the 

amino acid sequence but close in space due to tertiary structure (Martin and Zekter, 

1988, Wurthrich, 1986). 

Apart f rom NOE effects, additional NMR parameters including coupling constants, 

temperature co-efficients and chemical shift indexes (CSI) can be used to aid in the 

structural elucidation of a protein molecule. 

5.3.2.3 Coupling Constants 

ĴwH-aH coupling constants are measurements relating to the polypeptide backbone 

dihedral angle (O — torsion angle around the N-ocC bond) and can provide local 
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structural information. In honionuclear ' H experiments ''JNH-«H coupling constants can 

be derived from splitting patterns observed in 1 or 2-dimensional experiments. The 

measurement itself is a frequency difference (Hz). Generally, residues that are involved 

in alpha helical secondary structure have been found to contain coupling constants of 

< 6 Hz, while residues involved in beta sheet secondary structure have coupling 

constants > 8 Hz. Coupling constants between 6 and 8 Hz are typically from 

unstaictured proteins or peptides. 

5.3.2.4 Temperature Co-efficient 

It has been known since the early years of peptide NMR that the chemical shifts of 

amide proton resonances are temperature dependant (Ohnishi and Orry, 1969). In 

general, they shift upfield as the temperature increases and this is conventionally 

described as a negative temperature coefficient. If a residue is involved in some form of 

secondary structure, backbone hydrogen bonding will be present. This hydrogen 

bonding contributes an extra level of stability to the structure of the peptide and will be 

affected by the additional energy imparted by an increase in temperature. The value of 

the amide proton temperature coefficient has therefore been used widely as an indicator 

that the amide proton is involved in intra-molecular hydrogen bonding (Andersen et al., 

1992, Skalicky et al., 1994, Dyson et al., 1988). For this study, a value greater than -5 

ppb/K is taken to indicate the presence of secondary structure. The temperature 

coefficient of each residue can be determined by quantifying the difference in amide 

chemical shift values obtained over a set temperature range. This information is then 

presented as a difference in parts per billion per degree of temperature change (ppb/K). 

For this study, the temperature co-efficient of each residue was obtained over a range of 

280-291 "K. 

5.3.2.5 Alpha Hydrogen Chemical shift index 

Pioneering studies by Wishart et al. have demonstrated that 'H NMR chemical shifts are 

strongly dependent on the character and nature of protein secondary structure (Wishart 

et al., 1991). In particular, it has been found that the 'H NMR chemical shift of the 

alpha-CH proton of all 20 naturally occurring amino acids experiences an upfield shift 

(with respect to the random coil value) when in a helical configuration and a 

comparable downfield shift when in a beta-strand extended configuration. Proteins 
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containing alpha helical secondary structure exhibited a mean 'H upfieid shift of 

0.39 ppm, from the random coil value, while the 'H chemical shift was found to move 

downfield by an average of 0.37 ppm when the residue is contained in a beta-strand or 

extended configuration. On the basis of these observations, the identity, extent, and 

location of secondary structural elements in proteins can be determined based on the 

alpha-CH 'H resonance assignments (Wishart et al., 1992). In this study 'H CSl 

(Chemical Shift Index) were measured and are presented as shifts +1 or -1 respectively. 

An 'H CSI of -1 refers to a shift of more than 0.1 ppm downfield, while +1 refers to a 

shift of more than 0.1 ppm upfieid, from the assignments determined for random coil 

structures (Wishart and Nip, 1998). Values of <-l are suggestive of alpha helical 

secondary structures, whereas values of >+l will most likely represent residues 

participating in beta sheet secondary structure. 

5.3.2.6 Methodology 

NMR samples were prepared to a concentration of ~ 2 mM in an H2O solution 

consisting of 10% DoO and 90% H2O. The peptides were adjusted to a pH of ~ 5.8 

using small amounts of dilute hydrochloric acid. DSS (5,5-

dimethylsilapentanesulfonate) was added to a final concentration of 0.2 mM as an 

internal reference. 

The NMR spectral data was acquired by Dr. Marco Casarotto and Dr.Yanfang Cui of 

the Biomolecular structure group. Spectra were acquired on a Avance 600 ( Bruker 

BioSpin ) spectrometer with a spectral width of 6000 Hz. Spectra were obtained using a 

pulse width of 7 - 10 îs (90") and acquisition time of 0.130 s, collecting 4096 data 

points and 512 increments of 32 transients. NOESY spectra (mixing time of 200-500 

ms) and TOCSY spectra (mixing time of 70 ms) were acquired at 280 K, 285 K or 291 

K and used for the assignment of the 'H-NMR resonances. Suppression of the H2O 

resonance for the NOESY spectra was achieved using pulse field gradients while a pre-

saturation pulse was employed for the TOCSY experiments. Two-dimensional data 

were acquired, processed and analysed using Topspin™ (Bruker BioSpin) software. The 

graphical NMR assignment and intergration program "Sparky" was also used for 

analysis (Goddard and Kneller). Data sets were zero-filled to 4096 by 2048 and 

multiplied by a phase-shifted gaussian function in both dimensions prior to 
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transformation. 1-dimensional 'H spectra were obtained in an attempt to derive ĴMH-UH 

coupling constants. 

5.3.3 Circular Dichroism (CD) spectroscopy 

A 1 mg/ml solution of Pia-C35 peptide was prepared in distilled water and CD was 

performed as described in Ch.2.2.12. 

5.4 Results 

5.4.1 NMR structural studies 

Proton assignments for ail 35 residues of the Pia-C35 peptide were carried out using the 

'H TOCSY (Figure 5-2) and the 'H NOESY (Figure 5-3) spectra obtained at 280 "K. 

The connectivity of a given amino acid in the sequence (i) to its following residue (i+1) 

can be monitored in the NOESY spectrum because the distance of the amide proton of 

( i+1) to the Hot, Hp, or Hy protons of (i) is smaller than 5 A in almost every case. 

Therefore, sequential cross signals to H"(i), H'^(i) etc. are observed at the frequency of 

HN(i+l) (Figure 5-4). These inter-residual cross signals can be distinguished from the 

intra-residual connectivities by comparing the 2D NOESY (through space 

information - ch-5.3.2.2) with the 2D TOCSY (through bond information - ch-5.3.2.2) 

spectrum (Figure 5-4). A series of these sequential connectivities between Ha(i) and 

HN(i+l) determines the order (i, i-i-1, i+2,...) of the amino acid sequence. The chain of 

sequential connectivites is however interrupted by proline residues because these have 

no amide proton. Therefore, no HN(i)-Ha(i-l) cross signal will be observed. However, if 

the proline (i) is in its trans conformation, the sequential HN(i-l)-H6 (i) and Ha( i - l ) -

H5(i) cross signals can be observed. The proton assignments for the Pia-C35 peptide 

carried out as described above are presented in table 5-1. 

Following the sequential assignment of residues, the NOESY spectrum was examined 

for secondary structural elements. Certain NOE profiles can be related to secondary 

structural elements. For example, alpha helices are characterized by short distances 

between certain protons on sequentially neighbouring residues (e.g., between backbone 

amide protons (dNN) as well as between beta protons of residue i and the amide protons 

of residue i-(-l (d(3N)). Helical conformations result in short distances between the alpha 
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proton of residue i and the amide proton of residues i+3 and to a lesser extent i+4 and 

i+2. These i+2, i+3, and i+4 NOEs are collectively referred to as medium range NOEs 

c 
CL 
a. 

^ 3 

8 6 8 4 8 2 

C)̂ , - i l (ppm) 

Figure 5-2 Finger print region of the TOCSY spectrum for pia-C35 peptide. 

Arrows point to H^, Hp, and Hyprotons of Valine'^'® as an example of a characteristic 

spin system of an amino acid residue. 
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(•), - H ippm) 

Figure 5-3 Finger print region of tiie NOESY spectrum for pia-C35 peptide. Red 

arrows point to NOEs from the HN of to Ha, Hp, and Hyprotons of Valine'"'^ as an 

example of NOE connectivities. 
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A) 

B) 

Residue i Residue i+l 

intraresidual coupling (TOCSY and NOESY) 

interresldual coupling (NOESY) 

Dipeptide Fragment 

- Res. i - Res. i+1 
(Valine) 

• • • jin H • X Hy 
: 0 H P 

n / H a 

y^N ifi 
yuN, 

Figure 5-4 Schematic representation of proton assignment using TOCSY and 

NOESY spectra. A j Inter- and intraresidual coupling. B) NOE connectivities between 

adjacent residues (Adapted from (Wurthrich, 1986). 
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Residue NH H a Hp Other Temp.Co.(ppb/K) 
8.58 4.12 1.69 Hy 0.95 -9.04 
8.82 4.46 2.0 Hy 2.34 -10.81 
8.62 4.66 1.88 Hy 0.94 -9.66 
8.63 4.47 1.64 Hy 1.64, H8 0.86 -6.01 

rpiW 8.26 4.33 4.24 Hy 1.22 -5.03 
8.39 4.3 3.87 -5.71 
8.3 4.35 1.62 Hy 1.62, H5 0.93/0.86 -5.36 
8.35 4.27 1.82/1.75 Hy 1.63/1.58, H5 3.16, 

HHl 1 7.01 
-4.32 

8.43 4.28 1.75 Hy 1.57, H5 3.1. HHl 1 
7.0 

-4.37 

8.58 4.64 2.86/2.78 H5 7.23 -4.29 
8.37 4.35 1.64 Hy 1.57, H6 0.92/0.85 -5.78 

gM.. 8.33 4.3 3.78 -6.63 
pM)J 8.56 4.44 3.21/3.12 H5 7.01 -5.02 

8.16 4.63 3.32/3.18 H5 7.23, He 10.23/7.5 -4.53 
8.04 3.81 -6.25 
8.43 3.96 -7.37 

L.M.6 8.59 4.37 1.87/1.75 Hy 1.64, H8 0.94 -8.87 
g.M./ 8.61 4.29 2.0 Hy 2.24 -8.57 

8.53 4.25 1.39 -9.12 
8.42 4.45 3.95 -7.71 

p510 4.34 2.28 Hy 2.03 
8.8 4.3 2.3/2.7 Hy 2.0, H5 3.2 -7.47 
8.53 3.97 -8.31 
8.66 3.96 -8.07 
8.32 4.67 2.68/2.61 -8.93 
8.32 4.29 1.36 -8.66 

y.S16 8.18 4.06 2.06 Hy 0.94 -8.81 
A-""' 8.47 4.29 1.37 -10.69 

8.67 4.28 1.95/2.06 Hy 2.38 -9.29 
4.4 2.07/2.00 Hy 1.9 

Q...X) 8.48 4.38 2.10/2.07 Hy2.27 -9.08 
8.57 4.24 2.06 Hy 2.24 -9.15 
8.60 4.57 3.2/3.13 -10.65 
8.47 4.29 1.37 -11.96 
8.56 4.44 2.55/2.65 Hy 2.02/2.12 -9.24 

Table 5-1 Proton assignment (p.p.m.) for the Pia-C35 peptide at pH 5.8 and 280 "K 

and temperature coefficients (p.p.b./ "K ). 
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while NOEs connecting residues separated by more than 5 residues are referred to as 
long range. Extended conformations (e.g., beta strands) on the other hand, are 
characterized by short sequential, d a N , distances. The formation of sheets also result in 
short distances between protons on adjacent strands. This information is summarised in 
Figure 5-5. 

