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Abstract

Abstract

Malignant hyperthermia (MH) is an autosomal dominant pharmacogenetic
disorder of skeletal muscle triggered by volatile halogenated anaesthetics.
Susceptible individuals can exhibit symptoms including tachycardia, high
temperature, hypoxia, hypermetabolism and skeletal muscle rigidity. There
are usually no symptoms of MH in normal day to day life although “awake”
episodes have been reported as a result of extreme exercise in MH-
susceptible subjects. Genetic variants have been associated with the skeletal
muscle ryanodine receptor gene (RYR7) in 50-70 % of susceptible patients.
At the molecular level susceptible patients are thought to have an increased
sensitivity to RYR1 agonists in skeletal muscle compared to non-affected
patients that results in disregulated skeletal muscle Ca?* homeostasis. In
2000 a novel RYR1-mutation, c.G7354T (p.R2452W), associated with MH,
was identified in a New Zealand (NZ) family. Subsequently the same
mutation was identified in a separate NZ family and has also been reported in
the United Kingdom. To date this mutation had not been shown to be
causative of MH. Therefore, the aim of this study was to carry out functional
analyses to test whether the R2452W mutant receptor alters Ca** release
compared to wildtype. For this study Ca?* release assays were carried out in
three different cell types: B-lymphoblastoid cells, myotubes and HEK293 cells
transfected with full-length human RYR7 cDNA. Cells were exposed to the
RYR1-specific agonist 4-chloro-m-cresol, which stimulates Ca®* release
through the receptor while the increase in cytosolic Ca®* was detected using
a membrane-permeable fluorophore. Cells expressing R2452W mutant
RYR1 showed altered Ca?* release from the sarco(endo)plasmic reticulum
suggesting a hypersensitive channel. In order to study structure/function
relationships of the R2452W mutation within the RYR1 protein, as well as the
3D structure of a central RYR1 domain (amino acid 2144-2489), a region
encompassing this substitution was cloned for bacterial expression and
subsequently purified. Wildtype and mutant proteins were compared to
determine any effects the mutation may have upon the stability of the protein.
Wildtype and R2452W RYR1 protein showed no obvious differences in
stability but both proteins appeared to oligomerise suggesting this region

might be involved in RYR1-RYR1 domain interactions.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Malignant Hyperthermia
Malignant hyperthermia (MH; OMIM# 145600) is an autosomal dominant

pharmacogenetic disorder of skeletal muscle triggered by volatile
halogenated anaesthetics [1]. Susceptible individuals can exhibit symptoms
including tachycardia, high temperature, hypoxia, hypermetabolism and
skeletal muscle rigidity in response to depolarising agents like
succinylcholine or volatile halogenated anaesthetics which have lead to
death in several families [2]. The frequency of MH episodes has been
estimated to be one in 15,000 anaesthetics in children and one in 40,000
anaesthetics in adults [3]. As only a few people are screened for MH this
number is likely to be an underestimation and Monnier et al. (2002)
suggested that mutations causing this disorder may occur with an incidence
of 1 in 2000-3000 in the French population [4]. A similar estimate has been
predicted for Japan [5]. The population residing in the lower part of the North
Island of New Zealand has a relatively high incidence of MH. Fifty-three
families throughout New Zealand have been identified as MH susceptible
(MHS), at least 5 of which are Maori [6, 7] (and personal communication with

Neil Pollock, Palmerston North Hospital).

More than 300 MH-associated point mutations or deletions have been found
in the ryanodine receptor isoform 1 (RYR7) gene located on chromosome
19913.1, which encodes the Ca®" release channel of the sarcoplasmic
reticulum (SR) in skeletal muscle [3, 8] but only 31 have been shown to be
causative ([9], accessed in December 2012). At least 50 % of MH families
show mutations in the RYR1 gene but five other loci have been reported [10,
11]. In order to classify a mutation as MH causative the mutation has to
segregate with MH in at least two different pedigrees and functional assays
showing abnormal Ca?* release from different RYR1 expressing cell types
carrying a patients mutation, have to be performed. It is now accepted that
most MHS patients have an increased sensitivity to Ca®* activation compared
to non-affected patients (MHN) [12]. The initial high mortality rate (70 %),

caused by a rapid rise in myoplasmic Ca®" released from the sarcoplasmic
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reticulum (SR), has been reduced to below 5 % with the introduction of

dantrolene, a Ca** channel blocking agent [13, 14].

MH symptoms cannot be detected in normal day-to-day life, therefore
patients suspected to be MHS must be diagnosed using an in vitro muscle
contracture test (IVCT) which is used as the "gold” standard diagnostic test.
This in vitro test simulates the reaction of muscle to anaesthetic agents. A
biopsy is taken from the patient’s quadriceps muscle and, after dissection
into bundles of fibres, it is exposed to triggering agents while measuring the
associated response in muscle tension. An abnormal reaction represented by
a high muscle contraction to the drugs halothane and caffeine diagnoses MH
susceptibly (MHS) [15]. The IVCT has a sensitivity of 99 % with 93.6 %
specificity [16] and does not always give a definite positive or negative result
(figure 1.1). An equivocal result (MHE) is returned with an abnormal
response to either halothane (MHE,;) or caffeine (MHE,). It is more likely that
patients will have a stronger response to caffeine since caffeine also

stimulates unspecific Ca®* release [16].

o] MHE, | MHN
J ~14% | ~93.1%
£
£ %71 MHS MHE,
4] 0% ~55%

I I I I
022 044 066 >0.66

Halothane (mmol/L)

Figure 1.1 Threshold concentration of caffeine and halothane in IVCT in 73 control biopsies.
The European MH Group obtained data from 73 control biopsies and calculated the percentage
of MHS= MH susceptible, MHN= MH negative and MHE= equivocal results by either halothane
(h) or caffeine (c). Figure adapted from @rding et al. [17].

The caffeine—halothane contracture test (CHCT) is widely used throughout
North America with minor differences in protocols such as the specific
caffeine concentration and the exposure time of the muscle. Major
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differences between the protocols include the threshold for positive reactions
to caffeine (0.2 or 0.3 g for the EMHG or NAMHG, respectively) [18].
Furthermore MHS patients have been shown to have an increased cytosolic
Ca®* concentration when cells are exposed to triggering agents like halothane
using the IVCT. These data were obtained by measuring cytosolic Ca**
concentrations using an intracellular Ca** indicator. This affect was absent
with in vivo stimulation using alternative RYR1 specific agonists [19, 20]. MH
does not only occur in humans, it is also known to affect pigs, horses, dogs
and cats [21-23]. MH in pigs occurs in a similar way as in humans and is
triggered by stress and high temperature. MHS in pigs is autosomal
recessive and they have a tendency to grow increased muscle mass which is
an advantage for pig breeders [24]. The first mutation R615C, associated
with MH, was found in pigs [25] and is the only MH-associated mutation to be

identified in pigs.

1.2 EC (excitation-contraction) coupling in skeletal muscle

EC (excitation-contraction) coupling depends upon a gradient between
extracellular and intracellular Ca?* concentrations. The intracellular Ca*
concentration in resting cells is ~100 nM and is increased rapidly to a tenfold
higher concentration when an action potential activates the surface
membrane of a muscle cell (reviewed in [26]). This surface membrane has a
tubular infolding (t-tubule) and is in close contact with the sarcoplasmic
reticulum (SR), the main Ca?* storage compartment in the muscle (figure
1.2). The dihydropyridine receptor (DHPR) is situated in the t-tubule
membrane and is an L-type voltage-dependent Ca®* channel, which interacts
directly with the ryanodine receptor 1 and transmits the signal from the t-
tubule to RYR1 (reviewed in [27]). EC coupling in skeletal muscle depends
upon a physical interaction of the ass subunit of the skeletal muscle DHPR
with RYR1, where the II-lll loop (the putative cytoplasmic region between
repeats Il and Il of the DHPR) plays an essential role [27] (figure 1.2).
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Figure 1.2 Interaction between RYR1 and the DHPRaj;, lI-Ill loop in EC coupling.

RYR1 is located at the sarcoplasmic reticulum membrane and interacts via the II-1ll loop with
DHPRa,, in the t-tubule membrane [28] (permission for publishing figure was obtained
through RightsLink).

DHPR activates RYR1, inducing conformational changes in RYR1 and
release of Ca?* from the SR into the cytosol. The increased Ca**
concentration in the SR triggers muscle contraction by the binding of Ca®* to
troponin which undergoes a conformational change allowing the actin-
myosin-flaments to interact and the metabolism of ATP hydrolysis (figure
1.3). The metabolic effects of increased cytosolic Ca** explain the symptoms
in an MH episode including a rise in body temperature and muscle rigidity.
The free cytosolic Ca®* is transported back into the SR by the sarco- and
endoplasmic reticulum ATP-ase (SERCA). This channel hydrolyses ATP to
transport Ca?* against its concentration gradient back into the SR. SERCA is
essential for EC coupling as without it the SR Ca’* would become depleted

and no muscle contraction would occur [27].

When SERCA is specifically inhibited by thapsigargin, a plant-derived
sesquiterpene lactone, the concentration of Ca?* in the cytosol increases
while thapsigargin forms a dead end complex with the ATPase making it
unable to pump Ca?* back into the SR [29].



Chapter 1 Introduction

ATP ADP

Actin- myosin - filaments

Figure 1.3 Schematic drawing of the upstream and downstream regulation factors controlling
Ca®* homeostasis in skeletal muscle.

An action potential arrives at a muscle cell (top synapse in purple) and is transmitted along
the t-tubule (yellow) to the dihydropyridine receptor (DHPR, rectangle blue). DHPR activates
the ryanodine receptor (RYR1 in grey) which releases Ca®* from the sarcoplasmic reticulum
(SR) into the cytosol. Ca®* released from the SR leads to muscle contraction involving ca®
binding to troponin leading to the induction of muscle contraction by the actin-myosin-
filaments. Ca®* can be transported back into the SR via SERCA (Ca2+-ATPase, green in SR
membrane), powered by ATP hydrolysis (adapted from Anetseder and Roewer, Maligne

Hyperthermie; in: Die Anasthesiologie, Springer Verlag, Heidelberg).

FK506-binding protein (FKBP-12.0), another RYR1 binding protein, binds
RYR1 around amino acid position 2461 and regulates the gating function of
RYR1 [30]. One FKBP-12.0 binds to one RYR1 subunit and stabilises the
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channel gating between the four subunits. If this interaction is disrupted, for
example by mutations in either RYR1 or FKBP-12.0, it leads to a failure of
EC coupling [31]. Depletion of the SR Ca** stores during muscle contraction
induces Ca®* entry from the extracellular medium by opening of plasma
membrane channels. This is called store-operated Ca?* entry (SOCE).
Several proteins are involved in this mechanism including the
transmembrane-spanning stromal interaction molecule 1 (STIM1) which
senses the SR Ca®" concentration (Ca®*'sg). When Ca®'sg decreases, the
store-operated Ca?* channels become activated and extracellular Ca®* enters
the cell. The plasma membrane pore-forming protein Orai1 interacts with
STIM1 and activates SOCE. SOCE is important in many physiological
processes and may influence Ca** homeostasis if these proteins have
altered function (reviewed in [32]). Myotubes carrying the R615C mutation
showed an enhanced excitation-coupled Ca?* entry (ECCE) which could be
restored by the addition of dantrolene. ECCE is activated by membrane
depolarisation and is independent of the sarcoplasmic reticulum Ca**
content. It is altered in MH susceptible patients and may contribute to
enhanced Ca®" release from the SR [33, 34]. Micromolar free Ca®* can also
trigger Ca®* release (Ca®" induced Ca** release, CICR) from the SR due to
an increased Ca?* concentration in the cytosol while millimolar Ca®
concentrations inhibit the ryanodine receptor [35]. CICR does not play a
major role in physiological Ca** release but seems to play a major role in
agonist induced Ca®" release ([35], see 1.7.2 for further details). Both CICR
and ECCE are regulated by a negative feedback mechanism which prevents
Ca”* release (ECCE is inhibited by dandrolene binding to RYR1 [33] while in
CICR the DHPR subunit a1s bound to RYR1 inhibits Ca*" release [36]).
When a mutation occurs in either of these binding regions, the negative

feedback is no longer intact and can cause MH.

1.3 RYR1 gene and mutations
The RYR1 gene on chromosome 19q13.1 was linked to MH by positional

cloning in 1990 [37]. It is comprised of 106 exons and represents a cDNA
length of over 15,000 bp. Exons range in size from 15 to 813 bp while the
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introns range from 85 to ~16,000 bp. The gene is ~160,000 bp in total [38].
Over 300 MH-associated mutations have been reported to date (source
Human Gene Mutation Database). Most mutations are clustered in three “hot
spot” regions (figure 1.4): domain 1 including exons 1-17 (N-terminal domain,
MH1), domain 2 within exons 39-45 (central domain, MH2) and domain 3
consisting of exons 90-104 (C-terminal domain, MH3, figure 1.4) [39, 40] but

increasingly mutations are being found outside these regions [41].

MH1 MH2
. I 1+

! 1 1 | 1 1
Base pair 0 3000 6000 9000 12000 15114

Figure 1.4 Schematic drawing of MH hotspot regions.
The three RYR1 hot spot domains MH1 (blue), MH2 (pink) and MH3 (green) with the
associated cDNA nucleotides are shown. (The drawing is a schematic diagram and not to

scale, adapted from [1, 42]).

Point mutations in the RYR17 gene have been found in over 50 % of affected
patients, with most MH-associated mutations in humans being heterozygous
and inherited in an autosomal dominant fashion [43, 44]. The first MH-
associated mutation in humans was found in 1992 by Hogan et al. and was a
thymine to cytosine substitution at position 1840 of the RYR7 mRNA
transcript leading to the amino acid change R614C [45]. This is synonymous

with the porcine R615C mutation.

1.4 Ryanodine receptor and protein interaction

The ryanodine receptor (RYR) is the largest known ion channel with a
molecular mass of 2.3 MDa. It has three different isoforms: type 1 (RYRT1)
which is expressed at high levels in skeletal muscle cells; type 2 (RYR2)
expressed in cardiac muscle and in the brain and type 3 (RYR3) is expressed
in a wide variety of cell types. All isoforms show an amino acid identity of
around 65 % but only isoform 1 is associated with MH while RYR2 is
associated with cardiovascular disease (reviewed in [46]).

RYR1 is comprised of four identical subunits, approximately 5000 amino acid

(aa) long, where each subunit has a molecular mass of ~565 kDa [38]. The
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ryanodine receptor, located in the membrane of the sarcoplasmic reticulum,
functions as a Ca®" release channel to release Ca?* from the lumen of the SR
into the cytosol. The C-terminal part of the protein is situated in the
transmembrane domain and comprises 1/5 of the mass of the protein. The
main part of the channel extends into the cytoplasm and includes the N-
terminal and central domains making up 4/5 of the receptor mass [47]. The
three hot spot domains are located at amino acid positions 35 to 614 (MH1),
2163 to 2458 (MH2) and 4637 to 4906 (MH3) [40]. Hotspot region 3 is
located in the transmembrane domain. The exact 3D structure of the receptor
is unknown but different models have been suggested predicting between 4
and 10 transmembrane domains [48-51]. Due to the large size of the
ryanodine receptor there are few three dimensional structures currently
available. Cryo-EM (electron microscopy) studies have been undertaken and
used to create a 3D model dividing RYR1 into different domains and suggest
an overall mushroom-shaped receptor. Subdomains have been labelled as
“clamp” shaped and are located at the corners of the cytosolic domains and

are connected by a “handle” shaped region (figure 1.5) [52].
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“handle”

Figure 1.5 A 9.6-A resolution cryo-EM density map of RYR1 in the closed state.

This figure indicates the different subregions of RYR1. Each colour represents a different
region within one subunit. The 3D structure can be divided into a “clamp”, a “handle” and a
“‘column”. A) View from the cytoplasm. B) View from the side. TM indicates the

transmembrane region of RYR1 (taken from [53], no copyright permission required).

Further studies using immunoprecipitation showed that a site within the
cytoplasmic domain (including amino acids V2461 and P2462) interacts with
the FKBP12.0 protein stabilising the closed state of the RYR1 channel [30,
54, 55]. Disrupting the interaction between RYR1 and FKBP12.0 leads to
failure of EC coupling due to the loss of FKBP binding and an increase in
RYR1 open probability [31]. Further studies revealed four FKBP12.0
molecules can bind one RYR tetramer. Its binding site is most likely located
at the interface between domains 3, 5 and 9 of the surface located
cytoplasmic part of RYR1 (figure 1.6). This region includes the MH/CCD
causative mutation sites E160, R163, R401 and 1403 in human RYR1 that
may disrupt the interaction between these two proteins resulting in altered
RYR gating [53, 56, 57]. As mentioned above, the a4s subunit of the



Chapter 1 Introduction

dihydropyridine receptor (DHPR) physically interacts with RYR1 and contains
a voltage sensor (figure 1.6). Another subunit of DHPR, the B4 subunit, is
also believed to interact with high affinity with RYR1. This subunit interacts
with the basic RYR1 residues K3495-R3502 [58] and is located at the C-
terminus of the full-length DHPR and may contribute to EC coupling since
this domain in DHPR is needed for proper skeletal muscle EC coupling [59].
Antibody binding assays have shown that the ryanodine receptor 1
undergoes oligomerisation between the cytoplasmic domains including the
34C antibody binding region 2872-2893 [60]. Amino acid residues ~2700-
3000 are possibly surface-exposed since proteolysis experiments showed
trypsin was able to cleave this region in native tetrameric RYR1 protein and
are therefore unlikely to be involved in forming the core of the tetramer [61,
62].

RYR1 also interacts with many other proteins, including calsequestrin, triadin,
junctin and calmodulin (CaM). RYR1 binds 16 CaM (mol/mol) at cytosolic
Ca®* concentrations <0.1 pM while it only binds four CaM at 100 uM Ca®
and inhibits the channel at millimolar Ca®* concentrations [63]. CaM is a
strong antagonist of RYR when bound to Ca®" but is an agonist in the
absence of Ca?*. CaM binds to RYR1 at regions around residues 3614-3643
and/or 2937-3225 which are believed to be in close proximity in the RYR1
tertiary structure (reviewed in [43]). Despite early assumptions, CaM is not

necessary for EC coupling [64].

Calsequestrin is a highly acidic protein present in the SR lumen. It has a low
Ca** affinity but a high Ca®" binding capacity and acts as a Ca®* storage
protein binding 40-50 Ca®" ions per molecule in skeletal muscle [65]. In the
presence of two cofactors, triadin and junctin, calsequestrin inhibits RYR1
activity but it has been suggested that calsequestrin does not bind RYR1
directly [66]. An approximate binding site for triadin to RYR1 was suggested
using in vitro binding assays, locating its binding site between amino acid
residues 4861-4918 in RYR1 [67]. The absence of triadin results in an
increased Ca®* leakage from the SR leading to increased cytoplasmic Ca*

10
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concentrations which suggests negative regulation of RYR1 by this protein
[68].

Figure 1.6 shows a summary of RYR1-binding proteins and their predicted
three dimensional locations. Some of these proteins i.e. PP1/SP and HRC,
were not of interest in this study even though they are important in the
regulation of RYRs and ca® release, and were therefore not considered

here.

DHPR II-1ll loop CLIC2

PR130 Calmodulin /
(apo/Ca?) 3

PP1/SP

S Y N

Calsequestrin “BaR e Calsequestrin

Figure 1.6 Three-dimensional map of the ryanodine receptor 1 assembly.

The cryo-EM map with a side view of the large rabbit RYR1 tetramer in a closed state is
shown with its protein interaction partners. Strictly, different subregions are labelled with red
numbers 3-11 and correspond to regions in figure 1.5. The three divergent regions are
printed in white (D1-3) and the transmembrane domain (TA) is grey (taken from [69],

permission for publishing figure was obtained through RightsLink).

Homer interacts at three different positions in RYR1. At low concentrations of

homer the open probability of the RYR channel is enhanced and the

11
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frequency of Ca®" sparks, spontaneous Ca®* release in cardiac and skeletal

muscle cells, is increased (reviewed in [69]).

Another RYR1 binding protein is CLIC2, a new class of CI" channel. This
protein appears to act as a RYR1 inhibitor of channel gating when bound to
the cytosolic side of RYR1 and it has been suggested that CLIC2 stabilises
the closed state of RYR1 (reviewed in [69]). S100A1 is a cytoplasmic Ca*
binding protein and is highly expressed in the SR of skeletal and cardiac
muscle regulating SR Ca®" release. It enhances RYR1 open probability at
nanomolar concentrations of Ca?* and it is suggested that the S100A1
protein plays a role in RYR1 activation. The S100A1 binding site was
localised to residues 3616-3627 and it was shown that S100A1 and
calmodulin compete for the same RYR1 binding site although the
physiological consequence of this competition to RYR1 is not well

understood (reviewed in [43, 69]).

1.5 Other Ca* release channels

Inositol 1,4,5 triphosphate (IP3) acts as a second messenger which binds to
its receptor (IP3R) and releases Ca?" from intracellular stores [70]. The IP3R
is @ 2749 amino acid protein channel with a molecular mass of 313 kDa. It
shows similarities to the ryanodine receptor and is composed of three
structural parts: a large cytoplasmic N-terminal (aa 1-2275), a region near the
C-terminus which has 6 transmembrane helices (residues 2275-2593) and a
short C-terminal tail (aa 2590- 2749) [71]. IP3R also exists as a homo-
tetramer, each with an IP3-binding site close to the N-terminus [72] located
between aa 226 and 576 [71], as well as a suppressor domain between
residues 2-223 which inhibits binding of IP3 to the receptor [73]. The overall
3D structure of IP3R1 is mushroom-like, forming a 190 A tall structure (figure
1.7A). The central part within IP3R seems to be a so-called “plug” (figure
1.7B), holding the 4 subunits together by oligomerisation. This plug is absent
in RYR1, therefore RYR1 must have a different mechanism of
oligomerisation. A “window” can be seen in the 3D structure of the individual
subunits of IP3R, which is located just above the transmembrane region. This

12
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may allow Ca** to move freely between the channel domains and cytoplasm
[74].

IP3R and RYR1 have structural similarities (figure 1.7A) and exhibit some
amino acid sequence homology, especially in the transmembrane domains
[75].

54—fold axis

Figure 1.7 3D structure of IP3R and RYR viewed from the ER lumen and membrane.

A) Comparison of the 3D structure of (a) RYR and (b) IP3R. The upper figures show the view
from the lumen and the lower figures show orthogonal view from the membrane.
Homologous regions in RYR1 and IP3R are indicated by the same colour.

B) Cross section of the internal structure of IP3R resolved by cryo-EM. The fourfold
symmetry axis is indicated by a dashed line and the “plug” involved in oligomerisation is
shown. Two different subunits are colour coded. Cy= cytosol, ER= endoplasmic reticulum,
CY= cytosolic domain, TM= transmembrane domain. (Figure adapted from [75], no copyright
permission to publish required, and [74], permission for publishing figure was obtained
through RightsLink).

The N-terminal domain of rabbit RYR1 (aa 1-210) was crystallised by
Amador et al. [76] and the RYR1 X-ray protein structure was solved showing
that the N-terminal 210 amino acid structure of RYR1 and IP3R are nearly
identical. RYR1 and IP3R also show two other homology domains (RIH) one
of which is located in the central domain and one in the N-terminus of RYR1

(figure 1.8). These homology domains are located approximately between aa

13
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466-643 and 2157-2365 in RYR1 and between amino acid 499-677 and
1196-1356 in IP3R (source NCBI, [77]).

MH1 MH2
- I —+

I T J | | 1
Amino acid 0 1000 2000 3000 4000 5038

Transmembrane

Figure 1.8 Positioning of RYR1 and IP3R homology domains within the ryanodine receptor 1.
This schematic diagram is not to scale. RIH= RYR1 and IP3R homology domain, DP4= domain
peptide 4.

To verify sequence homology domains, Seo et al. [78] substituted protein
domains in the N-terminal region of IP3R with the corresponding region in
RYR1 and could still detect functional IP3R suggesting that these domains in

each protein have the same function.

1.6 DP4 domain

The DP4 (domain peptide 4) domain was first described by Yamamoto et al.
in 2000 [79]. These authors found that this domain corresponds to amino
acids L2442 to P2477 in RYR1 (figure 1.8). A DP4 peptide significantly
activates RYR1 and induces Ca®" release from the SR when bound to full-
length RYR1 microsomal fractions. It increases the sensitivity of RYR1 to
agonists and leads to higher Ca?* release. Mutations in this domain lead to
two main functional modifications which occur in MH patients;
hypersensitivity and hyperactivity [79]. It was suggested that DP4 interacts
with the N-terminal domain DP1 (aa 590-628). These two domains were
thought to form a complex which has been described as domain-zipping
(figure 1.9). This complex could lead to a closed state in the transmembrane
region of the Ca®* channel and the close contact between the N- and the C-

termini is thought to stabilise the closed state of the pore channel [80].

14
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Figure 1.9 Interaction between N- and C-terminal domains in RYR1.

Hypothetical model of opening and closing the RYR1 pore channel as the N-terminus and
the DP4 domain interact. A) The model proposes that the interaction between the N-terminus
and the central domain stabilises the closed state of the channel. When an activation signal
is produced the domains undergo conformational changes, the interaction between the two
domains is removed and the channel can switch to the open state.

B) If any mutations occur in either of the domains the interaction of the domains would be
weakened (here shown for mutation in N-terminal domain) and the receptor would stay in an
open state leading to higher Ca”" release from the SR (taken from [80], permission obtained
through RightsLink).

If a mutation occurs in either of the domains, the domain interaction is
weakened and the closed state is destabilised. This causes an unzipping of
the domains and could lead to an open channel resulting in the
hypersensitivity and hyperactivity of the receptor as described above. A
recent study supported the model of an N-terminal (aa 35-614) and central
domain (aa 2163-2458) interaction by labelling two RYR1 residues in the
domains of interest [81-83]. Three dimensional localisation of the DP4
domain showed the N-terminus and the central domain in close proximity,

supporting the theory of a “domain zipper-model” (figure 1.9). This model
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may also support the suggestion that this domain might be involved in
oligomerisation since it is located at the interface between subunits [83]. The
crystal structure for the N-terminal amino acids 1-559 has been solved and
with the latest results, it has been suggested that not the entire N-terminal
domain is involved in a domain zipper model but smaller domains in the N-
terminus may be involved in multiple smaller zippers, each separately
involved in domain interaction [84]. Another study showed that DP4 binds to
the N-terminal region containing the dantrolene binding site (amino acid 590-
609) [85, 86]. This may explain why dantrolene, which is administered during
MH episodes, can decrease the hypersensitivity of the receptor. The three
dimensional structure of DP4 solved via NMR studies (figure 1.10) suggests

that the domain contains a helix-turn-helix motif [87].

N-terminus

helix 1
helix 2

Figure 1.10 NMR structural model of DP4
DP4 contains a helix-turn-helix motif where the N-terminal part of helix 1 acts as a linker
between the two helices. Residues 2452 to 2454 (white), are located in the C-terminal part of

helix 1 and the connecting turn (taken from [87], no copyright permission required).
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1.7 Pharmacology

1.7.1 Dantrolene

Dantrolene is an inhibitor of Ca®" release from the SR, causes relaxation of
skeletal muscles, and was first described as a drug to treat MH in 1975 [88].
It was originally synthesized as an antibiotic in 1967 but was never used as
such because it was discovered that treatment lead to muscle weakness in
animal experiments [89]. Today it is used as a pharmacological antidote to
MH as it blocks Ca®*" release and inhibits CICR. It was suggested that
dandrolene may act upon RYR1 by blocking its interaction with calmodulin
and Ca®* while it did not affect the action of the DHPR [90, 91]. Treatment
with dantrolene was found to inhibit EC coupling without affecting the muscle
itself [92]. To elicit a maximal muscle relaxation in humans, 2.4 mg
dantrolene/kg body weight must be given intravenously to result in a final
concentration of 4.2 ug/mL in blood [93]. As the dantrolene binding site in
RYR1 has been suggested to be between residue L590 and C609 in the N-
terminal region, dantrolene could therefore lead to a structural change in
RYR1 and stabilise a closed conformation [94]. Dantrolene has been shown
to suppress store overload-induced Ca?* release (SOICR) by lowering the
threshold for SOICR in studies of the RYR1 mutation R615C, expressed in
HEK293 cells. It has been shown that this mutation lowers the threshold for
luminal Ca®" activation while volatile anaesthetics further lower the SOICR
threshold [95].

1.7.2 Caffeine and halothane

Caffeine and halothane are used in the IVCT and have been well defined as
RYR1 agonists by the European MH group since 1984 [15]. The IVCT is
based on the hypersensitivity of muscle to these drugs. Caffeine stimulates
the central nervous system and can relax smooth muscle cells. It stimulates
Ca?* flux from the SR by increasing the Ca?* sensitivity of RYR1, leading to a
prolonged open state of the RYR1 channel (reviewed in [96]). A caffeine
binding site on the RYR protein has not been located but caffeine ECs
values were in the order of 0.2 to 0.5 mM for RYR2 and RYR1, respectively.

Caffeine has been shown to increase the frequency and duration of channel
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opening in RYR2 incorporated lipid bilayers and caffeine was shown to bind
to the receptors cytoplasmic side. It was also shown not to change the
channels conductance nor the Mg2+ sensitivity [97]. Caffeine and halothane
have both been shown to reduce the threshold for SOICR and luminal Ca?*
activation in stable transfected HEK293 cells [95]. It was hypothesized that
caffeine blocks the conformational change in RYR1 necessary for the
inhibitional effect of Ca* upon the receptor and therefore channel inhibition
leading to hyperactivation of muscle [98]. Lopez et al. suggested that in MHS
patients caffeine sensitivity is not altered due to mutations but these patients
have a higher resting Ca** level, leading to muscle contraction at lower
caffeine concentrations compared to MHN patients [99]. Furthermore caffeine
is also known to activate RYR3 [100] which is endogenously expressed in
low levels in myocytes possibly explaining why myocytes show a response to
caffeine in IVCT but lack a response to other triggering agents [101]. Caffeine

was also described to enhance CICR (reviewed in [35]).

Halothane was demonstrated to produce an abnormal response in vitro using
skeletal muscles from MHS patients. For a long time it was unclear if
halothane leads to muscle contraction in vivo or if it only blocks the Ca**
uptake from the SR. Studies suggested that halothane induces muscle
contraction at 37°C only in MHS patients but does not lead to contractions in
MHN patients [102]. Halothane has been described to have two ionotropic
effects: a positive effect which is due to sensitisation of CICR from the SR
and a negative effect which is due to a decrease in myofibrilic Ca®* sensitivity
and lower Ca?* release from the SR [103]. Halothane leads to a longer RYR
channel open propability but does not affect channel conductance while it
decreases channel closure time. This mechanism is dependent on the pH
and Ca®" content in the muscle and can influence ion concentration in the
muscle e.g by blocking Na*/Ca®* transport [96, 104]. Experiments using
R615C RYR1 transfected HEK293 cells showed enhanced SOICR. This
phenomenon suggests a reduction of the luminal Ca?* activation threshold as

well as SOICR by volatile anesthetics, which trigger MH.
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1.7.3 4-chloro-m-cresol (4CmC)

The first time 4-chloro-m-cresol (4CmC) was shown to release Ca®" from the
SR was in 1993 [105]. It is now known as a potential activator of RYR and
can alter the Ca®" permeability of the cell surface membrane and sensitises
RYR. Cells are very sensitive to 4CmC and it is active in concentrations 30-
40 times lower than observed with other agonists, e.g caffeine. It was also
shown that MHS patients have a three to fourfold higher sensitivity to this
drug than MHN patients [106]. Studies using ruthenium red to block RYR
channels show Ca*" efflux from the terminal cisternae is triggered by CICR
[105, 106]. [*H]Ryanodine binding studies have shown that 4CmC decreases
the dissociation constant of RYR1 but does not affect the maximal Ca*
binding while it prolongs the channel open probability [107]. Today, 4CmC is
used as a preservative in some pharmaceutical preparations, like insulin and
heparin. The effect upon MHS patients is therefore important as they may be
inadvertently administered pharmaceuticals containing a potential RYR1
agonist. In higher concentrations (>1 mM) 4CmC can also act as an inhibitor
of SERCA [108].

It was shown that 4CmC acts in a dose-dependent manner in both MHS and
MHN patients in vitro [106, 109, 110]. Therefore, studies have proven that
4CmC triggers Ca®* release more specifically from the ryanodine receptor
than other agonists, making it a useful tool for research purposes [111].
Since some RYR1 mutations can inhibit the response to 4CmC and voltage-
gating but not to caffeine it has been hypothesised that 4CmC may activate
RYR1 by a similar mechanism as the voltage sensor [112]. The 4CmC
binding site on RYR1 has been mapped between amino acid positions 4007
and 4180 [113].

1.7.4 Other agonists

1.7.4.1  Ca*, Mg* and K*

Cytosolic free Ca?* is important for regulating RYR activity. The channel
activity of the receptor is activated by micromolar Ca®* concentrations but

inhibited at millimolar concentrations [114]. Cytosolic free Ca’" levels are
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~100 nM [99, 115] while free Ca** levels in the SR stores are between 0.3
and 1 mM [116]. Compared to other cations in a cell such as K*, Mg?* or Na*,
Ca** is the only cation which is not evenly distributed across the SR
membrane because SERCA pumps Ca®" back into the SR to ensure a trans-
SR Ca?* gradient [117].

M92+ is an inhibitor of Ca®* release through the ryanodine receptor; millimolar
concentrations inhibit the receptor because of its high RYR1 pore binding
affinity, meaning that Mg?* is preferably bound to RYR1 over Ca®* [116]. It has
been suggested that Ca®* and Mg®* interact in the regulation of RYR1. The Ca*
binding sites in the receptor [l (low affinity) and A (high affinity) site] have been
identified. The receptor can only bind Ca®" if the channel undergoes a
conformational change and weakens the binding of Mg®* to the A-site. If Mg** is
released from the A-site, Ca®* can subsequently bind at this site and induce
Ca”* release from the receptor [118, 119]. The RYR1 I-site has a high affinity for
Mg?* which inhibits Ca?* release. During EC coupling the DHPR triggers Ca?*
release induced by the reduction of Mg®" inhibition in the |- and A-sites. The
DHPR controls Ca?* release by having the ability to stop Ca®* release when the
surface membrane repolarises after an action potential arrives. This allows a
tight control of Ca®* release in the cells. In contrast, in cardiac muscle, the
RYR2 I-site has a 10-fold lower Mg?* affinity and DHPR does not influence Ca**
release in these cells. Here, Ca®* release is triggered by Ca?* influx from the
surface membrane, while the exact mechanism is unknown (reviewed in [120]).
A tetrameric model has been shown for RYR2 including four Ca?*-sensing
mechanisms on each subunit: activating luminal L-site (40 uM affinity for Mg**
and Ca?"), cytoplasmic A-site (affinity of 1.2 uM for Ca** and 60 uM for Mg?*),
an inactivating cytoplasmic Is-site (~10 mM for Ca®* and Mg?*), and an I,-site
(affinity of 1.2 uM for Ca?*). The activation of at least three subunits will lead to
channel opening. Mg?* displaces Ca?* from the L- and A-sites while inhibiting
the channel, which then fails to open [116]. The Ca*/Mg** competition for the

RyR pore is mainly responsible for the unitary Ca?" current amplitude [117].

At the resting physiological state there are ~1.5 Mg®* ions and only ~0.5 Ca**
ions bound to the RYR1 selectivity filter indicating the pore region has a higher
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affinity for Mg?* than Ca®". It should be noted that Mg?* is spread evenly across
the whole receptor while Ca?* can only be found in the selectivity filter in the
pore region [117]. In order to ensure a SR membrane potential near 0 mV and a
high ion flux across the membrane, Ca”* needs to have its own countercurrent
which is mostly provided by K* because its conductivity through RYR1 is 5-10
times higher compared to M92+ [121]. It should be noted that the molar ratio of
Mg* to K* in the selectivity pore is limited to ~4.7 to ensure that K* will never be
completely displaced from the pore [117]. MgZ+ plays a critical role in skeletal
muscle contraction and a Mg®* concentration of 1 mM ensures a closed state of
RYR1 preventing CICR. It has been suggested that reduced Mg?* regulation
can lead to the development of MH and facilitate an MH episode [122, 123].