Distance K-Helix 310 Helix 
Turn 

I 

Turn 
II 

Turn 
I' 

Turn 
II' 

H a l f 

Turn 

"aN 

Residue 9 
333333 123156 123456? 

444444 
123456 49 1234 45 

1234 75 1234 73 
1234 49 

1234 

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

Examination of the Hn-Hn region of the NOESY spectrum of Pia-C35 revealed a stretch 
of sequential short range NOEs from residues to (Figure 5-6) indicating the 
presence of a helical secondary structure within this portion of the peptide. Other short 
and medium range NOEs were also detected which supported a helical element within 
this region of Pia-C35. They are: 1) medium strength NOEs between the alpha proton of 
residue i and the beta proton of residues i+3 (d ap( i.i+3)) stretching from residues to 

and N'̂ '̂ '̂  to L"*'̂  2) weak NOEs between the alpha proton of residue i and the amide 
proton of residues i+3 (d aN( i.i+3)) stretching from residues L*'̂ '̂  to and 3) weak 
NOEs between the alpha proton of residue i and the amide proton of residues i+2 
(daN(i.i+2)) stretching from residues to These results are summarised in figure 
5-7. 
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Figure 5 - 6 Amide-amide ( H N - H N ) region of the N O E S Y spectrum of p i a - C 3 5 

peptide. Strong and continuous cross peaks are shown and labelled. 
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4 9 0 4 9 5 5 0 0 5 0 5 

p,.-C35 peptide V Q V L T S L R R N L S F W G G L 

Cl„N (i, i + 4 ) 

( i , i + 3 ) — ~ -

ClNn(i.i + 2) 

_ _ _ _ 
dpN 

aH, CSI 

+1 
0-
•1 I I I I I I I I 

5 1 0 5 1 5 5 2 0 

P R G G D A V A Q P Q 

Cl.^ai.i + 4 ) 

Cl„p(i,i + 3 ) 

( i, i + 3 ) 

C l N N ( i . i + 2 ) 

d.N(i,i + 2 ) 

dNN 

dp„ 

0.H, CSI 0 
•1 

Figure 5-7 Summary of sequential and medium range proton-proton NOEs and 

'H CSI (chemical shift index) for pia-C35. NOE connectivities are classified as 

strong, medium, weak or absent and are represented by the thicicness (or absence) of a 

bar connecting the residues in question. A CSI value of +1 or -1 has been assigned for 

residues whose aH chemical shift deviates from tabulated random coil values by more 

than 0.1 ppm, downfield or upfield respectively. Values of <-l are suggestive of alpha 

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

Next, in order to confirm the presence of an a helix, other indicators of secondary 

structure characteristics such as ^Jnh-oh coupling constants, temperature coefficients and 

chemical shift indexes (CSI) were examined. 
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Analysis of the temperature coefficients (ch-5.3.2.4 ) of the pia-C35 peptide was carried 

out by comparing the 'H TOCSY spectra obtained at 280, 285 and 291 "K. Although the 

results of this analysis (Table 5-1) does not conclusively provide evidence of a helical 

region from ~ to L"''"'', the average temperature coefficient for this region was less 

(-5.21 ppb/K) than the rest of the peptide (-9.00 ppb/K) indicating that this region was 

more stable. It should be noted that the temperature coefficients for the first three 

residues of the N- or C-terminal end of a a helical secondary structure is not always 

accurate. This is largely due to the presence of a single set of hydrogen bonds in the first 

three residues, while other residues forming part of the helical structure will have two 

sets of hydrogen bonds, both upstream and downstream. 

The chemical shift index (CSI) provided further support for such a secondary structure 

within this region. Seven out of the twelve residues within this region deviated from its 

random coil value by more than 0.1 ppm upstream (Figure 5-7) This is consistent with 

the observations made by Wishart et al., ( 1992 ) where helical segments had groupings 

of alpha protons (aH) whose chemical shifts were consistently less than their random 

coil values. 

Unfortunately, no useful information on ĴwH-aH coupling constants could be obtained 

from the 1D spectrum of pia-C35 due to overlap within this region. 

5.4.2 Circular Dichroisni (CD) spectroscopy 

CD spectroscopy of the Pia-C35 peptide was also carried out to investigate its overall 

secondary structure content. The resulting spectrum contained a single minimum at 

198 nm and indicated a mostly random coil structure when compared to a reference 

spectrum (Greenfield, 2006) of poly-L-lysine in a-helical. |3 sheet and random coil 

conformations (Figure 5-8). However, it should be noted that circular dichroism is not a 

reliable technique short peptides as only well formed secondary structures can be 

quantitatively characterized by this method (Reed and Reed, 1997). 
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Figure 5-8 Circular dichroism studies of Pia-C35 peptide. A) CD spectrum of the (3 ia -C35 peptide in water at 25 °C and pH -5.8. The spectrum 

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

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

The structural information obtained from NMR studies showed that the ( i ia-C35 peptide 

contains a hehcal region extending from approximately through to L'"̂ "̂ . Based on 

these results a model structure of the (3ia-C35 peptide was generated by Dr. Marco 

Casarotto (Biomolecular Structure Group) using a molecular modeling software (Insight 

11 - Molecular Simulations, MSI,). This model structure revealed four hydrophobic 

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

% 

Figure 5-9 Model structure of Pia-C35 peptide. The backbone structure is 

presented as a ribbon diagram and the residues forming a hydrophobic surface in the 

helical region are shown as stick models (Dr.Marco Casarotto - Biomolecular Structure 

group, JCSMR). 

It is possible that the hydrophobic surface formed by these residues are involved in the 

interactions with neighbouring molecules such as the RyRl. Therefore, in order to 

investigate the role, if any, of these hydrophobic residues in the structure and function 

of the C-terminal tail of the Pia subunit, L''""and were mutated to alanines. 

Residue was not selected for mutation as it is too close to the N-terminus of the 

peptide. Four peptides were synthesized where the first three consisted of individual 

mutations in and W''" (pia-C35 L496A, p,a-C35 L5()0A and p,a-C35 

W503A). The fourth peptide consisted of simultaneous mutations of all three residues to 

alanines ( pia-C35 L497/L500AV503 A ). In order to characterize the structure of these 

peptides, solutions were prepared as described in ch-5.3.2.6 and their NOESY spectra 

were obtained at 280 "K and compared to the wild type. 
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5.4.4 C o m p a r i s o n of the HN-HN region of the P]A-C35 m u t a n t pept ides 

For a peptide or protein with a a helical secondary structure, a significant amount of the 

secondary structural information (short range sequential NOEs) is contained in the HN-

HN region of the NOESY spectrum. Hence, a quick but reliable method of determining 

whether the a helix has been maintained is by monitoring the HN-HN NOE pattern in the 

NOESY spectrum. Therefore the HN-HN region of the mutant peptides were compared 

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

Compared to the wild type, the HN-HN region of the P]a-C35 L496A peptide had lost 

almost all of its H N - H N N O E S (Figure 5-10). This indicates that by mutating L496 to 

alanine, the helical region of Pia-C35 has been disrupted. But the HN-HN region of the 

pia-C35 L500A peptide still contained some short range sequential NOEs, except for the 

connectivities that directly link L500 to its neighbouring residues (Figure 5-11). This 

indicates that the mutation of L500 to alanine has not completely disrupted the helical 

region of pia-C35. The Pia-C35 W503A peptide also preserved some short range 

sequential NOEs except for the connectivities that directly link W503 to its 

neighbouring residues (Figure 5-12). The absence of the side chain HN of tryptophan 

( -10 ppm) confirms the deletion of this residue (Figure 5-12). However, the mutation 

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

Interestingly, the HN-HN region of the triple mutant peptide, |3)a-C35 

L496/L500/W503A, still contain some short range sequential NOEs (Figure 5-13) This 

indicates that despite the mutation of three residues to alanines, a significant proportion 

of the helical structure of this region ( to Ĝ **"̂ ) of Pia-C35 is maintained. 

5.5 Discussion 

Previous studies have shown that the Pia subunit is able to bind to the RyRl and that the 

end 35 residues of its carboxyl terminus was important for skeletal type EC-coupling 

(Beurg et al., 1999). More recent studies by affinity chromatography has shown that a 

peptide corresponding to this C-terminal region is able to bind to RyRl (Rebbeck et 

al.,2011). But the currently available crystal structure studies (Chen et al., 2004, 

Opatowsky et al., 2004, Van Petegem et al., 2004) of the p subunit do not contain any 

data on its variable regions, which includes the C-terminus. This study investigated the 
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Figure 5-10 Structural changes of |3ia-C35 L496A peptide. A) Sequence of peptide. 
L496 to A mutation is in red. The helical region is highlighted in yellow. B) The Hn-Hn 
region (enclosed) has lost most NOE connectivities indicating disruption of the helical 
region. C) The Hn-Hn region of wild type | 3 ia -C35 (enclosed) showing sequential short 
range NOEs indicative of a helical region. Arrow points to the side chain Hn of W.̂ O."̂ . 
Both spectra are presented at a comparable contour level. 



Chapter 5 

A 

.. .^90VQ\^LTSLRRNASFW(^LEASPRGGDAVAQPQEHAM"^ 

B 

o 
o 

o o 

s a 
3 
• 

0 

9 

•j 

t) 

Hr1 ofW503 

Figure 5-11 Structural changes of Pia-C35 L500A peptide. A) Sequence of peptide. 
L500 to A mutation is in red. The helical region is highlighted in yellow. B) The Hn-Hn 
region (enclosed) has retained some NOE connectivities indicating that the helical 
region is not completely disrupted. C) The Hn-Hn region of wild type pia-C35 
(enclosed) showing sequential short range NOEs indicative of a helical region. Arrow 
points to the side chain HN of W503. Both spectra are presented at a comparable 
contour level. 
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Figure 5-12 Structural changes of Pia-C35 W503A peptide. A) Sequence of 
peptide. W503 to A mutation is in red. The heUcal region is highlighted in yellow. B) 
The HN-HN region (enclosed) has retained some NOE connectivities indicating that the 
helical region is not completely disrupted. Note the absence of side chain HN of W5()3. 
c) The HN-HN region of wild type pia-C35 (enclosed) showing sequential short range 
NOEs indicative of a helical region. Arrow points to the side chain HN of W5()3. Both 
spectra arc presented at a comparable contour level. 
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Figure 5-13 Structural changes of pia-C35 L496/L500AV503A peptide. A) 
Sequence of peptide. Mutated residues are in red. The helical region is highlighted in 
yellow. B) Despite the triple mutation, the Hn-Hn region (enclosed) has retained some 
NOE connectivities indicating that the helical region is still somewhat intact. Note the 
absence of side chain Hn of W503. c) The Hn-Hn region of wild type pia-C35 
(enclosed) showing sequential short range NOEs indicative of a helical region. Arrow 
points to the side chain HN of W503. Both spectra are presented at a comparable 
contour level. 
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structure of the peptide corresponding to the end 35 residues of the |3ia subunit 

(Pia-C35) C-terminus in an attempt to gain an insight in to the structure of this important 

region. 

The structural investigation of the Pia-C35 peptide was carried out by 2-dimensional 

NMR spectroscopy and two types of spectra, TOCSY and NOESY, were used to obtain 

structural information. These spectra were acquired at 280 "K as the lower temperature 

facilitates the stabilisation of any secondary structures present. The transfer of 

magnetisation through bonds, which is seen on the TOCSY spectrum was used to 

identify the characteristic spin systems of the amino acid residues and then correlated to 

the NOE connectivities of the NOESY spectrum which gives through space 

information. This process was used to carry out the proton assignments for all residues 

of the pia-C35 peptide (Table 5-1). 

Next, the spectra were examined for the presence of any secondary structural elements. 

Examination of the Hn-Hn region of the pia-C35 NOESY spectrum revealed clear 

sequential short range NOEs which indicated the presence of a helical region extending 

from to Other NMR characteristics of secondary structure such as coupling 

constants, temperature coefficients and chemical shift indexes also lend support to the 

presence of a helical secondary structure within this region. Although no useful 

information on coupling constants were obtained due to crowding of the ID spectrum, 

the chemical shift index (CSI) values for the to G'̂ "'* region were consistently less 

than their random coil values indicating the presence of a helical structure (Wishart et 

al., 1992). 

The temperature coefficients for the Pia-C35 peptide were calculated by comparing the 

TOCSY spectra acquired at 280, 285 and 291 "K. Out of the 14 residues in the helical 

region 4 residues had temperature coefficients of less than -5 ppb/k and 5 residues had 

temperature coefficients of around -5 ppb/k. On average, the temperature coefficients 

for the to G'̂ "^ region were lower than for the rest of the peptide (Table 5-1). 

According to previous studies (Andersen et al., 1992, Dyson et al., 1988, Skalicky et al., 

1994), a value greater than -5 ppb/K for each residue is taken to indicate the presence of 

secondary structure. The lower than expected temperature coefficients for some residues 

in the - G''"^ region indicates that it forms a nascent helix (an inter-converting 

mixture of random coil and structured peptide) which is increasingly unstable at higher 
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temperatures. This is supported by circular dichroism (CD) spectroscopy results 

(conducted at 20 "C - 293 "K) which shows the Pia-C35 peptide to be mostly random 

coil at this temperature. In the absence of a rigid helical region, the determination of a 3-

D solution structure of the pia-C35 peptide was not pursued. Instead a model structure 

was generated based on the NOE connectivies and other indicators of secondary 

structure obtained by NMR studies (Figure 5-7 and Figure 5-9). 

Based on the findings of NMR studies, the P i a - C 3 5 peptide was found to have a nascent 

helix type structure in the region of to Closer examination of this region 

revealed a group of hydrophobic residues of which (L'̂ ^ ,̂ and W''̂ -^) were most 

likely to form a hydrophobic surface which may interact with neighbouring molecules 

such as the RyRl. Therefore, in order to investigate the role, if any, of these residues in 

the structure and function of the C-terminal tail of the Pia subunit, they were mutated to 

alanine residues. NMR studies of the mutated peptides showed that the mutation of L*"'" 

or W"*"̂  to alanines did not completely disrupt the helical structure of the - G''"'̂  

region of | 3 i a - C 3 5 . The mutation of L496 to alanine caused a significant disruption to 

this helical region and this residue may therefore be important for the stability of the 

helical - G"'"'̂  region of p i a - C 3 5 . Interestingly, the simultaneous mutation of all three 

residues to alanines did not cause a complete disruption of the helical region. This 

maybe due to the fact that alanines themselves have a propensity for helix formation and 

therefore the presence of three alanine residues in conducive positions facilitates the 

formation of a helical secondary structure (Pace and Scholtz, 1998). 

In summary, NMR studies of a peptide corresponding to the end 35 residues of the Pu 

C-terminus revealed that it contained a nascent helical region which may form a 

hydrophobic surface that is involved in the binding with the RyRl . Within this region, 

three hydrophobic residues which were capable of forming a binding surface were 

mutated to alanines and the structural implications were examined. In the following 

chapter the ability of the pia-C35 peptide to interact with the RyRl and the functional 

impact of mutating the hydrophobic residues involved in the helical region will be 

examined. 
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Chapter 6 Functional interactions between the 

DHPR-pia C-terminal tail and the skeletal ryanodine receptor 

6.1 Introduction 

The process of excitation-contraction (EC) coupling in skeletal muscle does not depend 

on Ca'"^ entry f rom the extracellular compartment. Therefore it is widely accepted that a 

physical interaction between the dihydropyridine receptor (DHPR) voltage sensor in the 

transverse tubule membrane and the ryanodine receptor (RyR) Ca""^ release channel in 

the closely opposed SR membrane leads to skeletal type EC-coupling (Bannister, 2007, 

Beam and Bannister, 2010). 

Of the five subunits of the DHPR, the skeletal isoforms of the membrane spanning Ois 

subunit and the cytoplasmic Pia subunit are essential for EC coupling in skeletal muscle. 

In the a is subunit, the intracellular II-III loop forms a minimal essential region for 

transmitting the EC-coupling signal from the DHPR to the RyRl (Grabner et al., 1999, 

Beam and Bannister, 2010). Hence the deletion of this region abolishes skeletal type 

EC-coupling. 

One essential role of the (3 subunit is to traffic the DHPR ais subunit to the t-tubular 

membrane. The trafficking depends on the well characterised binding of the guanylate 

kinase (OK) domain of the Pia subunit to the I-II loop of the (Xis subunit. In addition to 

this essential role, there are several findings which suggest that the Pu, subunit may play 

a direct role in the physical EC coupling process. Firstly, deletion of the end 35 residues 

of the C-terminal tail of Pia leads to a significant reduction in depolarization induced 

Ca^"^ release from the SR through the RyR ( in Pia-null mouse myotubes transfected 

with mutant pia c-DNA). This C-terminal modification does not appear to affect 

targeting of the DHPR to RyRl (Beurg et al., 1999). A direct interaction between the Pia 

subunit and RyRl is also demonstrated by affinity chromatography and the Pia binding 

site on the RyRl fragments was localised to a small cluster of basic residues 

(Cheng et al., 2005). Interruption of binding of Pu by deletion or substitution of these 

basic residues resulted in a significant reduction in depolarisation-induced Ca^"^ release. 

Finally expression of the Pia subunit in Pia-null zebrafish restored targeting of the 

DHPR to the triad junction and physical skeletal EC coupling. However expression of 
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the cardiac/neuronal (32a or housefly Pm subunits restored triad targeting of the DHPR, 

but not physical coupling (Schredelseker et al., 2009). These results could be explained 

by a direct contribution of Pia to EC coupling or by an allosteric influence of |3ia on the 

precise geometry (tetrad formation) of the DHPR opposite RyRl in the surface/SR 

junction that reduced the efficacy of EC coupling (Schredelseker et a l , 2009). 

Although a combination of electrophysiological, morphological and biochemical 

approaches provide a solid foundation for the notion that protein-protein interactions 

link the skeletal DHPR and RyRl in vivo, the exact mechanism of this coupling process 

at a molecular level remains unresolved. Studies carried out in the previous chapter 

examined the structure of a peptide corresponding to the end 35 residues of the pia 

C-terminus and investigated the structural consequences of mutating three hydrophobic 

residues which were capable of forming a binding surface with RyRl . This study 

explores the ability of the full length Pia subunit as well as its C-terminal tail peptide 

and its mutants to interact with the gating mechanism of a RyRl channel embedded in 

an artificial lipid bilayer. 

6.2 Aim 

Examine the functional interactions between the isolated RyRl channel and the full 

length |3]a subunit and its 35 residue C-terminal tail (|3]a-C35). It is also the aim of this 

study to explore the functional effects on RyRl of mutating three hydrophobic residues 

in the helical region of the C-terminal peptide. 

6.3 Materials and Methods 

6.3.1 Expression and purification of full length recombinant Pia subunit 

The recombinant Pu subunit was prepared as described in Chapter 3.3.3. 

6.3.2 Peptide synthesis 

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

methods section (Ch. 2.2.1). 
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Peptide Sequence 

Pia-C35 (wild type ) •^^^ 'VQVLTSLRRNLSFWGGLEASPRGGDAVAQPQEHAM"' ' 

P,a-C35 L496A ^ ' "VQVLTSARRNLSFWGGLEASPRGGDAVAQPQEHAM'- ' ^ 

P,a-C35 L5()0A '^ ' ' "VQVLTSLRRNASFWGGLEASPRGGDAVAQPQEHAM"'* 

Pia-C35 W503A ^ '^"VQVLTSLRRNLSFAGGLEASPRGGDAVAQPQEHAM"' ' 

Pia-C35 
L496/L500/W503 A 

'^ ' ' "VQVLTSARRNASFAGGLEASPRGGDAVAQPQEHAM^^^ 

6.3.3 Peptide and protein quantitation 

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

described in chapter 2.2.1 and 2.2.11 respectively. 

6.3.4 Planar bilayer recordings of ryanodine receptor channels 

6.3.4.1 Introduction 

In ion channel reconstitution studies using planar bilayers, a lipid membrane is formed 

across a small aperture that interconnects two chambers that are filled with aqueous 

solutions. A ryanodine receptor channel is embedded in this artificial lipid bilayer and 

its activity is recorded. 

6.3.4.2 Preparation of samples 

All stock solutions of proteins and peptides were prepared in cLs solution. Full length 

recombinant protein was buffer exchanged to cis solution using Zeba™ desalting 

column (Thermo Scientific, USA) as per manufactures instructions. 
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6.3.4.3 Preparation of SR vesicles 

Native skeletal sarcoplamic (SR) vesicles were isolated from the back and leg muscles 

of New Zealand white rabbits. The procedures were carried out by Mrs. Suzy Pace and 

Mrs. Joan Stivala from the JCSMR Muscle Research Group based on the method by 

(Inui et al., 1987), with minor modifications (Ahern et al., 1994, Ahem et al., 1997). 

Diced muscle tissue from the rabbit was snap frozen and later homogenized in a Waring 

blender (Waring Products, USA) for 1 min in a homogenizing buffer consisting of 5mM 

imidazole, 300mM sucrose, pH 7.4 and a cocktail of protease inhibitors ( ImM 

benzamadine, 0.5mM PMSF, 3|iM anti-calpain I, 3|iM anti-calpain II, l | iM leupeptin 

and l | iM pepstatin A). The homogenate was then centrifuged at 9000 RPM for 20min in 

a SLA 1500 rotor (Sorval RC-5B Refrigerated Superspeed Centrifuge, Du Pont 

Instruments, USA). The pellet was resuspended in the homogenizing buffer followed by 

another round of homogenization and centrifugation as described above. 