1.7.4.2  Adenosine triphosphate (ATP)

ATP is known to be an activator of RYR1 in vivo and, at concentrations of 5
mM, ATP can fully activate the receptor in muscle cells to release Ca**. ATP
and micromolar concentrations of Ca?* must be present to obtain maximum
opening and to stabilize the open state of the RYR1 channel [124]. In the
presence of low Ca®" concentrations at least four ATP binding sites per
monomer can be found in the RYR1 tetramer identified at amino acid
positions 699-704, 701-706, 1081-1084 and 1195-1200, forming the ATP
binding pockets. The amino acids at these positions are highly conserved
between RYR1, RYR2 and RYRS3 suggesting functional conservation. The
stimulating effect of ATP on RYR1 was only shown in the presence of Ca®*
and it was assumed that this interaction might stabilise the channels open
state, however the exact mechanism of the coupled effect upon the channel
is still unknown [83]. ATP concentrations in muscle are ~8 mM and could
lead to full RYR1 activation but most ATP is bound to intracellular Mg®* (~9
mM). Therefore only small amounts of free ATP are available in the cell and
Mg®* acts as an antagonist and prevents ATP-stimulated Ca®*" release
(reviewed in [120]). Structural studies suggest a mass rearrangement of the
RYR channels upon ATP binding leading to opening of the channel and ion
flow across the membrane [52].
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1.8 RYR1 associated disorder central core disease (CCD)

Some RYR1 mutations have been linked to MH but others show different
functional effects not typical of MH. Central core disease (CCD; OMIM#
117000) was described in 1956 as the first congenital muscle disorder
involving structural changes of the muscle fibres [125]. CCD was described
as an autosomal dominant disease, characterised by abnormal muscle
architecture and sarcoplasmic disorganisation leading to muscle weakness
and mild hypotonia in childhood. Further studies have shown that CCD can
also be inherited in an autosomal recessive manner [126]. In 1990, Haan et
al. were able to link CCD to chromosome 19913 [127]. Further research and
the knowledge that MH susceptible patients have similar phenotypes under
anaesthesia to CCD patients, helped to identify RYR7 as the CCD locus.
CCD mutations occur in hot spot regions in RYR7 in almost the same regions
as for MH (figure 1.4). Interestingly, around 60 % of CCD causative
mutations are located at the 3’ end of the RYR17 gene [128]. CCD patients
can be identified using IVCT and are therefore diagnosed as MHS. Histology
can help to identify whether a patient is MHS or has CCD. Typical skeletal
muscle histology in CCD patients shows the absence of oxidative and
glycolytic enzyme activity from the central cores of muscle fibres together
with a reduction of oxidative activity due to the reduction or absence of
mitochondria. In CCD patients, some cores have variable degrees of
myofibrillar disorganisation, whereas others might have preserved myofibrillar
structure and other cores do not. These two phenomena can be found within
a single patient making diagnosis using histology unreliable (reviewed in
[129]). MH patients do not show this disorganisation. Even though both
disorders are not connected phenotypically, it appears they can co-exist. This
is supported by evidence that some mutations can be linked to CCD as well
as MH. It is still unknown how these two disorders can co-exist. Research
suggests patients with one mutation in RYR17 could have MH while patients
having two mutations in RYR7 may suffer from CCD due to a compound

autosomal-recessive inheritance [130, 131].
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1.9 Methodology of functional assays

Since many MH- and CCD-associated mutations have been identified, it is a
major goal to characterise these mutations in terms of any functional effect
upon RYR1 to be able to offer DNA-based testing for MH mutations rather
than IVCT. A range of assays in different cell types have been developed to
analyse functional effects of several mutations for MH and CCD. Most assays
have been carried out in differentiated muscle cells (myotubes) obtained after
an IVCT. These muscle cells express all proteins involved in EC coupling
(see chapter 1.2 for details) and therefore closely represent conditions in
vivo. Results however, can be inconclusive, because if functional studies
show abnormal Ca®* release it is still possible that other proteins involved in
EC coupling, e.g. DHPR are involved in the abnormal response leading to
MH phenotypes. Agonists used in Ca** release studies only show activation
of RYR1 but it cannot be concluded that the abnormal response is due to a
defect in RYR1 or in other proteins involved in EC coupling leading to an
MHS phenotype. For example, if a mutation in DHPR occurs which leads to
defective binding to RYR1 or less Mg?* inhibition, a MHS phenotype can be
seen in skeletal myotubes but the cause of the phenotype cannot be
determined. Myotubes lacking DHPR expression have been transfected with
mutant DHPR cDNA and functional assays were able to show a MHS
phenotype [36], showing that care has to be taken when using myotubes in

functional assays.

It has been reported that B-lymphocytes, extracted from patients blood,
express an alternatively spliced form of RYR1 that lacks amino acids 3481-
3485, encoded by exon 70 [132]. It has been speculated that these cells
express RYR1 for its involvement in Ca?* regulated signal transduction as
well as in cell proliferation [133]. It has been suggested that Ca** release in
lymphocytes is mainly dependent on activation of IP3R by IP3 and store-
operated Ca* entry. Ca** release is initiated by the cell stimulation of
antigen- and Fc-receptors from intracellular ER stores. In addition, activation
of the IP3R may coactivate RYR1 (reviewed in [134]). B-lymphocytes have
the advantage of better availability compared to myoblasts since they can be

extracted from a patient’s blood sample and no muscle biopsy is required as
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for the extraction of myoblasts. Lymphocytes express RYR1 but no other
proteins involved in EC coupling which is an advantage for studying RYR1
mutations in vivo as well as in isolation from the the rest of the channel
proteins. Agonist activated lymphocytes showing an MHS phenotype will
most likely have a mutation in RYR7 since no other proteins involved in
skeletal muscle contration are involved in Ca?* release in these cells.
However, lymphocytes do not represent a physiological system mimicking
RYR1 in muscle contraction and therefore may not necessarily demonstrate
RYR1 behaviour as seen in muscle cells. Nevertheless these cells are a

useful system to study RYR7 mutations involving patient-derived tissue.

HEK293 cells, transfected with a full-length rabbit or human RYR7 cDNA
clone, have also been used to study Ca®" release previously [135]. HEK293
cells are non excitable cells and their major Ca®* release channel is the IP3R,
even though it has been suggested that they express RYR1 and RYR3 at
minor levels [136, 137]. These cells show two mechanisms of Ca®* release:
receptor-operated Ca®" release, which is triggered by the activation of IP3R
by its agonist IP3 and store-operated Ca** release, triggered by depletion of
intracellular Ca?* stores (reviewed in [138]). To be able to use this
experimental system however, an MH-associated mutation has to be
identified and cloned into an expression vector carrying the full-length RYR1
cDNA (~15,000 base pairs). HEK293 cells can be transfected with the
prepared clones and Ca*" release can be measured in the isolated RYR1.
Agonists are used to activate the receptor and the response of RYR1 to the
agonist can be measured. Since no proteins involved in EC coupling are
expressed in HEK293 cells, Ca®* release is due to a response of RYR1 alone
and will not be influenced by other proteins e.g DHPR. If altered Ca®" release
is detected in this system, it is most likely due to a RYR7 mutation. This
system however does not represent the biological background of MH patients
since transfected HEK293 cells express homozygous RYR1 mutations while
RYR1 mutations in vitro are usually expressed heterozygously [44].

Dyspedic myoblasts, lacking a functional RYR1 protein, are available and
can be used for transfections with mutant RYR7 cDNA to test whether a
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mutation alters Ca®* release. This method has the advantage of representing
Ca* release in intact muscle cells as they include all proteins involved in EC-
coupling under regulated conditions. In addition since all cells have the same
genetic background, the system represents the Ca** release mechanism in
vivo by differing only in the expressed RYR17. Using dyspedic myoblasts in
Ca** release assays can also help to determine whether RYR1 mutations
have an effect on protein-protein binding and possible disruption of EC

coupling mechanisms or signal transduction [139].

A new approach for functional studies has been undertaken by establishing
transgenic mice to measure functional effects in vivo. It has been shown that
the human 14898T mutation, associated with CCD, causes skeletal muscle
abnormalities when inherited in a homozygous form accompanied by a delay
in embryogenesis leading to developmental defects in the fetus [140]. The
heterozygous 14898T mutation in mice however, does not display all the
characteristics which can be seen in the human disease and does not show
the same severity as do human CCD patients carrying this mutation.
Nevertheless, transgenic mice provide valuable information about RYR1
mutations and their effect in vivo on development and embryogenesis, as
well as providing information about RYR1 associated protein interactions
required for myogenesis but not directly linked to the Ca®" release function of
RYR1. RYR1 might rather have a structural role in other protein-protein
interactions supporting their function. It has been suggested that the loss of
RYR1-mediated Ca®" release might be linked to nerve-induced signal

transductions in early embryonic development.

For functional assays, cells are treated with different agonists (e.g. 4CmC or
caffeine) and the Ca®" release from the ER/SR is measured using a Ca**
fluorophore, e.g. fura 2-AM. Most MH or CCD associated mutations show an
abnormal release of Ca®" in response to the agonists compared to wildtype
RYR1. Not all mutations lead to the same phenotype and some mutations
(e.g. T48261 in human) show a higher quantitative intracellular Ca®* release
compared to wildtype RYR1 expressing cells [141].
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1.10 Functional disorganisation of the RYR1 receptor

1.10.1  Hypersensitive RYR1

MH-associated mutations are thought to cause a hypersensitive ryanodine
receptor with hypersensitivity to agonists and hyposensitivity to channel
inhibitors, releasing abnormal Ca?* amounts compared to the wildtype
receptor [141-143] when exposed to triggering agents (figure 1.11b). Mutant
RYR1 proteins have shown channel opening and subsequent Ca® release at
lower agonist concentrations compared to WT RYR1. It has been shown that
the threshold for Ca®* release in response to agonists for RYR1 mutations
has been lowered from 8 mM to 4.5 mM for halothane in myotubes carrying
the R163C mutation, leading to higher channel activation in mutant RYR1
proteins [144]. These values can vary between different patients and different
RYR1 mutations. A mechanism to account for Ca® release in RYR1 relies on
the interaction between the N-terminus and the central domain as described
in section 1.6. The presence of a mutation in either of these domains
weakens their interaction and the channel can release Ca?* in the presence
of lower concentrations of agonist. This weaker interaction and
hypersensitive receptor results in faster muscle contraction through high Ca**
release into the cytosol, which is a typical symptom of MH patients under

general anaesthesia.

1.10.2 Leaky Ca** channels

Functional studies have shown that not all mutations in RYR1 lead to a
higher response to agonists and therefore higher Ca* release from the SR.
Some mutations appear to result in a leaky channel that causes a depletion
of stored Ca®" at the resting state (figure 1.11c). These observations suggest
the channel is hyposensitive to agonists and cannot open properly. These
defective channels can in part explain the symptoms of CCD patients who
show muscle weakness and reduced muscle tension [145]. It was suggested
that muscle weakness may be caused by an over active Ca?* channel which
is coupled with a steady leakage of Ca®* through the RYR1 (leaky channel
hypothesis) and subsequently in Ca’* store depletion. This phenomenon is
observed in CCD patients but not in MHN or MHS patients [146-148].

Leakage and a higher resting Ca®* concentration (free cytosolic Ca®*) can be
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detected in Ca®* release assays with transfected HEK293 cells bearing the
rabbit RYR1 Y523S mutation [146]. The leakage leads to reduced stored
Ca** which may result in insufficient Ca®* release and damage to the core of
muscle fibre. As a result the reduced stored Ca®* is insufficient for release of
the required Ca*" into the cytosol to elicit proper muscle contraction, resulting
in muscle weakness. The best studied mutation for the leaky channel
hypothesis is Y523S in rabbit (Y522S in human). Patients with this mutation
showed a 25 % reduction of SR Ca*" content while the resting Ca®'
concentration significantly increased [149]. Additional mutations have been
found by Tong et al. to cause leakage from the SR in transfected HEK293
cells including the human central region mutation R2163H [146] and the
rabbit Y4795C mutation, equivalent to the human Y4796C mutation [112].

1.10.3 EC uncoupling

Not all CCD mutations appear to be associated with a leaky channel
phenotype. CCD mutations, e.g. 14898T in humans, have also been
described to produce the opposite phenotype. These mutations show no
response to agonists or membrane depolarisation (figure 1.11d). This
phenomenon, described as excitation-contraction uncoupling (EC
uncoupling) [150], was first described for the 14898T mutation situated in the
C-terminal region of RYR1 (hot spot MH3, figure 1.8). Myotubes, cells
isolated and differentiated from muscle samples, expressing this mutation
showed a significantly higher resting Ca®* concentration compared to MHN
cells but the sensitivity to agonists was even lower [151]. It has been
suggested that the receptor is no longer able to respond to the electrical
signal sensed by DHPR in muscle. Accordingly, the action potential cannot
be passed further and no Ca?* is released through the receptor (reviewed in
[152]).

Further mutations have been described which do not respond to activation by
caffeine or 4CmC. These mutations are situated in the central domain of
RYR1 between amino acids 2370 and 2375. As these mutations occur in a
predicted ATP binding site (CCD hot spot region 2), it was concluded that the

reduced caffeine sensitivity could be linked to structural changes in the
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protein which prohibit caffeine binding. These mutations could not be linked

to EC uncoupling [153].
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Figure 1.11 Schematic model of abnormal Ca®* release mechanism in RYR1.

Different Ca®* release mechanisms in muscle are shown. The ryanodine receptor (green) is
located in the SR membrane (orange). a) Ca”* release in a non mutant RYR1 is shown and
leads to normal muscle contraction. After an action potential arrives the receptor releases
ca® (red dots) leading to muscle contraction. b) If a MH causative mutation occurs in the
receptor it leads to a hypersensitive receptor which releases higher amounts of ca”
resulting in increased muscle contraction. c) If the ryanodine receptor has a mutation leading
to a leaky channel phenotype the SR Ca®* stores are depleted. If the receptor is activated
RYR1 cannot release the amount of Ca®* needed to form a proper muscle contraction. It can
only release a decreased amount of Ca?* and therefore leads to reduced muscle contraction
which can be detected as muscle weakness. d) If an action potential arrives at the t-tubule
membrane the action potential cannot be transferred to RYR1 due to eliminated interaction
between the receptors and uncoupling of DHPR and RYR occurs resulting in a nearly

abolished Ca®" release and reduced muscle contractions. (Picture adapted from [154]).
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1.11 Reduced RYR1 expression

Studies investigating CCD have shown that some patients show reduced
RYRT1 expression. Individuals carrying the CCD-associated human mutations
R109W, M402T, A4329D and T4709M express only the mutated allele,
indicating allelic silencing of the WT allele. It was proposed that only a small
amount of expressed mutant RYR1 is needed to fulfil the function of RYR1 in
muscle contraction. It was suggested that some recessive mutations may
affect protein stability and assembly which leads to lower RYR1 expression
levels compared to individuals not carrying a RYR1 mutation. Reduced RYR1
expression may lead to insufficient Ca®" release in the SR during EC
coupling and therefore to the CCD phenotype of muscle weakness [155].
This reduced RYR1 expression hypothesis is currently only supported by
western blotting analysis and needs further functional studies for support.
Further studies showed reduced RYR17 expression due to non-synonymous
point mutations introducing a stop codon in one RYR1 allele leading to lower
RYR1 expression levels in muscle of affected patients, again associated with
the CCD phenotype [42].

1.12 Other MH-associated loci

Only 50 % of MH cases appear to be linked to RYR1 while 1 % are linked to
the CACNA1S gene (OMIM# 114208). This is another candidate gene for
MH, located on chromosome 1932 and encodes the a; subunit of the
voltage-gated DHPR. Screening of this gene identified an arginine-histidine
substitution at amino acid position 1086 which is linked to MH [156]. This
mutation is present in the IlI-IV loop of the receptor and therefore does not
directly interact with RYR1 (refer to section 1.2). Functional studies showed
that this mutation leads to a lower threshold for Ca®* release triggered by
caffeine and depolarisation [36]. It has been suggested that the R1086H
mutation disrupts the negative allosteric regulation of the Ill-IV loop and
RYR1 which is essential for the negative regulation of the Ca** release
channel and therefore leads to excess Ca?* release through RYR1 from the
SR. Loss of this feedback mechanism can cause MH reactions where

myotubes carrying the CACNA1S R1086H mutation showed increased
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sensitivity against triggering agents like caffeine [36]. Interestingly another
mutation at the same position substituting arginine for serine was identified
and is associated with MH in three independent families [157]. A third
mutation in the CACNA1S was recently identified, R174Y [158]. This is
located in a putative voltage sensor domain and therefore a change in charge
in this region could alter the voltage sensor mechanism. This mutation has
not yet been functionally classified as causative. Four other loci have been
associated with MH: MHS 6 (chromosome 5p5), MHS 4 (chromosome
3913.1), MHS 3 (chromosome 7921-q22) and MHS 2 (chromosome 17911.2-
g24). These loci were demonstrated by genome-wide linkage studies but no
candidate genes have yet been identified [159-162]. CASQ1 has been shown
to cause catecholaminergic polymorphic ventricular tachycardia, a cardiac
disorder, mostly associated with RYR2 and can lead to cardiac arrest and
sudden death due to extense exercise [163]. CASQ7 knockout mice showing
a MH phenotype in response to heat stress and halothane [164]. To date, no

causative mutations have been found in CASQ7 in human.

1.13 Project outline

In 2000, Chamley et al. reported a novel mutation in the central region of
RYR1, R2452W [165]. This mutation was shown to co-segregate with MH in
one family and was absent in 100 control genomes. It was therefore classed
as MH-associated. Subsequently, a second New Zealand family carrying this
mutation was identified. The aim of this project was to functionally
characterise the R2452W mutation for inclusion in the EMHG list of causative
mutations. This would subsequently allow DNA-based screening for families
with this mutation. Functional assays, using Ca®* release assays, were
performed to determine whether R2452W is MH causative. Three different
cell types were used for this approach:

1. B-lymphocytes, isolated from RYR1 R2452W positive and negative
patients. These blood cells express RYR1 but none of the other
proteins expressed in skeletal muscle involved in Ca®* release.
Immortalized B-lymphoblastoid cells allow measurement of altered Ca?*
release from RYR1 alone.
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2. Myotubes, obtained from a patient with a positive IVCT. These cells
represent the actual events occuring when muscle cells are exposed to
triggering agents.

3. A recombinant system, HEK293 cells transfected with R2452W and WT
full-length human RYR7 cDNA. HEK293 cells have been used in
various studies to show altered Ca®" release of RYR1 [135, 166]. This
system allows the effects of a specific RYR? mutation on Ca®* release
to be measured in a controlled environment since the WT and R2452W
expressed proteins differ only by one amino acid. Therefore altered

Ca®" release would be due to altered RYR1 function.

Assay conditions were first optimised in order to determine appropriate
conditions and detect Ca®* release from the SR/ER which was measured
using a Ca*" specific fluorophore: fura 2. Since lymphocytes are non-
adherent cells Ca** release was measured using a fluorometer. Myotubes
and HEK293 cells are adherent therefore a fluorescence-microscope was
used to measure Ca?* release. The RYR-specific agonist 4CmC was used for
each set of assays. Data for the individual cell lines were compared to cells
expressing WT RYR1 in order to verify altered Ca®" release from the SR/ER
by RYR1. Caffeine, a different RYR1 agonist could have been used in this
study to obtain additional information about the RYR1 receptor and the
R2452W mutation but since this agonist also activates Ca?* efflux through
other receptors apart from RYR1, it was decided not to use this agonist and

focus on 4CmC only.

To investigate whether the R2452W mutation might alter the overall protein
structure of RYR1, the DP4 region together with the RIH region located in the
RYR1 central domain were PCR-amplified for cloning and the putative
domains were overexpressed in E. coli. Soluble protein was purified with the
aim of carrying out both stability studies and to subsequently determine the

3D structure by X-ray diffraction of suitable crystals.
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Chapter 2 Materials and Methods

2.1 Materials

Commercially purchased kits or products with the supplier names are listed
below. All general laboratory chemicals from various suppliers were

analytical grade or equivalent.

Wizard™ SV Gel and PCR purification kit, Promega, Madison, WI, USA
Turbo DNA free Kit, Ambion Austin, TX, USA

iScript supermix, BioRad, Hercules, IC, USA

Fast Start Taq Polymerase, Roche, Mannheim, Germany

Ssofast Evagreen mix, BioRad, Hercules, IC, USA

various (restriction) enzymes, New England Biolabs Inc, Ipswich, MA, USA
Antarctic phosphatase, New England Biolabs Inc, Ipswich, MA, USA

Taq Polymerase, Roche, Mannheim, Germany

Fetal calf serum, Gibco, Auckland, New Zealand

Penicillin/Streptomycin, Gibco, Auckland, New Zealand

Trypsin, Sigma Aldrich, Steinheim, Germany

G418, Gibco, Auckland, New Zealand

Basic human fibroblast growth factor (bhFGF), Sigma, St. Louis, USA
Opti-MEM |, DMEM high glucose, Ham’s F10 media, Sigma, St. Louis, USA
Insulin, Roche, Mannheim, Germany

Chamber slide for tissue culture, Lab-Tek I, Naperville, IL, USA

UV cuvettes 1939, Kartell,Blackburn, Australia

Spin concentrators Viva Spin, GE Healthcare, Uppsala, Sweden
Poly-L-lysine, Sigma Aldrich, Steinheim, Germany

Collagen, calf skin, Calbiochem, Darmstadt, Germany

Complete mini- EDTA free Protease inhibitor, Roche, Mannheim, Germany
His-trap HP, GE Healthcare, Uppsala, Sweden

35 mm tissue culture plates, Nunclon, Roskilde, Denmark

T4 Ligase, Roche, Mannheim, Germany

Pfu Turbo Polymerase, Agilent, Stratagene, La Jolla, CA, USA

1 kB + DNA ladder, Invitrogen, Auckland, New Zealand

High Pure RNA/ Plasmid isolation kits, Roche, Mannheim, Germany
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PureLink™ HiPure Plasmid Midiprep Kit, Invitrogen, Lohne, Germany

Cell strainer filter cups, Nunc, #9156885, Bedford, MA, USA

Dispase grade Il, Roche, Mannheim, Germany

Collagense class I, Roche, Mannheim, Germany

Semi permeable insert, Falcon, #353090, Bedford, MA, USA

Ficoll-Paque Plus, GE Healthcare, Stockholm, Sweden

Pluronic F127, Sigma Aldrich, Steinheim, Germany

4-chloro-m-cresol, BDH Chemicals, Lutherworth, England

Tissue culture flasks, 25 cm/ 75 cm, Nunc, Roskilde, Denmark

T/C 6-well plates, Greiner Bio one, Frieckenhausen, Germany

UV visible 96 well plates, Greiner Bio one, Frieckenhausen, Germany
Precision Plus Protein Dual Colour Standard, BioRad, Hercules, CA, USA
Primary and secondary antibodies used for western blotting were purchased
from Sigma-Aldrich, Steinheim, Germany, while secondary antibodies
conjugated with FITC and TRITC were purchased from Jackson Immuno
Research, PA, USA

BM Chemiluminescence Blotting Substrate (POD), Indianapolis, IN, USA
Fugene 6 and HD, Roche Applied Science, Mannheim, Germany

HisTrap HP 5 mL column, GE Healthcare, Stockholm, Sweden

Size exclusion column S200 10/300, GE Healthcare, Stockholm, Sweden
ProlongGold antifade reagent with DAPI, Invitrogen, Eugene, OR, USA
TrypLE Express, Gibco, Auckland, New Zealand

Fura-2AM special packaging, Molecular probes, Invitrogen, Eugene, OR,
USA

2.2 General Methods

2.2.1 Isolation of genomic DNA from different cell lines

Genomic DNA from B-lymphoblastoid cell lines was isolated using the

d™ Genomic DNA extraction kit. Between 1-3x10° cells were harvested

Wizar
by centrifugation for 2 min at 13000 x g. The supernatant was removed and
the pellet was resuspended in 600 pL Nuclei Lysis Solution™. After addition
of 3 uL RNase (20 pg/pL) the sample was inverted 25 times and incubated

for 20 min at 37 °C. Samples were cooled to room temperature before 200 pL
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Protein Precipitation Solution™ was added and mixed vigorously using a
vortex mixer for 20 sec. After centrifugation at 16,000 x g the supernatant
was collected in a fresh microcentrifuge tube and the DNA was precipitated
by addition of 600 pL isopropanol. After mixing the DNA was pelleted by
centrifugation for 1 min at 16,000 x g. The pellet was washed with 600 pyL 70
% ethanol then centrifuged at 16,000 x g for 1 min. The DNA pellet was air
dried and resuspended in 50 uL DNA Rehydration Solution™ at 65 °C for one

hour.

2.2.2 RNA isolation from different cell lines

The High Pure RNA extraction kit is a column based extraction method and
was used to obtain high quality RNA from cell lines according to
manufacturer’s instructions using 1x10° cells previously washed in PBS
before resuspension of the pellet in 200 uL PBS. RNA was eluted in 50 pL
elution buffer and the concentration was measured by spectrophotometry at

260 nm using the Nanodrop 1000 before being stored at -80°C.

2.2.3 Reverse Transcriptase PCR

cDNA was prepared using the iScript Reverse Transcriptase Supermix as
illustrated in table 2.1, which is based on the iScript RNase H+ MMLV
reverse transcriptase. For RT- controls the iScript Supermix without
polymerase (supplied in the same kit) was used. cDNA was diluted 1/5 in

water for further use and frozen at -20 °C.

Component Volume (pL) | Final amount
H.O variable

5 x iScript supermix 4 1x

RNA variable 1 ug

Total volume 20 yL

Table 2.1 Reaction components for RT-qPCR.

34



Chapter 2 Material and Methods

2.2.4 Polymerase chain reaction (PCR)

PCR was used to amplify cDNA fragments from the cloned human RYR1
cDNA for sequencing, sub-cloning and colony screening. A standard protocol
(table 2.2 and 2.3) was chosen while the annealing temperature varied
depending on the primer melting temperatures. The standard volume for a

PCR reaction was 50 L but was reduced to 10 pL for colony PCR.

Component Volume (uL) Final concentration/amount
H,O 27.5

dNTPs (2 mM) 5 0.2 mM

Polymerase buffer (10 x) 5 1x

Primer F (10 uM) 5 1 uM

Primer R (10 uM) 5 1 uM

Fast Start Taq Polymerase (5 | 0.5 25U

U/uL)

DNA template (50 ng/pL) 2 100 ng

Table 2.2 Reaction component for standard PCR.

Temperature (°C) | Time (mm:ss) Cycles
Denaturation 94 05:00 1
Denaturation 94 01:00
Annealing 52-83 01:00 35x
Elongation 72 01:00
Final elongation 72 07:00 1

Table 2.3 Cycle parameters for standard PCR with varying annealing temperatures.

PCR products (10 % of PCR volume) were analysed for size and purity by
agarose gel electrophoresis using TAE buffer [20 mL of 50 x stock (242 g
Tris base, 57.1 mL acetic acid, 100 mL 0.5 M EDTA, pH 8) + 980 mL purified
water] and the agarose gel percentage depended on the size of the PCR
product. Ethidium bromide (0.5 pyg/mL) was added to the gel to stain the
DNA.
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2.2.5 PCR product purification

The Wizard® SV kit, a membrane-based purification method, was used to
purify PCR products for sequencing or after enzymatic digestion was
performed according to manufacturer’s instructions. Products were eluted by
the addition of 50 uL of nuclease free water and centrifuged at 16,000 x g for
1 min. DNA was stored at -20 °C.

2.2.6 DNA sequencing

All PCR products or plasmid clones were sequenced by the Massey Genome
Service according to their specifications. Sequencing reactions were carried
out using the BigDye® Terminator v3.1 Cycle Sequencing Kit and sequences

were analysed on the ABI 3730 Genetic Analyser.

2.2.7 High resolution melting (HRM) analysis of genomic DNA

Allele-discrimination was carried out using HRM assays with the
LightCycler®480. The High Resolution Melting Master Kit was used as
described in the manual and shown in table 2.4. Primers R2452W HRM L
forward and reverse were chosen to amplify the region of interest, including
the R2452\W mutation, in RYR1.

Component Volume (uL) | Final concentration
H,O 2.3

MgCl, (25 mM) 1.2 3 mM

R2452W HRM L forward (5 mM) 0.5 0.25 mM

R2452W HRM L reverse (5 mM) 0.5 0.25 mM

2 x LightCycler®480 HRM 5 1x

Mastermix

Genomic DNA (50 ng/uL) 0.5 2.5ng

Table 2.4 Standard HRM protocol for primers detecting the R2452W mutation in DNA.

A complete HRM assay program is illustrated in table 2.5.
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Target Acquisition Hold Ramp Acquisition | Sec Step

("C) mode (mm:ss) | rate (per °C) target | size
(‘Cls) ("C)

Denaturation

Cycles 1 Analysis Mode None

95 None 10:00 4.40 0 0

Amplification

Cycles 45 Analysis Mode Quantification

95 None 00:10 4.40 0 0

65 None 00:10 2.20 58 0

72 Single 00:04 4.40 0

Melting

Cycles 1 Analysis Mode Melting curves

95 None 01:00 4.40 0 0

40 None 01:00 1.50 0 0

76 None 00:01 4.40 0 0

92 Continuous 0.02 25 0 0

Cooling

Cycles 1 Analysis Mode None

40 None 00:30 1.50 0 0

Table 2.5 PCR protocol for HRM assays showing standard parameters.

2.2.8 Restriction endonuclease digest

Restriction endonuclease digestion was used to prepare amplified PCR
products and vectors for cloning and to characterise plasmids. Buffers and
additives were used as directed in manufacturer’s instructions. An example of
a restriction endonuclease digest is shown in table 2.6. After digestion for 2 h
at 37 °C all enzymes were heat inactivated at either 60 ° or 65 °C, as
indicated in the product sheet. Two different enzymes were used to facilitate

directional cloning.
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Component Volume (uL) Final concentration/amount
H,O 17 - x

Restriction buffer (10x) | 2 1Xx

Enzyme 1 (20 U/pL) 0.5 10U

Enzyme 2 (20 U/pL) 0.5 10U

DNA or PCR product X 300 ng

Table 2.6 Protocol for restriction endonuclease digest using two enzymes.

x was dependent on the concentration of the PCR product or vector to be digested.

2.2.9 Antarctic phosphatase treatment of digested vectors

Digested vectors were treated with antarctic phosphatase to prevent re-
ligation. The digested vector was incubated for 30 min at 37 °C with antarctic
phosphatase. The enzyme was subsequently heat inactivated for 5 min at 65
°C. The final reaction volume was 20 uL. A standard reaction protocol is
illustrated in table 2.7.

Component Volume (pL) Final concentration/
amount

H,O 17 — x

Enzyme buffer (10 x) 2 1 X

Vector DNA X 300-1000 ng

Antarctic phosphatase (5 U/uL) 1 5U

Table 2.7 Standard protocol for antarctic phosphatase treatment of digested vector.

x dependent on the concentration of the vector DNA.

2210 Ligation

T4 DNA ligase was used to ligate digested inserts to digested vectors. The
ligation mixture (table 2.8) was incubated overnight at 4 °C with an insert:
vector ng ratio of 2:1 according to manufacturer’s instructions. The final

reaction volume was 20 pL.
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Component Volume (uL) Final concentration
H.O 17-x-y

Ligase buffer (10x) 2 1x

Vector DNA X 50 ng

Insert DNA y 100 ng

T4 DNA ligase (1 U/ pL) 1 1U

Table 2.8 Ligation protocol.
x depends on the concentration of the vector DNA, while y depends on the concentration of

the insert.

2211 Site-directed mutagenesis

The QuickChange® protocol was used to perform site-directed mutagenesis
in plasmids. Thirty nucleotide primers were designed to cover the region of
interest and to introduce a modification at this site. PCR was performed using
PfuTurbo DNA Polymerase to replicate both plasmid strands and introduce
the desired mutation into both strands. The PCR components (50 pL final

volume) used are shown in table 2.9.

Component Volume (uL) | Final concentration/amount
H20 31

dNTP Mix 1 1 uM

Reaction buffer (10 x) 5 1x

Primer F (10 uM) 5 1 uM

Primer R (10 uM) 5 1 uM

DNA template (50 ng/pL) 2 100 ng

PfuTurbo DNA 1 25U

Polymerase (2.5U/uL)

Table 2.9 Mutagenesis PCR protocol.

Since the annealing temperature for the primers used was very high (above
75 °C, see appendix V) the annealing step was omitted from the PCR
program and the elongation time was extended (table 2.10).
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Temperature (°C) | Time (mm:ss) Cycles
Denaturation 95 00:30 1
Denaturation 95 00:30
16x
Elongation 68 16:00

Table 2.10 Standard protocol used for mutagenesis PCR.

The reactions were chilled on ice for a few minutes prior to the addition of 1
ML (10 U/uL) Dpnl to each tube and subsequently incubated for 1 h at 37 °C
to digest the methylated, plasmid template. The reactions were used directly

for E. coli transformation.

2212 Competent E. coli cells

2.2.12.1 Ca*' chloride competent cells

Single E. coli DH5a colonies were picked from LB plates, used to inoculate 5
mL SOB medium (2 % bacto tryptone, 0.5 % bacto yeast extract, 8.6 mM
NaCl, 2.5 mM KCI, 1 mM NaOH, 10 mM MgCl,, 10 mM MgSO,) and then
grown at 37 °C for 6 h with constant shaking. One mL was used as a starter
culture to inoculate 250 mL SOB which was grown to an ODgyo of 0.55 at 20
°C. When cultures reached the required ODgg they were incubated on ice for
10 min before they were centrifuged at 4,000 x g for 10 min at 4 °C. After
washing the pellet in 80 mL ITB medium (10 mM PIPES pH 6.7, 15 mM
CaCly*2H,0, 250 mM KCI, 55 mM MnCl»*4H,0) and centrifugation at 4,000 x
g for 10 min at 4 °C, cells were resuspended in 20 mL ice cold ITB and 1.5
mL DMSO was added. The cells were divided into 100 pL aliquots and stored
at -80 °C until required.

2.2.12.2 Rubidium chloride competent cells
Single BL21 (DE3) GroEL/ES E. coli colonies were picked from LB plates

containing 7 ug/mL chloramphenicol and used to inoculate 5 mL LB broth.
Cultures were grown overnight at 37 °C under constant shaking to form a
starter culture where 1 mL was used to inoculate 200 mL LB broth. This 200
mL culture was grown until an ODgy of 0.5 was reached and cells were

harvested by centrifugation at 4,000 x g for 10 min at 4 °C. The pellet was
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resuspended in 100 mL ice-cold buffer 1 (30 mM KOAc, 100 mM RbCl,, 10
mM CaCly, 50 mM MnCl,, 15 % (v/v) glycerol, pH 5.8) by vortexing for 30
sec. The cells were chilled on ice for 5 min before they were centrifuged for
10 min at 4 °C at 4,000 x g. Finally the pellet was resuspended in ice cold
buffer 2 (10 mM MOPS/KOH pH 6.5, 75 mM CaCl,, 10 mM RbCl,, 15 %
glycerol). Cells were chilled on ice before 50 pL aliquots were prepared and

then stored at -80 °C until further use.

2.213 E. coli transformation

Competent E. coli strains were thawed on ice before either 1/10 ligation
mixture or plasmid (5 ng) was added and incubated on ice between 10 and
30 min, depending on the E. coli strain. Competent cells were heat-shocked
at 42 °C for 1 to 1.5 min and subsequently incubated on ice for 2 min. DH5a
cells (100 pL) were diluted with 900 yL SOC medium and grown for 30 min at
37 °C before aliquots were plated out onto LB-Agar plates containing 100
pMg/mL ampicillin. BL21(DE3) GroEL/ES E. coli strains were plated directly
onto LB-agar plates containing 100 pg/mL ampicilin and 7 pg/mL

chloramphenicol and incubated overnight at 37 °C.

2.2.14 Glycerol stocks of transformed DH5a cells

Single cells were picked from LB-agar plates and used to inoculate 5 mL LB
broth, containing 100 ug/mL ampicillin, and then grown at 37 °C under
constant shaking for 16 h. Glycerol stocks were prepared from these cultures

by the addition of glycerol to a final concentration of 10% (v/v).

2.2.15 Rapid boil plasmid isolation

Putative recombinant plasmids were randomly screened using an
inexpensive plasmid isolation protocol as follows: a sufficient amount of E.
coli culture, usually 1.5 mL, was harvested by centrifugation for 1 min at
16,000 x g and the pellet was resuspended in 350 uyL STET buffer (50 mM
Tris-HCI pH 8, 50 mM Na;EDTA pH 8, 8 % sucrose, 5 % Triton X-100) and
25 uL of freshly prepared lysozyme (10 mg/mL) was added. After mixing, it
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was boiled for 40 sec and centrifuged for 10 min at 14,000 x g. The pellet
was removed with a toothpick and 400 pL isopropanol was added to the
remaining supernatant and mixed well. The mixture was incubated for 30 min
at -20 °C. The precipitated DNA was centrifuged at 14,000 x g for 5 min and
washed with 500 pL 95 % ice cold ethanol. After centrifugation the pellet was
air dried and resuspended in 50 yL TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 8).

2.2.16 Isolation of plasmid DNA: small scale

The Roche High Pure Plasmid Isolation kit based on the alkaline lysis
method, was used according to manufacturer’s instructions to isolate high
quality plasmid DNA from E. coli DH5a. The required amount of E. coli
culture, 2-5 mL, was harvested by centrifugation for 2 min at 16.000 x g and
the pellet was resuspended in 250 pyL suspension buffer. After extraction

DNA was eluted in 100 uL elution buffer by centrifugation for 1 min at 16,000
Xg.

2.2.17 Isolation of plasmid DNA: medium scale

For larger quantities of plasmid DNA the Invitrogen PureLink™ HiPure
Plasmid Midiprep Kit based on anion-exchange chromatography, was used
according to manufacturer’s protocol. The required volume of E. coli culture,
between 0.1 and 1.5 L, was harvested at 4,000 x g for 20 min at 4 °C. DNA
was resuspended in 200 yL TE buffer.