Next, the supernatant was filtered through four layers of cotton gauze and was 

centrifuged at 30000RPM in a Ti-45 rotor (Beckman L8-70 Ultracentrifuge, Beckman 

Instruments, Australia) for 1 - 2h at 4°C. The pellet was collected and resuspended in 

42ml of homogenising buffer in a Dounce Teflon homogeniser (Edwards Instrument, 

Australia). Several millilitres of the sample was loaded onto a discontinuous sucrose 

density gradient comprising of 4 ml of 45% (w:v), 7 ml of 38% (w:v), 7 ml of 34% 

(w:v), 7 ml of 32% (w:v) and 4 ml of 27% (w:v) sucrose layer. Sucrose solutions were 

prepared in a diluting buffer containing 20 mM imidazole, pH 7.4 and a cocktail of 

protease inhibitors as described above. The sucrose gradient was centrifuged overnight 

at 20000RPM in a SW28 rotor (Beckman L8-70 Ultracentrifuge, Beckman Instruments, 

Australia) at 4°C. Sucrose density bands at the 34 - 38% (band 3) and 38 - 45% (band 

4) interface were collected and diluted with two volumes of diluting buffer. Finally, the 

diluted fractions were centrifuged at 4°C for Ih at 32000RPM in a Ti-45 rotor 

(Beckman L8-70 Ultracentrifuge, Beckman Instruments, Australia). The final pellet was 

resuspended in homogenizing buffer to a final concentration of approximately 

20 mg/ml, divided into 15 pi aliquots and snap frozen before storage at -70°C. 
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6.3.4.4 Lipid mixture 

An artificial lipid mix of phosphatidylethanolamine (PE) and phosphatidylcholine (PC) 

at a ratio of 4:1 was nitrogen-dried prior to dilution with n-decane to a final 

concentration of 50 mg/ml. 

6.3.4.5 Bilayer solutions 

The cis and trans solutions used for lipid bilayer experiments consisted of: cis\ 20 mM 

CsCl. 230 mM CsCH.^O.^S, 10 mM TES and I mM [Ca'^]; and ircms: 20 mM CsCl, 

30 mM CSCH3O3S, 10 mM TES and 1 mM [Ca^^]. Each solution was adjusted to a pH 

of 7.4 with 4 M CsOH. BAPTA was used to chelate Ca'^ and to adjust the Ca'^ 

concentration. The purity of BAPTA was accessed using a Câ "̂  electrode. 

6.3.4.6 The bilayer setup 

A planar bilayer technique (Laver, D.,2001) requires the presence of aqueous solution 

on each side of the bilayer. Therefore, two interconnected solution chambers are formed 

using a cup and a cup holder (Figure 6-1). The cup contains one of the reservoirs, while 

the unoccupied well in the cup holder forms the second reservoir. The cup is made of a 

lipophilic substance called Delrin, and contains a ~ 100 |im aperture across which a 

bilayer is painted. The reservoir to which SR vesicles are added is known as the cis 

chamber and is voltage clamped at +40 or -40 mV. The opposing chamber, known as 

the trans chamber, is grounded. The potentials are expressed according to standard 

physiological convention as Vcis - V,ram-

Both reservoirs were filled with 0.8 ml of m and trans solutions (6.3.4.5) respectively 

and the artificial lipid mix (6.3.4.4) was smeared across the aperture in the Delrin cup 

using a flame-polished glass pipette. Next, 10 ^g/ml of native skeletal SR vesicles was 

added into the cis chamber whilst stirring. In general channels incorporated with their 

cytoplasmic surface of the SR facing the cis solution and this was confirmed by 

characteristic changes in channel activity with changes in cytoplasmic ATP and Ca'"^ 
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electrodes 

Trans 
chamber 

Cis 
chamber 

Cup holder 

Figure 6-1 Bilayer setup. The deldrin cup fits into one well of the cup holder with the aperture facing the adjacent well. An artificial lipid bilayer is 

painted across this aperture. A brass block holds the cup holder in place. The gold pins of the electrodes are connected to the headstage as shown. The 

other ends of the electrodes, encased in agar bridges, rest within the cup or the cup holder. The electrode that rests in the cup is usually connected to the 

ground of the headstage and is called the trans electrode, while the electrode that rests in the unoccupied well of the cup holder is connected to the 

input of the headstage and is referred to as the cis electrode. A patch clamp amplifier receives input from and sends output to the head stage. The whole 

set up is encased in a faraday cage to reduce electrical noise. 
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concentration in the cis chamber. After channel incorporation, 200 inM CsCH^O^S was 

added to the ti-ans chamber to achieve solutions that were symmetrical (with respect to 

[Cs^J, [C1-] and [CH3O3S]). The cis [ C a ' l was then reduced to 10 fxM by the addition of 

1 mM BAPTA to the cis chamberCa^"^ added to the cytoplasmic side of RyRl, has a 

biphasic effect on RyRl channel activity. The threshold concentration for channel 

activation is approximately 100 nM with a maximum in the range of 10 - 100 ^M, 

whereas high concentrations (mM) of Ca "̂" almost entirely inhibits the channel 

(Meissner et al., 1986, Smith et al., 1988, Meissner, 2002, Fessenden et al., 2004). 

Addition of ATP to the cytoplasmic side of RyRl, in the presence of low concentrations 

(nM) of Ca""" stimulates the RyRl channel activity. In addition, cytoplasmic ATP elicits 

persistent channel activation at high concentrations (mM) of Ca""̂  (Meissner, 1984, 

Meissner et al., 1986, Smith et al., 1988). Ruthenium red applied at micromolar 

concentrations to the cis chamber, specifically blocks the RyRl channel (Smith et al., 

1988, Ma, 1993, Xu et al., 1999). These characteristic responses of RyRl to its agonists 

(Ca'"^ and ATP) or antagonist (ruthenium red) were used to confirm the identity of the 

channel. 

6.3.4.7 Single Channel recordings 

Ryanodine receptor 1 (RyRl) channel activity was recorded using an Axopatch 200 

amplifier (Molecular Devices, USA). Voltage was applied to the cis chamber while the 

trans chamber was held at ground and the cis voltage changed every 30 s between 

+40 mV and 40 mV. Current was recorded continuously throughout the experiment at 

5 kHz and was filtered at 1 kHz. Proteins/peptides were added into the cis chamber to 

desired concentrations whilst stirring and were followed by recordings for several 

minutes under each condition. The washout step of the cis chamber was performed with 

approximately 10 ml of cis solution. Additional recordings were earned out before the 

addition of an approximately 1 mM ruthenium red to the cis chamber at the end of the 

experiment. Experiments were conducted at 23 ± 2°C. 

6.3.4.8 Single Channel analysis 

Single channel parameters were obtained using an in-house software Channel 2, 

developed by Prof. P.W. Gage and M. Smith (John Curtin School of Medical Research). 

Channel parameters were measured from 90s of channel activity at each potential, 

before and after the addition of the peptide. The following parameters were determined; 
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open probability Fractional mean current ( /y) , mean open time {To\ ms) and mean 
closed time (Tc^ms), open frequency {Fo) which are defined by the fol lowing equations: 

Open probability (Po) — T o p e n / T t o t a l lime 

Fractional Mean Current ( I ' f j = I'I Imax 

Mean open time {To, ms) — Topffi / n 

Mean closed time (Tc\ ms) = Tdosed I n 

Open frequency (Fn) = n ! T,ime 

Where Topen is the total channel open time; Tdosed is the total channel closed time, n is 
the total number of channel openings, T u n a i limc is the total duration of the analysed 
record; / ' , mean current, an average of the current from all data points obtained during a 
recording period and Ima.x̂  maximal current of the analysed record. 

RyRl activity was quantified by calculating either or both: the probability that the 
channel would be open at any one time, i.e. open probability (P„), or the average current 
as a function of the maximum current ( / ' / ) . 

/ ' / i s approximately equal to Pg and it has been shown that Po and / / v a l u e s obtained 
from a record of a single channel with a high open probability are very similar (Beard et 
al., 2008). P„ most accurately quantifies RyRl channel activity when only one channel 
is active in a bilayer, but / / i s the most accurate measure of RyRl activity when more 
than one channel is active. Since / / i s approximately equal to Po, all channel activity 
(measured as / / o r Po) is included in the average Po presented in this thesis. To measure 
P„, a threshold was set outside the noise at - 2 0 % of the maximum open conductance, 
l„uix, and currents exceeding the threshold were detected as channel openings. The 
closed threshold was placed above baseline noise. All analyses were corrected for 
baseline variation using an in-house program Baseline (developed by Dr. D. R. Laver). 

6.3.4.9 Statistical analysis 

Average data are given as mean ± SEM. Statistical significance was evaluated 
using paired or unpaired Student 's t-test as appropriate or A N O V A . Numbers of 
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observations (n) are given in Tables and Figure legends. If tiiere were separate sets of 

control data for each concentration of protein, ANOVA and the Mahalanobis test was 

used. To reduce effects of variabiHty in control open probability (PoC), and to evaluate 

test parameters after protein addition (Pot), data were expressed as the difference 

between the logio PoC and log,,, Pot for each channel (e.g. logu, PoC - logu. Pot). The 

difference from control was assessed with a paired t-test applied to logio Poc and logio 

P„t. The difference between each concentration was assessed using ANOVA on 

logic PoC - logio Pot at each concentration with the multidimensional Mahalanobis test. 

The difference between logic - PoC - logu, P„t at +40 mV and at -40 mV at each 

concentration was assessed using the Student's t-test. A P value of <0.05 was 

considered significant for all tests. 

6.4 Results 

6.4.1 The effect of full length Pia subunit on R y R l channel activity 

The effect of adding the full length Pia subunit to a RyRl channel embedded in an 

artificial lipid bilayer was investigated by Dr. Esther Gallant (Muscle research Group, 

JCSMR). 

The recombinant (Ch.3.3.1) Pia subunit (expressed and purified by the author of this 

thesis) was added to the cytoplasmic ids) side of a single RyRl channel in a lipid 

bilayer. Each RyRl channel was exposed to one concentration of pia for 15 to 20 min 

and the protein was then removed by perfusion. The cytoplasmic (cis) in this 

experiment was lO^iM, and the luminal (trans) [Ca^" ]̂ was ImM. 

A strong increase in activity was apparent within I min of addition of only lOnM of the 

protein and this was maintained until the cis chamber was perfused to remove the Pu, 

subunit. Activity fell towards control levels following perfusion (Figure 6-2). However 

the effect of Pia was not always reversible within the lifetime of the bilayer (10 to 20min 
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control 
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500ms 100ms 

Figure 6-2 Effect of full length Pia on RyRl channel activity A) control recording before the addition of pia B) addition of 50 nM pia - channel 
activity increases C) washout - channel activity decreases but does not completely return to control levels. The left panel shows 3 s recordings of 
representative channel activity at +40 mV and the right panel shows expansions of data underlined by thick black lines in the 3 s records to illustrate 
the changes in open duration, "o" - maximum open current indicated by broken lines, "c" - zero current ( closed state of channel) indicated by 
continuous lines. Channel records obtained from Dr. Esther Gallant (Muscle research Group. JCSMR). 
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after perfusion) with only 15 of 27 channels showing a decrease in activity after 

washout of >10nM of the (3ia subunit. 