2.2.18 Protein isolation from mammalian cell lines

2.2.18.1 Preparation of microsomes

Microsomes are vesicle-like cell compartments, formed from the endoplasmic
reticulum in broken eukaryotic cells. These vesicles can be isolated by
differential centrifugation. Transfected HEK293 cells were washed twice with
PBS and harvested in 1.5 mL sucrose buffer (0.25 M sucrose, 10 mM
HEPES, pH 7.4, 1x complete mini protease inhibitor). Cells were transferred
into a hand-held homogenisor and were homogenised with 100 strokes. The

42



Chapter 2 Material and Methods

homogenate was transferred into a microcentrifuge tube and centrifuged at 4
°C at 16,000 x g for 10 min to pellet cell debris. The microsome-containing
supernatant was collected and transferred into an ultracentrifuge tube. The
supernatant was centrifuged at 100,000 x g in an ultracentrifuge at 4 °C for
1.25 h. The microsome-containing pellet was resuspended in 100 pL sucrose
buffer and stored at -80 °C.

2.2.18.2 Crude protein extracts
Transfected HEK293 cells were washed and harvested in PBS followed by

pelleting in a microcentrifuge tube for 5 min at 13,000 x g. The supernatant
was discarded and the pellet was resuspended in 100 pL cell lysis buffer (0.1
M Tris-HCI pH 7.8, 0.5 % Triton X-100, 1x Complete mini protease inhibitor)
and incubated for 15 min at 37 °C to disorganise and lyse cell membranes.
Insoluble debris were pelleted by centrifugation at 2000 x g for 10 min at 4

°C. The protein-containing supernatant was stored at —80 °C until further use.

2.2.19 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Protein extracts were analysed using either 12.5 % (for proteins <60 kDa) or
7.5 % SDS-PAGE (protein >150 kDa) gels. Protein gels were prepared using
the Biorad mini Protean™ gel casting system using components as listed in
table 2.11.

Component 7.5 % 4 % 12.5 % 6 %
resolving gel | stacking gel resolving gel | stacking gel
Water (mL) 4.35 3.15 3.35 29
40 % Acryl-
amide (mL) 1.5 0.5 25 0.75
1.5 M Tris pH
8.8 (mL) 2 - 2 -
0.5 M Tris pH
6.8 (mL) - 1.25 - 1.25
0,
10 % SDS 149 50 80 50
(L)
[0)
10 % APS g9 50 80 50
(L)
TEMED (pL) 8 5 8 5

Table 2.11 List of components for either 7.5 or 12.5 % SDS-PAGE gels.
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2.2.19.1 Coomassie blue staining

After electrophoresis, gels were stained for 5 min using Coomassie-blue (0.1
% (w/v) Coomassie blue-R250, 45 % methanol, 10 % glacial acetic acid).
Destaining was performed by placing the gel in destain solution (15 %

methanol, 6 % glacial acetic acid) for 2 h at RT.

2.2.19.2 Silver staining

After electrophoresis, gels were placed in fixing solution (50 % ethanol, 10 %
glacial acetic acid) for 1 h with constant shaking. The fixed gel was washed 3
times for 5 min with water and placed in 100 mL 0.8 mM sodium thiosulphate
for 4 min. The gel was washed for 5 min in water before it was placed in 100
mL 2 g/L silver nitrate solution for 20 min. Prior to be placed in developer
solution the gel was briefly washed with water. Bands were developed for at
least 2 min in developer solution (666 mM Na,COs;, 0.016 mM sodium
thiosulphate, 0.05 % formaldehyde) until the bands of interest were
visualised. To stop the staining process the gel was placed in 5 % acetic acid

for 5 min.

2.2.20 Western blotting

Sufficient protein (15 ug of microsomal fractions, 70 pg crude extract or ~0.1
Mg of purified recombinant RYR1 protein) was incubated with 5 x loading dye
[60 mM Tris-HCI, pH 6.8, 25 % glycerol (v/v), 2 % SDS (w/v), 5 % 2-B
mercaptoethanol, 0.1 % bromophenol blue (w/v)] at RT for 10 min when
western blotting for full-length RYR1 was performed or boiled for 3 min for
any other western blot. Protein samples were loaded onto an SDS-PAGE gel
and electrophoresis was carried out at 130 V for either 1 h (12.5 % gel) or 1.5
h (7.5 % gel). The gel was soaked in transfer buffer (15.6 mM Tris-HCI pH
8.2, 0.12 M glycine) containing 10 % methanol and was blotted onto a PVDF
membrane (precharged by soaking in methanol for 1 min) at 70 mA overnight
at 4 °C for full-length RYR1 or 1.25 h at 150 mA at RT for other proteins. The
membrane was blocked in 5 % skim milk powder (w/v) in TBST (50 mM Tris,
0.15 M NaCl, pH 7.5, 0.1% Tween-20) for 3 h at RT before the primary
antibody (a-RYR1 1:1000, a-Hise-tag 1:3000, a-Tubulin 1:5000) was applied

and incubated overnight at 4 °C with constant shaking. The membrane was
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washed 4 x 10 min in TBST before the horseradish peroxidase labelled
secondary antibody against mouse (1:5000) was applied for 1 h at RT under
constant shaking. The membrane was washed 4 x 10 min before it was
incubated for 1 min in Roche chemiluminescence blotting substrate and

emitted light was detected immediately on X-ray film.

2.2.21 Coating of tissue culture plastic

2.2.21.1 Collagen coating

Tissue culture plastic plates used to grow myoblasts were coated with
collagen for more effective cell adhesion and proliferation. Collagen solution
(600 ug/mL in 0.1 % acetic acid) was diluted in water to a final concentration
of 20 ug/mL and was dispensed into tissue culture plates to sufficiently coat
the surface and incubated for 30 min at 37 °C. The collagen solution was
removed and plates were washed twice with water and dried in a tissue

culture hood. Plates were stored at 4 °C until required.

2.2.21.2 Poly-L-lysine coating

Poly-L-lysine was resuspended in water to a final concentration of 0.01 %
(w/v). Tissue culture plastic used for Ca®* release assays for transfected
HEK293 cells was coated by the addition of 0.01 % poly-L-lysine and
incubated for 1 h at RT under the exposure of UV-light to sterilise the plates.
Poly-L-lysine solution was removed and plates washed once with water and

were stored at 4 °C until required.

2.2.22 Immunofluorescence staining

Cells grown in chambers were fixed with an ice cold methanol:acetone
mixture (v:v,1:1) for 15 min at RT followed by 2 x 10 min wash with PBS.
Cells were permeabilised by incubation with PBS containing 0.2 % Triton X-
100 (v/v) for 5 min at RT with gentle shaking followed by washing 2 x with
PBS. Blocking was carried out in PBS containing 5 % BSA (w/v) and 0.5 %
Tween-20 (v/v) for 30 min at RT on a shaker. Primary antibodies [a-RYR1,

produced in mouse, 1:500 dilution and a-PDI (protein disulfide isomerase),

45



Chapter 2 Material and Methods

used as an ER marker, produced in rabbit, 1:750 dilution] were applied and
incubated over night at 4 °C. Cells were washed 3 x 5 min with PBS + 0.5 %
Tween-20 (v/v) on a shaker before the secondary antibody was applied [FITC
(fluorescein isothiocyanate) labelled goat a-mouse IgG, 1:200, TRITC
(tetramethylrhodamine isothiocyanate) labelled goat a-rabbit 1gG, 1:200].
Cells were incubated with secondary antibody for 1 h at RT on a shaker
followed by 3 x 5 min washing with PBS +0.1 % Triton X-100. The final wash
was performed for 5 min with PBS on a shaker before the chamber top was
removed from the slide and 10 yL mounting solution (Prolong Gold antifade
solution, containing DAPI) was added. Coverslips were placed on top and the
edges were sealed with nail polish to keep the coverslip in place. Slides were

kept in the dark at 4 °C until used for microscopy.

2.2.23 Establishment of primary lymphocyte cultures from blood

B-lymphocytes were isolated from whole blood using a method previously
published [167]. Ten mL of blood was mixed with 25 mL of OptiMEM medium
with no additives. To separate the red blood cells the mixed blood (in 4 mL
aliquots) was layered onto a 3 mL ficoll-paque and centrifuged at 18 °C for
40 min at 400 x g with no brake activated. The top layer containing blood
plasma was discarded while the white blood cells settled at the interface.
White blood cells were carefully removed and gently washed twice with 5 mL
OptiMEM medium by centrifugation for 10 min at 160 x g. The white blood
cells pellet was resuspended in 2 mL lymphocyte proliferation media (table
2.12) in a biohazard hood. The resuspended white blood cells were then
mixed with 2.5 mL of filtered (0.2 yum) B95-8 cells supernatant, containing the
Epstein-Barr-Virus and were incubated for 2 h at 37 °C. Finally, 5 mL
complete medium (table 2.12) containing 1 ug/mL cyclosporin A was added
to inhibit the T-cell response and to obtain a culture enriched in B-
lymphocytes. Cells were incubated at 37 °C and 5 % CO, for ~3 weeks
without disturbing. After this time, if immortalisation had occurred the B-
lymphocytes tended to aggregate. Media was replenished every 2-3 days by
removing ~2 mL media and adding 2 mL of fresh media until visible cell

growth occurred.
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2.2.24 Isolation of muscle cells from fresh muscle

2.2.24.1  Explant method

Muscle pieces were delivered on ice in sterile 50 mL tubes containing sterile
serum free media. A 6-well plate was filled with 1.5 mL of myoblast extraction
medium per well (table 2.12). Sterile inserts were placed into the wells and
were filled with 0.5 mL of myoblasts extraction medium. Muscle pieces were
placed on a sterile petri dish in a biohazard hood and 1x1 mm cubes were
cut from the centre of the muscle. One piece of muscle was placed into each
insert and incubated at 37 °C, 10 % CO; in a humidified atmosphere until
muscle cells were visible growing around the block of tissue (~7-12 days).
The muscle pieces were then removed and medium from the insert was
discarded. The cells were detached by addition of 1 mL TrypLE to the insert
and incubated at 37 °C for about 10 min. Detached cells were pooled and
transferred into a 3.6 cm diameter collagen-coated tissue culture dish
containing 3 mL myoblast separation medium (table 2.12) and placed into the
same incubator. When cells reached about 40 % confluence they were
trypsinised and transferred into a 10 cm collagen-coated plate containing 10

mL complete myoblast proliferation medium (table 2.12).

2.2.24.2 Collagenase/dispase digest

One gram fresh muscle was weighed and roughly chopped with scissors until
a slurry was formed. The slurry was transferred into a sterile 15 mL tube
containing 1 mL collagenase/dispase mixture (1 g of collagenase class Il to
100 mL of dispase grade Il with a final concentration of 2.5 yM CaCl,)
followed by incubation for a total of 1 hour in a 37 °C water bath. Every 10
min the slurry was titurated using a 5 mL pipette. The digested mixture was
filtered through a 0.7 um filter cup and centrifuged at 400 x g for 10 min. The
supernatant was removed and the cell pellet resuspended in 10 mL myoblast
proliferation media and plated into an uncoated 10 cm tissue culture dish.
Fibroblasts adhere more quickly than myoblasts and therefore can be
removed from the media. Therefore the supernatant was removed every 30
min over a period of 3 hours and plated into a new plate. The previous plates
were replenished with 10 mL myoblast proliferation media (table 2.12) and

placed in the 37 °C incubator containing 10 % CO,. For the final plating the
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medium was dispensed into a collagen-coated plate. Most fibroblasts will be
removed by this stage and thus the cell suspension should be highly

enriched for myoblasts.

2.2.24.3 Enrichment of myoblasts

Fibroblasts adhere very strongly to surfaces while myoblasts do not.
Therefore another method to enrich for myoblasts was to take advantage of
this behaviour. When the freshly isolated myoblast cultures were 50 %
confluent the media was removed and replaced by 4 mL of PBS (0.14 M
NaCl, 2.7 mM KCI, 10 mM NazHPO4, 1.8 mM KH,POQO,). Cells were incubated
for at least 10 min at 37 °C. Myoblasts were released rapidly from the tissue
culture plastic freely while fibroblasts remained adherent. The cell-containing
PBS was placed into another collagen-coated dish containing 8 mL myoblast
proliferation media. This step was repeated for 3 weeks until no signs of

fibroblasts could be detected.

2.2.25 Reviving frozen cell stocks

Cell stocks from all cell lines were either stored in a -80 °C freezer for short
term storage or in liquid Ny for long term storage. A vial of cells was thawed
rapidly in a water bath (37 °C) and mixed with 5 mL completed media (see
table 2.12 for the cell specific media and incubator conditions) followed by
centrifugation for 4.5 min at 200 x g. The supernatant was removed and cell
pellets were resuspended in 5-10 mL complete media, seeded into tissue

culture plasticware and placed in an incubator.
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Cell lines Media + components (v/v) CO; concentration
Lymphocyte OptiMEM medium +
proliferation 2 % fetal bovine serum (FBS) + 1 5%
medium % penicillin/ streptomycin (P/S)
Myoblast Hams F-10 medium +
proliferation 20 % FBS + 1 % P/S + 5 ng/mL 10 %
: bhFGF (basic human fibroblast
medium
growth factor)
Myoblast . o
differentiation (DHNS”?:-/I ;n;d&rg +2 % horse serum 10 %
medium
'C\';[rgﬂm'jtﬁm% DMEM medium + 5o,
. 10 % FBS + 0.5 % P/S
medium
coll growth | DMEM medium + Y
. 10 % FBS + 400 ug/mL geneticin
medium
Myoblast DMEM medium + 10 % horse
separation serum (HS) + 1 % P/S, 5 ng/uL 10 %
medium Insulin
Myoblast DMEM medium +
extraction 20% FBS +1 % P/S + 10 %
medium 5 ng/pL Insulin

Table 2.12 Media and CO, concentrations used to cultivate different cell lines.

2.2.26

Passage of cells

When passaging cells all solutions and media were preheated to 37 °C.

2.2.26.1

Lymphocytes are non-adherent cells and when

Lymphocytes

immortalised to B-

lymphoblastoid cell lines form clumps. One rapid and reliable criterion for

passaging lymphocytes is the colour of the medium containing phenol red as

pH indicator. If the medium becomes slightly yellow due to a reduced pH

(usually every 3 days) the cells need medium replenishment. If colour change

occurs faster than every ~3 days cells require passage. For this purpose

cells were completely resuspended in medium and divided into 2 or 3 flasks

and replenished with 5-10 mL lymphocyte proliferation medium depending on

the flask size and cell number (table 2.12) and flasks were placed at 37 °C

with 5 % COz in an upright position
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2.2.26.2 HEK293 cells

HEK293 cells are adherent cells but adhere poorly to tissue culture flasks.
Media was removed and 0.5 mL TrypLE was added to the cells and left for 5
sec before it was removed. Two mL fresh HEK293 growth medium (table
2.12) was added and the cells were shaken gently to detach them from the
surface. Cells were passaged by transferring one fifth (0.5 mL) of the cell

suspension into a new T25 flask into an additional 4.5 mL fresh medium.

2.2.26.3 Mpyoblasts

Myoblasts adhere to tissue culture dishes and cells should not be grown to
confluence as this encourages differentiation. Therefore they were passaged
at about 60 % confluence by removing the media and the addition of 2 mL
TrypLE to the 10 cm diameter dish. The cells were incubated for 5 min in the
37 °C, 10 % COzincubator until all cells were dislodged. Proliferation medium
(5 mL) was added and 2 mL of cell suspension was placed into a new 10 cm

dish containing 9 mL of proliferation medium.

2.2.27 Freezing cells

Cells were harvested by centrifugation at 200 x g for 4.5 min. The cell pellet
was resuspended in FBS containing 10 % (v/v) DMSO and transferred into a
cryo-vial. Vials were placed in a CoolCell (Biocision) and placed in the -80 °C
freezer to allow slow freezing of cells. After a week they were either stored at

-80 °C or transferred in liquid N> for long-term storage.

2.2.28 Transfections

Transient transfections were carried out using either Fugene HD for Ca?*
release assays or Fugene 6 for immunostaining. Cells used for Ca** release
assays were grown to 90 % confluence in poly-I-lysine coated 96 well plates
and transfected with a Fugene HD (uL): DNA (pg) ratio of 8:2 according to
manufacturer’s instructions while 150 ng DNA was used in total per well and
incubated for 72 h. For immunostaining, cells were transfected at a
confluency of 10 % with the same ratio and amount as described earlier.
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2.2.29 Ca* release assays

2.2.29.1 B-lymphoblastoid cells

B-lymphoblastoid cells were counted to obtain 1.2x10” cells and harvested by
centrifugation for 4.5 min at 200 x g. The cell pellet was washed once with 1
x BSS plus Ca®" buffer (140 mM NaCl, 2.8 mM KCI, 1 mM MgClz, 2 mM
CaCly, 10 mM glucose, 10 mM HEPES, pH 7.25), loaded with 2 yM fura 2-AM
and 0.01 % pluronic F127 and incubated for 1 h at 37 °C in the dark. Cells
were washed once with 1 x BSS plus Ca®" and once with 1x BSS with 20 uM
free Ca?* (140 mM NaCl, 2.8 mM KCI, 1 mM MgCl, 2 mM CaCly, 2 mM
EGTA, 10 mM glucose, 10 mM HEPES, pH 7.25) and kept in this buffer for
fluorometry. Free Ca* concentrations in this buffer were calculated using the
free internet software Ca-EGTA Calculator v1.3
(http://www.stanford.edu/~cpatton/CaEGTA-TS.htm) based on the Theo
Schoenmakers' Chelator [168]. Fura 2 loaded B-lymphoblastoid cells were
dispensed at a density of 2x10° cells per UV transparent cuvette and made
up to a final volume of 2 mL. A 0.5 cm flea was added to each cuvette and
Ca®* release was detected using a fluorometer (Luminescence spectrometer
LS50B, Perkin Elmer, using the FL WinLab software) at the excitation
wavelength of 340 and 380 nm with emission at 509 nm. Measurements
were taken every 2 sec for each wavelength over ~10 min, at RT by the

addition of the agonist 4CmC with constant stirring.

2.2.29.2 Myotubes/ transfected HEK293 cells

Ca’* release assays were carried out in UV-transparent 96-well plates for
both differentiated myoblasts and transfected HEK293 cells. The fura 2-AM
loading protocol for myotubes/HEK293 cells is identical to that for
lymphocytes loading and can be found in section 2.2.29.1. Fura 2 loaded
cells were finally stored in 100 pL 1x BSS with 20 uM free Ca** and Ca*
release in response to the agonist 4CmC was measured at RT using a
fluorescence microscope (Olympus IX81) with 16 x magnification containing
a filterset for the excitation wavelengths of 340 and 380 nm. Emission was
detected at 509 nm every 0.5 sec. The Metafluor software was used for data

analysis.
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2.3 Protein purification methods

2.3.1 Induction of transformed E. coli

A single transformed E. coli BL21(DE3) GroEL/ES colony was picked and
used to inoculate a 5 mL LB broth containing 100 ug/mL ampicillin and 7
pg/mL chloramphenicol and grown for 4 h at 37 °C. Starter cultures (5 mL)
were used to inoculate 500 mL LB containing 100 pg/mL ampicillin and 7
pMg/mL chloramphenicol and grown at 37 °C under constant shaking to an
ODggp of 0.4 before they were induced with 0.1 mM IPTG. For protein
overexpression the cultures were grown at 20 °C for 3 h (optimised condition)
with constant shaking before they were harvested by centrifugation (4000 x g

for 15 min). The pelleted E. coli culture was frozen at -20 °C until further use.

2.3.2 Protein extraction from induced E. coli

An E. coli pellet (9 L culture volume) was resuspended in 30 mL cell lysis
buffer (0.1 M Tris HCI, 0.5 M NaCl, pH 7.8, 50 mM imidazole) and well mixed.
Cells were lysed using a French press at 5,000 psi twice and chilled on ice in
between. Lysed cells were centrifuged at 4°C for 15 min at 16,000 x g to

pellet cell debris and insoluble proteins.

2.3.3 Hisg-tag purification via Ni?*-NTA affinity column
A Ni**-NTA agarose filled 5 mL HisTrap HP column (GE Healthcare) was

used for Hise-tag affinity purification. The column was equilibrated with 5
column volumes of lysis buffer containing 0.1 M Tris HCI, pH 7.8, 0.5 M NaCl,
20 mM ATP and 50 mM imidazole to reduce non specific binding. ATP was
added to weaken the binding of GroELS to overexpressed RYR1. Soluble
protein was loaded onto the column at a flow rate of 2 mL/min before the
column was washed with 10 column volumes of equilibration buffer
containing 100 mM imidazole to elute unspecifically bound protein. RYR1
protein was eluted using a gradient ranging from 100 mM to 400 mM
imidazole as a first purification step. For further purification protein was
loaded again onto the column equilibrated with lysis buffer as described
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above and eluted using a step gradient with two elution steps at 155 mM and

400 mM imidazole in the previously mentioned buffer.

2.3.4 Size exclusion purification for RYR1 central domain

To prevent blockage of the FPLC AKTA system all reagents were filtered
before use. Concentrated protein was centrifuged at 100,000 x g for 10 min
to pellet any insoluble particles in the protein solution. The size exclusion
column Superdex 200 10/300 GL (GE Healthcare) was washed with 1.5
column volumes of water (flow rate 0.6 mL/min) followed by equilibration with
buffer containing 20 mM Tris-HCI, pH 7.9, 20 mM NaCl. Concentrated protein
was loaded into a 500 pL loop and loaded onto the column. Proteins were
eluted using a flow rate of 0.6 mL/min for 1.2 column volumes while fractions
of 300 uL were collected throughout elution. The gel filtration column was
calibrated using different sized proteins. Protein standards at 0.5 mg/mL
were loaded onto the column and the calibration curve is included in

appendix VII.

2.3.5 Cleavage of affinity tag using enterokinase

Fractions containing purified Ni**-affinity eluted protein were concentrated
using a spin Viva Spin concentrator, to a final volume of 500 pyL and protein
concentration was estimated using spectrophotometry measuring light
absorbance at 280 nm using the extinction coefficient of the overexpressed
protein. For every 25 ug protein 0.1 uL enterokinase (1 pg/mL stock solution)

was added to the concentrated protein and incubated for 3 h at RT.

2.3.6 Circular dichroism spectroscopy

Concentrated purified protein was used in circular dichroism spectroscopy
(CD) as a means of determining a distinctive secondary structure and as a
measure of protein folding. CD spectra in the far UV light range (260-180 nm)
were measured using a Chirascan CD spectrometer (Applied Photophysics)
using a 1 mm path cell and protein concentration of 0.1 mg/mL at 20 °C in
buffer containing 10 mM phosphate buffer pH 7.9, 10 mM NaCl, 1 mM DTT.
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Protein measurements were recorded 5 times with a band width of 1 nm and
0.5 nm increments and readings taken every 1 second before being
averaged and smoothed curves were calculated. For thermal stability assays
CD spectra were measured from 5° to 90°C in 5°C increments and a 1 min
equilibration time and a tolerance level of 0.2 °C. Deconvolution of the CD

spectra was carried out using the CDNN software (Applied Photophysics).

2.3.7 Mass spectrometry

Mass spectrometry was kindly carried out as a service by Trevor Loo, IMBS,

Massey University.

2.3.7.1  Desalting of samples
A 200 pL gel-load tip (GR770290, Raylab, NZ) was self packed with POROS

20 R2 medium slurried in 100 % methanol. The packaged medium was
washed once with 70% acetonitrile (ACN), 0.1% formic acid (FA) and then
with water containing 0.1% FA before the appropriate amount of protein
sample (20 pmol) was slowly loaded onto the media. Protein was washed
once with water containing 0.1% FA and eluted in 30 uL 70% ACN, 0.1% FA
and stored at -80 °C for mass spectrometry to detect the exact mass of intact

proteins.

2.3.7.2 In-gel digestion
Bands on colloidal Coomassie (G250)-stained SDS-PAGE gels were cut and

destained using 50 mM ammonium bicarbonate three times for 20 min at 37
°C before 100 % ACN was applied for 10 min as a final washing step. The
supernatant was removed and gel pieces were dried for 10 min using a
centrifugal evaporator. Protein in the gel pieces was reduced by the addition
of 30 yL fresh 10 mM DTT for 1 h at 50 °C. To alkylate the protein 30 pL of
freshly prepared iodoacetamide (0.5 mM in 100 mM ammonium bicarbonate)
was added and incubated for 30 min at 37 °C in the dark. The supernatant
was removed and gel pieces were washed twice for 5 min with 100 pL
Coomassie destain solution before gel pieces were dehydrated by the
addition of 100 pL 100 % ACN for 15 min. Supernatant was removed and the

gel pieces dried for 10 min using a centrifugal evaporator. Dried gel pieces
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were rehydrated by using enough ice-cold trypsin solution to cover them (15
ng/uL sequencing grade trypsin, Sigma Aldrich, in 3 mM acetic acid and 25
mM ammonium bicarbonate buffer) and incubated at 37 °C in the dark
overnight. Protein from the digested gel pieces was eluted twice by the
addition of 60 pL 60% ACN, 0.1% FA and sonicated in a water bath for 1 min
before a final elution was done in 100% ACN followed by 1 min sonication.
Eluted fractions were pooled and the volume was reduced to 20 pL using a

centrifugal evaporator. Samples were stored at -80 °C.

2.3.7.3  In-solution digestion

Concentrated protein sample (10 pg in 50 pyL) was mixed with 30 uL of 20%
ACN in 50 mM ammonium bicarbonate containing 2 mM CaCl; and incubated
for 20 min at room temperature (RT). To reduce the disulphide bonds in
proteins, 6 uL 200 mM freshly prepared DTT (final concentration 15 mM) was
added and incubated for 1 h at 37 °C. For protein alkylation 8 uL of 100 mM
iodoacetamide in ammonium bicarbonate buffer (final concentration 10 mM)
was added and incubated for 15 min at RT in the dark. The protein digest
was carried out overnight at 37 °C by the addition of 2 pL trypsin (200 ng/pL
stock in 3 mM acetic acid and 25 mM ammonium bicarbonate buffer). To stop
the digest 1 uL ~ 98% FA was added to acidify the samples prior to storage
at -80°C until further use.
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Chapter 3 Functional characterisation of the RYR1

R2452W mutation using patient-derived cells

3.1 Introduction

Malignant hyperthermia (MH) has a relatively high incidence worldwide with
an approximate frequency of 1 in 15,000 surgeries. The lower part of the
North Island of New Zealand has an even higher incidence with one in every
~200 anaesthetics at Palmerston North hospital being administered to a
patient classified as MHS. In the whole of New Zealand, 55 families to date
are known to have an MH background and of these, RYR1 mutations have
been identified in 27. Two of these unrelated families carry the R2452W
mutation which to date has not been demonstrated to be causative of MH.
This chapter describes the use of patient-derived cells from these families in
functional agonist-stimulated Ca?* release assays with the ratiometric Ca*
indicator fura 2-AM. This esterified fluorophore is membrane permeable and
allows the dye to enter the cytosol of cells where it is hydrolysed to fura 2 by
cytosolic esterases. Fura 2 was then used to monitor changes in cytosolic
Ca?* using a fluorescence microscope or fluorometer. The fluorophore fura 2
is excited at wavelengths of 340 and 380 nm with emission measured at 509
nm. In the absence of Ca®* the excitation maximum is monitored at 380 nm
but once Ca®* has bound to fura 2 the excitation maximum shifts to 340 nm.
Fura 2 has a high affinity for Ca?* and a low affinity for M92+ [169]. The RYR1
(and RYR2) specific agonist 4-chloro-m-cresol (4CmC) was used together
with fura 2 in functional assays to specifically detect altered Ca®* release
from the ER/SR by RYR1 in either B-lymphoblastoid cells or myotubes

established from patient samples.

Informed consent was contained from patients under human ethical approval
from the Central Region (Wellington, New Zealand) and Massey University
(Palmerston North, New Zealand) human ethics committees and handled
under number MWHO0010051. Ethical approval to construct the human RYR1
cDNA clone was obtained from the Massey University Genetic Technology
Committee acting as the Institutional Biological Safety Committee for the

National Advisory Environmental Risk Management Authority.
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3.1.1 B-Lymphoblastoid cells

B-lymphocytes express RYR1 endogenously although its function in these
cells is currently unclear. It has been suggested that RYR1 is involved in
intracellular Ca®* regulation and signal transduction [133]. In recent years B-
lymphocytes have become a model system for functional studies of RYR1-
mediated Ca®" release since the expression levels are moderate and
lymphocytes can be easily extracted from patient blood samples.
Lymphocytes express an alternatively spliced form of RYR1 missing exon 70,
encoding 5 amino acids but the functional reason for this is unknown [132].
Alternative splicing also occurs in skeletal muscle thus the amino acids
encoded by exon 70 are not thought to be essential for function. B-
lymphocytes do not express the other proteins associated with the skeletal
muscle triad, which could influence Ca® release from the SR through the
ryanodine receptor. Using B-lymphoblastoid cells as a system to measure
Ca®* release from RYR1 has the advantage that Ca?* is released in the
absence of other proteins used in skeletal muscle contraction and a
functional effect of RYR1 mutations can therefore be detected independently.
If there is any abnormal Ca** release detected in lymphocytes it can be
concluded that it is most likely due to a mutation in the RYR7 gene. If,
however an RYR7 mutation alters Ca®* release due to a defective coupling of
e.g. DHPR in muscle cells, Ca** release assays in B-lymphoblastoid cells will
appear to be MHN leading to a false negative result, which may suggest

there is no mutation in RYR1.

B-lymphocytes used in this study where isolated from patient blood samples.
Blood samples of MH-associated families as well as control patients were
collected by staff members of the Palmerston North Hospital and B-
lymphocytes were extracted at Massey University and established as

continuous cultures of B-lymphoblastoid cell lines.

3.1.2 Myoblasts

Muscle cells contain several different cell types including fibroblasts and

myoblasts. Fibroblasts are responsible for the maintenance of cell integrity

57



Chapter 3 Functional characterisation using patient-derived cells

and to form connective tissue while myoblasts are the actual muscle cells
that differentiate to form myofibrils. Satellite cells were first discovered in
1961 by Mauro et al. [170] and are located at the periphery of myofibres.
These cells are myogenic stem cells and are responsible for growth and
regeneration. They are activated when the tissue is injured and proliferate as
new myoblasts. To fulfil their muscle function, myoblasts need to be
differentiated into myotubes, forming long cells by fusion of multiple
myotubes eventually forming a myofibril. The formation of these cells can be
monitored in vivo by microscopy since they become multinucleate cells due
to the fusion of single cells [143, 171, 172]. Myotubes express RYR1 as well
as other components of the skeletal muscle Ca®* release channel, while the
precursor myoblasts do not express RYR7. Myotubes are therefore the
preferred cells to investigate altered Ca?* release for MHS patients as they
are a close physiological system to that of muscle and they should reflect the
function of the complete muscle contraction cascade, not just RYR1. Altered
Ca* release in these cells could be due to either mutations in RYR? or any
other of the proteins involved in Ca®* release and excitation-contraction (EC)
coupling e.g. DHPR. Myotubes also have the advantage of reflecting the
patient’s genetic background and represent a useful experimental system for

the study of mutations in all proteins expressed in skeletal muscle.

3.2 Patient samples

B-lymphoblastoid cells and myoblasts from MHS, MHN and MHE patients
(table 3.1) were used for Ca®* release assays in an attempt to use these cells
to discriminate between different genotypes. Lymphocytes for patients
carrying the R2452W mutation were immortalised from two different families
(A and B). Samples for family B (figure 3.1) were only available for the
mother Bl and her three children where one child (BIl:1) is not a carrier for
this mutation (-). No information (nt) was available for the father. Sibling Bll:1
was used as an internal negative control since the genetic background of the
siblings is the same. If the mutation-carrying family members show a
hypersensitive receptor compared to Bll:1 it would be most likely due to the
R2452W mutation in RYR1. Mutation information due to DNA screening for
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this mutation was available for patient Bls sibling and nephews but

unfortuantely no lymphocytes could be extracted from these patients.

Contraction (g)

Contraction (g)

Patient ver RYR Gender | Age at2 % at 2 mmol/L
result | mutation
Halothane Caffeine

A MHS | R2452W | male 36 |25 24

Bl MHS | R2452W | female |50 |4.3 3.7

BIl:1 |nt negative | female | 25 | nt nt

BIl:2 |nt R2452W | male 29 | nt nt

BIl:3 | MHS | R2452W | male 27 |64 5.1

C1 MHN | negative | female | 50 | 0.2 0.1

C2 MHN negative | female |40 |0 0.1

C3 MHS | H4833Y | female |32 |nt nt

U1 MHE, | negative | male 40 |0.6 0.4

U2 MHE, | negative | female |65 | 0.7 0.2

Table 3.1 Patient-derived samples used in Ca”" release assays.

Stated above are patient sample, IVCT results (when applicable) as well as age and gender.

Patients not tested by IVCT are indicated as nt and therefore no data was available. The

threshold for MHS is 0.4 g for 2 % halothane and 0.2 g tension for 2 mmol/L caffeine.

Patients U1 and U2 had a positive reaction to halothane (h) and are therefore classed as

MHEy, indicating a positive halothane response.

Patient A is from a family unrelated to family B and therefore does not share

the same genetic background. Unfortunately no information about any other

family member of patient A was available.
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Figure 3.1 Pedigree of family B.

Black symbols represent patients who underwent an IVCT and were classified as MHS while
white symbols represent family members that did not undergo an IVCT. + indicates the
presence of the R2452W mutation in the patients DNA while — represent the absence of the

mutation. Patients not tested for the mutation in their DNA are labelled as nt.

Altogether three controls were chosen. Additional to the control patient Bll:1,
two more unrelated patients (C1 and C2) with different genetic backgrounds
and a previously negative IVCT were chosen. As a positive control for Ca®*
release assays in B-lymphoblastoid cells, a RYR1 H4833Y carrier (C3) was
chosen. The H4833Y mutation is associated with MH and has been shown to
result in a hypersensitive receptor [8, 166]. The two control patients C1 and
C2 belong to families with an MH history and therefore underwent an IVCT

with a negative result.

The IVCT does not always result in a clear classification of MHS or MHN.
Two additional MHE patients (U1 and U2) were included in this study. The
MHE clinical phenotype is unclear and any abnormal reactions to RYR1
agonists may assist in understanding the molecular basis underlying this

classification.
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3.3 Results

3.3.1 Confirmation of the presence of R2452W mutation in assayed

samples

The presence (or absence in negative controls) of mutations in RYR1 was
determined before and after each set of B-lymphoblastoid Ca*" release
assays to eliminate possible contamination of the different cell lines. HRM
(high resolution amplicon melting) assays were carried out to detect the
R2452W mutation. These assays are based on different melting behaviours
of an amplified PCR product in the presence or absence of mutations.
Positive and negative controls were used to confirm amplification and allele-
specific discrimination. The H4833Y mutation (used as a positive control in
Ca®* release assays) was detected using a hybridisation probe assay. This
assay makes use of fluorescent probes as well as unlabelled primers which
amplify the DNA and incorporate the probes at the annealing step of the
amplification protocol. Assays were carried out on a Roche Lightcycler 480
using the Roche analysis software for allelic discrimination. Results showed
that the R2452W mutation was present in all positive B-lymphoblastoid cell
lines used (BI, Bll:2, BIl:3, A, shown blue in figure 3.2A) while the negative
controls (BIl:1, C1 and C2), unknown controls (U1, U2) as well as the
H4833Y control (C3) were negative for R2452W (red trace for patient Bll:1
and C1 in figure 3.2A). The hybridisation probe assay showed that the
H4833Y mutation was present in the positive control C3 (red line in figure
3.2B) and absent in all other samples used. For discrimination purposes,
positive (PC) and negative (NC) controls were included in each assay

performed and are indicated in figure 3.2.
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Figure 3.2 HRM and hybridisation probe assays to detect R2452W and H4833Y mutations in
B-lymphoblastoid cells.
A) Results for the HRM assays detecting the mutated allele causing the R2452W mutation.
Blue lines indicate R2452W positive samples while red curves indicate the absence of this
mutation and are therefore classed as WT. The shoulder on the melting curve indicates a
heterozygous sample. B) Melting curves for hybridisation assays for the H4833Y mutation.
Red lines indicate alleles carrying the mutation leading to H4833Y mutation while blue
curves indicate the absence of the mutation. Only patient C3 carries the alleles expressing

the H4833Y mutation, showing the same curve as the positive control (PC).

3.3.2 Optimisation of myoblast extraction

Several methods have been reported for the preparation of skeletal muscle
myoblasts [144, 172]. Some of these methods were trialled and optimised to
develop methods that were generally successful in obtaining cultures

enriched with myoblasts.
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3.3.2.1  Enzymatic digest of biopsy material
This method has been described in chapter 2.2.24.1. After pre-plating, plate

1 and 2 normally contained high amounts of fibroblasts while the last plate
should contain myoblasts only. Using this protocol, many cells were extracted
from the biopsy tissue and viable cells were regularly obtained. Unfortunately
this method did not yield pure myoblast cultures but significant contamination
with fibroblasts. Attempts to separate myoblasts from fibroblasts were made
by using PBS as described in 2.2.24.3 but fibroblasts were still abundant.
With a high abundance of fibroblasts in the culture it became very difficult to
differentiate myoblasts as they became quickly overgrown by fibroblasts.

Therefore this tissue disruption method was abandoned.