The effects of the full length Pia on channel activity were similar at +40 mV and 

at -40 mV. There was an average 2.3±0.4 -fold increase in P,, at +40 mV and an average 

3.8±1.0 at -40 mV after adding 100 nM Pia subunit (i.e. the average of Po,/Poc tor 

individual channels). Thus measurements at +40 mV and -40 niV were combined in all 

average data. There was a significant increase in average relative open probability (open 

probability of each channel in the presence of the subunit compared with its internal 

control before exposure to protein, i.e. log Poplog Poc) with protein concentrations 

>10nM (Figure 6-3A). The increase in open probability was primarily due to a 

significant prolongation of open times (Figure 6-3B) with abbreviation of closed times 

(Figure 6-3C). 

Buffer alone, added at the same volume as that added with l[iM protein, had no effect 

on channel activity (first bar in each graph. Figure 6-3A-C). 

6.4.2 The effect of the 35-residue C terminal tail of pia (|3ia-C35) on R y R l 

channel activity 

Preliminary investigations into the effects of adding the native pia-C35 peptide to a 

RyRl channel embedded in an artificial lipid bilayer were carried out by the author of 

this thesis. Further investigations into this interaction was undertaken by Ms. Robyn 

Rebbeck from the Muscle Research Group, JCSMR (Rebbeck et al., 2011). 

As with the full length protein, the pia-C35 peptide was added to the cytoplasmic (cis) 

side of a single RyRl channel in a lipid bilayer and the experiments were performed 

with 10 [xM cytoplasmic {cis) Ca^^ and ImM luminal (trans) Ca'"^. Each RyRl channel 

was exposed to one concentration of the peptide for 15 to 20 min and then removed by 

perfusion. 

The (3ia-C35 peptide was as effective as the full length protein in increasing native 

RyRl channel activity (Figure 6-4). Concentrations as low as 100 pM in the 

cytoplasmic (cis) solution caused a substantial increase in activity in 5 of 7 individual 

channels (Figure 6-5A), although the average increase in open probability at this 
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Figure 6-3 Changes in RyRl channel activity parameters upon the addition of 
full length Pia. A) Relative Pq (log rel Po) is the average of differences between the 
logic of Po in the presence of the jiia subunit (logPoij) and logio of the control Po 
(logPoc) for each channel, with Po measured over 180 s. B) The relative mean open 
time (log rel To) is logTon-logToc- C) The relative mean closed time (log rel Tc) is 
logTcirlogTcc- N = 5-8 experiments for each bin in A-C. Asterisks indicate significant 
changes from control induced by the Pia protein. The broken lines indicate significant 
differences between each bin under the horizontal bracket and data at the far end of the 
line. A P value of <0.05 was considered significant. Data obtained from Dr. Esther 
Gallant ( Muscle research Group. JCSMR). 



Chapter 6 

control 
A 

VWV FT f ! 

100 nM peptide 

lOpA 

500ms 90 ms 

Figure 6-4 Effect of Pia-C35 peptide on RyR l channel activity A) control recording before the addition of pia-C35 peptide B) addition of 10 nM 

P]a-C35 peptide - channel activity increases C) washout - channel activity decreases but does not completely return to control levels. The left panel 

shows 3 s recordings of representative channel activity at -40 mV and the right panel shows expansions of data underlined by thick black lines in the 

3 s records to illustrate the changes in open duration, "o" - maximum open current indicated by broken lines, "c" - zero current (closed state of 

channel) indicated by continuous lines. 
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concentration was not statistically significant. Similar to the full length protein, the 

effects of the peptide were not easily reversible, with a clear decrease in activity seen in 

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

As with full length (3ia, the changes in channel activity with the |3ia-C35 peptide at +40 

mV and -40 mV were similar. There was an average 2.7±0.6 - fo ld increase in Pg (i.e. 

average of Po/Poc for each individual channel) at -40 mV and a 3.3±1.1 - fo ld increase 

at +40mV with lOOnM peptide. Therefore measurements at +40mV and -40mV were 

combined in the average data. The average increase in open probability with peptide 

concentrations >10nM (Figure 6-5A) could be attributed to a significant 2-fold increase 

in mean open time (Figure 6-5B), and a significant 4-fold decrease in mean closed 

time(Figure 6-5C). These changes occurred over the same concentration range, and 

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

In order to determine the specificity of the interaction between the native p)a-C35 

peptide and RyRl , a peptide consisting of a scrambled Pia-C35 sequence was added to 

the cytoplasmic side of RyRl channels. The scrambled peptide had no significant effect 

on channel activity (Figure 6-6, Rebbeck et al., 2011). Therefore the increase in 

channel activity required the specific native amino acid sequence in the C-terminal 35 

residues of the pia subunit. 
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Figure 6-5 Changes in RyRl channel activity parameters upon the addition of 
pia-C terminal peptide (Pia-C35). A) Relative Po (log rel Po) is the average of 
differences between the logio of Po in the presence of they5ia-C35 peptide (logPoK) and 
logic of the control Po (logPoc) for each channel, with Po measured over 180 s. IJ) The 
relative mean open time (log rel To) is logTon-logToc- C) The relative mean closed 
time (log rel Tc) is logTcn-logTcc- ^ = experiments for each bin in A-C. Asterisks 
indicate significant changes from control induced by the Pia-C35 peptide. The broken 
lines indicate significant differences between each bin under the horizontal bracket and 
data at the far end of the line. A P value of <0.05 was considered significant. Data 
obtained from Ms. Robyn Rebbeck ( Muscle research Group. JCSMR). 
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Figure 6-6 Scrambled peptide does not alter RyRl activity. A) RyRl channel 
opening upward at +40 mV from the closed (c) to the maximum open level (o) before 
(control) and after addition of 100 nM scrambled peptide. B) Average relative Po 
(PoP/PoC) after exposure to 10 and 100 nM scrambled peptide (N = 7 experiments) 
Data obtained from Ms. Robyn Rebbeck (Muscle research Group. JCSMR). 

The interaction between the Pia-C35 peptide and RyRl was also investigated in the 

presence of 2 mM ATP (and 10 ^iM Ca^"") in the cytoplasmic (cis) solution. The changes 

seen in channel gating characteristics and the concentration-dependence of the changes 

in the presence of 2 mM ATP were very similar to those described for the full-length 

subunit and for the |3ia-C35 peptide in the absence of ATP (Rebbeck et al., 2011). 

Further experiments performed with varying Ca "̂" and Mg'"" concentrations indicated the 
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Pia-C35 peptide did not increase tiie activity of RyRl channels that are inactive with 

100 nM cytoplasmic Ca'"" or inhibited be Mg^"" (Rebbeck et al.. 2011). 

6.4.3 The effect of the Pia-C35 mutant peptides on RyRl channel activity 

Based on NMR structural studies presented in Chapter 5, three residues of the native 

Pia-C35 sequence were mutated to alanines. These three residues L'"" and W"*"̂ ) 

formed a hydrophobic surface within a helical region of the pia-C35 peptide which 

could function as a binding surface for RyRl (ch.5.3.4.3). Therefore, four peptides 

were synthesized (ch.6.3.2) where the first three consisted of individual mutations in 

L-'"" and ( pia-C35 L496A, pia-C35 L500A and pia-C35 W503A ). The fourth 

peptide consisted of simultaneous mutations of all three residues to alanines (Pia-C35 

L496/L500/W503 A). 

Each Pia-C35 mutant peptide was added to the cytoplasmic ( m ) side of a single RyRl 

channel in a lipid bilayer and the experiments were performed with 10 ^iM cytoplasmic 

ids) Ca^"" and 1 mM luminal {trans) Câ "̂  in the presence of 2 mM (cis) ATP. Each 

RyRl channel was exposed to one concentration of the peptide for 15 to 20 min. 

Experiments were carried out with two concentrations of each mutant peptide - 10 and 

100 nM. These concentrations and conditions were selected as the maximum increase in 

RyRl channel activity was observed within this range with the native pia-C35 peptide 

(Figure 6-5). 
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Unlike the native (iia-C35 peptide, the mutant peptides showed a voltage dependence in 

their effect on the ryanodine receptor. The simultaneous mutation of all three 

hydrophobic residues to alanines ( Pia-C35 L496/L500/W503 A ) resulted in an 

inhibitory effect on RyRl (Figure 6-7). 

control 500ms 

lOpA 

Figure 6-7 Triple mutant peptide, pia-C35 L496/L500AY503 A inhibits R yR l 
activity. 3 s recordings of representative channel activity at - 40 mV. RyRl channel 
opening downward at - 40 mV from the closed (c) to the maximum open level (o) 
before (control) and after addition of 100 nM peptide. 

At +40 mV the triple mutant peptide caused an inhibition of the ryanodine receptor at 

both 10 and 100 nM. At -40 mV it was unable to activate the RyRl at 10 nM and 

showed an inhibitory effect at 100 nM (Figure 6-8). The inhibitory effect caused by the 

triple mutant at +40 mV was due to a 2 fold increase in mean closed times (Tc) and a 

>0.5 fold decrease in mean open frequency. This was seen at both concentrations of 

10 nM and 100 nM. At -40 mV, the inhibitory effect was mostly due to >2 fold decrease 

in the mean open frequency (Figure 6-9). 
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Figure 6-8 Changes in log relative open probability of RyRl upon the addition of 
the triple mutant peptide pia-C35 L496/L500AV503 A . Relative P(, (log rel P,,) is 
the average of differences between the logio of Po in the presence of the mutant peptide 
(logPois) and logio of the control Po (logPoc) for each channel, with P(, measured over 
180 s. A) The triple mutant peptide inhibits the channel at +40 mV. B) The triple mutant 
peptide inhibits the channel at - 40 mV and 100 nM ( Â  = 5 in each bin ). "*" indicate 
significant changes from control induced by the mutant peptide. "#" indicates 
significant differences between the mutant peptide and the wild type. The broken lines 
indicate significant differences between each bin under the horizontal bracket and 
buffer. A P value of <0.05 was considered significant. Results are means ±SEM. 
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Figure 6-9 Changes in RyRl channel activity parameters upon the addition of the 
triple mutant peptide pia-C35 L496/L500AV503 A. Relative mean open time, Tq (log 
rel To) is the average of differences between the logic of Tq in the presence of the 
mutant peptide (logToB) and logio of the control Tq (logToc) for each channel, with To 
measured over 180 s.The relative mean closed time (log rel Tc) is logTcirlogTcc- The 
relative mean open frequency (log rel Fo) is log Foij-logFoc. A) There is a statistically 
significant increase in Tc and a decrease in Fo leading to inhibition of RyRl at -i-40 mV. 
B) There is a statistically significant decrease in Fo leading to inhibition of the channel 
upon the addition of 100 nM of the triple mutant peptide at -40 mV. (Â  = 5 experiments 
for each bin) "*" indicate significant changes from control induced by the mutant 
peptide. A P value of <0.05 was considered significant. Results are means ±SEM. 
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Overall, all three single mutant peptides (pia-C35 L496A, pia-C35 L50()A and pia-C35 

W503A) showed an inhibitory effect at +40 mV, but activated the ryanodine receptor at 

-40 mV (Figures 6-10 to 15) 

Compared to the native Pia-C35 peptide, mutation of L496 to alanine caused a 

minimum effect on the ryanodine receptor at +40 mV at both concentrations (10 and 

100 nM). But the mutant peptide increased the activity of the ryanodine receptor 

at -40 mV (Figure 6-10). This increase in activity was due to a 0.5 fold decrease in 

mean closed times (Tc) and a 1.5 fold increase in mean channel open frequency 

(Figure 6-11). Mutation of L500 to alanine tended to inhibit the ryanodine receptor at 

+40 mV at 10 nM. However this inhibition was not significant. (P = 0.()6). At 100 nM 

and +40 mV, this mutant peptide tended to activate RyRl , but again the increase was 

not significant. At -40 mV, the mutant peptide, Pia-C35 L500A activated the ryanodine 

receptor at both concentrations similar to the native Pia-C35 peptide (Figure 6-12). This 

activation was primarily due to an >0.6 fold decrease in the mean closed time (Tj.). 

There was no significant change in the mean open frequency (F(,)(Figure 6-13 ) 

Mutation of W503 to alanine caused a minimum effect on the ryanodine receptor at the 

lower concentration of 10 nM. This was true for both +40 and -40 mV. However at the 

higher concentration of 100 nM, this mutant peptide caused an inhibition of the 

ryanodine receptor at +40 mV, but activated the channel at -40mV similar to the other 

single mutants and the native Pia-C35 peptide (Figure 6-14). The inhibitory effect was 

due to a two fold increase in the mean closed time (Tc) and a similar decrease in the 

mean open frequency (Fo). The activation at -40 mV was primarily due to a 0.7 fold 

reduction of mean closed time (Tc)(Figure 6-15). 
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Figure 6-10 Changes in log relative open probability of RyRl upon the addition of 
the mutant peptide pia-C35 L496A . Relative Pq (log rel Pq) is the average of 
differences between the logio of Po in the presence of the mutant peptide (logPou) and 
logio of the control Po (logPoc) for each channel, with Pq measured over 180 s. A) 
Mutant peptide L496A does not activate the channel at +40 mV. B) Mutant peptide 
L496A activates the channel at - 40 mV. ( Â  = 5 in each bin ). "*" indicate significant 
changes from control induced by the mutant peptide. "#" indicates significant 
differences between the mutant peptide and the wild type. The broken lines indicate 
significant differences between each bin under the horizontal bracket and buffer. A P 
value of <0.05 was considered significant. Results are means ±SEM. 



Chapter 6 

0.60 
> 
E 0.40 o Tj-
+ 
CS 0.20 
1) 
a > 0.00 
> 

-0.20 
i» u. 
M -0.40 

-0.60 

10 nM peptide 

100 nM peptide 

x 

To Tc Fo 

B 

> p 
o 

0.60 r 

0.40 -

0.00 «5 > 
> 

« -0.20 
a 
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Figure 6-11 Changes in RyRl channel activity parameters upon the addition of the 
mutant peptide Pia-C35 L496A . Relative mean open time. To (log rel To) is the 
average of differences between the logio of To in the presence of the mutant peptide 
(logToii) and logio of the control To (logToc) for each channel, with To measured over 
180 s.The relative mean closed time (log rel Tc) is logTc :B-logTec. The relative mean 
open frequency (log rel Fo) is log Foa-logFoc- A) There is no significant change in any 
of the parameters upon the addition of L496A peptide at -i-4() mV. B) There is a 
statistically significant decrease in Tc and and increase in Fo leading to activation of the 
channel at -40 mV. = 5 experiments for each bin) "*" indicate significant changes 
from control induced by the mutant peptide. A P value of <0.05 was considered 
significant. Results are means ±SE1VI. 
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the mutant peptide Pia-C35 L 5 0 0 A . Relative Po (log rel Pq) is the average of 
differences between the logio of Pq in the presence of the mutant peptide (logPon) and 
logio of the control Pq (logPoc) for each channel, with Pq measured over 180 s. A) 
Mutant peptide L500A does not activate the channel at -i-40 mV. B) Mutant peptide 
L500A activates the channel at - 40 mV. ( Â  = 5 in each bin ). "*" indicate significant 
changes from control induced by the mutant peptide. "#" indicates significant 
differences between the mutant peptide and the wild type. The broken lines indicate 
significant differences between each bin under the horizontal bracket and buffer. A P 
value of <0.05 was considered significant. Results are means ±SEM. 
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Figure 6-13 Changes in R y R l channel activity parameters upon the addition of the 
mutant peptide Pia-C35 L500A . Relative mean open time, To (log rel To) is the 
average of differences between the logio of To in the presence of the mutant peptide 
(logTon) and logu) of the control To (logToc) for each channel, with To measured over 
180 s.The relative mean closed time (log rel Tc) is logTcu-logTcc- The relative mean 
open frequency (log rel Fo) is log FoB-logFoc. A) There is no significant change in any 
of the parameters upon the addition of L500A peptide at +40 mV. B) There is a 
statistically significant decrease in Tc leading to activation of the channel at -40 mV. 
(N = 5 experiments for each bin) "*" indicate significant changes from control induced 
by the mutant peptide. A P value of <0.05 was considered significant. Results are means 
±SEM. 
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Figure 6-14 Changes in log relative open probability of RyRl upon the addition of 
the mutant peptide Pia-C35 W503A . Relative Po (log rel Pq) is the average of 
differences between the logio of Pq in the presence of the mutant peptide (logPou) and 
logic of the control Po (logPoc) for each channel, with Pq measured over 180 s. A) 
Mutant peptide W503A does not activate the channel at -(-40 mV. It inhibits the channel 
at 100 nM B) Mutant peptide W503A activates the channel at - 40 mV and 100 nM 
(Â  = 5 in each bin). "*" indicate significant changes from control induced by the mutant 
peptide. "#" indicates significant differences between the mutant peptide and the wild 
type. The broken lines indicate significant differences between each bin under the 
horizontal bracket and buffer. A P value of <0.05 was considered significant. Results 
are means ±SEM. 
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Figure 6-15 Changes in R y R l channel activity parameters upon the addition of the 

mutant peptide |3ia-C35 W503A . Relative mean open time. To (log rel To) is the 

average of differences between the logio of To in the presence of the mutant peptide 

(logToij) and logic of the control To (logToc) tor each channel, with To measured over 

180 s.The relative mean closed time (log rel Tc) is logTcu-logTcc. The relative mean 

open frequency (log rel Fo) is log Fou-logFoc- A) There is a statistically significant 

increase in Tc and a decrease in Fo leading to inhibition of RyR 1 upon the addition of 

100 nM W503A peptide at +40 mV. B) There is a statistically significant decrease in Tc 

leading to activation of the channel upon the addition of 100 nM W503A peptide at -

40 mV. (/V - 5 experiments for each bin) "* " indicate significant changes from control 

induced by the mutant peptide. A P value of <0.05 was considered significant. Results 

are means ±SEM. 
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6.5 Discussion 

The C-terminal 35 residues of the DHPR Pia subunit have been shown to be important 

for skeletal type EC coupling (Beurg et al., 1999). Furthermore, the full length Pia 

subunit, and a peptide corresponding to the end 35 residues of its C terminal tail 

(Pia-C35) are able to bind to RyRl and strengthen the EC coupling process (Cheng et 

al., 200.5, Rebbeck et al., 2011). This chapter examined the functional implications of 

these binding events on the skeletal ryanodine receptor. 

The full length (iia subunit caused an increase in RyRl activity when added to the 

cytoplasmic side of a channel embedded in an artificial lipid bilayer. The native 

35-residue C terminal tail peptide (Pia-C35) caused a similar effect, showing that this 

region of (3]a was sufficient to account for the increase in activity of RyRl . Both the full 

length Pia subunit as well as the 35-residue C terminal tail peptide caused an increase in 

ryanodine receptor activity (increase in relative mean open time - Figures 6-3 and 6-5) 

at concentrations as low as 100 pM and this increase in channel activity was not 

completely reversible to control levels within the life time of the lipid bilayer (Figures 

6-2 and 6-4). Furthermore, a scrambled peptide consisting of the same residues as 

Pia-C35 failed to activate RyRl (Figure 6-6) indicating that the native sequence of this 

peptide was required for its activation of the ryanodine receptor. These results point to a 

highly specific and high affinity interaction between the C terminal tail of the Pia 

subunit and the skeletal ryanodine receptor. 

in chapter 5 of this thesis the author examined the structure of the C terminal tail 

peptide and identified three hydrophobic residues in a helical region which could act as 

a binding surface for the ryanodine receptor. Overall, the mutation of these residues to 

uncharged neutral residues (alanines), altered the functional interaction between the pia 

C-35 peptide and the ryanodine receptor. Unlike the native P)a-C35 peptide which 

showed similar activation at positive and negative potentials, single mutations of each 

residue (table 6-1) resulted in a voltage dependence of its effect on the ryanodine 

receptor. The single mutant peptides (|3)a-C35 L496A, Pia-C35 L500A and Pia-C35 

W503A) lost their ability to activate RyRl at +40 mV while maintaining activation 

at -40 mV. Structural studies of the mutant peptides (ch. 5.3.4.4) indicated that, except 

for L496A, the mutations did not completely disrupt the helical region seen in the native 
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Pia-C35 peptide. Therefore it is not surprising that the single mutant peptides 

maintained some of their activation properties. Although, NMR studies of the mutant 

peptide, |3ia-C35 L496A, showed the maximum disruption to the helical region 

(ch.5.3.4.4) of the native pia-C35 peptide, it is curious that (3ia-C35 L496A activated the 

ryanodine receptor at -40 mV. This may be because the presence of either L500 or 

W503 is sufficient for the activation of RyRI at negative potentials. Although the 

helical region of the L496A mutant is disrupted, the residues L50() and W503 could still 

be labile enough to interact with RyRI and cause some activation. The helical region of 

Pia-C35 is located close to the N-terminus of this relatively short peptide, which in the 

event of disruption of secondary structure becomes random coil and more labile. This 

question could be addressed by performing this mutation (L496A) in the full length pia 

subunit and looking at its effect on RyRI . 

Structural studies of the triple mutant (pia-C35 L496/L500/W5()3 A) also indicated that 

the mutations did not completely disrupt the helical region of the native peptide (ch. 

5.3.4.4). This is probably due to the helix forming tendency of the alanine residues. 