3.3.2.2  Explant method

After an IVCT was performed, cells were extracted using the explant method
described in 2.2.24.2. Enriched myoblasts were trypsinised and cultured in a
10 cm collagen-coated plate, which facilitates adherence by myoblasts. In
order to separate residual fibroblasts and myoblasts, cells were grown on
collagen-coated plates for myoblast proliferation due to the different adhesion
properties of the two cell types [173]. Cells were passaged using PBS while
growth media was removed and replaced with PBS. Myoblasts tend to
detach from the collagen-coated plate when incubated in PBS, due to
different surface adhesion of the two cells types [174], while fibroblasts
attached to collagen-coated plates remain adherent due to stronger surface-
attachment [175]. The myoblast detachment is probably due to the
withdrawal of Ca?* from the media which supports cell adhesion [176].
Myoblasts were then transferred into a new collagen-coated dish for further
proliferation. This optimised method resulted in mostly pure myoblast cultures

and these cells were further used for differentiation and functional studies.

3.3.3 RYR1 detection in different cell types

3.3.3.1  Immunodetection of RYR1 in B-lymphoblastoid cells

To confirm RYR1 expression in B-lymphoblastoid cells, protein was extracted

for subsequent analysis using western blotting. Microsomes were extracted
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from ~1x10” cells and 15 pg of microsomal protein was analysed on a 7.5 %
SDS-PAGE gel followed by western blotting onto nitrocellulose membrane.
Membranes were incubated with 34C antibody overnight at 4 °C and

detected the next day using an anti mouse 2° antibody.

1 2

250 kDa ——

150 kba ——

75kba ——

100 kDa ——

Figure 3.3 Immunoblotting for RYR1 using immortalised B-lymphocyte microsomes extracts.
SDS-PAGE gel (7.5 %) was electrophoresed for 1.5 h before transfer overnight at 70 mA
onto a nitrocellulose membrane. Lane 1: microsomes of untransfected HEK293 cells; Lane
2: microsomes of lymphoblastoid cells. Western blots were developed using Roche

Chemiluminescence solution and emitted light was detected by X-ray film.

The immunoblot showed a band for RYR1 above 250 kDa which represents
the ryanodine receptor 1 with a predicted size of 560 kDa (figure 3.3, lane 2).
A faint band with higher mobility was also detected most likely indicating
degradation of the RYR1 protein. Microsomes extracted from human
embryonic kidney cells (HEK293) were used as a negative control (figure 3.3,

lane 1) as these cells do not express detectable amounts of RYR1.

B-lymphoblastoid cells were used as a positive control for RYR1
immunofluorescence staining since lymphocytes express the ryanodine
receptor 1 endogenously. This method is also useful to confirm localisation of
RYR1 in these cells. After fixing B-lymphoblastoid cells onto coverslips
coated with 0.01 % poly-L-lysine for 10 min at 37 °C, the ryanodine receptor
1 was stained using the 34C antibody. The protein disulphide isomerise (PDI)
protein, expressed in the ER, could not be used for co-localisation studies in
B-lymphoblastoid cells since these cells also express PDI on their surface
[177]. The immunostaining showed that RYR1 (figure 3.4b) is not expressed
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in the nuclei, represented by DAPI staining (figure 3.4A) but in other cellular

compartments.

Figure 3.4 Immunostaining of B-lymphoblastoid cells.
DAPI showed staining of the nuclei (a) while image b showed RYR1 staining in B-
lymphoblastoid cells which is expressed in regions around the nucleus. Images were taken

at 100 x magnification.

3.3.3.2  Immunostaining to confirm the presence of myoblasts

Cells obtained from a muscle biopsy were tested by immunofluorescence to
verify myoblast enrichment. Two different antibodies were used: a-desmin
and 34C for RYR1 staining. Desmin is an intermediate filament found in
muscle around the Z interfilament. To confirm the presence of myoblasts
derived from the explant method as well as the absence of fibroblasts, cells
were stained with an a-desmin antibody and visualised using a FITC-
conjugated secondary antibody (figure 3.5). Desmin is expressed in muscle
cells but is absent from fibroblasts. Cells were stained as described in 2.2.22
and fixed in mounting solution containing DAPI for nuclei staining. Desmin is
expressed throughout the cells, meaning that co-localisation studies could
not be done. Figure 3.5 shows myoblasts stained with desmin (green) and
DAPI (blue) and confirmed the presence of myoblasts in the extracted
culture. The merged figure shows that desmin is not expressed in the nuclei

but within other cell compartments and that extracted cells are myoblasts.
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a : :

Figure 3.5 Immunostaining of myoblasts using a-desmin antibody.

a) Nuclei staining using DAPI. b) Cells stained with desmin representing the presence of
myoblasts. One cell in the centre of the merged image ¢ shows a cell with two nuclei. This
cell has already undergone differentiation and is therefore called a myotube. Images were

taken at 100 x magnification.

Differentiated myoblasts (myotubes) should express RYR1. Therefore to
verify RYR1 expression in myotubes, immunostaining and co-localisation
studies were carried out using antibodies against RYR1 and the ER marker
PDI. Cells were differentiated in collagen-coated plates, fixed and stained for
co-localisation of RYR1 in the ER (figure 3.6).

| | | g

Figure 3.6 Co-localisation studies using PDI and RYR1 antibody in myotubes.

A) Nuclei stained with DAPI. B) SR staining using a PDI antibody. This shows PDI is not
expressed within the nuclei. RYR1 is weakly expressed and represented by a faint green
stain of the cell in the middle of panel C having two nuclei. Merged figures show co-

localisation of SR (PDI) and RYR1 (panel D). Images were taken at 40 x magnification.

Although the sensitivity of fluorescence detection was low figure 3.6 shows
that RYR1 was expressed in low levels in myotubes and co-localised with the
SR.
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3.3.4 Optimisation of Ca®* release assays

Many types of buffers and conditions have been used to perform Ca?*
release assays in various cell types. In order to optimise assay conditions
and to show that free Ca®* would not interfere with the reliability of the results
a number of initial tests were carried out on the same sample of cells (MHN
sample C1). Ca®* release of fura 2 loaded B-lymphoblastoid cell line C1,
triggered by 4-chloro-m-cresol (4CmC), was tested in the presence of buffer
containing different concentrations of external Ca®* and EGTA. The different
conditions were as follows:

1. 1xBSS +2 mM Ca*

2. 1xBSS + 0.1 mM EGTA

3. 1xBSS + 1 mM EGTA

4. 1xBSS +2 mM EGTA
The baseline fluorescence, representing the ratio of the emission at the two
excitation wavelengths 340/380 nm, was recorded using a fluorometer for ~ 2
min before the addition of 900 uM 4-chloro-m-cresol (4CmC) that causes the
340/380 ratio of the two wavelengths to increase due to Ca®* release from
the stores, and subsequently the maximum amount of Ca®" released was
recorded. The difference between the baseline and the peak Ca** release (A)
was recorded by subtracting the baseline ratio from the peak ratio (see figure
3.7) as well as the difference induced by the addition of 200 nM thapsigargin,
an inhibitor of the Ca%*-ATPase SERCA, to provide an indication of the ER

Ca*" store size (table 3.2).
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Figure 3.7 Raw data of the 340/380 nm ratio change after the addition of 4CmC.

Average baseline values can be determined from the above graph for fura 2-AM loaded B-

lymhoblastoid cells before 900 M 4CmC was added to stimulate RYR1 Ca®" release. While

the ratio of 340/380 nm increases the peak Ca®" release in B-lymphoblastoid cells can be

determined. Subtracting the peak Ca®" release from the baseline gives the A ratio for each

individual cell line.

1 xBSS A ratio induced A ratio induced
by 900 uM by 200 nM
4CmC thapsigargin

+2 mM Ca?* 0.9 1.64

+ 0.1 mM EGTA 0.75 1.7

+1 mM EGTA 0.72 1.1

+ 2 mM EGTA 0.2 0.5

Table 3.2 Influence of different Ca®® concentrations in buffer on Ca’" release in B-
lymphoblastoid cells in response to 4CmC.
Addition of a high concentration of EGTA (2 mM) into ca” imaging buffer leads to a

decrease of mobile Ca®* released by the addition of 4CmC. Furthermore the addition of high
amounts of EGTA (1 and 2 mM) reduces the Ca”" store size measured by the addition of

thapsigargin.

This experiment was performed only once to assess the effects of external
Ca?* and EGTA on Ca* release from B-lymphoblastoid stores while the cells
were only transferred into the measuring buffer just prior to measurements to

prevent any effects the EGTA might have upon the cells. The results showed
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that the buffer containing 2 mM EGTA significantly reduces the releasable
Ca* amount as well as the size of the Ca®* containing stores. Even though
RYR1 was activated with a high amount of 4CmC, Ca*" released was
negligible in buffer containing 2 mM EGTA (table 3.2). This effect was not as
strong with 0.1 and 1 mM EGTA although it can be concluded that the Ca**-
containing stores appear to decrease in buffer containing 1 mM EGTA.
Assays in BSS containing 0.1 and 1 mM EGTA gave almost the same Ca®*
release triggered by 4CmC as the 1 x BSS buffer containing 2 mM free Ca**
(ratio ~0.8, see table 3.2). Therefore it was concluded that small amounts of
free Ca?* or EGTA do not significantly affect Ca®* release assays. This
experiment showed that it is important to use identical buffer conditions for
every assay since changes in external Ca?* concentration can influence the
results of the assays. To assure that the EGTA does not damage the cells
even before the assays were started, cells were kept in plus Ca?" buffer until
immediately before the experiment was carried out. The differences in ratio
for 200 nM thapsigargin induced Ca®" release is an indicator of the amount of
Ca** stored in the ER since thapsigargin blocks SERCA leading to an indirect
depletion of the ER stores. According to the data shown in table 3.2 there is
almost no difference in the Ca®" store size of B-lymphoblastoid cells
measured in buffer containing 2 mM free Ca®* (A ratio = 1.64) and 0.1 mM
EGTA (A ratio = 1.7). Addition of 1 mM EGTA into 1 x BSS buffer diminished
the Ca?* store size to around 70 % (A ratio = 1.1 compared to assays in
buffer containing 2 mM free Ca®*) while Ca** release assays performed in
buffer containing 2 mM EGTA diminished the Ca®" store size even further to
around 30 % (A ratio = 0.5).

To further test the effect of external Ca?* on 4CmC activation, concentration-
response curves using 100—1000 yM 4CmC were obtained. The following
combinations of Ca®" and EGTA were used to measure concentration-
response curves in the MHN cell line C1:

1. 1xBSS +2 mM Ca**

2. 1xBSS + 2 mM Ca* + 2 mM EGTA (20 uM free Ca?")

3. 1xBSS + 0.1 mM EGTA

4. 1xBSS + 2 mM EGTA
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Results are shown in figure 3.8.
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Figure 3.8 Ca®" release assays for the MHN patient C1 in buffers containing different ca*
and EGTA concentrations in response to 4CmC.

Ca”* release was calculated as a percentage of Ca®* released by the addition of 1 mM
4CmC. Error bars represent the SEM (n= 5-8).

Ca”* release was calculated as a percentage of Ca®" released in response to
the addition of 1 mM 4CmC and concentration-response curves were drawn
using sigmoid curve fitting using the Origin 8.6 software. The deltas for all cell
lines used in this study activated with 1 mM 4CmC are shown in appendix .
Figure 3.8 shows there is no significant difference (calculated using One-Way
ANOVA with Bonferroni post hoc analysis) in the concentration-response
curves for all buffers except for 1x BSS buffer containing 2 mM external Ca?*

which showed a decreased ECsg value (table 3.3).
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1x BSS buffer ECso values (UM 4CmC) +SEM
+2 mM Ca®" 560+12 *
+2mM Ca’" + 2 mM EGTA

oe 652114
(20 uM free Ca“")
+ 0.1 mM EGTA 665+11
+2 mM EGTA 681117

Table 3.3 ECsq values for 4CmC stimulation obtained in different buffer conditions.

Significant differences were calculated using One-Way ANOVA and are indicated with an

asterisk. ECsg are shown £SEM (n=4-8).

The ECsq values calculated for buffer conditions 2, 3 and 4 are all within the
same range and do not show a significant difference compared to each other.
A significant difference of ECsy values was obtained for conditions 2-4
compared to condition 1 (1x BSS containing 2 mM Ca?* [p< 0.011]). Taking
these results into account it was decided to use a buffer containing 20 uM
free Ca?* for further assays. For curve fitting a sigmoid model was chosen in
order to represent concentration-response curves and calculate EC5 values
(table 3.3). Since ECsp represents the half maximal effective concentration of
an agonist, the lowest and the highest points of a sigmoid curve need to be
defined to fit a sigmoid curve, in order to calculate ECso. The resulting fitted
curves do not pass through the 100 % value because the data set does not
include enough data points to create a sigmoid model. The curve rather
represents a polynomial distribution. In order to obtain better fitting sigmoid
curves 4CmC concentrations >1 mM needed to be measured to obtain a
value for the maximum Ca®" release which would be shown by a plateau in
the concentration-response curve. Using 4CmC concentrations above 1 mM
can result in unspecific Ca®* release due to SERCA inhibition and therefore
store depletion resulting in non-reliable data [108]. Polynomial curve fitting
can be used to obtain curves passing through the 100 % value but because
ECso values were to be calculated, sigmoid curves need to be fitted since
polynorminal curves do not represent any biological background. When using

polynomial curves half maximal activation can be reported instead of ECs.
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3.3.5 Results for Ca** release assays in lymphoblastoid cell lines

Ca* release assays were carried out in B-lymphoblastoid cells carrying the
R2452W mutation as well as control B-lymphoblastoid cells derived from
MHN individuals (WT), see table 3.1. Cells were counted in order to ensure
the same number of cells was measured in each assay and to achieve a
standard fura 2 concentration in each cell since fura-2 is an EGTA-based salt
and therefore influences the amount of free Ca?* in the cell. The order of
addition of various 4CmC concentrations (100-1000 uM) for each
measurement was randomized to exclude artefacts arising from cells being
incubated for different times before measurements could be undertaken. The
difference between emission ratios for baseline and peak Ca®* release were
calculated and Ca®* release was expressed as a percentage of the highest
amount of Ca®* released (1 mM 4CmC used in this study) since different cell
lines released different amounts of Ca®*. ECs, values were calculated using
the Origin 8.6 software (table 3.4) while the average raw data for the delta
Ca®* release of lymphocytes from patients C1 in 20 uM Ca** can be found in

appendix I.
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Figure 3.9 Concentration-response curve using B-lymphoblastoid upon 4CmC stimulation.
Sigmoid fitted curves were used to calculate ECs, values. MH status of each patient is given

on the right hand side. Error bars represent the SEM (n= 5-8).

Ca®* release assays demonstrate that B-lymphoblastoid cells carrying the
R2452W mutation were more sensitive to 4CmC stimulation compared to
MHN samples (figure 3.9). The curve was shifted to the left for B-
lymphoblastoid cells carrying R2452W as well as those carrying the H4833Y
mutation. This is indicative of calcium release at lower concentrations of
4CmC. ECs values were calculated using One-Way ANOVA with Bonferroni
post-hoc analysis to confirm significance levels of differences between MHS
and MHN samples. ECsp values for MHS patients were lower than for MHN
samples (table 3.4) and statistically significant at the 95 % confidence interval
(p< 0.05 *).
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patients ECs values (UM 4CmC) £tSEM MH status
A 506+11 * MHS
BI 544415 * MHS
BIl:1 64118 MHN
BIl:2 509423 * MHS
BII:3 532423 * MHS
C1 652+14 MHN
C2 64210 MHN
C3 505+19 * MHS

Table 3.4 ECsq values for B-lymphoblastoid cell lines upon 4CmC stimulation.
Significant differences calculated using One-Way ANOVA compared to MHN samples are
indicated by an asterisk. EC5y are shown + SEM (n=5-8).

Importantly it was observed that lymphoblastoid cells from both families A
and B, carrying the R2452W mutation showed almost the same ECs, values
as the positive control C3 (H4833Y) and show no significant difference. It can
be concluded that the R2452W mutation alters Ca** release through the

ryanodine receptor 1 and is likely to result in susceptibility to MH.

B-lymphoblastoid cells from both MHE patients U1 and U2 were extracted
and were measured in the same way as MHS and MHN patients. B-
lymphoblastoid cells derived from these patients showed an MHN phenotype
compared to MHS patient A and resulted in a similar curve shape as MHN
patient C1 (figure 3.10).
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Figure 3.10 Concentration-response curve of B-lymphoblastoid cells from MHE patients
upon 4CmC stimulation.

Ca” release was measured in response to 4CmC and normalised to the highest amount of
Ca®* released by the addition of 1 mM 4CmC. Error bars represent SEM for n= 6- 8

measurements.

Some individual data points for patient U1 (200 and 400 uM 4CmC) and U2
(800 uM 4CmC) were higher compared to patient C1 but using the Origin 8.6
software and sigmoid curve fitting resulted in almost the same curves. ECsg
values for MHE B-lymphoblastoid cells were slightly higher compared to C1
but no significant difference for U1 or U2 was determined compared to MHN
patient C1 (p>0.77) using One-Way ANOVA (table 3.5). A significant
difference was calculated for U1 and U2 compared to MHS patient A (p<
0.0003).
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patients ECs values (UM 4CmC) £tSEM MH status
A 506+11 * MHS
C1 652114 MHN
U1 645138 MHE},
u2 632139 MHE},

Table 3.5 ECsy values for 4CmC stimulation in B-lymphoblastoid cells of MHE patients
showing a positive reaction to halothane (h).
Significantly different ECsy values compared to MHN control C1 are marked with an asterisk.

Error bars represent SEM for n= 6- 8 measurements.

Therefore, it was concluded that patients U1 and U2 could be classed as
MHN using B-lymphoblastoid cells and a mutation in RYR1 is unlikely. It is
however possible that the MHE results in the IVCT were caused by an
abnormality in another gene, so this in vivo test cannot be used diagnostically

to rule out MH-susceptibility.

3.3.6 Ca” release assays using myotubes

Ca?* release assay conditions in myotubes were chosen to be the same as
for B-lymphoblastoid cell assays. They were carried out for cells derived from
patient A and for control patients C1 and C2 only since no cells were
available from any other patients carrying the R2452W mutation. Myoblasts
were seeded into collagen-coated 96-well plates and grown to about 70 %
confluence before the medium was changed to differentiation medium
containing 2 % horse serum and 1 % penicillin/streptomycin. Cells were left

to differentiate for 2 to 3 weeks depending on the cell line.

For Ca®" release assays, individual cells were selected under the microscope
and Ca®* release was measured in response to different concentrations of
4CmC. Results from individual cells were combined and the average of Cca?
released in response to 4CmC was calculated. Ca** release was calculated
as the % of Ca®* released normalised to 1 mM 4CmC. This is shown in figure
3.11A while an example of raw data for Ca®" release of patient C1 in

response to 1 mM 4CmC is given in figure 3.11B.
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Figure 3.11 Ca”* release data and concentration-response curve for myotubes upon 4CmC
stimulation.

A) Ca* release data normalised to 1 mM 4CmC. Values are given as the average of all
measurements + SEM (n= 14-30) depending on myotubes availability. B) shows an example
of raw data from Ca* release assays in myotubes when stimulated with 1 mM 4CmC. As
previously shown for B-lymphoblastoid cells, the baseline ratio of 340/380 nm was
determined before the addition of the agonists. The peak Ca’* release was determined and
subtracting the ratio for the peak Ca®* release from the baseline ratio yields the A ca®

release.
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Because of high variability between Ca®* releases of individual cells, which
could be at different stages of differentiation, results of all individual cells
were averaged and one sigmoid fitted curve was obtained and the ECs read

from the graph. The resulting ECs values are shown in table 3.6.

patients ECso values (UM 4CmC) £tSEM MH status

A 309445 * MHS
C1 612154 MHN
C2 638+11 MHN

Table 3.6 ECs, values for 4CmC stimulation calculated from concentration-response curves
using myotubes.

ECsy values were calculated from a sigmoid fitted curve and expressed as the average ECsxg
value + SEM (n=14-30). Significantly different ECsy values compared to MHS controls C1

and C2 are marked with an asterisk.

The ECsq value for patient A was significantly lower using One-Way ANOVA
with Bonferroni post-hoc analysis when compared to both control individuals
(p< 0.005) whereas there was no significant difference between samples C1
and C2 (p>0.05). Ca®* release for myotubes shows activation at lower 4CmC
concentrations indicating higher Ca®" release compared to both control
patients. Concentration-response curves for C1 and C2 result in different
ECso values but are not statistically different. Since these two patients are not
related the differences could be due to the genetic background or within

experimental error.
Ca’* release assays for the MHE samples were carried out as described

above but cells of patient U1 were differentiated for 2 weeks whereas cells of

patient U2 took almost 5 weeks to differentiate into myotubes.
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Figure 3.12 Concentration-response curve using myotubes of MHE patients after 4CmC
stimulation.

Values are presented as the average of all measurements + SEM (n= 6-30) and are normalised
to 1 mM 4CmC.

Figure 3.12 shows concentration-response curves fitted using a sigmoid
curve function. Myoblasts for patient U1 showed similar Ca** release as MHS
patient A however Ca®* release in response to 100 uM 4CmC was lower.
Ca** release for patient U1 was high for all 4CmC concentrations above 100
MM which would class this patient as MHS (compared to MHS individual A).
The sigmoid curves for both patients were similar suggesting patient U1 has
a MHS phenotype in muscle cells. On the other hand patient U2 showed
similar Ca®* release for 400 and 600 uM 4CmC as the MHN control whereas
Ca®* release is much higher for 200 and 800 yM 4CmC where values are
similar to MHS patient A. Therefore patient U2 cannot be classified as either
MHN or MHS using this assay. ECsy values for all samples were calculated

and are listed in table 3.7.
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patients ECso values (UM 4CmC) £tSEM MH status
A 309445 * MHS

C1 612154 MHN

U1 334487 * MHE

u2 473111 MHE

Table 3.7 ECsq values for myotubes of MHE patients upon 4CmC stimulation.
Values are presented as the average of all measurements + SEM (n= 6-30) and are
normalised to 1 mM 4CmC. Significantly different ECs, values compared to MHN control C1

are marked with an asterisk.

Results were subject to One-Way ANOVA for each individual 4CmC
concentration measured using a Bonferroni post-hoc analysis to determine
significant differences between either MHN and MHE or MHS and MHE
samples. A significant difference was found between samples from patient A
and C1 (p<0.05) for all 4CmC concentrations used. U1 and C1 showed
significant differences for all concentrations apart from 100 uM 4CmC at a
confidence interval of 95 %. U1 compared to C1 showed significant
differences for most 4CmC concentrations measured, apart from 100 and
600 uM 4CmC which could be due to the smaller sample size used (n=6),

therefore patient C1 could be classed as MHS.

3.4 Discussion

3.4.1 B-lymphoblastoid cells

3.4.1.1 R2452W mutation confirmation

Lymphocytes express RYR1 endogenously and are therefore a suitable
model to study the function of RYR1 in vivo since only a patient’s blood
sample is required. HRM assays were carried out before and after Ca**
release assays to confirm presence or absence of the R2452W mutation in
samples from each patient. This qualitative control procedure ensures that
contamination between positive and negative cell lines does not occur as well
as a check for potential loss of mutation due to DNA recombination. DNA

was extracted from cultured B-lymphoblastoid cells and all samples were
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analysed. HRM assays confirmed the presence of the R2452W mutation in
all positive samples and absence in all MHN samples before and after the
Ca®* release assays were performed. Therefore contamination of the B-
lymphoblastoid cell lines could be excluded. Furthermore all cell lines used
were tested negative for the H4833Y mutation apart from control 3 known to
carry the H4833Y mutation. Even though it is well established that RYR1 is
expressed in lymphocytes [133], western blot and immunofluorescence
staining were carried out to confirm RYR1 expression in B-lymphoblastoid

cells which were prepared at Massey University and used in this study.

3.4.1.2 Ca* release assays

Since the literature describes many different buffers used for in vivo Ca**
release studies, initial tests were performed to determine whether external
Ca?" influences the function of RYR1 upon 4CmC-induced Ca?* release from
the ER. Table 3.2 shows that Ca** released by the addition of 4CmC was
drastically reduced by the addition of 2 mM external EGTA while the release
of Ca®" in all other buffers containing lower EGTA concentrations was similar.
Furthermore the experiment showed a reduction of the ER Ca*" stores
indirectly measured by the addition of thapsigargin. The ER Ca®" stores had
a similar size measured in buffer with 2 mM Ca®" as well as in buffer
containing 0.1 mM EGTA but with the addition of higher EGTA
concentrations, Ca** appeared considerably reduced (table 3.2). Therefore it
was concluded that higher concentrations of EGTA influence the Ca®* stores
in the cells but up to external 2 mM Ca?* in the measurement buffer does not
influence Ca?* stores in lymphoblastoid cells. The effect of high external Ca**
was also tested in a concentration dependent manner. Concentration-
response curves for cells from control patient C1 were measured five times
using four different buffers (figure 3.8). Results showed that concentration-
response curves as well as calculated ECsg values do not significantly differ
in all buffers used except for buffer containing 2 mM free Ca®" which
significantly decreased ECs; values in B-lymphoblastoid cells. It is
hypothesised that high amounts of external Ca?* may increase Ca** induced
Ca* release. McKinney et al. reported experiments using buffers containing

various amounts of Ca®* which showed the higher the external Ca*
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concentration in cells, the higher the Ca®" release in response to 4CmC
[178]. These results agree with the results found in this study showing
decreased ECs, values for Ca?* release measured in buffer containing 2 mM
Ca®*. Sei et al. reported caffeine stimulation of B-lymphoblastoid cells in
buffer containing either 2 mM Ca?* or ~3 mM EGTA and showed that Ca?*
release in response to caffeine in EGTA buffer was significantly decreased
[179] which is again in agreement with the results found in this study. EGTA
should not be able to enter the cell as it cannot pass through the outer cell
membrane due to the absence of transporter proteins. Therefore it is
assumed that EGTA takes away Ca®" substrate from the transporter and
might result in a decreased amount of Ca?* within the cell and reduced ER

Ca®" content.

Concentration-response curves were measured for all patients listed in table
3.1. The 4CmC activation threshold for cells carrying the R2452W mutation
and ECso values for R2452W positive cell lines were significantly lower
compared to WT cell lines. Cells of MHS patients from family B showed a
different strong response to 4CmC with family members Bl (MHS) and Bll:2
showing a lower ECsy value compared to family member BIl:3. Comparing
the IVCT results, Bll:3 had a higher response to caffeine and halothane
compared to patient Bl (table 3.1). This could explain the higher EC5, value
for patient Bll:3 even though it is still not clear whether there is a relationship

between IVCT results and ECs, values obtained by in vivo tests.

A positive control was included using patient B-lymphoblastoid cells carrying
the H4833Y mutation, previously associated with MH susceptibility. This
mutation shows a positive response to the triggering agent and yielded a
similar ECsy value as the R2452W positive patients, supporting the
recommendation that the R2452W mutation can be classed as MH causative.
Previous publications using B-lymphoblastoid cells carrying the H4833Y
mutation determined the half-maximal release using “°Ca®* studies with a
value of 370 yM 4CmC for cells carrying the H4833Y mutation compared to
WT cells with ECsg value of 670 uM [8]. These values differ from the ECsg
values obtained in this study which are higher for MHS lymphocytes (505 uM
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in this study, see table 3.4). Since different methods were used in the present
study and the study by Anderson et al., the results cannot be compared
directly but it shows that both studies indicate altered Ca”* release through

RYR1 in the presence of the H4833Y mutation and a hypersensitive channel.

Ca?* release assays using B-lymphoblastoid cells have been carried out by
many groups and yielded similar ECs values to the current study [109, 180].
Discrepancies between ECsy values can occur because of the genetic
background of each individual as well as the assay conditions, as discussed
above. It should be noted that different research groups use different
amounts of fura 2-AM in Ca** release assays. As mentioned earlier, fura 2-
AM is an EGTA-based fluorophore and its concentration can influence the
amount of free Ca? measured. As shown by Vukcevic et al. [109] in B-
lymphoblastoid cells, different mutations also resulted in different responses
in Ca®* release triggered by 4CmC. The RYR1 H382N mutation resulted in
an ECsp value of 615 uM while A2508G gave an ECsg value of 501 uM. The
difference in ECsp value could be explained by the different position of each
mutation in the three dimensional structure of RYR1 and the overall effect
each mutation may have upon the receptor could therefore differ. The ECsg
value for A2508G is similar to that obtained for the R2452W mutation (~520
MM 4CmC) in the current study (table 3.4).

Comparing ECsp values obtained for cells from patients U1 and U2, there is
no significant difference between Ca®* release of the two samples and cells
from the control patient C1 whereas a significant difference was obtained
compared to cells from MHS patient A. The two MHE patients may have had
a false positive reaction in the IVCT or they may carry a mutation in a
different protein involved in muscle contraction (not RYR1). These results
could indicate that either it is unlikely these two patients carry a MH causative
mutation in RYR1 or they carry a mutation which cannot be characterised
using B-lymphoblastoid cells because of position effects in the protein or
maybe alternative splicing in lymphocytes. Some RYR1 mutations e.g.
R4892W respond to caffeine activation only rather than either membrane

depolarisation or 4CmC activation [112]. Other mutations may respond only
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to membrane depolarisation. Patients U1 and U2 might carry a mutation that
does not affect 4CmC activation and therefore could show an MHN

phenotype in Ca® release assays.
3.4.2 Myotubes

3.4.2.1 Mpyoblast extraction optimisation

In order to obtain high quality and quantity myoblast cultures extracted from
muscle biopsies the method was first optimised comparing two different
methods. Cells were extracted using the modified method described by
Wehner et al. [143]. Myoblasts were enriched but the population of fibroblasts
was too high so cells could not be readily differentiated as fibroblasts tended
to overgrow the myoblasts. Therefore the explant method was used to
prepare myoblasts. This method was optimised to support rapid myoblast
proliferation and generally pure myoblast cultures were obtained. The
literature described growing myoblasts in DMEM supplemented with 20 %
FCS and 1% penicillin/streptomycin but this seemed to improve fibroblast
proliferation. The use of Ham’s F10 medium supplemented with 20% FCS,
1% P/S and 40 ng/puL rhFGF seemed to be an optimal growth medium for
myoblasts (adapted from [175]) and has been described for primary myoblast
cultures previously [181, 182]. Separation of myoblasts and fibroblasts by the
addition of PBS [175] was trialled and found to be suitable because
myoblasts would detach and could be removed for separate cultures while
fibroblast-like cells remained attached to the plate. This optimised protocol
led to relatively pure myoblast cultures which could be used for differentiation
into myotubes and subsequent use in Ca®* release assays. Immunostaining,
using the myocyte-specific antibody desmin, was carried out to confirm

success of the myoblast extraction protocol.

3.4.2.2 Ca* release assays

For Ca®" release assays collagen-coated 96-well plates were used.
Differentiation took, depending on the cell line, between 1 and 5 weeks and
progress was monitored regularly. Multiple differentiated myotubes were
present in a single well and were observed under the microscope

simultaneously and stimulated with 4CmC. Cells, depending on their
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differentiation state and also the size and the number of nuclei, reacted with
different intensities to the agonist. Therefore averaged results for one given
4CmC concentration were calculated in an attempt to obtain robust data. The
SEM (between 14 and 30 myotubes for each 4CmC concentration) was also
calculated. Data showed that R2452W positive cells responded to much
lower 4CmC concentrations compared to MHN cells C1 and C2. The ECsg
value for patient A was approximately half that of control patients C1 and C2
(table 3.6).

Ca?* release assays for patients carrying the adjacent 12453T mutation [110],
estimated the ECsp value at 93.9 uyM 4CmC compared to ECsp values for
MHN patients ranging between 192.5 and 352.3 yM 4CmC. While these
values are different to those observed in the current study the functional
assays for myotubes carrying the 12453T mutation were carried out in buffer
containing 2 mM free Ca?*. This could influence the amount of Ca®" released
from the stores as demonstrated previously for B-lymphoblastoid cells.
Nevertheless the difference in EC5y values between MHN and MHS cell lines

were relatively similar, being approximately threefold.

Ca®* release in myotubes measured using Krebs-Ringer solution containing
0.5 mM EGTA was studied by Ducreux et al. [151]. ECso values of 10 uM
4CmC for cells carrying an MH-associated mutation V2168M and 50 uM for
the CCD-associated mutation 14898T have been found as well as ECsg value
of 120 uM 4CmC for a MHN control individual. Wehner et al., using an
imaging buffer containing 2 mM Ca?*, obtained ECs values of 118 uM 4CmC
for MHS and 210 pM 4CmC for MHN individuals [183]. Discrepancies
between different studies cannot be easily explained but indicate the
importance of standard assay conditions to accurately compare MHN and

MHS samples.

Ca** release assays using myotubes have also been studied by Kaufmann et
al. [184] using 4CmC as well as caffeine and halothane as RYR1 agonists.
Their study showed ECsy values of 100 yM 4CmC for MHN control
individuals and 40 uM for MHS patients. Interestingly, the study failed to
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show a hypersensitive ryanodine receptor 1 for myotubes carrying the
R2458H mutation when using 4CmC as agonist. Nevertheless the R2458H
mutation has already been classed as MH causative by the EMHG according
to Yang et al. [141].

These examples indicate that even though relative ECso values differ
between different assays and conditions, in general a two- to threefold
decrease in ECso for MH or CCD causative mutations is observed compared
to WT RYRA1. This conclusion is supported by the present study where ECsg
values were halved, compared to MHN cells, in patient A carrying the
R2452W mutation (table 3.6). Ca®** release in both myotubes and
lymphocytes from patient A was altered. Since B-lymphoblastoid cells from
two unrelated families with the R2452W mutation gave a MHS phenotype in
Ca** release assays it is likely that the R2452W mutation is responsible for
this phenotype since lymphocytes do not express any other proteins
associated with muscle contracture or the muscle triad. This leads to the

conclusion that R2452W can be classed as an MH causative mutation.

Ca** release assays for myotubes from two unrelated MHE patients U1 and
U2 gave less clear results. ECsy values were determined and showed that
values for patient U1 were in the same range as for MHS patient A. The error
bars obtained for these measurements are small and not overlapping with the
control patient and statistical analysis of the results show a significant
difference between U1 and C1, classing this patient as MHS using myotubes,
indicating a hyperactive RYR1 channel. Therefore the MHE classification
from the IVCT may have been incorrect. Taking the results for the B-
lymphoblastoid cell Ca* release assays into account, RYR1 can be excluded
as candidate gene for MH in patient U1. Ca®" release data for patient U2 are
equivocal. Sigmoid curve fitting for myotubes Ca?* release data resulted in a
curve intermediate between those of MHN and MHS samples (figure 3.12).
Considering the individual data points, only Ca®" release in response to 800
MM is significantly increased to the level observed for MHS samples. For
other 4CmC concentrations the measured Ca** release appeared similar to

MHN patients. Taking into account the B-lymphoblastoid Ca®* release data, it
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is unclear whether this patient had a false positive IVCT result, a mutation in
a gene other than RYR1, involved in Ca?* release in muscle cells or this
patient is correctly classified as MHE and may or may not be susceptible to

triggering agents.

There are several reports showing that 4CmC is not able to discriminate
between MHE and MHS cells [185, 186]. Weigl et al. [186] failed to
demonstrate altered Ca®* release in MH equivocal myotubes with caffeine
leading to the assumption that neither 4CmC nor caffeine can be used as
agonist to demonstrate functional effects in MHE cells. If both agonists failed
to show altered Ca®* release it is possible that the IVCT gave a false positive
result. Kaufman et al. [184] showed that R2458H positive myotubes failed to
show a hypersensitive Ca®* release with 4CmC, but altered Ca** was shown
when stimulated with caffeine. This suggests that some patients might carry
mutations which can only be detected with Ca®** release assays using
caffeine as agonist which might be the case for patient U2. To obtain further
information about Ca®* release in myotubes of patient U2, further assays
could be performed using caffeine as the agonist. Caffeine also activates
RYRS3 and therefore a more non-specific reaction may be detected [100, 101]

which may confound results.

In summary, patient B-lymphoblastoid cells and/or myoblasts can be used in
Ca’" release assays to determine whether a RYR1 mutation alters Ca**
release from the SR. This study shows that patients from two unrelated
families carrying the R2452W mutation show altered Ca®* release resulting in
a hypersensitive receptor phenotype. These results confirm that the R2452W
is causative of MH and this study can be used to support the addition of the
R2452W mutation to the list of MH causative mutations. MHE samples used
in this study did not show altered Ca** release in B-lymphoblastoid cells and
therefore may not carry a mutation in RYR1. Myotube Ca®" release assays
did not yield a clear result for patient U2 while patient U1 can be classed as
MHS according to myotube assays. Since this patient showed a negative
phenotype in B-lymphoblastoid cells this patient is likely to carry a mutation in

a different, as yet unidentified, gene involved in Ca?* release in muscle cells.
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Chapter 4 Functional characterisation of the

R2452W mutation using a recombinant system

4.1 Introduction

Human Embryonic Kidney (HEK) 293 cells do not express functional RYR1
endogenously in measurable amounts and therefore are a useful system to
study altered Ca*" release from the endoplasmic reticulum (ER) through
transfected mutated ryanodine receptor channels. HEK293 cells normally use
an alternative mechanism for Ca®" release involving the inositol 1,4,5-
trisphosphate (IP3) receptor. This Ca®* channel is the favoured channel over
the ryanodine receptor for release of stored Ca®* from the ER in many non-
excitable mammalian cell lines e.g. HelLa or fibroblast cells. It has been
suggested however that RYR1 might play an important role in intracellular
Ca®* signalling in these cells e.g. signal transduction or hormone-evoked
Ca** response [136, 137].