However, the simultaneous mutation of all three hydrophobic residues abolished the 

activation properties of the native pia-C35 peptide and caused an inhibitory effect on 

RyRI at both positive and negative potentials. Therefore the presence of helicity by 

itself was not sufficient to activate the channel. 

in conclusion, the complete activation of RyRI by the pia C terminal tail at both 

positive and negative potentials not only depends on an intact helical structure but 

requires the presence of at least one of two (L500 or W503) hydrophobic residues that 

participates in forming a hydrophobic surface in Pia-C35 peptide. The importance of the 

helical region of the pu C- terminal for the interaction with RyRI will be better 

evaluated by performing these mutations in the full length Pu, subunit in future 

experiments. 
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Chapter 7 Discussion 

Excitation-contraclion (EC) coupling in skeletal muscle is critically dependent on the 

close interaction of two distinct Ca "̂̂  channels, the voltage dependent 

1,4-dihydropyridine receptor (DHPR) in the sarcolemma and the type-1 ryanodine 

receptor (RyR l ) in the sarcoplasmic reticulum (SR). Specifically, the DHPR responds 

to membrane depolarization which results in the opening of RyRl and the release of 

Ca "̂̂  from the SR which consequently induces muscle contraction. Although the DHPR 

can function as a calcium channel, skeletal type EC coupling does not require the entry 

of extracellular Ca^" ,̂ leading to the notion that physical protein-protein interactions link 

the DHPR and RyR l . This idea is supported by the fact that the DHPRs in skeletal 

muscle are arranged in groups of four ("tetrads") such that each DHPR within a tetrad is 

apposed to one of the four, identical subunits of RyRl (Block et al., 1988). Although a 

wealth of knowledge about the skeletal DHPR-RyRl interaction has been generated 

during the last two decades, the exact molecular details of this interaction remains 

elusive. 

O f the five subunits of the DHPR, the skeletal isoforms of the membrane spanning ais 

subunit and the cytoplasmic Pia subunit are essential for the skeletal muscle EC 

coupling process. A region in the ais subunit consisting of amino acid residues 724-760 

in the loop between the second and third trans-membrane domains (II-III loop) form a 

minimal essential region for transmitting the EC coupling signal from DHPR to the 

RyRl Ca "̂̂  release complex in the SR membrane. Deletion/mutation of this region 

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

The beta-subunit of the DHPR plays a dual role in chaperoning the ais subunit to the 

t-tubular membrane and modulating their gating. This targeting depends on a well 

characterized, high affinity binding between the guanylate kinase (GK) domain of the 

beta subunit and the l-ll loop of the ai subunit (Chen et al., 2004). This interaction 

anchors the beta subunit to the ai subunit, enabling a\- P pair-specific low-affinity 

interactions involving the N-terminus, Hook region and C-terminus, which confer on 

each of the four beta-subunit subfamilies its distinctive modulatory properties (He et al., 

2007). 
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However, the exact role of the SH3 domain of the suhunit remains a mystery. 

Furthermore, in addition to its modulatory properties, several studies suggest that the 

skeletal isoform of the pu, subunit (Pu,) may play a direct role in skeletal type 

EC-coupling. The Pia subunit has an essential role in targeting the ttis into a precise 

tetrad formation apposing alternate type 1 ryanodine receptors (Schredelseker et al., 

2005). Also, the pu, subunit was shown to bind the skeletal ryanodine receptor and 

deletion of its end 35 residues led to a significant reduction in depolarization induced 

Ca-^ release from the SR through RyRl (Cheng et al., 2005, Beurg et al., 1999). 

Therefore, the aim of this study was to investigate the molecular interactions of the Pia 

subunit and its SH3 domain and the 35-residue Pia C terminal tail in the mechanical 

coupling between the skeletal DHPR and the ryanodine receptor. 

7.1 Recombinant j3ia subunit 

Although the structure of the core domains (SH3 and GK domains) of several beta 

isoforms (p2a and p3) have been elucidated, no such structural information exist for the 

skeletal isoform of the beta subunit. Hence, the first step of this study was to 

recombinantly express and purify the full length P^ subunit to homogeneity with a view 

of elucidating its structure. However, due to the protease sensitive nature of the protein, 

obtaining a yield sufficient for further structural studies was not feasible. The existing 

structural data on the core region indicate that the well conserved GK and SH3 domains 

contain a high degree of secondary structure whereas the Hook region, N and C-termini 

show a high degree of motility. The unstructured nature of the terminal ends of the 

protein would certainly predispose it to proteolytic activity. Therefore it is not 

surprising that no structural information exists so far of any of the full length beta 

subunit isoforms. 

7.2 Interaction between pia-SH3 domain and the a^ H-III loop 

The recombinant, full length Pia subunit and its SH3 domain were used to probe the Pu, 

interaction with the ais subunit. Since SH3 domains are known to interact with 

poly-proline rich motifs, and such motifs are present in the C region (minimal essential 

region for skeletal type EC coupling - residues 724-760) of the ais II- III loop, the 
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possibility of an interaction between the Pia-SH3 domain and the II-III loop was 

explored. The ais ll-III loop and a peptide corresponding to its C region bound to the 

Full length p u subunit and its SH3 domain with an affinity of ~ 2 fiM. Mutation of the 

proline residues to alanines and scrambling the sequence of the C region peptide 

abolished this binding, confirming that the native sequence of the ais II-III loop C 

region was required for binding to the Pia-SH3. Previous crystallographic studies on the 

P2a and Ps isoforms had suggested that such an interaction between p-SH3 domains and 

a poly-proline motif was not possible because the binding site in the SH3 domain is 

occluded by the RT-Src loop and the a2 helix of the Hook region (Figure 4-1). However 

it is possible that the interaction described in chapter 4 of this thesis is a skeletal specific 

interaction that can occur due to structural differences specific to the SH3 domain of the 

Pia isoform. Alternatively, it is possible that under certain conditions the highly flexible 

RT-Src loop and/or the a2 helix may shift, in such way as to expose the poly-proline 

binding site. 

This study further narrowed down the interaction between the pia-SH3 domain and the 

Wis II-III loop, to two poly proline motifs in the critical C region. Although both 

poly-proline rich motifs bound with similar affinity to Pia-SH3, the second motif 

encompassing four skeletal specific residues was favoured compared to its cardiac 

counterpart (Figure 4-9, table 4-4). Of these essential skeletal residues, mutation of 

P742 and D744 to its cardiac counterparts reduced the binding affinity between the 

skeletal specific poly proline motif (motif 1) of the ais H-IH loop and the pia-SH3 

domain by approximately five fold (Figure 4-10, table 4-5). It is established that the 

specificity of protein-protein interactions between canonical SH3 domains and 

poly-proline rich motifs are governed not exclusively by the prolines themselves but by 

the surrounding residues (Kaneko T et al., 2008). It appears that the specificity of the 

interaction between the Wis II-III loop and the pia-SH3 domain could be controlled by 

two skeletal specific residues, P742 and D744. This is significant as in vivo studies have 

shown that these skeletal specific residues (A739, F741, P742 and D744) are important 

for skeletal type EC coupling (Kugler et al., 2004). In the study by Kuglar et al., A739 

and F741 were involved in bi-directional coupling but P742 and D744 were only 

involved in orthograde coupling. . In this study (Kugler et al., 2004), the loss of skeletal 

type EC coupling due to the mutation of the skeletal specific residues to their cardiac 
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counterparts was attributed to the loss of random coil structure of the C-region which 

the authors deemed necessary for skeletal type EC-coupling. But the study by Kuglar et 

al. does not address the possible contributions of additional sites involved in the 

interaction with RyRl , and the authors acknowledge that "parts of ais outside the II-III 

loop and/or auxiliary DHPR subunits also participate directly or indirectly in the 

specific interaction with RyRl" . Therefore it is possible that the effect of P742 and 

D744 in skeletal type EC coupling is in determining the specificity of the interaction 

between pia-SH3 domain and the ais-ll-ll l loop. 

But the question remains as to how this interaction participates in the skeletal EC 

coupling process. The DHPR pia belongs to a class of MAGUK proteins, which are 

scaffolding proteins that play a clustering role in protein interactions (McGee et al., 

2001). The presence of two SH3 binding motifs in the skeletal ll-III loop C region 

indicates the possibility of a pia-SH3 dimer acting as a linker and clustering the tetrad of 

ttis subunits apposing the RyRls in the triad junctions. In fact dimerization of the Pur 

SH3 was seen in this study when used at higher concentrations (ch.4.1.6.7) and ligand 

mediated dimerisation of the SH3 domain has been reported in several other studies 

(Miranda-Laferte et al., 2011). The clustering role of the SH3 domain could be 

exclusive to the skeletal Il-lll loop since it has two SH3 binding motifs of higher 

affinity in comparison to the cardiac. Tetrad formation has been shown to be an 

exclusive function of the Pia subunit (Schredelseker et al., 200.'i). Therefore, it is 

tempting to speculate that tetrad formation may be linked to the clustering role of the 

Pia-SH3 domain. 

7.3 Structure and function of the 35-residue C terminal tail of the pia 

subunit 

The full length subunit was previously shown to bind to RyRl fragments (Cheng et 

al., 2005) and the end 35 residues of pia was shown to support EC-coupling (Beurg et 

al., 1999). A recent study has also shown that the full length Pia subunit activates the 

skeletal ryanodine receptor and that a peptide corresponding to the C terminal 35 

residues of Pia (Pia-C35) is able to bind to RyRl and is sufficient to support this 

increase in channel activity (Rebbeck et al., 2011). The present study investigated the 
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structure of the pia-C35 peptide with the aim of understanding its binding to RyRI . 

NMR investigations of the Pia-C35 revealed a mostly random coil peptide with a helical 

region extending from approximately L493 through to L506. Closer examination of this 

helical region showed four hydrophobic residues, L493, L496, L500and W503 (Figure 

5-9), that could likely form a hydrophobic binding surface with RyRI. Interestingly, 

mutating three of these residues (L496, L500 and W503) simultaneously to alanines did 

not completely disrupt the helicity of this region, perhaps due to the inherent helix 

forming tendency of alanine residues. But the ability of this triple mutant peptide to 

activate RyRI was abolished. In fact this peptide inhibited the skeletal ryanodine 

receptor. Also, individual mutations of two of these hydrophobic residues (L500 and 

W503) did not completely disrupt the helical structure of this region. But in contrast to 

Pia-C35 wild type, these mutant peptides showed a voltage dependence in their 

interaction with RyRI. Although structural studies indicated that L496 was essential for 

the stability of the helical region of pia-C35, this peptide interacted with RyRI in a 

similar manner to the other single mutants, L500A and W503A. These results indicate 

that the nature of the hydrophobic residues themselves, specifically L500 and W503, 

rather than the secondary structure of this region is important for binding to RyRI. 