HEK293 cells can be transfected with RYR71 cDNA cloned into an
mammalian expression vector and expressed protein can be activated with a
specific ryanodine receptor agonist like 4-chloro-m-cresol (4CmC), halothane
or caffeine [135]. In this study transfected HEK293 cells, either transiently or
stably expressing RYR1, were loaded with the fluorescent Ca®* indicator fura
2-AM and Ca®* release was measured in response to various concentrations
of the specific ryanodine receptor agonist 4CmC. Changes in fura 2
fluorescence were detected using a fluorescence microscope and Ca?*
release was normalised to the amount released at 1 mM 4CmC which was
set to 100%.

4.2 Results

4.2.1 Full-length R2452W mutant RYR71 cDNA

The full-length human wildtype RYR7 cDNA had been previously cloned and
sequenced by Keisaku Sato [166] while the full-length human RYR7 cDNA
carrying the R2452W mutation had been prepared by Alexandra Schulz and
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Lili Alana Rhodes (IMBS, Massey University Palmerston North). Prior to
beginning functional analysis, it was necessary to completely sequence this
clone to confirm the presence of R2452W which had been introduced by
PCR-based site-directed mutagenesis, as well as the absence of any random

PCR-induced mutations.

4.2.1.1  Confirmation of the R2452W mutation in the pcRYR1-R2452W

plasmid

Full-length human WT (pcRYR1) and R2452W mutant RYR1 (pcRYR1-
R2452W) cDNA constructs were prepared in the pcDNA3.1(+) vector and
then used to transform E. coli DH5a competent cells in order to obtain single
colonies for propagation of the two recombinant plasmids. These cultures
were used for the extraction of plasmid DNA of both high quality and quantity.
Control restriction endonuclease digests were carried out as a first step to
confirm the size and the identity of each plasmid construct. The 20.6 kb
pcRYR1 and pcRYR1-R2452W cDNA constructs contain five Xhol restriction
sites within the RYR1 sequence (red, figure 4.1A) which can be used to

confirm the identity of each plasmid. The resultant restriction fragments were

of different sizes and could be used to identify the plasmid.
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Figure 4.1 Restriction endonuclease digest of the pcRYR7-R2452W plasmid.
A) Xhol recognition sites within the pcRYR7-R2452W plasmid (pcDNA3.1(+) vector

backbone is shown in black). The RYR7 coding sequence is shown in red. B)
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Electrophoresis of an Xhol control digest to resolve the five resulting bands loaded onto a 1
% agarose gel and electrophoresis was carried out for 1 h at 80 V in 1x TAE buffer and

stained with 0.5 ug/mL ethidium bromide. Lane 1 shows the 1 kb+ size marker, lane 2
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contains Xhol digested pcRYR171-R2452W and lane 3 shows the undigested pcRYR7-
R2452W plasmid.

The control which consists of 1 ug pcRYR7-R2452W plasmid digested with
10 U of Xhol for 30 min at 37 °C shows the presence of all five bands of the
expected sizes (Figure 4.1B) confirming the identity of the plasmid. The
separation between 4.0 and 4.3 kb bands is marginal but a brighter band can

be observed at this location suggesting it contains two similar sized bands.

In order to confirm the presence of the R2452W mutation in the plasmid and
to exclude any other mutations within the insert, both strands were fully
sequenced by di-deoxy chain termination using BigDye Version 3.1 by the
Massey Genome Service. It was confirmed that the R2452W mutation
(9.G7354T) was present in the plasmid and the insert cDNA had been cloned
in frame. Figure 4.2 shows the sequencing results for the R2452W mutation
carrying plasmid indicating the nucleotide change from cytosine to thymine

by an arrow. The associated base is coloured in grey.
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Figure 4.2 Sequencing result of pcRYR1-R2452W to confirm the presence of R2452W.
The forward sequence of pcRYR1-R2452W cDNA contains the ¢.C7354T mutation, coding
for the R2452W mutation (indicated by an arrow).

Fourteen single base pair changes were found by sequencing the plasmid
but they were all synonymous and did not lead to amino acid substitutions.
Some of the changes had been recorded in the SNP database [187] and all

are listed in table 4.1. All other variants are likely to be novel polymorphisms
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found in human RYR1 cDNA or are PCR-induced changes. All variants are in

the 3™ position of the codon so they are likely to be natural variants.

Amino acid and position | Codon change SNP database
A359 GCC -> GCT rs10406027
D993 AAC -> AAT rs2228070
H2621 CAC-> CAT rs2229142
T2659 ACG -> ACA rs2229144
D2705 ATT -> ATC

D2730 GAT -> GAC rs2915951
E2779 GAG -> GAA rs2915952
P3062 CCA > CCG rs2071089
D3396 GAC -> GAT rs2229145
G3893 GGG -> GGA

A4116 GCG -> GCA

14317 GTG -> GTA

S4584 TCA->TCG

L4687 CTG ->CTA

Table 4.1 List of synonymous polymorphisms found in the pcRYR 1-R2452W plasmid.
Amino acid positions are listed on the left-hand side while codons including base changes
are listed in the middle panel. The mutated base has been highlighted. Corresponding rs

numbers (RefSNP numbers) when applicable, have been listed on the right-hand side.

4.2.1.2  Optimisation of RYR1 expression in HEK293 cells
The ratio between Fugene HD transfection reagent and pcRYR7-R2452W

cDNA was first optimised in order to obtain measurable expression of human
RYR1 in human embryonic kidney (HEK293) cells. Cells were grown in 3.5
cm plates and transfected at ~90 % confluency with a 0:2 (no DNA control)
6:2, 8:2 and 10:2 ratio of Fugene HD (in pL): pcRYR1-R2452W (in pg) and
HEK293 cells treated only with transfection reagent (2:0) were used as a
negative control. Microsomes were extracted 72 h post transfection and used
in western blotting to detect ryanodine receptor 1 protein using the 34C anti-
ryanodine receptor antibody with anti-mouse HRP as the secondary

antibody. Tubulin was used as the internal loading control.
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Figure 4.3 Western blotting for transfected HEK293 cells using different ratios of pcRYR17-
R2452W cDNA and FugeneHD.

Microsomes (15 ug) were loaded onto a 7.5 % SDS-PAGE gel which was electrophoresed
for 1.5 h at 120 V before transfer at 70 mA overnight onto a nitrocellulose membrane. The
blot shows a band higher than 250 kDa representing RYR1 and is expressed in all RYR1
transfected HEK293 cells. Tubulin can be detected at ~55 kDa in all lanes.

Western blotting (figure 4.3) showed RYR1 was expressed at all different
ratios of transfection reagent. RYR7 plasmid DNA tested and expression
levels were similar. Mock transfection (0:2) showed no ryanodine receptor 1
expression. Therefore HEK293 do not endogenously express detectable
amounts of RYR1 and the antibody used for western blotting recognises
RYR1. As a result a 8:2 ratio of Fugene HD to plasmid DNA was used for
further transfections.

4.2.2 Transient transfected HEK293 cells

While western blotting was used to confirm expression of pcRYR1-R2452W,
immunoblotting and immunofluorescence were used to confirm both
expression and cellular localisation, respectively, of both WT and R2452W
mutant RYR1 proteins.

4.2.2.1  Immunoblotting to confirm RYR1 expression

HEK293 cells transfected with empty pcDNA3.1(+) vector were used as a
negative control. Whole cell lysates of transient transfected HEK293 cells

grown in 3.5 cm plates were prepared 72 h post transfection and loaded onto
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a 7.5 % SDS-PAGE gel. Endogenous tubulin protein was used as a loading
control showing that all lanes had equal amounts of protein (70 ug of crude

protein extract) but differ in RYR1 levels.

1 2 3 4

—250kDa

— 50 kDa

Figure 4.4 Western blotting for detection of transiently expressed RYR1 protein in HEK293
cells.

Lane 1: HEK293 cell lysate expressing WT RYR1 (70 pg); Lane 2: cell lysate representing
R2452W mutant RYR1 of transient transfected HEK293 cells (70 ug); Lane 3: HEK293 cell
lysate transfected with empty pcDNA3.1(+) vector (70 ug); Lane 4: cell lysate of
untransfected HEK293 (70 pg). The 7.5 % SDS-PAGE gel was electrophoresed for 1.5 h at

120 V and transferred overnight at 70 mA onto a nitrocellulose membrane.

Western blotting (figure 4.4) shows bands at lower mobility than 250 kD
representing RYR1, as well as a faint band at the top of the gel which could
be aggregated or non-denatured RYR1 too large to enter the gel since
samples were not boiled prior to gel loading. The blot indicated that R2452W
mutant RYR1 is expressed at higher levels than WT RYR1 resulting in a
darker band for the mutant (figure 4.4, lane 2). Western blots were performed
for two independent transfections with WT and mutant RYR1 simultaneously
and yielded the same result. No bands at >250 kDa were detected for lysates
from HEK293 cells untransfected or transfected with pcDNA3.1(+) vector,
suggesting that vector alone does not enhance RYR1 expression and also
that HEK293 cells do not express detectable amounts of endogenous RYR1.

It is unknown why mutant RYR1 is expressed at higher levels compared to
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WT, however it could be that the quality of the mutant plasmid was higher
and therefore yielded higher expression levels in HEK293 cells. This
experiment was performed twice and the same result was obtained both

times.

4.2.2.2  Immunofluorescence studies for localisation of RYR1 in transiently
transfected HEK293 cells

In order to release Ca** from the SR/ER into the cytosol RYR1 must be
expressed in SR/IER membranes. Co-localisation studies using confocal
microscopy were therefore carried out to confirm appropriate localisation of
expressed RYR1 in HEK293. Fixed transient transfected cells were stained
with a-RYR1 antibody (34C) and a-PDI as an ER-marker. A FITC conjugated
secondary antibody was used to detect ryanodine receptor (green colour,
figure 4.5C) while a TRITC conjugated secondary antibody was used to stain
the ER (red, figure 4.5B). DAPI was used as a control to stain nuclei (blue,
figure 4.5A). Immunostaining (figure 4.5) indicated that very few cells
expressed RYR1. A negative control was not performed for this experiment
since untransfected cells represented an internal negative control. Merged
images (figure 4.5D) show co-localisation of PDI and RYR1 suggesting
RYR1 was expressed and correctly targeted to the ER. HEK293 cells
transfected with either pcRYR1 or pcRYR1-R2452W showed no difference in
expression localisation using this method of detection. Histogram plots were
made and are shown in appendix Il. These provide additional evidence of co-
localisation of RYR1 and PDI in transiently transfected HEK293 cells. These
experiments cannot be used to distinguish expression efficiency because
these experiments were carried out with Fugene 6, which is used for low cell
densities, while Fugene HD is used a high cell densities in order to drive high

expression of the target protein.
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Wildtype

R2452W
Mutant

Figure 4.5 Immunofluorescence of transient transfected WT and R2452W mutant RYR1.
The top panel shows immunostaining for HEK293 cells transiently transfected with pcRYR17 while the lower panel represents cells transfected with pcRYR17-
R2452W. DAPI (A) is shown in blue, while the ER marker PDI (B) is coloured red and RYR1 green (C). Overlaid images (D) showed co-localisation of RYR1

and PDI. Images were taken at 100 x magnification.
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4.2.2.3 mMRNA level detection

Western blotting could not be used on transient transfected HEK293 cells
that had been used for Ca?* release assays as these were carried out in 96-
well plates that contained insufficient cells to yield enough protein for
detection. Expression at the mRNA level could be detected, however, as an
additional check. Therefore, RNA was extracted from 6 wells (of a 96 well
plate) of transient transfected HEK293 cells previously used in Ca®* release
assays. RNA was extracted using the Roche High Pure RNA Extraction kit
and cDNA was synthesised using the iScript cDNA kit with 1 yg RNA per
reaction. RNA from untransfected HEK293 cells from the same passage
number as transfected cells, was extracted as a control for endogenous
RYR1 levels. RT- controls were included using equal amounts of RNA as in
the RT+ samples to check for DNA contamination. Primer pairs binding to
different regions of the RYR1 cDNA were chosen for RT-gPCR. One set
detected mMRNA expression levels using the central domain (primer pair 1)
covering the region including the C7354T mutation (translated into
p.R2452W) and the second set (primer pair 2) targeted the C-terminal region
(figure 4.6). HPRT (hypoxanthine phosphoribosyltransferase) was used as a
reference gene since its endogenous expression is low [188] and was
expected to have similar expression levels to RYR1 in transiently transfected
HEK293 cells.

N-terminus Central domain
- . —
Base pair 0 3000 6000 b~y 9000 12000 _4715:1 14
Primer pair 1 Primer pair 2
I T 1 ml T 1
Amino acid 0 1000 2000 Hooo 4000 5038
34C-Antibody

Figure 4.6 Primer design for RT-qPCR using two different primer pairs.

Primer pair 1 was located in the central region while primer pair 2 was located in the cDNA
representing the C-terminus. The 34C antibody used in western blotting binds around amino
acid position ~2750. The star represents the location of the p.R2452W/c.C7354T mutation in

the central domain. This schematic diagram is not drawn to scale.
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PCR products for primer pairs 1 and 2 were loaded onto a 2 % agarose gel to
verify the correct product size and products for primer pair 1 were sequenced
to confirm identity. Products for primer pair 2 were not sequenced since
these amplicons had been verified in previous work [189]. Standard curves
for primer efficiencies were obtained using B-lymphoblastoid cell cDNA since
these cells endogenously express RYR1 (appendix Xll). PCR efficiencies
were calculated using the REST 2009 gene expression software [190] and

are considered as reliable for values <1 (table 4.2).

Primer pair name PCR Efficiency
RYR1 primer pair 1 0.982
RYR1 primer pair 2 0.9541

HPRT 0.9994
Table 4.2 PCR efficiencies for three primer pairs calculated by the REST 2009 software.

Primer efficiencies were determined from standard curves for four different concentrations of

B-lymphoblastoid cell cDNA, amplified in triplicate.

RT-gPCR was carried out for HEK293 cells transfected with pcRYR17 and
pcRYR1-R2452W as well as for untransfected HEK293 cells. Crossing points
(Cp), where the fluorescence detected was higher than the baseline
threshold, were measured in all three samples. The lower the Cp value, the
higher the abundance of cDNA. Results showed a higher abundance of
R2452W mutant cDNA compared to WT of ~6 cycles indicating a 100 fold
higher abundance of mutant cDNA (table 4.3).

Sample Primer pair 1 Primer pair 2 HPRT

Mean Mean Mean

Stdev. Stdev. Stdev.

Cp Cp Cp
HEK293 33.36 0.13 30.90 0.05 23.16 0.15
R2452W

20.79 0.10 20.61 0.10 24.36 0.06
mutant
WT 27.11 0.03 26.67 0.09 23.77 0.12

Table 4.3 Cp values obtained for three samples used in one real-time PCR experiment.
Average Cp values resulting from analysing triplicate of one biological cDNA sample,

including the standard deviation (stdev), were calculated.

97




Chapter 4 Functional characterisation using a recombinant system

The REST2009 software [191] was used to calculate expression levels. This
software uses the PCR efficiencies calculated from the standard curves to
convert Cp values into relative expression values of cDNA transcripts.
Relative expression was then calculated by the REST2009 software
normalising Cp values for WT and R2452W for primer pairs 1 and 2 to Cp
values of HPRT, which acts as a housekeeping gene with a stable
expression profile. Expression of RYR1 in untransfected HEK293 cells was
set as 1 and relative expression to untransfected cells was calculated
together with statistical analysis was carried out using a randomization test

with a 95 % confidence interval as well as a hypothesis test.
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Figure 4.7 mRNA RYR1 expression levels in transient transfected HEK293 cells.

Expression levels were calculated relative to the expression of untransfected HEK293 cells.
Expression levels compared to untransfected HEK293 cells analysed using primer pair 1 are
shown in pink and expression levels using primer pair 2 in green. Error bars represent
standard error of the mean of cDNA triplicates obtained from two different transfection

experiments.

The relative expression was significantly higher for R2452W RYR1 (p<0.04)
compared to WT RYRT1 (figure 4.7). Furthermore a difference in expression
levels detected by primer pair 1 (central region) and 2 (C-terminal region)
could be seen. Since only 2 biological replicates were performed no

statistical analysis could be performed. These results confirm western
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blotting experiments showing that R2452W mutant RYR1 is expressed in
higher levels compared to WT RYR1.

4.2.2.4  Optimising Ca** release assays using different Ca®* concentrations

To confirm whether 1x BSS buffer containing different Ca®* concentrations
alters Ca®* release from the ryanodine receptor 1, HEK293 cells were
transfected with a control plasmid carrying the human RYR71 cDNA
containing the H4833Y mutation and Ca®* release was measured in duplicate
in the following buffers:

1. 1xBSS +2 mM Ca**

2. 1x BSS + 2 mM Ca?" + 2mM EGTA (20 pM free Ca?*)

3. 1xBSS +0.1 mM EGTA
Graphs were plotted using the Origin 8.6 software applying a concentration-
response curve fitting and are shown in figure 4.8. Results showed that Ca®*
release and ECs values for buffers containing very little Ca?* (condition 2
and 3) were almost the same within experimental error. Therefore a small
amount of external Ca®* did not appear to influence the accuracy of the

results (figure 4.8). Error bars represent the SEM for two measurements.
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Figure 4.8 Concentration-response curve of H4833Y transient transfected HEK293 cells in
different imaging buffers upon 4CmC stimulation.
Average Ca** release values are shown + SEM (n=2) and sigmoid fitted curves were used,

using 1 mM 4CmC as the maximum value of Ca”' release.

The obtained ECsq value in buffer containing 2 mM Ca®* was lower compared
to ECso value for Ca®* release in buffers containing low Ca®* or 0.1 mM
EGTA (figure 4.8). Ryanodine receptor stimulation using 4CmC was high
even at low concentration (<200 uM). In contrast, Ca®* release from RYR1 at
200 uM 4CmC was 45 % for 20 uM free Ca** but was 75 % for the buffer
containing 2 mM free Ca**. In order to obtain a more accurate concentration-
response curve for the Ca?*-containing buffer, lower concentrations of 4CmC
could have been used to determine Ca** release. Since it was decided to
perform Ca®" release assays in the buffer containing 20 uM free Ca®* no
further studies were undertaken using the buffer containing 2 mM free Ca?*.
ECso values for all assays were obtained from the above graph and are listed
in table 4.4.
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1x BSS buffer ECso (WM 4CmC) +SEM
+ 2 mM Ca** 6314

+2 mM Ca* + 2mM EGTA (20 pM free Ca®*) | 232+20

+0.1 mM EGTA 20745

Table 4.4 ECs, values of transient transfected H4833Y mutant RYR1 in different buffers
upon 4CmC stimulation.

Since the Ca®" release in buffers 2 and 3 gave similar results, buffer 2 (20 pM
free Ca®") was used for all further measurements. This is also the same
condition as used for Ca®" release assays of B-lymphoblastoid cells and

myotubes (chapter 3).

4.2.2.5 Ca* release assays

HEK293 cells were transiently transfected with pcRYR7T or pcRYR1-R2452W
and incubated for 72h to obtain optimal RYR1 expression. Ca®" release
assays were performed in BSS buffer containing 20 pM free Ca®*. Assays
were carried out using different concentrations of 4CmC with concentrations
ranging from 100 to 1000 pM. Since expression levels were quite variable
between different transfection experiments for both WT and R2452W mutant
plasmids, Ca®* release was calculated as a percentage of the maximal Ca*
released by the addition of 1 mM 4CmC, while the average raw data set for
WT and mutant RYR1 are shown in appendix Ill. ECsy values were
calculated from measurements of six biological replicates for WT and
R2452W mutant RYR1. Two biological replicates were performed for H4833Y
mutant RYR1 as a control. Graphs were drawn using the Origin 8.6 software
and sigmoid curves were fitted (figure 4.9). Non-transfected HEK293 control
cells were also assayed and showed no stimulation by 4CmC. This suggests
that even though they express low amounts of RYR7 mRNA endogenously

(table 4.3), it is not functional in this experimental system.
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Figure 4.9 Concentration-response curve for RYR1 transient transfected HEK293 cells upon
4CmC stimulation.

Results are shown as the average of all measurements + SEM (n=6 for WT and R245W
mutant RYR1, n=2 for H4833Y mutant RYR1) and sigmoid curves were fitted.

Ca* release in pcRYR1 transfected HEK293 cells was significantly less in
comparison to pcRYR71-R2452W transfected HEK293 cells at the same
4CmC concentrations. Ca** release for pcRYR71-R2452W transfected cells
increased in a concentration-dependent manner, while in WT RYR1
expressing cells, Ca** released was barely detectable for 4CmC
concentrations at 200 uM and below. Raw data for Ca®* release of WT and
R2452W mutant RYR1 at the individual 4CmC concentrations can be found
in appendix IV. ECso values were determined to be significantly higher for WT
compared to R2452W mutant expressing cells (see table 4.5) using One-
Way ANOVA with Bonferroni post hoc analysis (p=0.0005). Ca®" release for
pcRYR1-R2452W and pcRYR1-H4833Y transfected cells yielded no
significant difference using One-Way-ANOVA with Bonferroni post hoc
analysis (p=0.066). This may be due to the limited sample size of Ca*

release measured for pcRYR1-H4833Y transfected cells.
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RYR1 mutation ECso (MM 4CmC) +SEM
R2452W 391+16 *

WT 650+42

H4833Y 223+15*

Table 4.5 ECsq values for 4CmC stimulation of RYR1 transient transfected HEK293 cells.
ECsy values for cells expressing either WT RYR1 or a RYR1 mutation are shown including
the standard error of the mean for n=6 and for H4833Y n=2. An asterisk indicates a

significant difference, with a confidence interval of 95 %, compared to WT.

4.2.3 Stable transfected HEK293 cells

Stable transfection of HEK293 cells was used as an alternative system to
transient transfections where only a small proportion of cells actually express
recombinant protein. The potential advantage of stable expression is
consistent expression of RYR1 and the availability of stable cell lines.
Conversely, copy number and position effects of integration into the host
genome can alter expression. This potential confounding effect was
controlled by normalising all data to the highest amount of Ca®" release

measured after the addition of 1 mM 4CmC.

Stable HEK293 cell lines were obtained by transfection with pcRYRT or
pcRYR1-R2452W, followed by selection with 800 ng/uL G418 as the
pcDNA3.1(+) vector confers geneticin resistance. After 5-6 days single
colonies could be observed on plates and single colonies were trypsinised
and transferred into individual plates for further proliferation to ensure clonal
selection. Colonies were checked for RYR1 expression in the ER before

being used for Ca** release assays.

4.2.3.1  Confirmation of ER-localisated RYR1 expression

Immunostaining and co-localisation studies using a confocal microscope
were carried out. Fixed stably transfected cells were stained with a-RYR1
antibody (34C) and a-PDI was used as an ER marker. A FITC-conjugated
secondary antibody was used to detect ryanodine receptor 1 (green, figure

4.10) while a TRITC-conjugated secondary antibody was used to indicate the
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ER (red, figure 4.10). DAPI was used as a control to stain nuclei. Merged
images show both RYR1 and PDI are located in the same cellular
compartment i.e. the ER. RYR1 can be detected in every cell since stable
transfected HEK293 cells were used (figure 4.10). Untransfected HEK293
cells were used as a negative control for RYR1 but show PDI staining as
expected. Low background staining for RYR1 could be seen in untransfected
HEK293 which may suggest either RYR1 expression in low levels or

nonspecific background fluorescence.

The fluorescence intensity of HEK293 cells transfected with pcRYRT1-
R2452W was higher compared to untransfected HEK293 cells indicating
appropriate expression of R2452W RYR1 in the ER. Expression of pcRYR1-
R2452W appeared to be lower than in HEK293 cells transfected with
pcRYR1. Histogram plots were made to show co-localisation of the RYR1
with PDI in untransfected, WT and R2452W mutant RYR1 and are shown in
appendix Il. This representation also shows increased RYR1 staining in the
ER compared to the nuclei in mutant stable cell lines while no staining was
detected in untransfected HEK293 cells.
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Figure 4.10 Immunostaining of stably transfected and untransfected HEK293 cells.

Mutant
R2452W

Merged images (D) show PDI (red, B) and RYR1 (green, C) co-localise into the same cell compartment, the ER. RYR1 stained untransfected HEK293 cells
show only very low levels of RYR1 expression and were used as a negative control. Images were taken at 100 x magnification.
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4.2.3.2  Immunoblotting to confirm RYR1 expression in HEK293 cells

Total protein was extracted from stably transfected HEK293 cells, grown in
T25 flasks as described in section 2.2.18.2. Expression of WT and R2452W
mutant RYR1 was detected using immunoblotting with the polyclonal 34C
antibody while a-tubulin was used as a loading control. In accordance with
the results from immunofluorescence, figure 4.11 shows that WT RYR1 is
expressed at much higher levels compared to R2452W RYR1 where
R2452W mutant RYR1 cannot be detected using western blotting. No signal
was observed for untransfected HEK293 cells, as shown previously (figure
4.4). WT RYR1 appears as a double band, one at 250 kDa and one >250
kDa. The band with lower mobility is likely to represent full-length RYR1 while
the higher mobility band may represent a truncated form of RYR1 or protein
degradation. Protein extracted from HEK293 cells transiently transfected with
pcDNA3.1(+) was used as a negative control, showing no expression of
RYR1. Faint bands at high mobility can be detected on the blot which are
probably due to unspecific binding of the 34C antibody and may represent
background noise or degraded protein. Since expression of RYR1 was
weaker compared to tubulin the immunoblots were developed independently
to prevent over-exposure of tubulin bands visible at 55 kDa. The tubulin

control shows that equal protein amounts (70 ug) were loaded into each well.
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Figure 4.11 Western blotting showing RYR1 protein in stable transfected HEK293 cells.

Lane 1: protein extract of WT RYR1 expressing stable transfected HEK293 cells, lane 2:
protein extract of R2452W mutant RYR1 expressing stable transfected HEK293 cells, lane 3:
negative control containing protein extract of HEK293 cells transiently transfected with
pcDNA3.1(+) vector only. The 7.5 % SDS-PAGE gel was electrophoresed for 1.5 h at 120 V

and transferred overnight at 70 mA onto a nitrocellulose membrane.

It is possible that R2452W is less stable than WT RYR1 in stably transfected
HEK293 cells and therefore expression is difficult to detect. Alternatively,
integration of the mutant construct may have occurred in a region of the
genome where transcription is less likely to occur or copy number differences

resulted in different levels of expression.

4.2.3.3 mRNA analysis of stable transfected HEK293 cells

Expression levels of R2452W mutant stable transfected cells could not be
detected using western blotting. Therefore, RNA was extracted from HEK293
cells stably transfected with either pcRYR1-R2452W or pcRYR1, as well as
from untransfected HEK293 cells in an attempt to detect expression of
endogenous RYR7T mRNA by RT-gPCR. cDNA was prepared in analytical
duplicates and each sample was measured in ftriplicate in order to obtain

more accurate results.
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Expression levels were calculated using the REST2009 software comparing
a stably transfected cell line to an untransfected cell line as explained in
4.2.2.3. Results for the RT-qgPCR are shown in figure 4.12.
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Figure 4.12 mRNA expression levels of RYR1 in stable transfected HEK293 cells.
Expression levels relative to untransfected HEK293 cells were calculated for each individual
LightCycler assay and the average of all assays (n=6, each in triplicate) was calculated.

Error bars represent the SEM of all samples.

The REST 2009 software calculated a significant increase (p<0.05) in
R2452W mutant RYR1 expression as well as in WT RYRT expression
compared to untransfected HEK293 cells. Expression levels of RYR1
detected by using primer pair 1 in the WT RYR1 cell line was much higher
compared to expression levels detected using primer pair 2 amplifying the
same cDNA. These results suggest multiple insertion of the WT cDNA into
the genome including a higher abundance of central region cDNA with
truncated cDNA that does not express the 3’ end region. PCR efficiencies, as
discussed earlier, are different for both primer pairs used, resulting in a
different relative expression detected from each primer set. This was
sufficiently different to account for the different levels of expression observed
for WT RYRI1.
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4.2.3.4  Confirmation of the R2452W expressing cDNA in stably transfected

cell lines by sequencing

Because expression levels for R2452W RYRT1 are very low, it was necessary
to confirm that HEK293 cells stably transfected with pcRYR1-R2452W carry
this mutation as well as being absent in HEK293 cells stably expressing WT
RYR1. Genomic DNA of untransfected HEK293 cell DNA as well as cDNA of
cells transfected with pcRYR7-R2452W and pcRYR1 was extracted. PCR-
primers were designed to amplify the region corresponding to R2452W in
gDNA as well as the mutated region in cDNA, resulting in two different sized
bands (figure 4.13).

- <

- L e—
Exon 45 Exon 46 Exon 47
109 bp 121 bp 170 bp

Figure 4.13 Binding sites of LC primer pair 1 in RYR7 gDNA.
Exons 45-47 are represented by pink rectangles and connected by intron 45 and 46 (black
lines). Primer pair 1 binding sites are indicated with arrows in exon 45 and 47. The

schematic diagram is not drawn to scale.

Primer pair 1 has been used previously to amplify cDNA (chapter 4.2.2.3).
This primer pair binds within exons 45 and 47 (figure 4.13) and could
therefore amplify gDNA as well as cDNA yielding a PCR product of 1024 bp
for gDNA and 265 bp for cDNA.

gDNA

cDNA

Figure 4.14 PCR products for gDNA and cDNA of stable transfected R2452W RYR1.

Lane 1: 1 kb+ DNA ladder, Lane 2: cDNA of pcRYR1-R2452W stably transfected cells, Lane
3: gDNA of pcRYR1-R2452W stably transfected cells, Lane 4: negative control water.
Products were loaded onto a 2 % agarose gel, electrophoresed for 1h at 80 V in 1x TAE

buffer and DNA bands were stained with 0.5 pyg/mL ethidium bromide.
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The PCR using cDNA as template yielded one band (265 bp) while two
bands were obtained from HEK293 cells stably expressing pcRYR1-R2452W
(figure 4.14). Since amplification of gDNA extracted from pcRYR7-R2452W
transfected cells yielded two bands representing cDNA and gDNA amplicons,
it can be concluded that cDNA had been integrated into the host genome.
Since the bands do not appear in a 1:1 ratio some cells may not have
integrated the full-length RYR7 cDNA. This could be due to the failure of
clonal selection or some cells may shed the RYR7 cDNA during proliferation.
PCR products for no DNA template control showed no amplification.
Amplified cDNA (figure 4.14, lane 2) was purified using the Wizard kit prior to
sequencing. Sequencing of the cDNA of HEK293 cells stably transfected with
pcRYR1-R2452W, shown in figure 4.15, confirmed the presence of the
R2452W mutation in the cDNA incorporated into the host DNA and
subsequent expression. Sequencing also revealed that the WT RYRT

expressing HEK293 cells do not express the R2452W mutation.

R2452W mutant

GGCGC GGET CCGCAGGGCCT CACC

!

Wildtype

Figure 4.15 Sequencing results for cDNA of HEK293 cells stably transfected expressing
R2452W and WT RYR1.

An arrow indicates the location of the R2452 amino acid (c.C7354T) in both WT and
R2452W mutant expressing RYR1 cell lines. This indicates the presence of R2452W in the
mutant cell line and the absence in the wildtype transfected cell. The sequence shown

represents the reverse strand and therefore indicates a change from G to A.
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4.2.3.5 Ca* release assays

Stably transfected HEK293 cells were grown in media supplemented with
400 ng/uL G418 when Ca** release assays were about to be carried out.
G418 is a blocker of Ca®* release through of the IP3 receptor (IP3R), which is
the main Ca®" channel used in HEK293 cells. Phosphatidylinositol 4,5
bisphosphate (PIP2) within the cytosol of cells is cleaved by members of the
phospholipase C (PLC) family into diacylglycerol (DAG) and inositol-1,4,5-
trisphosphate (IP3) while IP3 functions as the activator of the IP3 receptor.
Because phospholipase C is inhibited by G418 (figure 4.16) IP3 levels are
low and therefore unable to activate the IP3R to release Ca®" from the ER
[70, 192]. Hence when cells are activated with 4CmC, Ca?* can only be
released through the ryanodine receptor 1. Therefore the use of stably
transfected HEK293 cells, grown in selection medium, had the advantage of
a higher specificity for measuring Ca** released by the ryanodine receptor 1

and should therefore provide more specific and reproducible results.

G418
SRIER],
l CaZ+ Ca
+ 2+
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Figure 4.16 IP3R Ca’’ release pathway inhibited by G418.
G418= geneticin, PLC= Phospholipase C, IP3= Inositol 3 phosphate, IP3R= IP3 receptor.

HEK293 cells were loaded with the Ca®" indicator fura 2-AM in order to
detect Ca®" release triggered by the addition of various concentrations of
4CmC. Free Ca®* concentrations in the buffers used, were controlled at 20
MM as described previously. Untransfected HEK293 cells were used as a
negative control for Ca®* release. Biological replicates were performed five

times to obtain statistically reliable results. Data are shown as mean + SEM
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(n=5) in figure 4.17. Ca*" release was calculated as a percentage of the
maximal Ca®" released with the addition of 1 mM 4CmC. This approach
allowed normalisation of data necessary for comparison since expression
levels for WT and R2452W mutant RYR1 were quite different. The 4CmC
concentrations used ranged between 100 uM and 1000 uM and ECs5p values
were calculated applying a sigmoid fitted curve using the Origin 8.6 software.
Raw data for the maximal Ca®" released by the addition of 1 mM 4CmC are

given in appendix Ill.
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Figure 4.17 Concentration-response curve for stably transfected HEK293 cells upon 4CmC

stimulation.
Data are represented using a sigmoid curve fitting showing the average Ca” release + SEM

(n=5).

Figure 4.17 shows the fitted sigmoid curves of the generated data set.
Results indicate that cells expressing the R2452W mutant RYR1 show a
hypersensitive response to the agonist 4CmC in comparison to WT RYR1.
ECso values were compared using One-Way ANOVA with Bonferroni post
hoc analysis. Accordingly, cells expressing pcRYR7-R2452W have a
significantly lower ECsy value compared to pcRYR1 expressing cells (p=
0.00009, table 4.6).
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RYR1 mutation ECs0 (MM 4CmC) +SEM
WT 665+29

R2452W 363425 *

Table 4.6 ECsq values for 4CmC activation of WT and R2452W mutant RYR1 stable
transfected HEK293 cells.

Asterisk indicates a significant difference compared to WT RYR1.

This suggests the R2452W mutation could trigger abnormal Ca?* release in

vivo and thus is likely to be causative of MH.

4.3 Discussion

4.3.1 Cloning
RYR1 cDNA carrying the R2452W mutation was cloned and confirmed by

sequence analysis. Furthermore sequencing excluded other non-
synonymous mutations or cloning artefacts in the plasmid. While sequencing
the plasmid, synonymous variants were identified and these are listed in
table 4.1. Many of these variants could be found in the SNP database and
are therefore likely to be carried by the individual person the cDNA was
extracted from. Other synonymous changes might have been introduced by
PCR error. Since these potential PCR errors introduced only synonymous

variants, they were not corrected.

4.3.2 RYR1 Expression

Transfection was optimised to achieve adequate expression of RYR1 in
HEK293 cells. Different ratios of transfection reagent to DNA were used and
expression was detected using western blotting. All different ratios yielded
RYR1expression so a ratio of 8:2 [Fugene HD: plasmid (ug)] was used for
further experiments. Immunofluorescence was used to confirm RYR1
expression in the ER in both stable and transient transfected HEK293 cells.
RYR1 protein is expected to be in the ER since the ryanodine receptor 1 is
normally located in the SR membrane of skeletal muscle cells and can only

release Ca’" once it is located in the SR/IER membrane. This result was
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crucial to be able to use the RYR1 plasmids in further experiments and to be

able to detect Ca®’ release in functional studies.

Western blotting was used to confirm expression of RYR1 in stably and
transiently transfected cells. Transiently transfected cells expressed RYR1 in
high levels but the mutant protein appeared to be expressed more efficiently
than WT. Protein, as well as RNA, was extracted twice on separate
occasions and analysed. Transiently expressed mutant RYR7 is expressed
at least 50 times higher than WT according to RT-qPCR results. Both primer
pairs detected different expression levels of RYR1. Different efficiencies
might occur during cDNA synthesis, where some regions might be
transcribed into cDNA because they contain a polydT sequence. If the
R2452W mutation is located near these regions the RNA might preferentially
be transcribed into shorter cDNA. Since RYR71 cDNA consists of ~16,000
base pairs, a mixture of random and oligodT primers have been used to
prevent position effects in cDNA synthesis. Different expression levels could
also be artefacts resulting from different gqPCR primer efficiencies (table 4.2),
however these differences are not marked. Also since the binding sites for
primer pair 2 are located at the far end within the 3’ end cDNA region it is
possible that the mRNA has degraded. Since degradation of mMRNA/cDNA
occurs more likely from either the 5’- or the 3’ end rather than in the central
region of the transcript, it is possible that lower levels of full-length cDNA
were detected. PCR efficiencies as well as the amplicon size of both primer
pairs (270 bp for primer pair 1 vs. 80 bp for primer pair 2) used were different
and these factors may be involved in the production of apparently different

expression levels in RYR1.

Western blotting showed an estimated 10 times higher amount of protein for
the R2452W mutant compared to WT RYR1 in transient transfections,
supporting the results obtained with RT-gPCR. Both proteins were
overexpressed in vivo and co-localisation studies confirmed expression in the
ER. Different expression levels of WT and R2452W RYR1 might be due to
different transfection efficiencies of the two plasmids used since the same

amount of plasmid DNA was used in HEK293 cells transfection experiments.
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It is possible that the cells preferably express R2452W RYR1 over WT since
it is assumed that this mutation leads to a gain-of-function and may support
cell growth and viability. Nevertheless this seems to be rather unlikely since it
was shown that in muscle in vivo, mutant RYR1 expression levels tend to be
lower compared to WT, however this has only been shown in western blots
[1585].

Expression levels of stably transfected HEK293 cells were detected using
western blotting but only RYR1 expression of pcRYR1 transfected cells was
visualised, showing two bands at 250 and >250 kDa, representing full-length
RYR1 (~500 kDa) and truncated RYR1 (250 kDa) but the bands had roughly
the same intensity. The origin of the second band at 250 kDa is unknown and
it was suspected that either a truncated RYR7 cDNA fragment as well as
RYR1 full-length cDNA may have been inserted into the host gDNA or that
the WT protein is not stable in HEK293 cells and becomes degraded,
showing a second, smaller band. RYR1 in R2452W mutant stable cell lines
was not detectable using western blotting. Nevertheless, RYR1 expression in
stably transfected HEK293 with pcRYR1-R2452W cells could be detected at
low intensity in immunofluorescence studies. To prevent false positive
results, laser intensity settings for non-transfected HEK293 cells and
R2452W mutant cells were identical. Low fluorescence levels were detected
for RYR1 in R2452W mutant cells whereas a very low signal was detected
for untransfected cells. It was concluded that protein expression levels in
R2452W mutant cells were low. RNA from both stably transfected cell lines
was extracted in order to evaluate expression of RYR1. RT-qPCR results for
stably transfected HEK293 cells revealed that R2452W RYR1 expression
was increased by a magnitude of two compared to untransfected HEK293
cells for both primer pair 1 and 2 (figure 4.12), confirming expression of the
R2452W mutation. Reasons for this low expression could be that the
R2452W mutation leads to a hypersensitive receptor and therefore
expression levels in cells were kept low in order to prevent too much Ca®
being released from the ER. This hypothesis is supported by the finding of
Zhou et al. who found allele silencing of RYR1 in CCD patients, and therefore

lower RYR1 expression. It was hypothesised that only a small amount of
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functional RYR1 is required to maintain a normal phenotype in cells from
CCD patients [155]. The R2452W mutation however has not been linked to
CCD and these results were not obtained in transiently transfected cells.
Therefore, it was concluded that position effects are more likely to cause
lower expression of pcRYR1-R2452W in HEK293 cells. Another reason for
low expression levels of mutant RYR1 might be the position of insertion of
the cDNA into the host gDNA. If this region is not very transcriptionally active
e.g. because of the presence of insulator elements or located far from a
promoter, the inserted cDNA may have a very low expression profile leading

to low RNA levels.

Results obtained for stable transfected WT RYR7 by RT-gPCR were
controversial since the expression detected using primer pair 1 (central
domain, see figure 4.6) showed high expression levels, up to 10,000 times
higher than those detected by primer pair 2 (3’ end). The position where
primer pair 1 binds in the cDNA and the antibody binding site in the
corresponding protein sequence (figure 4.6) are very close and are therefore
likely to give the same order of expression when analysing either cDNA or
protein. Primer pair 2 binds at the 3’ end of the RYR7 cDNA and a lower
expression of RYR1 cDNA was obtained, perhaps due to RNA degradation
or poor efficiency of cDNA synthesis. As mentioned for cells transiently
transfected with RYR7 cDNA, PCR efficiencies and instability of cDNA might
be a reason for the discrepancy between expression levels but it cannot
explain the 10000 fold expression differences detected using primer pair 1
and 2. These large differences suggest insertion of a truncated RYR7 cDNA
into a highly expressed region of the host genome and therefore higher
expression levels observed using primer pair 1. Expression levels appeared
low when measuring the 3’ end of the mRNA compared to expression levels
of the central domain, leading to the assumption that only low levels of full-
length functional RYR1 are expressed. This in turn suggests that only low
levels of protein will be located within the ER membrane since the C-terminus

part of RYR1 is important in anchoring the protein into this membrane.
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Comparing expression level results of RT-qPCR and western blotting for cells
stably expressing pcRYR1, supports the hypothesis of a truncated RYR1
form, as well as a full-length RYR1 being expressed. Immunofluorescence is
not able to distinguish between protein located in the ER membrane or ER
compartment and therefore cannot be used to investigate the presence of the
truncated RYR1 form within the ER. In order to detect whether this form is
located in the ER or the ER membrane another antibody to label the ER
membrane e.g. Calnexin, would need to be used for co-localisation studies. If
the C-terminus is still present in the putative truncated form it is likely to be
expressed within the ER membrane. Alternatively, RYR1-antibodies that
recognize different epitopes could be used in solving this issue. Finally,
expression of R2452W mutant RYR1 in stably transfected pcRYR1-R2452W
cells was confirmed by cDNA sequencing, also revealing the absence of
R2452W in stable WT RYR1 cells.

The 34C antibody binds between aa position 2756 and 2803 [55] whereas
the primers bind cDNA in the corresponding protein sequence at either
upstream (aa 2405-2493) or downstream (aa 4826-4850) of the antibody
binding site (figure 4.6). Therefore the antibody binding site is located closer
to the position corresponding to that amplified by primer pair 1, showing
similar results (high expression levels of WT RYR1 plasmid in western blots
as well as in RT-gPCR). Primer pair 2 binds close to the mRNA 3’ end,
representing the C-terminus of the RYR1 protein. mRNA as well as cDNA
could be subject to degradation, possibly resulting in the low expression
levels detected with primer pair 2. Furthermore, cDNA from the R2452W
RYR1 stably transfected cell line was sequenced, thus confirming that the
expressed RYR1 cDNA contained the c.C7354T/p.R2452W.

4.3.3 Ca* release assays

Cells transiently transfected with pcRYR71-R2452W release more Ca®'
compared to pcRYR1 transfected cells when stimulated with the agonist
4CmC. Because expression levels appeared to be different between WT and
R2452W RYR1, results of Ca®* release assays were normalised to 1 mM
4CmC. Normalisation gives a more accurate indication of whether the
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R2452W mutant RYR1 protein leads to a hypersensitive channel. ECsg
values for R2452W mutant cells were almost half those of WT transfected

cells (table 4.4). These differences were statistically significant (p<0.0005).

The pcRYR1-H4833Y plasmid was used as a positive control for transiently
transfected cells since this mutation is described in the literature to express a
hypersensitive RYR1 protein associated with MH [166]. Comparing ECsg
values for R2452W and H4833Y mutations to RYR1 WT expressing cells
revealed that the R2452W mutation alters Ca®* release and leads to a
hypersensitive channel when stimulated with 4CmC, but showed higher ECsg
values compared to that obtained for H4833Y (p=0.066). One reason for this
phenomenon could be the location of each of the R2452W and H4833Y
mutations. The R2452W mutation is located in the central domain of RYR1,
which is predicted to be part of the “domain-zipper complex” [85]. A mutation
in this region could weaken the interaction between the N-terminal and the
central domain, leading to an unstable closed RYR1 pore complex and
therefore to a hypersensitive, as well as hyperactive, ryanodine receptor.
H4833Y however, is located in the C-terminal domain. RYR1 C-terminal
mutations have been suggested to have a higher channel open probability
since this region is believed to be involved in forming the homo-tetramer
protein and a higher sensitivity against agonists like 4CmC has been
predicted [193]. Because of the different structure and function of central and
C-terminal domains, mutations in these different regions are likely to
influence the RYR1 function differently. Since the 3D structure has not been
solved yet, no judgement can be made on position effects of these two
mutations. Nevertheless, Ca®* release assays showed that the R2452W
mutation results in a hypersensitive receptor leading to a significantly higher
Ca** release from the ER compared to WT RYR1.

Many studies have been carried out using rabbit RYR7 cDNA in transient
transfection experiments to show hypersensitive RYR1 mutations. ECsg
values in these studies for WT and mutant constructs tended to be lower
compared to the values found in this study [135]. These other studies have

been performed using imaging buffer containing 2 mM Ca”* while the present

118



Chapter 4 Functional characterisation using a recombinant system

study was done using buffers containing 20 uM Ca®*. As shown in figure 4.8,
high external Ca?* concentrations increase Ca’* release, resulting in lower
ECso values. This also shows that small amounts of external free Ca%* (20
uM) do not significantly influence Ca®* release from RYR1 or ECsg values.
These results are in agreement with Ca®" release assays using the same
buffer systems in B-lymphoblastoid cells (see chapter 3.3.4). Both systems
result in lower ECs5¢ values obtained when 2 mM Ca’* was present in the
imaging buffer. This suggests that high amounts of extracellular Ca®>* may

increase Ca®* induced Ca?* release resulting in lower ECs values.

Ca?* release assays for stably transfected cells also confirmed a
hypersensitive ryanodine receptor 1 when carrying the R2452W mutation.
ECso values for the R2452W mutant cell line were halved, compared to WT
RYR1 cell lines (table 4.6) and are therefore more sensitive to agonists.
While pcRYR1 transfected cells did not respond significantly to 4CmC
concentrations <400 yM, the R2452W mutant RYR1 gave a high response at
200 yM 4CmC (figure 4.17).

Interestingly, ECso values obtained in Ca®* release assays for stably and
transiently transfected HEK293 cells (figure 4.9 and 4.17) are very similar for
either WT (665129 uM for stable transfection vs 650+42 yM for transient
transfection) or R2452W mutant cells (363+25 uM for stable transfection vs
391+16 uM for transient transfection). These observations confirmed that
both systems give essentially the same results, within experimental error and
either system can be used to demonstrate that the R2452W mutation results
in a hypersensitive channel to 4CmC activation and is therefore likely to
cause MH. Even though expression levels in stably transfected HEK293 cells
were lower, compared to transiently transfected cells, these cells gave
reproducible results with similar ECso values. This suggests that stably
transfected cell lines are useful in Ca®" release assays, as they avoid new

transfections for every experiment, once the cell line has been established.

Comparing results obtained for either transiently or stably transfected

HEK293 cells to Ca®*" release data obtained from patient-derived cells
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(chapter 3), showed that ECsy values of myotubes were very similar to values
for transfected cells (table 4.7). Since both methods used the same imaging
buffer and microscope, it can be assumed that either of the two methods can
be equally effective in detecting altered Ca®" release resulting from mutations
in RYR1. Since HEK293 cells do not express any muscle proteins apart from
overexpressed RYR1, it can be concluded that pcRYR7-R2452W transfected
HEK293 cells showed altered Ca®* release compared to WT because they
express a hypersensitive receptor when stimulated with 4CmC. The
transfected HEK293 cells share the same genetic background, differing only
by the overexpressed RYR1 plasmid. To be able to use transfected HEK293
cells for Ca%" release assays however, a RYR1 mutation needs to be
identified which then has to be cloned and overexpressed. As ~50 % of MHS
patients do not carry mutations in RYR1, the use of transfected HEK293 cells

is somewhat limited.

i Lymphocytes ECs Myotubes ECso

patients HEK293 ECso (WM 4CmC) £SEM
(MM 4CmC) £SEM (MM 4CmC) £SEM

A 506111 309145 plasmid stable transients
BI 544115 na Wildtype 665129 650142
BII:1 64118 na Mutant 36325 391116
BIl:2 509423 na
BII:3 532+23 na
C1 652+14 612+ 54
Cc2 642+10 638+11

Table 4.7 Summary of ECs values for 4CmC activation obtained from concentration-
response curves of either B-lymphoblastoid cells, myotubes or transfected HEK293 cells.
ECsy values are given as the average 4CmC concentration (uM) £SEM. na= no availability of
data.

Results using myotubes suggest intact muscle cells show altered Ca**
release in patients carrying the R2452W mutation, however because more
proteins are involved in Ca®* release in this cell type, it cannot be ruled out
that other proteins might also influence release. As mentioned earlier,
transfected HEK293 cells differ only in the expression of different RYR1
constructs and RYR1 function can be assessed independently. Taken

together, the experimental results using myotubes and the recombinant
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system suggest that the R2452W mutation causes altered Ca?* release from
RYR1 when activated with 4CmC. The results obtained by Ca** release
assays in B-lymphoblastoid cells, also showing a hypersensitive receptor
while 4CmC activation, indicate very strongly that the R2452W mutation

alters the function of RYR1 in vivo.

HEKZ293 cells do not express any other skeletal muscle proteins and can
therefore not be used to analyse mutations which may lead to altered ca®
release due to altered interactions between RYR1 and other proteins
involved in EC coupling. To study these mutations, or mutations only
responding to depolarisation, RYR1 cDNA could be expressed in IB5 cells,
isolated from the dyspedic mouse [194]. Since these cells are intact muscle
cells lacking only RYR1, the function of a mutation in the ryanodine receptor

can be monitored in a more physiological system.

In summary, the use of patient derived cells and HEK293 cells transfected
with WT or R2452W mutant RYR1 gives an indication that cells carrying the
R2452W mutation show a hypersensitive phenotype in response to 4CmC
activation. Differences between ECsy values of WT and mutant RYR1
expessing cells are between two and threefold, indicating a significant
increase in Ca?* activation. Results obtained in this study and the use of
three different systems to detect altered Ca®* release, suggest that the
R2452W mutation is likely to be causative of MH.
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Chapter 5 Overexpression and purification of the

ryanodine receptor 1 central domain

5.1 Introduction

The RYR1 central domain containing the R2452 residue was chosen for
overexpression and purification studies in order to understand protein
stability and structure. This domain is potentially very important since it is
proposed to be involved in domain interactions and in channel opening and
closing [85]. In support of this, over 50 mutations have been found in this
domain, many of which have been linked to MH (reviewed in [43]). RYR1 is a
membrane-bound protein of 5038 amino acids forming a homotetramer of
four 560 kDa subunits. Because of these properties overexpression,
purification and crystallisation of the whole protein are technically very
difficult. Previous studies reported high-resolution crystal structures for the N-
terminal domain of RYR1 encompassing amino acids 1-604 [78].
Furthermore, the structure of the RYR1 domain containing the
phosphorylation site (aa 2734-2940) has been solved, showing a two-fold
symmetry within this domain [195]. Studies carried out in 2001 using parts of
the central domain, and investigating the effect of the V24611 RYR1 variant,
revealed that this mutation might affect the binding of FKBP12, stabilising the
closed state of RYR1 by altering its binding site [196]. A recent study using
small peptides corresponding to RYR1 and an IP3R homology domain
indicates that the amino acids between 2459 and 2473 in RYR1 are
important for FKBP12 binding [197].

To date, there have been no reports for structural determination of the central
domain of RYR1. Furthermore, this domain contains the R2452W mutation
which is linked to malignant hyperthermia (MH) and was functionally
characterised earlier in this study with results suggesting that this mutation is
likely to be causative of MH. Therefore, cDNA representing the central
domain was cloned with the aim of carrying out X-ray crystallographic
structural studies to aid in understanding the molecular basis for altered
function of the protein. The R2452W mutation is located within the DP4
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domain as part of the central domain, which is thought to be involved in
“‘domain-zipping” of the N-terminus and central domain in RYR1 [85].

Primer pairs were designed to amplify the human RYR7 central domain
cDNA including an IP3R homology domain (1000 bp) which, when
overexpressed in E. coli, would result in an RYR1 polypeptide representing
amino acid sequence 2157-2489. One of the RYR1 and IP3R homology
domains (RIH) located in the central domain (amino acid 2157-2365) was
included for expression of soluble protein and as an aid in solving the
secondary and tertiary structure as the 3D structure of the N-terminal IP3R
domain is known [198]. N- and C-terminal tags were included in the cloning
strategy to assist in both expression and purification of the RYR1 protein
(figure 5.3). The N-terminal tags were followed by a cleavage site for removal

of the tags.

5.2 Bioinformatics

Previous reports suggest two homology domains between RYR1 and IP3R
(RIH) occurring within different regions of each protein. The first of these
domains is in the N-terminal region of each protein and comprises amino
acids 439-643 of RYR1, while the second is near the central domain of
RYR1, comprising amino acids 2157-2365 which are homologous to IP3R
amino acids 499-677 and 1196-1356, respectively. Studies of the IP3R
included binding assays of the IP3 ligand as well as structural determination
by X-ray crystallography (reviewed in [199]). Mignery et al. [200] expressed
full-length IP3R, as well as a deletion mutant in COS cells and were able to
obtain soluble protein with a deleted membrane helix. Since the goal of this
study was to obtain soluble protein, the RIH domain was included in the

clone representing the RYR1 central domain to potentially support solubility.

5.2.1 Mobyle portal

Protein structure prediction programs were used to help investigate the
secondary structure of the RIH domain as well as the DP4 domain. The
program Mobyle portal [201] predicts helix domains (H) as well as B-strands (E),

coils (C) or turn (T) motifs, using the amino acid sequence as a reference.
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Figure 5.1 shows the predicted secondary structure for the WT (A) or R2452W
mutant (B) RYR1 central domain (amino acids 2101-2500). Results indicate that

the R2452W mutation (asterisk) is located within a predicted helix motif and

could therefore potentially disrupt this motif.
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Figure 5.1 Secondary protein structure prediction for WT (A) and R2452W mutant (B) RYR1
central domain using Mobyle portal.

The figure was adapted from the output results of the Mobyle portal software and amino
acids 2101 to 2500 of RYR1 are shown. Structures predicted to form helices (H) are red, B-
sheets (E) are green, turns (T) are black and coiled structures (C) are blue. The position of

the R2452\W mutation is marked with an asterisk.

The amino acid sequence 2101 to 2500 for either WT or R2452W variant
(ensemble genome browser protein ID ENSP00000352608.2) were entered
into this program to obtain predicted percentage for different secondary
structure motifs and results are shown in table 5.1. Unfortunately, Mobyle

Portal does not give a confidence/reliability interval for the predicted

structures.
Motif WT (%) R2452W mutant (%)
a-helix 44.7 44.7
B-sheet 17.9 17.7
turns 19.9 201
coiled 20.7 20.9

Table 5.1 Predicted secondary structure motifs for WT and R2452W mutant RYR1 domain.
Secondary structure motifs are listed on the left-hand side and their predicted percentage for

WT and R2452W mutant are listed in percent of the full-length protein.

cDNA sequences for cloning were designed so that putative secondary
structure motifs should not be disrupted when overexpressed in E. coli.
Furthermore the same sequences were also used in the SWISS-MODEL
program [202] to determine secondary structure. SWISS-MODEL predicts
helix, extended B-sheets and coiled structures only, but similar results were

obtained.

5.2.2 SMART database
The SMART (Simple Modular Architecture Research Tool) was used to

determine whether any protein motifs were known in the region of interest by
comparing known structural domains with the RYR1 (2100-2600) amino acid
sequence [203, 204]. The software identified two low compositional-biased
regions between amino acids 2285-2296 and 2384-2403 in full-length human
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RYR1. These regions were identified using an algorithm to identify low
compositional complexity which have been linked to protein disorder, as well
as having structural roles in cells [205]. In addition, they are very flexible due
to a lack of well-defined folding structure and are thought to have sufficient
versatility to bind several different target proteins. These disordered, flexible
regions consist of repetitive short fragments that can be found in many
different species. Due to their flexibility they might act as flexible linker
between globular protein domains. Gene ontology analysis has suggested
that these regions could be involved in specific protein binding and, when
located in the central part of an amino acid sequence, could be important for
transcription, transcription regulation and translation [206]. The database
yielded further scores for different protein motifs but none of them had a
score significantly higher (E-value<0.01) than the threshold. This threshold
represents a value calculated using the SWise algorithm [207], which
provides similarity scores for query sequences, when compared with the
alignment database. The threshold represents the lowest score allowable for
sequences to be considered as homologues. Even though the RIH domain is
known [77], it was not identified by the SMART database because it is not
included in the databases SMART uses for structural prediction. Therefore,
no similarities were identified between known domains and RYR1 between
amino acid 2100 and 2600.

5.2.3 Phyre?
Phyre? (Protein Homology/analogY Recognition Engine V 2.0) is a program

designed to predict secondary structures of proteins by using sequence
alignments to proteins with known structure [208]. The RYR1 amino acid
sequence 2144-2489 was analysed using the database and aligned. Thirty-
eight % of this sequence (RYR1 amino acid 2144-2284) matched the IP3R
type 1 binding core domain 2 structure with a confidence interval of 99.3 %
(results are shown in figure 5.2). Structural predictions of amino acid
sequence 2144-2489 for WT and R2452W RYR1 are shown in the
appendices VIl and IX.
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Figure 5.2 Sequence alignment of RYR1 domain (amino acid 2144-2284) and IP3R.
Lane 1 represents the predicted secondary structure of the RYR1 target sequence (amino acid sequence shown in lane 2) compared to the secondary
structure of the reference protein IP3R, lane 4. For comparison the IP3R reference sequence is shown in lane 3. Green domains indicate a-helical structure

and gray highlighted sequences confirm sequence identity.
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5.3 Results

5.3.1 Cloning strategy
The R2452W mutation is situated in the central region of RYR1 in the DP4

domain. This region may be involved in “domain-zipping” and unzipping to
control the closure and opening of the receptor, which has been shown by
protein binding assays [85]. As an approach to determine the effect of the
R2452W mutation on the three dimensional protein structure of RYR1, the
RIH homology domain, together with the DP4 domain (figure 5.3), were
cloned. The R2452W mutation is located in the central hot spot region (MH2)
and was suggested to be causative of MH earlier in this study (chapter 3 and
4). No other X-ray crystallographic structural studies for MH2 have been

reported to date.

The chosen sequences comprised 320 amino acids, including aa 2157-2365
of the second RIH domain and aa 2442-2477 of the DP4 domain. A crystal
structure for parts of the first RIH domain in the N-terminus of RYR1 has
been reported [78]. The DP4 domain itself has not yet been crystallised;
however an NMR structure was published by Bannister et al., 2007 [87]
showing two helices, where amino acid R2452 is located at the C-terminus
within the first helix (see figure 1.10). Expressing these two domains together
may result in soluble protein that could be used in crystallisation and enable
the analysis of interactions between domains to test the “zipper’-model. The
vectors chosen for cloning and purification of an expressed polypeptide were
pProEXHtb, with a (His)stag at the C-terminus and the pET32a(+) vector with
both C- and N-terminal (His)stags. Restriction endonuclease recognition sites
for EcoRI and Hindlll were used to clone the PCR product into the vector.
The complete human RYR7 cDNA sequence (pcRYR71 and pcRYRT1-
R2452W, chapter 4) cloned into pcDNA3.1(+) [166], does not have any
naturally occurring restriction sites suitable for cloning into pProEXHtb and
pET32a(+). Restriction sites for EcoRI/Hindlll and Ncol/Hindlll, respectively,
were introduced into the primer sequences used for PCR amplification of the
target sequence.
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Construct | First RYR1 amino acid Last RYR1 amino acid
1 2157 2480
2 2151 2494
3 2144 2489
4 2129 2478

Table 5.2 Table of RYR1 inserts cloned into either the pProExHtb or pET32a(+) vector.

Four different primer sets at slightly different positions in the target sequence

were designed for each expression vector to test whether different constructs

yield different protein solubility when overexpressed in E. coli. Each construct

results in a polypeptide of around 40 kD. The exact RYR1 polypeptides

overexpressed in the vectors can be found in table 5.2. The same cloning

strategy (shown in figure 5.3) was used for cloning into both vectors, using

two different restriction sites due to different multiple cloning sites. Full vector

maps are shown in the appendices VI and VII. E. coli DH5a competent cells

were transformed with the empty vectors and isolated using the Roche High

Pure Plasmid Isolation kit according to the manufacturer’s instructions.
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A Central domain
[ |
Aminoacid 1 2157 2477 5038
position
PCR
amplification DP4
Ncol <_ Hindll
aa2129- aa2478-
2157 2494

(His)stagNcol Hindlll

B Trx-tag

His)stag

Figure 5.3 Schematic diagram showing the cloning strategy using vector pET32a(+).

A) Schematic diagram of RYR1 and the amino acid positions from 1 to 5038 with the central
domain shown as a blue rectangle. The central domain was amplified with different primers
introducing restriction sites for Ncol and Hindlll. The amplified central domain contains the
RIH (red rectangle) and DP4 (dark blue rectangle) domains. PCR products amplified with
different primer pairs, resulted in amplicons representing amino acids 2131-2157 at the 5’
end and aa 2477-2493 at the 3’ end.

B) Scheme of the pET32a(+) vector with the restriction sites for Ncol and Hindlll. The
(His)stags were located next to the restriction sites at both the C- and N-terminal and the Trx-

tag is 5’ of RYR1. The full vector map is shown in the appendices VI and VII.

5.3.2 PCR amplification and cloning

5.3.2.1  pProEX HTb

The pProEx HTb vector was chosen as an expression vector as it has been
successfully used in other protein crystallisation experiments [209, 210]. The
vector contains a C-terminal (His)stag and a tobacco etch virus (TEV)-
cleavage site to release the tag prior to crystallisation. The vector contains a
Trc (Trp-lac) promoter that can produce high levels of recombinant protein
expressed in E. coli and an ampicillin resistance gene, while the promoter is

IPTG (Isopropyl B-D-1-thiogalactopyranoside)-inducible.
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An EcoRl restriction site was chosen at the 5’ end and a Hindlll site at the 3’
end to ensure directional cloning. Four different primer sets were designed
(table 5.2) to provide a range of products that would be translated into slightly
different polypeptides which may differ in protein solubility due to different N-
and C-terminal amino acid residues. The full-length plasmids pcRYR7 and
pcRYR1-R2452W were used as templates. All primer binding sites are
located within the same area so the approximately the same sized PCR
products were expected (amplified products shifting +/- 50 bp for different
primer pairs, figure 5.4). All PCR products yielded a single band and show no
contamination in a no DNA template control (-) (figure 5.4A).

1+ 1- 2+ 2- 3+ 3- 4+ 4- 12 3
12,000 bp
5,000 bp
2,000 bp
1,600 bp
1,000 bp 1,500bp —
650 bp 1,000 bp —
400 bp
300bp —

100 bp

Figure 5.4 PCR amplification of pcRYR1-R2452W mutant plasmid and colony PCR for
pProEXHtb.

PCR products (10 % of the reaction) were loaded onto a 1 % agarose gel, and separated for
1 h at 80 V and DNA bands were stained with 0.5 pyg/mL ethidium bromide. A) PCR products
for insert 1-4 amplified for cloning into pProEXHtb. Lanes marked with a + represents PCR
reactions amplifying pcRYR1-R2452W while lanes marked with — were negative controls
where no DNA template was added. All PCR products (1-4) were amplified with construct 2
yielding a fainter product. B) Representing colony screening of potential recombinant
plasmid. Lane 1: 1 kB plus ladder, lane 2: PCR product for the non-recombinant vector (250

bp), lane 3: recombinant plasmid containing an insert (1200 bp).

Plasmids and PCR-products of RYR1 were digested with EcoRI and Hindlll
and ligated as described in section 2.2.10. Colony PCR was used as a rapid
screening method to check whether the colonies contained the insert using
primers that annealed to the vector backbone. Colonies not containing the

insert yielded a band at about 250 bp corresponding to the multiple cloning
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site and tags (figure 5.4A), while plasmids containing the insert resulted in
~1200 bp PCR products (figure 5.4B).

5.3.2.2 pET 32a(+)

The pET 32a(+) vector was chosen as an alternative to pProEXHTb because
Amador et al. [76] successfully used this vector in previous work for
crystallisation of 210 aa of the N-terminus of the RYR1 protein. This vector
contains both C- and N-terminal Hisetags, an N-terminal S-tag (S-tagged
leptin) and an N-terminal Trx-tag (thioredoxin-tag) with cleavage sites for the
N-terminal tag. It has a strong T7 promoter and like pProEXHtb, the vector
confers ampicillin resistance and can be induced with IPTG. Due to different
reading frames in the multiple cloning site, the primers used for cloning into
the pProEX HTb vector could not be used for pET 32a(+). Separate primer
sets containing restriction sites for Ncol at the 5’ and Hindlll at the 3’ end

were chosen.

1+ 1- 2+ 2- 3+ 3- 4+ 4-

A

12,000bp — |
5,000bp — |
2,000bp —
1,600bp —

2,000 bp_—
1,600 bp—

1,000bp —
650bp —

400bp —

100bp —

Figure 5.5 PCR amplification of pcRYR1-R2452W and colony PCR for pET32a(+).

PCR products (10 % of reaction) were loaded onto a 1 % agarose gel, separated for 1 h at 80 V
and bands were stained with 0.5 pg/mL ethidium bromide. A) PCR products 1-4 ready to be
cloned into pET32a(+). Lanes marked with a + represents PCR reactions amplifying pcRYR1
R2452W while lanes marked with — were negative controls when no DNA was added. All four
different constructs were successfully amplified. B) Results for colony screening for the correct
insert using colony PCR. Lane 1: PCR products for the non-recombinant vector (700 bp), lane

2: 1 kB plus ladder, lane 3: recombinant plasmid (1700 bp), lane 4: non-template control.

PCR products showed a single band of the correct size and showed no
contamination in the non-template control (see figure 5.5A, -). Colony PCR
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was carried out to verify successful cloning of inserts where primers anneal
to the vector at the T7 promoter site (forward) and the T7 terminator site
(reverse primer). Empty vector yielded a band of ~700 bp while recombinant
plasmids showed a band at ~1700 bp. Some positive colonies (figure 5.5B)
also showed a few weaker extra bands of smaller size. Five mL of LB broth
was inoculated with selected colonies and and grown over night at 37 °C.

Plasmid DNA was extracted the next day prior to sequencing.

5.3.3 Initial expression tests

Initial expression tests using construct 4 carrying the R2452W mutation in
pProExHtb (referred to as pProEXHtb-4) as well as construct 1 expressing
R2452W in pET32a(+) (referred to pET32a(+)-1) were carried out. These
constructs were randomly chosen for initial testing. E. coli BL21(DE3) cells
were transformed using either pProExHtb-4 or pET32a(+)-1 and grown to an
ODggg of 0.4 before induction with 1 mM IPTG at 37 °C. E. coli cultures were
harvested (0.1 mL) after 3 h and cell pellets were resuspended in 20 uL of 5x
loading dye (60 mM Tris-HCI, pH 6.8, 25 % glycerol (v/v), 2 % SDS (w/v),
14.4 mM B-mercaptoethanol, 0.1 % bromphenol blue (w/v)), boiled for 5 min
before being loaded onto a 12.5 % SDS gel to see whether expression was
initiated. Figure 5.6 shows that pET32a(+)-1 expressed high amounts of
protein (57 kDa figure 5.6, lane 3, red arrow) while pProExHtb-4 expressed
protein (45 kDa figure 5.6, lane 5, blue arrow) but at much lower levels. Lane
2 and 4 in figure 5.6 show a small amount of overexpressed RYR1 protein,

most likely due to leaky expression before induction.

133



Chapter 5 Structural characterisation of RYR1

Figure 5.6 Expression tests for recombinant pET32a(+) and pProExHtb.

Cell lysates of 20 pL induced E. coli samples were loaded onto a 12.5 % SDS-PAGE gel and
separated for 1h at 130 V before being stained with Coomassie blue. Lane 1: Precision Plus
Protein Standard size marker (used in all experiments), lane 2: uninduced E. coli lysate
pET32a(+)-1, lane 3: induced E. coli lysate pET32a(+)-1, lane 4: uninduced E. coli lysate
pProExHtb-4, lane 5: induced E. coli lysate pProExHtb-4. The red and blue arrow indicate
the overexpressed protein pET32a(+)-1 and pProExHtb-4 respectively.

5.3.4 Optimisation of expression

Induction tests at different temperatures were carried out to optimise
expression levels. All colonies were initially grown at 37 °C prior to induction
with 1 mM IPTG. Constructs pProEXHtb-4 and pET32a(+)-1 were induced
and grown at 35°, 30°, 25°, 22° and 16°C to optimise expression temperature
for either 1.5, 3, 4.5 or 20 h. Induction temperature for pET32a(+)-1 was
optimised to 16 °C, as this temperature resulted in the largest amount of
soluble protein and the optimal induction time was 3 h. RYR1 expressed in
pProEXHtb-4 yielded no soluble protein under any condition tested. Plasmid
DNA was extracted from 16 colonies for the two vectors containing an insert
and sequenced to confirm the absence of nonsynonymous mutations
introduced by PCR. All colonies in pProExHtb containing the correct sized
insert contained at least one mutation in the reading frame and were
therefore not able to be used for further studies without carrying out
mutagenesis to correct the sequence. Since pProExHtb vector constructs did
not yield any soluble protein (results were confirmed by western blotting),
work was continued with only pET32a(+) vector constructs. Expression

results are summarised in table 5.3.
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Construct in pProEXHtb

Expression in BL21(DE3)

Soluble Protein obtained

1 R2452W no no
2 R2452W no no
3 R2452W yes no
4 R2452W yes no
1WT no no
2WT no no
3WT yes no
4 WT yes no

Construct in pET32a(+)

Expression in BL21(DE3)

Soluble Protein obtained

1 R2452W yes no
2 R2452W no no
3 R2452W yes yes
4 R2452W yes yes
1TWT yes no
2WT no no
3WT yes yes
4 WT yes no

Table 5.3 Expression summary of RYR1 constructs in pProExHtb and pET32a(+).

All constructs were expressed in BL21(DE3) competent cells and induced with 1 mM IPTG.

Colonies expressing pET32a(+) constructs were grown at 16 °C for 3 h while colonies

expressing pProEXHtb constructs were grown at 25 °C for 4.5 h.

The eight constructs cloned

into pET32a(+) were checked for their

expression of soluble protein with the previously optimised conditions by

centrifugation of the total cell lysate for 30 min at 16,000 x g in order to pellet

insoluble protein. Only construct 3 resulted in expression of soluble protein
for both WT and R2452W mutant (figure 5.7) while the other constructs either

did not express RYR1 (construct 2) or only resulted in soluble protein for
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either WT or R2452W mutant (table 5.3). Since the aim of this study was to
compare the protein stability and structure of WT and R2452W mutant RYR1,

only construct 3 was used for subsequent work.

1 2 3 4 5 6

75 kDa
50 kDa

37 kDa

Figure 5.7 Expression of construct 3 in pET32a(+) for WT and R2452W mutant.

Total and soluble protein of 20 pL induced E. coli samples were separated on a 12.5 %
SDS-PAGE gel for 1 h at 130 V before Coomassie blue staining. Lane 1: E. coli lysate from
uninduced pET32a(+) construct 3, lane 2: size marker, lane 3: total overexpressed protein
R2452W, lane 4: soluble overexpressed R2452W protein, lane 5: total expressed WT
protein, lane 6: soluble expressed WT protein. The red arrow indicates the size of the RYR1

protein.

Since expression levels of soluble protein were low, a different approach was
taken by using BL21(DE3) competent cells expressing a plasmid carrying a
chloramphenicol resistance gene and the coding sequences for the
chaperones GroEL and GroES. These cells reportedly increase expression of
proteins by supporting the native folded state [211, 212]. Expression levels of
soluble protein was optimised as described for BL21(DE3) cells and
expression of soluble protein was increased. Therefore, the GroEL/ES
system was used for all further studies. LB broth (5 mL) was inoculated with
E. coli BL21(DE3) containing either R2452W mutant or WT RYR1 construct.
A reduced concentration of IPTG (0.1 mM) was used to induce expression
when the culture reached an ODgg of 0.5, followed by incubation at 18 °C for

3 h. This protocol was used to futher enhance protein solubility.
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5.3.5 Mutagenesis PCR
While designing PCR-primers for cloning into pET32a(+) the reading frame

shifted at the C-terminus, due to the absence of one base, resulting in an
additional 90 base pairs translated ahead of a the stop codon (vector map,
appendix VI). Therefore, mutagenesis primers were designed to introduce an
additional nucleotide into the sequence at the C-terminal in the multiple
cloning site of the vector to restore the correct reading frame followed by a
Hisstag and the stop codon. Mutagenesis PCR was carried out as described
in section 2.2.11. E. coli DH5a were transformed for plasmid propagation and
the correct sequence was verified by dideoxy chain termination sequencing.
Mutated constructs were checked for expression and solubility by
transformation of BL21(DE3) GroEL/ES competent cells and soluble
expression was accomplished using the optimised conditions described in
5.3.4.

5.3.6 Physical properties of RYR1 central domain construct 3

The Expasy ProtParam software was used to predict physical properties of
the RYR1 central domain construct 3 in pET32a(+) (table 5.3) of the fusion
protein [overexpressed protein including the N-terminal tag of pET32a(+)] as
well as the N-terminal vector tag by itself and the N-terminal cleaved RYR1
domain. Physical properties of all three protein constructs are listed in table
5.4.