A more recent in vivo study conducted by Feng et al. also showed that the (3]a C 

terminal (terminal 38 residues) is essential for the functional interaction with RyRI 

(Feng et al., 2011). However, in the Feng et al. study, the full length Pia subunit showed 

an inhibitory effect on the skeletal ryanodine receptor. This discrepancy in results could 

be due to a species difference between the ryanodine receptor vesicles (mouse versus 

rabbit) used but a definitive answer needs further investigation. In the same study four 

leucine residues (L488, L493, L500 and L506) were mutated within and adjacent to the 

helical region of the Pia-C terminal identified in the present work. These mutations led 

to a reduction of the inhibitory effect on RyRI compared to the wild type Pia subunit. it 

is of note that both studies, Feng et al. and the present study, identified L500 as being 

important for the functional interaction of the Pia subunit with RyRI. 

Another study by Sheridan et al. suggested that a hydrophobic heptad repeat in the pia 

C-terminal tail (L478, V485 and V492) was important for skeletal type EC coupling 

(Sheridan et al., 2004). However, alanine substitution of the hydrophobic heptad repeat 

residues that abolished voltage-dependant Câ "̂  release in a mouse model did not alter 
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Ca'"" release in a zebra fish model (Dayal et al., 2010). Although this could be explained 

by species differences between the two tissues, the exact role of this heptad repeat in 

skeletal EC coupling remains contentious. 

Although the above studies including those reported in this thesis have clearly identified 

the pia C-terminus as a critical element of pia function, FRET based studies do not 

support these results (Papadopoulos et al., 2004). The FRET efficiency of a CFP-YFP 

tandem construct fused to the p u C terminus was minimally affected by the presence of 

RyRl and the fusion of this tag did not alter the percentage of myotubes that contracted 

in response to electrical stimulation. Moreover, EC coupling persisted after the binding 

of streptavidin to a biotin acceptor domain affixed to the p u C terminus (Lorenzon et 

al., 2004). These results may indicate that the Pia C terminus is not essential for binding 

to RyRl . However these results could also be explained by the fact that the Pia binding 

site involves hydrophobic residues remote from the extreme C terminus of pu. Studies 

conducted by Papadopoulos et al. also show that Pu expressed without a ^ did not 

colocalise with RyRls , suggesting that Pia cannot bind to RyRl in the absence of ais. 

However this could be explained by geometrical changes in the narrow triad junction 

that could occur in the absence of ttis. 

7.4 Role of the Pia SH3 domain and the Pia C terminus in skeletal EC 

coupling? 

Recent in vivo studies in a pia null zebra fish model have shown that the Pia SH3 

domain is essential for skeletal type EC coupling. Specifically, the substitution of the 

Pia N, Hook and C terminus on a Musca domesticus (which does not support EC 

coupling) background did not restore motility to Pia null zebra fish larvae, whereas the 

addition of the SH3 domain restored motility (Grabner et al. personal communication). 

Further unpublished in vivo studies in pia null zebra fish myotubes suggest that the 

pia-SH3 domain and its C-terminus are essential for ocis charge movement. Specifically, 

the substitution of Pia-SH3 domain and the C terminus on a P3 background (which show 

no charge movement) restored ais charge movement (Kumar et al., 2011). However the 

substitution of the Pia N, Hook or the GK domain on a P;* background did not restore a ^ 
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charge movement indicating that these regions were not involved in this particular role 

of the (5la subunit. 

This study shows that the SH3 domain of the Pia subunit interacts with the critical 

region of the ttis II-lIl loop in vitro. This interaction is localised to a proline rich motif 

encompassing four skeletal specific critical residues of the ttis H-III loop. Of these four 

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

The final 35 residues of the Pia C terminal domain binds and activates the skeletal 

ryanodine receptor. A peptide corresponding to this region contains a helical region 

encompassing three hydrophobic residues (L496, LSOOand W503) which could act as a 

binding site for RyRl. Mutation of these hydrophobic residues to alanines did not 

completely destabilize the helical region however it abolished the ability of this peptide 

to activate the ryanodine receptor. 

Therefore we propose a model where the (3ia SH3 domain binds to the ttis II-III loop 

and clusters the DHPRs in the correct tetrad formation apposing RyRl. This skeletal 

specific tetrad formation facilitates charge movement upon depolarization which is in 

turn relayed through the Pia C terminus to the RyRl (Figure 7-1). 

Some studies support a model where the Pia subunit binds to the ttis and acts as an 

allosteric modifier of the critical region of the II-III loop which binds to the ryanodine 

receptor and ultimately leads to skeletal type EC coupling (Schredelseker et al., 2009) 

However, such a binding site for the II-III loop in the RyRl is yet to be identified. 

Moreover such a model also does not take into account the increasing body of evidence 

showing a direct interaction between the Pia C terminus and the skeletal ryanodine 

receptor. 

7.5 Conclusion 

In conclusion, in this thesis the author has presented in vitro evidence of a possible 

pathway in the physical coupling between the DHPR and the RyRl in skeletal EC 

coupling. 
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Figure 7-1 - Proposed model of EC coupling in skeletal muscle. The pia- SH3 domain binds to the a u H-III loop and clusters them in the correct 
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7.6 Future directions 

Structural studies of the P2a and isoforms have indicated that the SH3 domains of the 

P subunits are unlikely to interact with proline rich motifs because the poly-proline 

binding site is occluded by the RT Src loop (between the and 2"'' p strands of the 

SH3domain) and a2 helix of the Hook region. This study has shown that such an 

interaction is possible between the Pia-SH3 domain and the poly-proline rich region of 

the ais II-IIl loop. This observation needs to be further investigated with structural 

studies of the (3ia isoform. Furthermore, the Pia RT-Src loop and the tta helix could be 

substituted to its P2 counterparts and the ability of the chimeric Pia/p2 protein to interact 

with poly-proline motifs of the a\s II-III loop need to be investigated. 

NMR studies of the Pia-C35 peptide identified three hydrophobic residues that may be 

important for the binding of Pia to RyRl . In order to obtain a more complete 

understanding of the role of these residues in the binding and activation of RyR l , they 

need to be mutated in the full length Pia subunit and their ability to bind and modify 

RyRl activity investigated. Also further investigations need to be carried out to identify 

the binding site of the Pia C terminus in RyRl . Mutations should be carried out in the 

cluster of positively charged residues in RyRl (residues 3495-3502) which have been 

shown to bind the full length pu subunit. The ability of the Pia-C35 peptide to modulate 

these mutant RyRIs could be investigated in a lipid bilayer system (ch.6.3.4). 

Finally, the interactions identified here need to be tested in vivo, in mouse or zebra fish 

models, in order to validate their physiological relevance. In order to confirm the 

clustering role of pu, the skeletal specific poly proline motif (motif 1, Figure 4-9) in the 

ttis II-IIl loop could be mutated to alanines in dysgenic (ais null) myotubes and its 

ability to form tetrads investigated by freeze-fracture electron microscopy. The role of 

the putative RyRl binding site in the pia C terminus could be explored further by 

mutating the three hydrophobic residues to alanines in pia null myotubes and 

investigating the effect on skeletal type EC coupling. 
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Appendix 

A.l Buffers and Solutions 

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

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

3. Buffer A 
50 mM sodium phosphate pH 8.0 
300 mM NaCl 

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

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

6. Elution Buffer A 
50 mM sodium phosphate pH 8.0 
300 mM NaCI 
250 mM Imidazole 
10 % glycerol 

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

9. Resolving Gel Buffer 
25 % Tris-HCl (v:v)l .5 M Tris-HCl pH 8.8 slock 
7 - 12 % (v:v) Acrylamide/Bis solution 30% (37.5:1) 
0.05% (v:v) 10% APS stock 
0.125% (v:v) TEMED 

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

11. Electrophoresis Buffer 
0.025 M Tris pH 8.3 
0.192 M Glycine 
0.1 % ( v : v ) S D S 

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

13. De-staining solution 
30% (v:v) methanol 
10% (v:v) acetic acid 

14. Transfer buffer 
129 mM Glycine 
25 mM Tris 
10 % Methanol 

15. Blocking buffer 
150 mM NaCl 
50 mM TrisHCl pH 7.5 
5 % ( w:v) skimmed milk 
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A.2 Chemicals and Reagents 

No. Name Manufacturer 

1. 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-

tetraacetic acid (BAPTA) 
Sigma-Aldrich 

2. '•'NH4CI, 99.80% Novachem 

3. Acetic acid glacial, 99.80% Scharlau 

4. Acetone, 99.50% LabScan Asia 

5. Acrylamide/Bis solution 30% (37.5:1) National Diagnostics 

6. AEBSF (4-(2-Aminoethyll)Benzenesulfonyl 

Fluoride Hydrochloride 
MP Biomedicals 

7. Agar Difco laboratories 

8. Ammonium persulfate (APS) W W R International 

9. Ampicillin Sigma-Aldrich 

10. BCA (Bicinchoninic Acid) ™ Protein Assay Kit Pierce 

11. Benzamadine Sigma-Aldrich 

12. beta-mercaptoethanol, 99.00% BDH Chemicals 

13. Bromophenol blue Sigma-Aldrich 



14. CaCl7 Mallinckrodl 

Appendix 

15. CsCH^O^S Sigma-Aldrich 

16. CsCl Merck 

17. 
Deuterium (D2O), 99 .96% 

Cambridge Isotope 

Laboratories 

18. D-Glucose . 99 .00% Sigma-Aldrich 

19. Dialysis tubing cellulose membrane, 25mm Sigma-Aldrich 

20. Dithiothreitol (DTT) M P Biomedicals 

21. Ethanol, 99 .50% Ajax Finechem 

22. Ethylene diamine tetraacetic acid (EDTA), 

99 .50% 
Merck 

23. Glycerol , 99 .50% 

24. Glycine, 98 .50% 

Ajax Finechem 

Chem-Supply 

25. Imidazole Siama-Aldrich 

26 Isopropyl B-D-l- thiogalactopyranoside (IPTG), 
Sigma-Aldrich 

99 .00% 

27. K2HPO4 Mallinckrodt 
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28. KCI 

29. KH2PO4 

30. Mannitol 

31. Methanol, 99.90% 

32. MgSO^ 

33. Na2HP04 

34. NaCl 

35. NaH.POj 

36. n-Decane, 99.00% 

37. PhastGel™ Blue R 

(Coomassie Blue Stain) 

38. Ruthenium red 

39. 
Silver Stain Plus™ Kit 

40. Skimmed milk powder 

41. Sodium dodecyl sulfate (SDS) 

Ajax Finechem 

Mallinckrodt 

Scharlau 

Ajax Finchem 

BDH Chemicals 

Ajax Finechem 

Merck 

Ajax Finechem 

Sigma-Aldrich 

Amersham 

Pharmacia Biotech 

Sigma-Aldrich 

Bio-Rad 

Laboratories 

Diploma brand 

Sigma-Aldrich 



42. Sucrose 

43. TES 

Sigma-Aldrich 

Sigma-Aldrich 
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44. Tetramethylethylenediamine (TEMED), 99.00% Sigma-Aldrich 

45. Tris, 99.80% BioRad Laboratories 

46. Tryptone Difco laboratories 

47. Urea, 99.50% Amresco 

48. Yeast Extract Difco laboratories 