Physical property Fusion N-terminal tag RYR1 domain
protein

Amino acid number 519 157 369

Size (Da) 56960.4 16947.0 40763.0

Theoretical pl 5.81 5.33 5.74

Extinction Coefficient| 29910 reduced | 13980 reduced 15930 reduced

(M"cm™) at 280 nm | cysteine cysteine cysteine

Aliphatic index 93.80 80.25 98.83

Table 5.4 Physical properties of overexpressed RYR1 fusion, cleaved and N-terminal tag

proteins.
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The pl of the fusion and the cleaved protein did not significantly differ so a pH

range above 6 should prevent precipitation during purification.

The aliphatic index is an indicator of the hydrophobicity of a protein and it
defines the volume, which is taken by aliphatic side chains in a protein. It can
also be regarded as a factor for increased thermostability [213]. Aliphatic
indices above 80 indicate higher hydrophobicity of the protein. The aliphatic
indices of the fusion and the cleaved protein are very high with values above
93 indicating high hydrophobicity that is not present in the N-terminal tag

protein.

The extinction coefficients were calculated in order to be able to determine
protein concentrations using protein absorbance at 280 nm. Extinction

coefficients calculated assumed all cysteines in the protein were reduced.

5.3.7 Purification of RYR1 central domain

5.3.7.1  Ni* affinity chromatography

Since the expressed RYR1 protein domain in pET32a(+) contains two Hise.
tags, a Ni**-agarose resin column was used for affinity purification (section
2.3.3). After induction of transformed E. coli, cell pellets were harvested and
resuspended in lysis buffer (50 mM Tris, pH 8.1, 500 mM NaCl, 0.5 mM
DTT). Cells were processed through a French press twice at 5000 psi and
insoluble proteins were sedimented by centrifugation at 16,000 x g for 30
min. Supernatant containing soluble proteins was loaded onto a Hisgtrap
column equilibrated with lysis buffer plus 50 mM imidazole. Proteins were
eluted using a gradient from 50 mM to 400 mM Imidazole. Since GroEL (60
kDa) and GroES (10 kDa) tend to bind to overexpressed protein [214], 10
mM ATP (dissolved in 0.5 mM Tris HCI buffer, pH 8.1) was added to the cell
lysate and incubated for 15 min on ice to release GroEL/ES from the RYR1
protein. After loading, the column was washed with 7 column volumes of lysis
buffer including 70 mM imidazole to elute non-specifically bound protein.
RYR1 protein was eluted with an imidazole gradient and results are shown in

figure 5.8 A and B). L represents the flow through protein not bound to the
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Ni**-column. This was used as a control to ensure binding of the Hisg-tagged
protein. L shows a high amount of protein but no RYR1 protein can be
detected. A bright band at 60 kDa most likely represents GroEL not binding

to the column.
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Figure 5.8 Elution chromatogram of WT RYR1 protein from Ni** NTA column.

A) Elution chromatogram of overexpressed RYR1 protein detected at 280 nm (blue trace)
eluted with increasing imidazole concentrations (green line). The corresponding SDS-PAGE
gel is shown in B), indicating elution of RYR1 protein (~57 kDa) with increasing imidazole
concentrations. L represents the flow through. The fractions (20 yL) were loaded onto a 12.5

% SDS-PAGE gel and were separated for 1 h at 130 V before stained with Coomassie blue.

After the first Ni?*-NTA purification step the eluted protein still showed major
impurities represented by additional bands on an SDS gel (figure 5.8B). To
reduce impurities a second Ni-NTA purification was performed. RYR1 protein
containing fractions eluted in the first purification step were pooled and
another 10 mM ATP was added to reduce potentially bound GroEL/ES to
RYR1 protein and incubated for 20 min on ice. The protein mixture was
loaded onto the Hisgtrap column, equilibrated with lysis buffer, and washed
with 4 column volumes of lysis buffer containing 50 mM imidazole to prevent
nonspecific binding. This was followed by 5 column volumes of 180 mM
imidazole and protein was eluted in one step at 400 mM imidazole (figure
5.9).
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Figure 5.9 Chromatogram for the second elution from the Hisgtrap column using a step
gradient.

A) Elution chromatogram of overexpressed RYR1 protein detected at 280 nm (blue trace)
eluted with increasing imidazole concentrations (green line). The corresponding SDS-PAGE
gel is shown in B), indicating elution of RYR1 protein (57 kDa) with 400 mM imidazole. The
proteins loaded onto the 12.5 % SDS-PAGE gel were separated for 1 h at 130 V before

staining with Coomassie blue.

Washing the column with lysis buffer and 180 mM imidazole resulted in a
minor loss of RYR1 protein but also in the elution of non-specific bound
protein (60 kDa), which can be seen as a faint band in figure 5.9B. Elution
with 400 mM imidazole resulted in almost pure RYR1 protein with minor

contamination of bands around 35 kDa (figure 5.9B).

5.3.7.2 S200 size exclusion

Size exclusion was carried out for further purification purposes. Pooled
fractions from the Hisgtrap-purification were concentrated to 300 uL using a
Vivaspin concentrator and the buffer was exchanged (10 mM Tris, pH 7.9, 10
mM NaCl and 0.1 mM DTT). The resultant protein solution was loaded onto a
GE Healthcare Superdex S200 30/100 size exclusion column through a 500
uL loop using the AKTA FPLC system. The size exclusion column was
calibrated using proteins of different sizes while the void volume was
calibrated using Dextran blue (2000 kDa). A calibration curve can be found in
appendix Xl. Wildtype and mutant RYR1 protein were purified separately and
an elution peak at 9.8 mL was detected at 214 nm for more sensitive protein
visualisation (figure 5.10A, 2). SDS-PAGE shows a band of 57 kDa in size for
this elution fraction with possible contamination of GroEL (60 kDa, figure
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5.10B, lane 2). Pure WT RYR1 eluted at 11 mL in a broad peak and was
visualised as a single band on an SDS gel (figure 5.10B, lane 3, green
arrow). Using the calibration curve the RYR1 protein size is approximately
440 kDa, suggesting the RYR1 domain may oligomerise. Since RYR1 is
known to form a tetramer in vivo, a size of 240 kDa could be expected from
the central domain if the cloned region contains an oligomerisation-domain.
Since size exclusion not only separates by molecular weight but also takes
into account the hydrodynamic radius of proteins, this result suggests that the
central domain may be a non-globular protein and may be involved in
oligomerisation of RYR1 [215]. In comparison, full-length IP3R was eluted as
a tetrameric protein when size exclusion studies were undertaken using a
Zorbax GF-450 column and a HPLC system [75].
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Figure 5.10 S200 size exclusion results of WT and R2452W mutant RYR1 fusion protein.

A) The trace represents the chromatogram of WT RYR1 (blue line) and R2452W mutant
RYR1 (red line) detected at 214 nm. The y axis represents the absorbance in mAU (for WT
and Mutant separately) while the x axis shows the elution volume. The WT and mutant
proteins were run separately. The corresponding SDS-PAGE gel is shown in B), indicating
elution of pure RYR1 protein at fraction 3, indicated by a green arrow. A 60 kDa contaminant
is indicated by a red arrow. L represents input control. Lanes 1-4 represent eluted fractions
1-4,respectively as indicated in A. The proteins loaded onto the 12.5 % SDS-PAGE gel were

separated for 1 h at 130 V before staining with Coomassie blue.

R2452W mutant protein was purified and also loaded onto the S200 size
exclusion column separately (see figure 5.10A, red trace) and appears to
behave in a similar manner. Overlaying the two elution profiles (see figure
5.10A) indicates that both WT and R2452W mutant RYR1 domain started
eluting from the column around 9.5 mL in a broad peak suggesting a similar

oligomerisation state. Therefore the R2452W mutation may not affect
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quaternary structure. Elution of the potential tetrameric protein is quite close
to the void volume (8 mL peak), representing elution of proteins too big to
enter the column material, and both peaks overlap. Fractions loaded onto an
SDS-PAGE gel showed the presence of RYR1 protein eluting at around 8.5
mL, the void volume. The eluted proteins may not be folded correctly and
form aggregates and therefore have been eluted in the void volume (5.10A,
lane 1). Alternatively, RYR1 protein may be visible on a gel due to the
overlapping peaks (5.10B, lane 1). Since protein abundance was low the
pooled fractions eluted between 8.5 and 9.5 mL could not be re-loaded on
the column to verify whether they would separate into two individual protein
populations. Additionally the nonrecombinant pET32a(+) vector, expressing
only thioredoxin, the MCS and the N-terminal purification tags was used to
express a 21 kDa protein which was subsequently purified using size
exclusion. The tag, mainly consisting of thioredoxin (120 amino acids ~ 14
kDa), was eluted in two fractions. The main polypeptide was eluted at 14.6
mL representing a size of 70 kDa and may exist as a potentially non-globular
protein which could be a dimer. A minor fraction was eluted at 16.3 mL (30
kDa) and thus could represent a monomer. This result agrees with results
obtained in previous studies characterising the thioredoxin protein, even
though the main species in other studies was the monomeric protein while
only a minor fraction was present as a dimer [216]. Elution fractions were

kept separate and used for further analysis.

Overexpression and purification of the RYR1 fusion protein yielded protein
concentrations of ~0.2 mg/mL in 200 pL. This amount was not sufficient to do
further analysis e.g. crystallisation trials which need a minimum amount of ~2
mg/mL protein. Therefore, analysis of the RYR1 secondary structure and its

stability was carried out instead.

5.3.8 Circular dichroism (CD)

In order to assess protein stability of both WT and mutant RYR1
polypeptides, stability melting experiments with purified WT and R2452W
mutant fusion protein were carried out using circular dichroism (CD) which

provides information about the averaged secondary structure of a protein.
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Figure 5.11A shows CD spectra for WT and R2452W mutant RYR1 fusion
protein at RT, as well as for the N-terminal tag peptides. A minimum can be
observed at 209 nm for both RYR1 fusion proteins, indicating presence of a-
helix whereas no obvious minimum can be seen at 217 nm. Therefore, no
conclusion about the presence of B-sheets can be drawn. A minimum at 217
nm can be clearly seen for the N-terminal tag proteins which was used as
control (figure 5.11). Comparing CD profiles for RYR1 and the N-terminal tag
protein, an obvious difference can be seen between the spectra at 190 and
200 nm. The tag proteins show a maxima at 198 nm followed by a signal
decrease resulting in a minimum at 190 nm while RYR1 protein gives a

maximum at 192 nm (figure 5.11A).

143



Chapter 5

Structural characterisation of RYR1

8 -
A ===tag monomer
6 1 ===tag dimer
4 - e \WWT
H —— mutant
g 2
(3]
o
=0
£
-2
4
6 T : T T T T )
190 200 210 220 230 240 250 260
wavelength (nm)
5 .
|
[7)]
[]
g |V
&
<0 ]
€
190 200 210 220 230 240 250 260
wavelength (nm)
(5 =] =15 e=——20 =25 e==3(0 =35 =40 =45
e===50 e===55 o0 e==65 =70 75 =80 =85 90
9 —_
4
(7]
/]
9.1 —l‘
=)
(9]
o
T -
'11 T T T T T T 1
190 200 210 220 230 240 250 260
wavelength (nm)
5 =10 =15 0 25 30 ====35 =40 =45
=50 e===55 e===gQ e===(5 =70 75 e=—=80 =85 90

Figure 5.11 CD spectra for RYR1 fusion and N-terminal tag proteins (A) and thermal
denaturation of R2452W mutant fusion (B) and N-terminal tag protein (C).

A) CD profile at

room temperature for RYR1 WT and mutant fusion protein as well as for the

putative monomeric and dimeric N-terminal tag protein. B) CD profile for R2452W from 190-
260 nm from 5-90°C. C) CD profile for N-terminal tag from 190-260 nm from 5-90°C. The

relevant temperature colour keys are provided under each profile.
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The eluted monomer and dimer N-terminal protein tags were measured
separately but reveal almost identical CD profiles (figure 5.11A) as well as
deconvolution (see table 5.5). Deconvolution, using the CDNN software, uses
a number of different algorithms to predict secondary structure.
Deconvolution data of WT and R2452W mutant CD spectra, as well as for

the tag proteins, from 260-195 nm are shown in table 5.5.

R2452W N-terminal
Secondary WT RYR1 N-terminal
mutant RYR1 tag
structure motifs fusion ) tag dimer
fusion monomer
a-helix (%) 37 40 47 54
B-sheet (%) 16 12 9 8
B-turn (%) 16 16 14 14
Random coil (%) 25 27 24 18

Table 5.5 Deconvolution results determining percentage of secondary structures.

Deconvolution showed similar results for WT and R2452W mutant proteins
where the mutant protein has slightly increased a-helical and random coill
content and reduced B-sheets. N-terminal tag dimer and monomer differ from
each other with increased a-helical and reduced random coil structure for the
monomeric protein. Since the N-terminal tag protein mainly eluted as a dimer
from the S200 size exclusion column while the RYR1 fusion protein is
believed to exist as oligomer, the fusion protein was compared to the N-
terminal tag dimer only. The tag dimer protein differs in deconvolution results
to the RYR1 proteins with increased a-helix and decreased B-sheet content
in the tag protein. This suggests that the fusion protein might have a different
secondary structure than the N-terminal tag protein indicating folding of
RYR1.

Thermal stability of WT and R2452W mutant was assessed by measuring
their secondary structure by CD while increasing the temperature from 5 °C
to 90 °C (figure 5.11). The circular dichroism signal was plotted against
temperature for wavelengths of 209 (a-helix minimum) and 217 nm (3-sheet

minimum) in order to plot a curve with the point of inflection representing the
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melting temperature (50 % of normalised CD data, figure 5.12). The
normalised CD data (percent of total decrease in signal) were plotted for the
N-terminal tag dimer, WT and mutant RYR1. Results in figure 5.11 showed
that both WT and mutant fusion RYR1 polypeptide behaved similarly under

increasing temperature.
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Figure 5.12 Plot of normalised CD data under thermal denaturation at 209 nm (A) and 217
nm (B).

Up to temperatures of 40 °C both RYR1 fusion proteins appear to be stable
with little change in secondary structure. Small fluctuations are apparent, due
to natural variation in data. Above 40 °C, the mutant RYR1 protein seems to
lose secondary structure. This is indicated by a sharp decrease in intensity

for the minimum at 217 nm. A plateau occurs between 40 and 60 °C,
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representing loss of B-sheet structure (figure 5.12). At 209 nm however, a
steady decrease in a-helical structure can be observed. Melting curves at
217 nm for WT and R2452W mutant RYR1 protein showed a point of
inflection at different temperatures indicating a ~15 °C lower melting
temperature for R2452W mutant protein compared to WT RYR (figure 5.12B)

while no obvious difference in Tm could be observed at 209 nm.

The purified N-terminal tag proteins were also subject to stability testing
using CD spectra to determine secondary structure, as well as melting
temperature in order to compare data to the RYR1 fusion proteins. This
approach should give an indication of whether WT and R2452W fusion
proteins comprise a different secondary structure to the N-terminal tag
protein, mostly consisting of thioredoxin (further referred to as trx-tag).
Furthermore, the melting temperatures could be compared. At ~70°C a
transition of curves could be seen at 209 and 217 nm, representing unfolding
of the trx-dimer. Literature suggests 50 % unfolding of E. coli trx occurs at 65
°C [217] while this study showed a point of inflection at ~70 °C at both
wavelengths (figure 5.12). Melting behaviour of monomeric and dimeric trx-
protein tags was similar and followed a sigmoid curve. Melting temperatures
may not be the same as reported in other studies since different buffer
systems and methods were used but should give a melting temperature in

the expected range.

Melting observed at 209 nm (figure 5.12A) showed a different pattern for trx-
tag dimer compared to fusion WT RYR1, indicating higher thermal stability of
trx-tag dimer. Spectra for WT and trx-dimer at 209 and 217 nm did not show
a constant baseline representing 100 % folded protein. This indicates a
natural fluctuation in data and since spectra were only measured once, the
data do not have a high reliability and experiments need to be repeated in
order to exclude measurement errors. Melting curves for both RYR1 fusion
proteins do not follow a sigmoid curve since a maximum for the normalised
data was not observed. Therefore, it may be possible that the fusion proteins
might not be completely unfolded at 90 °C and higher temperatures need to

be investigated to confirm melting behaviour above 90 °C.
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Lysozyme is a stable protein where 50 % is unfolded at 70 °C [218] and was
used as a positive control in this study. Melting temperature for lysozyme of
~73 °C was measured, similar to the literature melting temperature of 70 °C.

Any discrepancy may be due to different buffer systems used.

While melting experiments were performed, high tension voltage (HT traces)
were recorded, representing the absorbance of the sample as well as the
voltage applied by the photomultipier [219]. This signal becomes saturated
once it reaches a value of 1000 and secondary structure cannot be detected.
The HT trace for samples at 5 °C saturated at 185 nm due to presence of CI’
ions in the buffer used (10 mM NaCl). The HT trace of the protein reached a
maximal signal at a longer wavelength with increasing temperature (see
appendix X). This phenomenon occurred only with RYR1 cloned into the
pET32a(+) vector as well as for the overexpressed N-terminal vector tags but
was absent in stability assays carried out for the control protein lysozyme.
This indicated the increase of the HT trace is a function of the pET32a(+)

vector rather than the RYR1 protein.

5.3.9 Protease digestion

The pET32a(+) vector contains two protease cleavage sites: one for thrombin
and one for enterokinase (see vector map in appendix VI). In an attempt to
cleave the N-terminal trx-tag, as well as the Hisg.tag off the expressed

protein, both proteases were used initially.
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Figure 5.13 Protein cleavage experiments using enterokinase and thrombin.

A) Coomassie stained 12.5 % SDS-PAGE gel, separated for 1 h at 130 V, loaded with 0.5 pg
undigested purified RYR1 protein fragment (U, green arrow), thrombin digested protein (T,
red arrow) and enterokinase digested protein (E, black arrow). The cleaved N-terminal tag
cannot be visualised on the gel. B) Western blot using the a-Hisg.tag antibody. Lanes are
loaded according to figure A. Only RYR1 digested with enterokinase can be seen as a single
band at 40 kDa (black arrow) while the N-terminal cleaved tag was not visualised. 12.5 %
SDS-PAGE gel was electrophoresed for 1 h at 130 V before being transferred for 2 h at 150

mA onto a PVDF membrane.

Figure 5.13 shows cleavage experiments using thrombin and enterokinase.
Enterokinase was able to cleave the N-terminal tag from the overexpressed
protein resulting in a single band at approximately 40 kDa in size (black
arrow in figure 5.13 A and B), as predicted by the vector map. The cleaved
tag should be represented as a band with a size of 17 kDa but cannot be
visualised on the gel due to low band intensity. Figure 5.13B shows the
results for western blotting of the same digest as shown in figure 5.13A. A
band at approximately 40 kDa was visualised by western blotting from the
enterokinase digest (figure 5.13B) confirming results of the Coomassie
stained SDS-PAGE gel. Again, the cleaved tag at 17 kDa could not be

visualised.
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Thrombin cleavage was predicted to result in one band at 43 kDa (red arrow)
as well as a band for the tag at 14 kDa. The thrombin used for this
experiment was low quality and impure. Due to thrombin impurities extra
bands were seen on the gel making it impossible to assess thrombin
cleavage of RYR1 fusion proteins. Cleaved RYR1 protein could not be
detected by western blotting using a Hise-tag antibody even though both
protein fragments are Hisg-tagged. Therefore enterokinase was used for all

further experiments.

Enterokinase time course experiments were performed to optimise cleavage
conditions. Protein (0.5 pg, in 10 mM Tris-HCI, pH 7.9, 10 mM NaCl, 1 mM
DTT) was incubated for 30 min, 1 h, 2 h or 3 h at room temperature with 0.6
Mg enterokinase, loaded onto a 12.5 % SDS-PAGE gel and silver stained to
detect progress of cleavage. Figure 5.14 shows that after 30 min,
enterokinase cleaved the N-terminal tags efficiently, resulting in two bands at
40 kDa (black arrow, RYR1 protein) and at 17 kDa (orange, N-terminal tag).
In addition, a band at 37 kDa (blue arrow) was visualised by silver staining.
This band was also apparent in the undigested control (line 2) and of
unknown origin but is more abundant after enterokinase cleavage. Aftera 3 h
digest, residual undigested protein (indicated by a green arrow in figure 5.14)
was still apparent as well as a band at 60 kDa (red arrow), which is believed
to be the protein GroEL, that has not been affected by the enterokinase

digest.
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Figure 5.14 Time course experiment for enterokinase digest of RYR1 fusion protein.

Silver stained 12.5 % SDS-PAGE gel, separated for 1 h at 130 V. Undigested protein (und.,
0.5 pg) was used as control, while RYR1 protein digested for 2 to 3 h was loaded from left to
the right. With increasing time, enterokinase was able to cleave the 57 kDa fusion protein
(green arrow) into two bands at 17 kDa (orange arrow) and 40 kDa (black arrow). The red
arrow indicates the presence of GroEL unaffected by enterokinase digest. An unknown band

appeared at 37 kDa (blue arrow).

Cleaved protein was obtained after digestion for 3 h and was concentrated
using a Vivaspin concentrator. No concentrated cleaved RYR1 protein was
obtained from the concentrator even though different approaches e.g.
dialysis and different brands of concentrators, were used. Protein was
concentrated first before enterokinase cleavage was attempted and loaded
onto the S200 30/100 size exclusion column. No cleaved RYR1 protein was
eluted from the column suggesting that it may have adhered to either the
column matrix, or to plastic syringes or tubes that were used for injection into
the FPLC.
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Addition of detergent

In order to prevent stickiness of the enterokinase cleaved RYR1 protein, 0.1
% Triton X-100 was added to the overexpressed protein during purification.
After initial Hisgtrap purification, eluted protein was concentrated and
enterokinase digested overnight at room temperature in order to digest all
RYR1 protein. Digested protein was separated using a S200 30/100 size
exclusion column and a major peak was obtained at 14 mL (figure 5.15A).
Fractions were analysed by a 12.5 % SDS-PAGE gel to visualise the
presence of the bands (figure 5.15B).
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Figure 5.15 Size exclusion chromatogram using Triton X-100 in purification procedure

A) The y axis represents absorbance in mAU at 280 nm while the x axis represents elution
volume in mL. RYR1 fusion protein (2) was eluted at 14 mL while the cleaved tag was eluted
at 17 mL (3). B) The fractions shown in A (20 pL) were separated on an 12.5 % SDS-PAGE
gel electrophoresed for 1 h at 130 V before Coomassie blue staining occured. Lane |
represented the Input sample loaded onto the S200 size exclusion column while the other
lanes are labelled according to figure A. Green arrow= RYR1 fusion protein, red arrow=

GroEL, black arrow= cleaved RYR1 protein, yellow arrow= N-terminal vector tag.

Figure 5.15B indicated that the enterokinase digest was successful with most
RYR1 protein being cleaved resulting in two main bands at 40 kDa (black
arrow) and 17 kDa (orange arrow) size. Residual amounts of uncleaved
protein were still present (green arrow). The elution profile of the S200 size
exclusion column showed a peak at 14 mL (figure 5.15A). Fractions
corresponding to the peaks were loaded onto an SDS-PAGE gel, however no
protein could be visualised (figure 5.15B, 1). This could indicate the elution of
Triton X-100 micelles, which have an approximate size of 66 kDa [220] and

have a high UV absorbance at 280 nm. Since these micelles do not contain
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peptide bonds they cannot be visualised by Coomassie blue staining.
Undigested RYR1 protein (figure 5.15A, 2) was seen to elute at 14.5 mL
indicated by a green arrow on the SDS gel in figure 5.15 B. The RYR1 fusion
domain has been eluted with an approximate size of 85 kDa, making it a
1.4mer in the presence of detergent, indicating the presence of a non-
globular monomer with the putative quaternary structure being disrupted by
the addition of Triton X-100. Literature supports this suggestion [221-223],
indicating that even though Triton X-100 is a non-ionic detergent it can
dissociate oligomers. Figure 5.15A shows a minor peak in the size exclusion
chromatogram at 17 mL which corresponds to a 17 kDa protein when
analysed on a 12.5 % SDS-PAGE (Figure 5.15B). This most likely represents
the N-terminal cleaved tag. The cleaved RYR1 protein (figure 5.15B, black
arrow) was not eluted off the column. Since the addition of Triton X-100 was
not able to purify the cleaved RYR1 by size exclusion, work was continued

with the fusion protein without the addition of the detergent.

5.3.10 Mass spectrometry

Purified uncleaved R2452W mutant protein was left in the fridge for 6 weeks
while additional protein was purified to obtain sufficient quantities for CD
analysis. Before pooling the two samples, the previously purified protein was
checked by SDS-PAGE. The concentrated protein appeared to be degraded
(intact protein size: 57 kDa) showing two main bands at 37 kDa and 13 kDa
in size (figure 5.16). To test whether protein is still soluble it was centrifuged
for 15 min at 100,000 x g at 4 °C. Protein supernatant and pellet were
analysed by 12.5 % SDS-PAGE. No protein was detected in the pellet
indicating that spontaneously cleaved protein was still soluble. In order to
investigate the nature, as well as the exact molecular weight of both bands
found at 37 and 13 kDa, mass spectrometry experiments were performed.
The degraded protein solution was purified using gel tip purification and
eluted in acetonitrile (chapter 2.3.7.1). Masses were measured using an
Agilent Q-TOF 6520 Instrument and the exact mass of both proteins was
determined (see appendices Xlll and XIV) to be 37474.67 Da and 13197.32

Da with high signal intensities.
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Figure 5.16 Spontaneously cleaved R2452W mutant RYR1 domain.
Samples were analysed by 12.5 % SDS-PAGE and separated for 1 h at 130 V before
staining with colloidal Coomassie. Green arrow indicates residual uncleaved full-length

%

RYR1 domain while the orange and light blue arrow indicate the position where the two
cleaved fragments were excised for further analysis. The red arrow indicates the presence of

GroEL, which was not affected by the spontaneous cleavage.

The exact amino acid sequence of the two fragments was determined using
MS-MS. The degraded protein solution was loaded onto a 12.5 % SDS-
PAGE gel and bands were stained with colloidal Coomassie blue in order to
visualise and excise the two bands resulting in individual fragments (chapter
2.3.7.2). Bands excised from the SDS-PAGE gel (figure 5.16) were trypsin
digested and analysed using the Agilent Q-TOF 6520 instrument. Alignment
of trypsin fragments using different data bases (kindly carried out by Trevor
Loo, IMBS) revealed that the 13 kDa fragment matched the thioredoxin
protein sequence whereas some fragments produced by the trypsin digested
of the 37 kDa band matched the RYR1 region (figure 5.17). Amino acids not
highlighted in red could not be detected using MS, possibly because of their
small size or the signal intensity for the fragments being too low to be above

the background signal.

154



Chapter 5

Structural characterisation of RYR1

10 20 30 40 50 60
MSDKIIHLTD DSEFDTDVLKA DGAILVDEFWA EWCGPCKMIA PILDEIADEY QGKLTVAKLN
70 80 90 100 110 120
IDONPGTAPK YGIRGIPTLL LFKNGEVAAT KVGALSKGQL KEFLDANLAG SGSGHMHHHH
130 140 150 160 170 180
HHSSGLVPRG SGMKETAAAK FERQHMDSPD LGTDDDDKA  SPSSVEDTMS LLECLGQIRS
190 200 210 220 230 240
LLIVQMGPQE ENLMIQSIGN IMNNKVFYQH PNLMRALGMH ETVMEVMVNV LGGGESKEIR
250 260 270 280 290 300
FPKMVTSCCR FLCYFCRISR QNQRSMFDHI, SYLLENSGIG LGMQGSTPLD VAAASVIDNN
310 320 330 340 350 360
ELALALQEQD LEKVVSYLAG CGLQSCPMLV AKGYPDIGWN PCGGERYLDF LRFAVFVNGE
370 380 390 400 410 420
SVEENANVVV RLLIRKPECF GPALRGEGGS GLLAATIEEAI RISEDPARDG PGIRRDRRRE
430 440 450 460 470 480
HFGEEPPEEN RVHLGHAIMS FYAALIDLLG RCAPEMHLIQ AGKGEALRIR AILRSLVPLE
490 500
DLVGIISLPL QIPTLGKDGA LVQ KSLRRPALQHHHHHH

Figure 5.17 MS-MS results for gel purified RYR1 protein sample

Results indicate a poor coverage of the RYR1 protein domain where only two fragments
(highlighted red) were aligned to the RYR1 sequence. The amino acid positions in the fusion
RYR1 protein are indicated above the sequence. Dark blue indicates the sequence coverage
for the trx-tag protein and orange residues indicate the start and stop amino acid position of
the RYR1 protein domain.

Since the coverage of the RYR1 region was rather poor, a liquid extraction of
the protein bands was performed. Protein (~50 ug) was loaded onto a C18
reversed phase column using an HPLC system and the two fragments were

separated according to their hydrophobicity.
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Figure 5.18 HPLC separation of spontaneously cleaved RYR1 protein
Protein absorbance (in mAU) is shown on the y-axis and represents the absorbance at 214
nm (black) while the absorbance at 280 nm is indicated as a blue curve. The dotted line

represents the increasing ACN concentration used to elute the protein.

Figure 5.18 shows the absorbance spectrum for purification of the 13 and 37
kDa protein fragments using an HPLC system and monitoring the progress at
214 nm (UV1) and 280 nm (UV2). As mentioned previously, the RYR1
protein does not have a strong absorbance at 280 nm due to low percentage
of aromatic amino acids (5 % of the total peptide) therefore the absorbance
at 214 nm, detecting peptide bonds in proteins, was used to follow progress.
One major species was eluted at 7.8 min, corresponding to 12 % acetonitrile
(ACN), one small peak at 19.6 min, corresponding to 38 % ACN as well as
another major peak at 21.6 min eluted at 42 % ACN. Peaks could be
detected using both UV1 (214 nm) and UV2 (280 nm), whereas at 14 min two
peaks showed absorbance at 214 nm but not at 280 nm and hence were
discarded as noise. Fractions eluted at 19.6 and 21.6 min were kept separate
in order to investigate the nature of these two different species. The
absorbance ratios between 214 and 280 nm are different for the peaks eluted
at 7.8 and 21.6 min, which could be due to the different protein extinction

coefficients stated in table 5.4. The N-terminal tag protein absorbs more

156



Chapter 5 Structural characterisation of RYR1

strongly at 280 nm compared to the fusion protein, resulting in a more
profound peak at 280 nm. Since it is assumed that the peaks at 19.6 and
21.6 mL peak are cleaved RYR1 protein, the extinction coefficients in table
5.4 can be used to calculate protein concentrations of 0.043 mg/mL for the
peak at 7.8 min and 0.037 mg/mL for the 21.6 min peak. The peak eluted at
19.6 min was very small and assuming this protein to be RYR1, results in a
concentration of 0.01 mg/mL. These calculated concentrations and the peak
intensity measured at 214 nm gave an indication that the two eluted species
at 7.8 and 21.6 min may have the same concentration supporting the theory
that they both arise from the uncleaved RYR1 protein. Collected protein
fractions at 7.8, 19.6 and 21.6 mL were trypsin-digested using a liquid
digestion method (chapter 2.3.7.3) and MS-MS was carried out. Results were
obtained only for the peak collected at 21.6 min. The protein concentration
for the peak at 19.6 min was too low and MS-MS did not yield any results.
Results for the 21.6 min peak were filtered using the Mascot program [224]

and screened against the database. Results are shown in figure 5.19.
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Figure 5.19 Coverage obtained from liquid digestion of R2452W mutant RYR1 cleaved
protein.

The blue sequence indicates the sequence for the 13 kDa fragment whereas the red
sequence indicates the peptides found within the 37 kDa fragment. Orange highlighted

amino acids indicate the beginning and end of the RYR1 protein domain.

Coverage of the trypsin-digested RYR1 protein band was not 100 % of the
full-length protein and the exact position of autoproteolysis occuring is not
clear. Results showed that the protein sequence matches the RYR1 central
domain. Matched fragments showed discontinuous coverage from amino
acid 164-498 of RYR1, within construct 3 in the pET32a(+) vector, which
spreads across the entire cloned RYR1 region covering ~35 % of the entire
RYR1 sequence (the start and finish of the RYR1 sequence is indicated by
highlighting the corresponding amino acid in figure 5.19 orange). Results also
revealed that this cleaved RYR1 protein still contains the region of interest,
the DP4 domain including the R2452W mutation. Again, amino acids not
highlighted in red could not be detected using MS-MS, maybe because of
their small size or a low signal intensity to be able to be detected above the

background signal.
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These results give an approximate estimation of the nature of the 37 kDa
band and show that the overexpressed RYR1 protein sequence is still intact
and could be used for further studies. The RYR1 protein sequences for the
fusion and enterokinase-cleaved protein were analysed using the computer
software Expasy Peptide cutter and the ProP1.0 Server and Mobyle Portal
digest program to detect different protease cleavage sites but none of the
theoretically obtained protein fragments matched the 37 kDa fragment in this

study. Therefore the cleavage site cannot be predicted.

Interestingly, purified pET32a(+) vector tags showed the same phenomena
as the RYR1 fusion protein. The tag has been cleaved into smaller fragments
within 3 days after purification. The exact mass has been determined using
MS and resulted in two species with masses of 12699.79 and 12836.73 Da.
The masses were similar to that detected for the N-terminal part of the
spontaneously cleaved RYR1 fusion protein (13197.32 Da) and only differed
by ~400 Da. This suggests similar cleavage sites for proteolysis of protein
expressed from the vector backbone. In addition, cleavage of protein
representing the empty vector appeared to be more rapid compared to the
RYR1 fusion protein (days vs. weeks) indicating that the N-terminal cleavage
site may not be easily accessible to proteases when part of the RYR1 fusion

protein.

5.4 Discussion

The aim of this study was to clone and express the RYR1 central domain for
structural studies and subsequently to infer potential effects of mutations that
occur within this region and cause MH. The sequence of the central domain
was analysed in silico prior to primer design and subsequent cloning. Two
different vectors were used and soluble protein was obtained for purification,
however insufficient quantities of pure protein were obtained for
crystallisation purposes. Secondary structure and thermal stability were

analysed using CD.
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5.4.1 Bioinformatics

Bioinformatic analysis predicted that the cloned RYR1 central domain
contained mostly a-helical structure and the introduction of the R2452W does
not significantly influence its secondary structure (table 5.1). The predicted a-
helical regions do not appear to be affected by the introduction of R2452W
but the percentage of B-sheets is predicted to decrease by ~0.2 % while
random coils are increased. Therefore, theoretically the R2452W mutation
should not induce a major overall secondary structure change in this RYR1

domain.

The Phyre? software uses homology domains as templates and returned
similar results to the Mobyle Portal for the RIH homology domain between aa
84 and 174 in RYR1 pET32a(+) construct 3. One maijor difference can be
identified at position 2225 in the Mobyle portal prediction where this software
predicts a turned motif including 30 amino acids whereas the Phyre?
homology domain suggests another a-helical domain. Sequence alignments
carried out by Pontig et al. between the two RIH domains of RYR1 and IP3R
showed an a-helical domain structure with 80 % consensus [77]. It has to be
kept in mind that secondary structure will always be in doubt until the actual
3D crystal structure has been solved. Since there are two RIH domains within
RYR1, and with a >80 % sequence identity defined using sequence
alignments by Ponting et al., it is likely that both RYR1 regions might have
the same structure and folding, even though this homology domain was not
identified by the Phyre? program [77]. Both softwares predict the location of
the R2452W mutation within an a-helix motif. This prediction agrees with the
NMR structure of the DP4 domain, indicating that the R2452W mutation is

located within the first helix of the helix-turn-helix motif [87].

In 2010, the N-terminal RYR1 crystal structure at 2.5 A including amino acid
residues 1-559 was reported [84]. When comparing the predicted secondary
structure published by CP Ponting’s RIH alignment [77] and the structure
published in 2010, the prediction matched the actual structure for the RYR1
N-terminus. Tung et al. [84] showed that RYR1 amino acid residues 466—532
(corresponding to RYR1 2186-2242 in the central part of RYR1) form three
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major a-helices spanning most of the structure (see figure 5.20). Therefore, it
is likely that the structure predicted by Ponting’s RIH alignment represents

the actual secondary structure.
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Figure 5.20 Sequence alignment of the N-terminal region of rabbit and three human RYR
isoforms.

Grey shaded areas correspond to conserved residues; red residues indicate reported
disease mutations. The position of the amino acid residues is shown on the right-hand side.
Secondary structure elements are indicated with arrows for B-strands and coils for a-helices.
Residues in loops are shown by a full line; residues not visible in the electron density map

are indicated by dotted lines [84] (Permission for reproduction obtained through RightsLink).

5.4.2 Cloning and expression tests for the RYR1 central domain

pcRYR1 and pcRYR1-R2452W cDNA were used as templates to amplify four
central domain regions which slightly differ in their amino acid residues.
Since no 3D structure for the RYR1 central domain is known, it is uncertain
where protein domains are located and whether overexpression of only part
of these domains might yield insoluble protein. Four different constructs for
both WT and R2452W RYR1 cDNA were PCR amplified and cloned into two
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different expression vectors. Overexpression of the constructs vyielded
soluble protein only for constructs cloned into the pET32a(+) vector. All
constructs cloned into pProExHtb yielded insoluble protein when expressed
in E. coli. This might be due to the different tags used by each vector.
pET32a(+) contains, among other purification tags, a thioredoxin-tag which
enhances protein solubility, while pProExHtb expresses only a Hisg-tag for
protein affinity chromatography. The pET32a(+) vector has been successfully
used in previous studies to purify and crystallise the N-terminal RYR1 domain
[76]. Expression optimisation vyielded soluble RYR1 protein when
overexpressed at low temperatures (16-20 °C) for 3 h but no soluble protein
was obtained when expressed at temperatures above 28 °C, suggesting
misfolding. The use of an E. coli expression system containing the
chaperones GroEL/ES was able to increase the expression of soluble protein
even further, indicating GroEL/ES enhances proper folding of overexpressed
RYR1.

5.4.3 Purification of overexpressed RYR1 protein

Purification and protein binding to Ni?*-NTA resin of the RYR1 fusion were
optimised in order to prevent unspecific binding of GroEL/ES to the RYR1
protein. The addition of 10 mM ATP to the soluble protein solution yielded
relatively pure RYR1 protein while minor contamination due to residual

GroEL binding still occurred.

Cleaved RYR1 protein tended to attach to size exclusion matrix or
plasticware used and therefore was difficult to work with. Further work was
continued with the fusion protein. The aliphatic index of RYR1 fusion and
cleaved protein (table 5.4) showed similar values for the fusion and the
cleaved protein. Both indices were quite high (compared to neutral proteins
with an aliphatic index of 80), therefore suggesting high hydrophobicity. The
tag may influence the folding of the fusion protein so that the hydrophobic
regions are within the protein and are therefore not exposed to the surface,
preventing it from interaction with surfaces or plasticware.

Using size exclusion, Hisgtrap-purified fusion protein was eluted at low elution

volumes, indicating that the protein probably exists as an oligomer. Since the
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RYR1 protein fusion domain eluted quite early, it is not easy to predict the
exact size of this oligomer since the column has a logarithmic elution pattern
meaning that even small differences in elution volume can result in a large
mass difference. Using calibration standards it was concluded that the
protein appears to form a tetramer of non-globular protein domains agreeing
with findings that full-length RYR1 forms a homo-tetramer under native
conditions [215]. Size exclusion experiments in this study were repeated
several times and always showed elution of the RYR1 domain at low
volumes. The empty vector tag proteins were also overexpressed and
subsequently purified. They were eluted as two peaks on the S200 column
where the main peak represented a dimer and the minor peak a monomer,
eluting as 70 and 30 kDa proteins, respectively. Since the tag itself forms a
dimer, it is possible that the tag is responsible for oligomerisation of the
RYR1 domain. The RYR1 fusion protein eluted as a broad peak at 10 mL,
corresponding to a theoretical size of 440 kDa. If the RYR1 fusion protein
exists as a dimer, higher elution volumes would be expected due to a smaller
protein mass of ~110 kDa. It has to be kept in mind however, that size
exclusion also separates according to the shape of the protein and calibration

curves are therefore not always accurate in predicting a protein’s actual size.

Tung et al. [84] showed size exclusion results using a HiLoad 16/60
Superdex 200 prep grade (GE Healthcare) to purify the N-terminal domain
(amino acids 1-559) of the full-length RYR1 and the resultant polypeptide
was eluted at ~70 mL, suggesting a 1.5 mer indicating a non-globular protein
running as a monomer (data from personal communication with F. Van
Petegem). Since this column was not available in this study, a direct
comparison cannot be made but these observations suggest that the central
domain could be involved in oligomerisation while the N-terminal exists as a
monomer. Comparing the data obtained in this study with studies undertaken
by Tung et al. [84], it is possible that parts of the overexpressed RYR1

central domain protein are indeed responsible for RYR1 oligomerisation.

Another explanation for the low elution volume of the RYR1 domain could be

that this protein is not shaped as a globular protein but has a larger effective

163



Chapter 5 Structural characterisation of RYR1

radius and therefore eluted early. Taking into account that the expressed
protein domain should elute as a monomer of 57 kDa in size, it is unlikely that
a 57 kDa monomer would run with an appearant mass above 400 kDa.
Blayney et al. published antibody binding assays in 2004 showing region
2540-3207 in full-length RYR1 are likely to be involved in an RYR1-RYR1
interdomain interaction [60]. This result was further supported by Yin et al. in
2005, where cryo-EM structures revealed that the outermost region of
subdomain 6 is involved in physical coupling of RYR oligomers [225]. Popova
et al. were able to link specific amino acid residues to the 3D structure of
RYR1 tetramers. Figure 5.21 shows that amino acid residues P1107-A1121
(2), A1368 (3) and N2756-E2803 (7) are linked to sub domain 6 (grey

numbers), involved in inter RYR1 domain interaction.

Figure 5.21 Localisation of specific residues in the 3D structure of the RYR1 oligomer.

RYR1 is shown as a 3D model and amino acid positions in the rabbit RYR1 protein are
highlighted using encircled numbers: 1=S422, 2=P1107-A1121, 3=A1368, 4=E1893,
5=82058, 6=R2399, 7=N2756-E2803, 8=K2836 9=4408. Furthermore, RYR1 domains are
highlighted as grey italic numbers as well as the transmembrane domain (TM) ([83], no
copyright permission needed).
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Since the full crystal structure for this region has not yet been solved, it can
only be speculated that the DP4 domain might be located in subdomain 6
and therefore oligomerises, since residue R2399 (6) is located between sub
domain 5 and 6 (for numbering refer to figure 5.21). Residue A1368 is also
aligned to subdomain 6 and might therefore be another candidate for RYR1-
RYR1 interaction. RYR1 amino acid R2399 (figure 5.21, 6) is included in the
protein domain overexpressed in this study and while linked to sub domain 6,
it suggests involvement of the DP4 domain in oligomerisation, supporting

size exclusion studies.

Yuchi et al. (2012) obtained a crystal structure for RYR1 region 2896-2915
which was mapped to RYR1 subregion 10 at close proximity to subregion 6
[195] (see figure 5.21). The supplementary material showed results for size
exclusion studies and reveals that this domain exists as a monomer,

suggesting those 20 amino acids are not involved in oligomerisation.

Furthermore in 2004, Blayney et al. showed that the peptides corresponding
to the 34C antibody binding site (aa 2872—2893) are most likely involved in
RYR-RYR oligomeric interaction. Using GST-pulldown assays they were able
to demonstrate binding of these regions to full-length RYR1 protein,
indicating binding of two domains [60]. These assays also support the
hypothesis that the central domain might be involved in RYR1-RYR1

oligomerisation and “domain-zipping”.

The results from the current study suggest that DP4 domain is localised
within domain region 6 and provides supporting evidence that the region

expressed in this study could be involved in interdomain interaction.

It has been suggested that the transmembrane domains at the C-terminus
were involved in oligomerisation of the IP3R [226]. This domain is
homologous to the RYR1 sequence between amino acids 4938-5038 [199].
Similar studies have not been conducted for RYR1 to date, but since IP3R
and RYR1 share identity, it is possible that the C-terminal domain in RYR1 is

involved in tetramerisation. Only the transmembrane and the C-terminal
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domains in IP3R have been investigated for their function in oligomerisation
and results suggest that more than one domain is responsible for
oligomerisation and stabilisation [227]. Therefore, it is possible that the
central domain may play an important part in oligomerisation but further
experiments need to be conducted to investigate function for this domain and

what part it may play in Ca®* release from the SR.

5.4.4 Stability assays using CD spectra and thermal melting
Due to the high hydrophobicity and potential non-specific adhesion of the

cleaved RYR1 domain protein, it was not possible to carry out further
analysis including purification. Therefore, work with the only fusion protein
was continued, in order to obtain information about structure and stability of
the RYR1 central domain peptide. WT and R2452W mutant constructs were
purified as well as the vector tags as a control and thermal stability was
measured using CD spectra with measurements at temperatures between 5 °
and 90 °C. To verify results, a positive control (lysozyme) was measured to
ensure that the known melting temperature of 70 °C could be detected [218].
The melting temperature for lysozyme measured in this study as ~73 °C is
similar, within experimental error, and with allowance that different buffer

systems may yield slightly different results.

CD spectra of the WT and R2452W mutant RYR1 fusion protein appeared to
be similar and the deconvolution reveals almost identical secondary
structure. It can be concluded that the R2452W mutation does not have a
major effect on the secondary structure of this domain. This result agreed
with secondary structure prediction programs suggesting the the a-helix
carrying the R2452 residue is not affected by the amino acid substitution.
Furthermore, the deconvolution of the CD spectra using the CDNN software
predicts a similar percentage of a-helix and B-sheet as predicted with the
program used in section 5.2.1. Melting experiments for both constructs show
that this particular fusion protein is quite stable, indicating a partially unfolded
structure at 40-45 °C. Fifty percent of unfolding occurred at 65 °C for WT and
60 °C for R2452W mutant (figure 5.12). Speculatively, this could indicate that
the introduction of the R2452W mutation decreases RYR1 domain stability
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because the substitution of arginine (polar, hydrophilic and positively
charged) to tryptophan (aromatic, hydrophobic and neutral charge) could
result in an interaction between two different domains due to the
hydrophobicity of the tryptophan, however data for WT were collected only
once and can therefore include a high error. Comparing unfolding results at
209 and 217 nm showed different temperature values but agree with a lower
melting temperature for mutant compared to WT. Two CD melting spectra
were measured for the R2452W mutant from two individual protein
purifications and show similar results for deconvolution. The difference in
melting temperature between WT and R2452W mutant is very small and can
therefore not be taken as significant. These assays need to be repeated in

order to confirm these findings.

5.4.5 Spontaneously cleaved fusion protein

Another interesting factor in this study was the spontaneous cleavage of the
RYR1 domain protein. The cleavage did not happen immediately, but over a
time period of several weeks. It is possible that the protein might slowly
unfold with longer storage, making the protein more accessible to protease
activity. Interestingly, the spontaneous cleavage also seems to occur during
a time course experiment involving enterokinase cleavage (figure 5.14). The
fusion protein sample contains a small amount of the unknwn 37 kDa protein
band but once the fusion protein is cleaved with enterokinase into a 40 kDa
peptide, the additional 37 kDa fragments is apparent. The enterokinase might
have exposed a cleavage site allowing a different protease to cut the 40 kDa
protein. Therefore, enterokinase digestion may enhance cleavage leading to
a truncated 37 kDa protein. Since the structure is not available, it is difficult to
make any assumptions on folding and therefore the occurrence of this
cleavage. The 37 kDa protein appears to be very stable since it can be
detected even after 6 weeks in solution. It is also still soluble, demonstrated
by centrifugation at 100,000 x g for 10 min.

None of the common proteases are predicted to cleave the RYR1 domain
protein into an intact 37 kDa fragment. Furthermore the cleaved RYR1 amino

acid sequence was analysed in silico to investigate whether previous
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enterokinase cleavage enhances protease activity and therefore cleavage of
RYR1, however no definitive results were found. Therefore, it is not clear
whether the 37 kDa fragment is formed by the activity of a protease. MS-MS
results revealed that most of the RYR1 protein domain is still intact and that a
protease has only cut off a few amino acids at the N and the C-terminus of
the RYR1 domain. None of the various in silico approaches were able to
predict a sequence yielding a similar mass as obtained from intact mass
measurements. Therefore whether this was an effect of bona fide proteolysis
at a specific site or an artefact of storage remains unclear. Interestingly, the
overexpressed N-terminal purification tag showed a similar spontaneous
cleavage pattern resulting in a similar exact mass differing by 400 Da (3-4
amino acids), suggesting a preferred cleavage site within the vector-encoded

backbone.

When separating the 13 and 37 kDa proteolysis fragments using an HPLC
system, the 37 kDa fragment eluted as two species which could be separated
by their different hydrophobicities (figure 5.18). When it was analysed by
SDS-PAGE, the 37 kDa fragment migrated as one single band. Therefore the
nature of the second peak is unclear. Looking more closely at the MS results
for the intact mass detection, two peaks are observed for the 37 kDa band
while the intensities, and therefore abundances, were different. The minor
species had a mass of 37474.67 Da while the major peak yielded a mass of
37741.33 Da. These two peaks differ by 266.7 Da indicating a protein size
difference of 2-3 amino acids. This result agrees with the HPLC finding since
the major peak appeared at 21.6 min while the absorbance of a minor peak
(eluted at 19.6 min) indicates a lower protein concentration. Similar
abundances were obtained by analysing the mass of the proteolysed fusion
protein, showing that the major peak is 4 times as high/more abundant
compared to the minor peak, indicating a mass of 37741.33 Da (see
appendix XIV). Therefore, it can be concluded that the 37 kDa fragment
seems to contain two protein species with a much higher abundance of the
37474.67 Da fragment which might be highly hydrophobic.
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5.4.6 Crystallisation

Crystallisation trials were planned for this study but because of low RYR1
protein amounts could not be undertaken. For crystallisation experiments,
initial protein concentrations of ~2 mg/mL need to be obtained in order to try
several different conditions. In order to yield well diffracting crystals, many
different crystallisation conditions may need to be trialled, as well as different
protein concentrations, since every protein behaves differently in different
conditions. Since the RYR1 N-terminus [76], as well as the RYR1
phosphorylation domain [195], have been crystallised these conditions may
be used as a starting point in crystallisation trials for the RYR1 central

domain and may produce diffracting crystals.

In summary, results obtained in the current study suggest the RYR1 domain
from amino acids 2144-2489 can be expressed as soluble protein and
subsequently purified using an Hisg-tag. Purification using size exclusion
gives an indication that the central domain may exist as an oligomer while the
elution volumes suggests that the protein might be a possible tetramer. As a
control, the empty affinity tag of the expression vector was also purified using
gel filtration and it suggests that this tag is involved in oligomerisation of the
overexpressed RYR1 protein. Nevertheless, the elution volume of the RYR1
protein domain is quite high which indicates further oligomerisation obtained
by the protein itself. This finding may be supported by data from Popova et
al. [83] who mapped amino acid residues close to the central domain to the
periphery of RYR1 into subunit 6, which might be involved in interdomain
interactions as well as studies by Blayney et al. who showed peptides around
amino acid 2880 are involved in RYR1-RYR1 interaction [60]. Further studies
involving the RYR1 domain without the N-terminal tag need to be
undertaken, in order to verify involvement in protein interaction and stability.
Nevertheless, the limited results obtained in this part of the study are
consistent with the literature and give a further indication of the importance of

the RYR1 central domain in terms of protein structure.

CD spectrometry measures secondary structure and therefore folding of the
overexpressed RYR1 protein. In this study a putative secondary structure
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change was detected which may lead to a lower melting temperature of the
R2452W mutant RYR1 construct compared to WT. These results could
explain the lower 4CmC agonist threshold leading to the channel activation
since the overall energy to open the channel is reduced due to amino acid
changes in this region, leading to a channel with a lower energy barrier for
channel opening. This study provides additional information about the
significant importance of the central domain of ryanodine receptors and its
involvement in oligomerisation of the channel tetramer, as well as channel

opening and closing.
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Chapter 6 Summary and future directions

6.1 Functional assays

Three different cell types were used to study functional effects of a single
ryanodine receptor 1 mutation previously linked to MH. Functional assays were
carried out using B-lymphoblastoid cells, myotubes and HEK293 cells
transfected with human RYR7? cDNA using Ca?' release from the ER/SR
monitored by fura 2 fluorescence emission. In all experimental systems,
R2452W altered Ca** release leading to a higher amount of Ca®* released from
the SR/ER, making it a hypersensitive receptor in response to 4CmC, compared
to cells expressing WT RYR1. Moreover, this phenotype was observed in two
unrelated families indicating that under the current EMHG guidelines, the RYR1

R2452W mutation could be classed as causative of MH.

The R2452W mutation is located in the central region of RYR1 (also known as
“hot spot” region 2) which has been suggested to play a crucial role in opening
and closing of the receptor [85]. Compared to WT, RYR1 carrying this mutation
was activated to release Ca®" at lower concentrations of the agonist 4CmC.
Therefore, any of the three systems could have been used to detect altered
Ca”* release from the SR and thus be used to predict causation of MH. This
may not necessarily apply to all RYR1 mutations. Amino acid variants may have
different functional effects depending on their localisation within RYR1. As well
as being a tetramer, with a membrane-bound C-terminal region, RYR1 also
interacts with several proteins in the cytosol, in the SR lumen and within the

membrane itself [69].

Ca®* release assays using B-lymphoblastoid cells for patients U1 and U2 gave
identical results to cells isolated from MHN patients. It is currently not known if
either patient U1 or U2 carries a mutation in RYR7, however both were
diagnosed MHE, by IVCT. Ca®* release assays using myotubes showed a MHS
phenotype for patient U1 while myotubes from patient U2 gave ambiguous
results. Ca* release in myotubes from a MHS patient with an unknown
mutation has been measured and demonstrated a positive phenotype. This

result provides a positive control showing that MHS patients diagnosed by IVCT
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show altered Ca** release in myotubes. Patient U1 showed altered Ca** release
in myotubes which suggests that this patient may carry a mutation altering ca®
release in muscle cells. Since Ca®* release results for patient U2 are equivocal,
as were results for the IVCT, no further prediction can be made regarding the
MH status.

In this study, 4CmC was the only agonist used to stimulate RYR1 because it is
more soluble than caffeine and more specific to RYR1. Caffeine is known to
non-specifically activate RYR3 in muscle cells [100] and could therefore be a
confounding factor in analysis of RYR1 activated Ca®* release. Halothane could
also be used as an agonist but this would require a vapour delivery system and
closed environment monitoring which were not available. Some mutations
appear to affect RYR1 activation by disrupting depolarisation rather than altered
response induced by chemical agonists. To effectively assess this type of
mutation for association with MHS, excitable cells would need to be used in the
presence of a depolarising agent, K" or an electrical impulse. The latter is
preferable as response to K can be non-specific and response may be very
small. Electrophysiology equipment was not available in the current study but
could be used in future work to investigate mutations in RYR7 that do not
appear to result in a response to chemical agonists in myotubes. It is also
possible that patient U2 carries a mutation at a site that is crucial for 4CmC
binding, making it insensitive to 4CmC activation but cells may still react to
different agonists like caffeine or halothane. Future studies should therefore be
carried out using a range of different RYR1 agonists. The relative
concentrations of Ca®*, K* and Mg®* may also be important as a lower Mg**
level may result in altering of the channel function [166]. The ion concentration
in the SR needs to be tightly regulated in order for RYR1 to function properly. If
a mutation affects the ion flow within the cell, RYR1 could become less

responsive to agonist activation.

Specific RYR1 mutations, e.g. the rabbit R4892W variant expressed in dyspedic
myotubes that lack functional RYR1, have been shown to have almost no
activation by 4CmC or depolarisation but the mutant receptor showed full

activation with caffeine [112]. Interestingly, the corresponding mutation in
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human R4893W, derived from CCD patients, showed reduced activation for K-
induced depolarisation as well as for 4CmC, but only slightly reduced activation
by caffeine compared to WT [151]. It seems plausible that a given mutation may
give rise to different Ca®" release behaviour, depending on the system/cell in
which it is expressed. Since dyspedic myotubes are available, these could be
used in further studies to determine the mechanism underlying EC coupling, as
well as excitation-coupled Ca®" release (ECCE). ECCE plays an important role
in myotubes only and is a response to membrane depolarisation. It requires the
expression of ass-DHPR and therefore transfections of HEK293 cells or Ca*
release measurements using B-lymphoblastoid cells may miss abnormal
reactions caused by either RYR1 mutations or other proteins involved in EC
coupling. Myotubes carrying the R163C mutation showed enhanced ECCE
which may be a risk factor for MH [33]. This phenomenon can only be seen in
myotubes and might therefore not be apparent when using cells other than
muscle cells, making transfections using dyspedic myotubes a more relevant
physiological system to study RYR? mutations. Abnormal Ca** induced Ca*
release (CICR) has also previously been linked to MH [228]. Again, if a mutation
alters CICR and leads to MHS, the use of dyspedic myotubes would be the
preferred system for investigation since this effect does not occur in cells other

than muscle cells.

In order to exclude mutations in RYR1 for patients U1 and U2, their cDNA
needs to be fully sequenced. If no causative mutation can be found in RYRT or
CACNA1S, whole RNA or exome sequencing could be carried out to find an MH
causative mutation, provided that sufficient other family members could be

identified for segregation analysis purposes.

It is possible that patients U1 and U2 may carry RYR1 variants which do not
affect the receptor itself, but affect the RYR1 binding to other proteins involved
in EC coupling. Therefore, the receptor may not show altered Ca** release in B-
lymphoblastoid cells or in transfected HEK293 cells when activated with 4CmC,
since the necessary muscle proteins are not expressed in those cells. If a
mutation was identified in RYR1, it could be introduced into human full-length
RYR1 cDNA by mutagenesis PCR. The construct could then be used to
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transfect dyspedic myotubes. If HEK293 cells transfected with a specific variant
in RYR? show no altered Ca®" release but transfected myotubes do, then the
mutation could affect protein binding to RYR1 which may be important for EC
coupling and therefore may disturb signal transduction in myotubes. Several
amino acid substitutions not found in patients were introduced in the rabbit
RYR1 central domain e.g. G2373A and S3939A (corresponding to G2373A and
S3937A in human), leading to a hyposensitive RYR1 when expressed in
HEK293 cells [153] similar to a MHN phenotype. Expressing these mutations in
dyspedic myotubes may help to understand the effect these mutations may
have upon abnormal Ca®" homeostasis since RYR1 interacting skeletal muscle
proteins are expressed. This may provide new knowledge about protein-protein

interaction in skeletal muscle.

Furthermore, it is possible that patient U2 does not have an MH phenotype but
rather has a CCD phenotype. CCD mutations can show a hyposensitive
reaction to RYR1 triggering agents while releasing less Ca?* from the SR/ER.
Histology could have been done after the IVCT was performed in order to
determine irregularities in the muscle fibers and show the presence of cores.
Unfortunately, histological examination was not carried out at the time of the

muscle biopsy.

Knock-in mice are a further useful system to study the effect of RYR1 mutations
in vivo. Mutations can be controllably expressed in homo- or heterozygous
forms and potentially lethal effects of mutations can be observed. Using knock-
in mice can also help to determine phenotypes other than altered Ca®* release.
The rabbit RYR1“8°™T knock-in mouse (corresponding to the human 14898T
mutation) was used to show a neuronal phenotype as well as excluding this
mutation as a causative factor for MH susceptibility [229, 230]. It has been
speculated for quite some time that RYR7 mutations can affect the immune
system since >300 RYR71 mutations have been reported and RYRT is also
expressed in primary immune-cells, B-lymphocytes [180]. Knock-in mice,
expressing a specific RYR1 mutation, could be a useful tool for immune studies

by comparing the immune response of WT and mutant RYR7 animals.
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Mutations in RYRT1 may lead to a gain of function and enhanced immune

response in carrier individuals.

6.2 Structural characterisation of the RYR1 central domain

Overexpression of the RYR1 central domain (amino acid 2144-2489) yielded
sufficient soluble protein to investigate some physical properties of this domain.
Size exclusion studies revealed that the protein domain possibly oligomerises,
forming a tetramer. The expressed N-terminal tag protein also showed
oligomerisation, however it is not clear whether the oligomerisation occurs due
to the tag protein, or due to the RYR1 protein actually being involved in a
RYR1-RYR1 interaction. Collectively, results suggest the N-terminal tag protein
most likely forms a dimer with a size of 70 kDa whereas the RYR1 fusion
protein forms a non-globular tetramer of 440 kDa. Therefore, oligomerisation

due to the RYR1 protein itself is a possibility.

To further confirm these findings, enterokinase cleavage of the N-terminal tag
from the overexpressed RYR1 fusion protein needs to be optimised to prevent
non-specific interactions between protein and chromatography material or
plasticware. This would facilitate further analysis by size exclusion and CD
spectrometry, together with thermal melting experiments, to help confirm the

data obtained with the fusion protein.

Results from gel filtration experiments suggest that the overexpressed RYR1
fusion protein may be a non-globular protein. To further investigate the overall
shape of this domain, small angle X-ray scattering could be performed. This
method can be used to investigate shape and size of a folded protein in solution
as well as any oligomerisation properties. NMR has been previously used to
determine the structure of the DP4 domain [87] and could be used to determine
the structure of the central domain overexpressed in this study. As NMR is
performed on protein in solution, it is not limited to crystallised protein although
the RYR1 region may be too large for NMR studies since the upper size limit is
~20-30 kDa but in some cases has been extended to 100 kDa [231].
Nevertheless, it may be possible to gain information about structural dynamics
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and flexibility of a protein and make predictions about potential protein-protein

interactions.

Purification of the RYR1 fusion protein domain has been optimised and
sufficient soluble protein was obtained for CD analysis. A minimum of 2 mg
purified protein would be required for crystallisation trials. Using the purification
method optimised in this study, a culture volume of 20 L from separate 150 mL
culture volumes of induced E. coli would be required to yield sufficient protein,
when purified in smaller batches due to insolubility at higher protein
concentrations. This is certainly feasible and a crystal structure would give
valuable insight into the structure of the central domain and could indicate
whether or where domain interaction occurs. The 3D structure could be docked
onto the cryoEM structure [53] to predict the actual position of the region in the
tetrameric unit. This would also be useful in predicting any role for a RYR1-
RYR1 interaction. Crystallisation experiments may be more successful using
the cleaved RYR1 protein since the N-terminal tag of the RYR1 fusion protein
contains 120 amino acids, which could interfere with either crystallisation or the
actual 3D structure. Different detergents e.g. non-ionic (B-octylglucoside) or
nondenaturing zwitterionic detergents (CHAPS) could be used to prevent non-

specific adhesion of cleaved RYR1 protein during purification.

Green fluorescent protein (GFP) could be introduced behind the R2452 residue
in the full-length human RYR1 protein and be used for overexpression in
mammalian cells and subsequently for cryoEM studies as previously carried out
by Liu et al. [81]. This would allow determination of the position of the R2452
residue in the 3D tetrameric protein. The introduction of GFP behind several
different residues in pcRYR1 may allow localisation of the residues in the 3D
structure and determine whether the DP4 domain is located in subdomain 6 and
therefore involved in domain interaction. Furthermore, GFP labelled residues
could be mutated and be used for cryoEM structural studies to determine
whether different mutations could change the 3D localisation of the residues or

abolish oligomerisation.

It has been suggested that the central and N-terminal domain may interact to
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form a “domain-zipper” [85]. The crystal structure of the N-terminal domain is
known, as well as the purification and crystallisation conditions and the full-
length human RYR7 cDNA is available. Therefore the two domains could be
expressed and purified separately and then used in binding, as well as
interaction, assays and size exclusion chromatography. If the two domains
interact the proteins would be eluted from the column as one peak, indicating an
interaction. Due to the presumed domain interaction, the cleaved RYR1 central
domain, bound to the N-terminal domain protein, may be less non-specifically
adhesive to column material since hydrophobic amino acids may be involved in

interdomain interactions and would not be surface exposed.

Mutagenesis can be used to introduce further MH-associated mutations into the
cloned RYR1 central domain protein. CD could help to determine secondary
structure changes due to the introduction of mutations while some mutations
might lower the melting temperature of the RYR1 protein even further. In
mutating hydrophobic amino acids, the overall hydrophobicity might be lowered,
preventing the N-terminal cleaved protein from being adhesive. Mutated
proteins can further be used in peptide domain binding studies, including the N-
terminal RYR1 domain, to see whether one particular amino acid is important

for interaction.

Co-immunoprecipitation studies using RYR1 central domain polypeptides
including the 34C antibody binding site could be performed to see whether this
domain can pull down other RYR1 domains including the N- or C-terminus. Co-

immunoprecipitation would give valuable insights into interprotein interactions.

Forster/Fluorescence Resonance Energy transfer (FRET) studies could also be
performed to investigate binding between different domains as previously
described [232]. Fluorescent acceptor and donors need to be introduced into
overexpressed proteins and when both proteins come in close proximity, energy
between them will be transferred which can be visualised using a fluorescence
microscope or spectrofluorometer. Furthermore, mutations can be introduced
into the different RYR1 peptides to see whether these mutations abolish

interaction. This system could also be used to determine binding of RYR1 and
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other proteins involved in EC coupling. The introduction of MH causative
mutations may help to determine if mutations abolish protein-protein

interactions leading to a MH phenotype [233].

In summary, little is known about the structure/function relationship in RYR1
leading to the MH phenotype. It is understood that certain mutations lead to a
disruption of protein-protein interactions and therefore alter Ca®* release from
the SR due to a loss of negative feedback regulation. RYR1 mutations are also
thought to disturb interprotein interactions leading to a leaky channel phenotype
because the Ca®" channel cannot close properly. Many proteins are involved in
RYR1 binding and EC coupling, making it challenging to determine the cause of
MH reactions. Only 50-70 % of MHS patients show mutations in RYR1,
suggesting other proteins involved in EC coupling could be responsible for this
phenotype. Performing functional assays to determine altered Ca®" release,
induced by different mutations, is important to link mutations to MH and offer
DNA-based testing. It has been suggested MHS patients could be diagnosed by
DNA testing instead of using the “gold standard” IVCT. At this stage this
approach can only be performed for families with a known MH causative
mutation. If no mutation in RYR17 can be identified in families with a known MH
background, IVCT must still be performed in order to prevent an MH episode
under surgery or even under stress or physical exercise. DNA-based testing is
preferable for diagnosis of MH susceptibility since IVCT is a very invasive
method compared to obtaining a patient blood sample, however more research
needs to be carried out to understand the function and structure of RYR1 and
EC coupling in order to replace IVCT. Over 30 proteins are involved in EC
coupling and any of these proteins could carry a mutation, leading to a MHS
phenotype. Functional assays need to be performed for all MH-associated
mutations in order to include them in the list of MH causative mutations and
subsequently use DNA based testing for clinical diagnosis. This study described
functional assays for the R2452W mutation which showed altered Ca** release
and a more sensitive channel to 4CmC activation. Therefore, this mutation can
be added to the list of MH causative mutations, making replacement of the IVCT
by DNA-based diagnosis one step closer for families known to carry the
R2452W mutation.
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Appendix I. Example for lymphocytes Ca** release raw data for patient C1

4CmC concentration (uM) delta SEM
100 0.046 0.006
200 0.086 0.009
400 0.198 0.01

600 0.33 0.014
800 0.50 0.024
1000 0.76 0.027

Appendix Il. Histogram plots for immuno co-localisation studies

A: Histogram for transiently transfected HEK293 cells with WT RYR1 cDNA

B: Histogram for transiently transfected HEK293 cells with mutant RYR1 cDNA
C: Histogram for stably transfected HEK293 cells with WT RYR1 cDNA

D: Histogram for stably transfected HEK293 cells with mutant RYR1 cDNA

E: Histogram for untransfected HEK293 cells

The insert shows which cell has been measured to create the histogram

Blue trace: DAPI
Green trace: RYR1
Red trace: PDI

The x-axis represents the size of the cell in ym while the y-axis represents the

signal intensity.
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Appendix lll. Delta ratio for different cell lines at stimulation with 1 mM 4CmC
patients | R2452W | Lymphoblastoid cells | Myotubes HEK293
A pos 0.6 0.08 plasmid | stable transients
Bl pos 0.6 na Wildtype |0.08 0.08
Bll:1 neg 0.8 na Mutant | 0.07 0.1
Bll:2 pos 0.55 na
BIl:3 pos 0.7 na
C1 neg 0.8 0.06
C2 neg 0.8 0.07
U1 unkn 0.8 0.06
U2 unkn 0.7 0.07
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Appendix IV. Delta Ca** release raw data for RYR1 transiently transfected
HEK293 cells (n=9)

4CmC concentration (uM) | Delta WT | SEM | Delta Mutant | SEM
100 0.0017 0.001 | 0.006 0.0016
200 0.008 0.001 | 0.029 0.0024
400 0.024 0.002 | 0.047 0.005
600 0.035 0.005 | 0.066 0.005
800 0.040 0.005 | 0.081 0.007
1000 0.067 0.004 | 0.092 0.007

Appendix V. Primer sequences
Primer Sequence 5-3’ Tm

°C

Mutagenesis construct 3F | GCTTGCGGCCCGCACTCGAGC 80.1
Mutagenesis construct 3R | GCTCGAGTGCGGGCCGCAAGC 80.6
pET32a(+) Ncol 1f CGGCCCATGGTCGAGTGCCTCGGCCAGATC | 87.8
pET32a(+) Hindlll 1r CGCGAAGCTTCCCAGGGTGGGAATCTGCAG | 83.9
pET32a(+) Ncol 2f CGGCGCCATGGACACCATGAGCCTGCTGAG | 86.8
pET32a(+)Hindlll 2r CGGGAAGCTTAAGGATGCTGACATCTTTGG | 76.1
pET32a(+) Ncol 3f CGCGCATGGCCATCTCACCGTCCTCCGTG 89.0
pET32a(+)Hindlll 3r CGCGAAGCTTTTTGGCTGCACCAGAGC 80.2
pET32a(+) Ncol 4f CGGCGCCATGGGGTGGGTGAGCTGCTGCG | 92.2
pET32a(+)Hindlll 4r CGCGAAGCTTGTGGGAATCTGCAGTGGGAG | 82.4
pProExHtb EcoRI 1f CGGCGAATTCCGAGTGCCTCGGCCAGATC 84.9
pProExHtb HindlIl 1r CGGGAAGCTTCAGGGTGGGAATCTGCAGTG | 81.6
pProExHtb EcoRI 2f CGGCGAATTCACACCATGAGCCTGCTGAG 81.6
pProExHtb Hindlll 2r CGGGAAGCTTGGATGCTGACATCTTTGGC | 79.6
pProExHtb EcoRI 3f CGGCGAATTCCCATGTCACCGTCCTCCGTG | 854
pProExHtb HindlIl 3r87.6 CGCGAAGCTTCTTTGGCTGCACCAGAGCC 82.5
pProExHtb EcoRI 4f CGGCGAATTCGGCTGGGTGAGCTGCTGCG | 87.6
pProExHtb HindlIl 4r CGCGAAGCTTGGGAATCTGCAGTGGGAGG 82.5
LC Primer pair 1F (2434F) | CTTTGGTGAGGAACCGCCTGAAG 71.6
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LC Primer pair 1R (RYR1 GGATGCTGACATCTTTGGCT 64.1
47ex R)

LC Primer pair 1F (4833 F) | CCATCCTGTCCTCTGTCAGCC 68.3
LC Primer pair 1R (4833 R) | TGGCGGTGGTCGTCTACC 67.3
HRM R2452W F AGCCAAAGATGTCAGCATCC 543
HRM R2452W R AGGGTTGCTCACCGTGTC 54.3
HPRTF TCCAAAGATGGTCAAGGTCGC 68.6
HPRT R TTCAAATCCAACAAAGTCTGGCT 65.6
pProExHtb M13 F AGCGGATAACAATTTCACACAGG 65.8
pProExHtb M rvs TTCTCTCATCCGCCAAAACAGC 69.4
pET_Upstream F ATGCGTCCGGCGTAGA 535
T7 Terminator R TGCTAGTTATTGCTCAGCGGT 63.0
H4833Y Primer Probe F CACAGTCCTTCCTGTACC 59.1
H4833Y Primer Probe R GCCCTTATCCCTTCACC 59.0
H4833Y Hybrid Probe F GCGCACCATCCTGCCTC 61.0
H4833Y Hybrid Probe R CACCCACAATGGGAAACAGC 59.4

Appendix VI.
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__ T7promoter lac operator Xbal rbs
TAATACGACTCACTATAGGGGAATTGTGAGCGGAT AACAAT TCCCCTCTAGAAATAATT TTGTTTAACT TTAAGAAGG AGA
Trx=Tag Msc |

TATACATATGAGC . . .315bp. . CTGGCCGGTTICTGGTTCTGGCCATATGCACCATCAT ATTCTTCTGGTCTGGTGCCACGCGGTTCT

MetSer 105aa LeudlaGlySerGlySerGlyHisMetHisHisHisHisHisHisSerSerGlylLeuVal ProArgGlySer

P S-Tag primer #59945-3 -
S+Tag Nsp VW Bagl 1l Kpn | thrombin

GETATGAAAGAAACCGCTGCTGCTAAATTCGAACGCCAGCACATGGACAGCCCAGATCTGGGT

CCGACGACGACGACAAG
GlyMetLysGluThrAlod oA loLysPheGluArgGlinHi sMe tAspSerProdspleuG] rasphsphsphsplys
enterokinase
pET-32a(+) Eagl Aval .
Ncol  EcoRY BamH| EFcoR|1_Sacl Sall  Hind Il Notl Xhal His+Tag
GCCATGGCTGATATCGGATCCGAAT TCGAGCTCCGTCGACAAGC TTGCGGCCGCAC TCGAGCACCACCACCACCACCACTGAGATCCGGC TGC TAA
AlaMetd ol leGlySerGluPheGluleulrghrgGindl aCysGlyArgThrArgAloProProProProProleudArgSerGlyCysEnd

GCCATGGCGATATCGGATCCGAATTCGAGCTCCGTCGACAAGCT TGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGLTGLTAA pPET-32b(+
AlaMetdlal leSerAspProdsnSerSerSerValbdsplyslevdlobdloldlaleuGluHisHisHisHisHisHIsEnd

CGAGCTCCGTCGAC AAGCTTGCGGCCGCACTC GAGCACCACCACCACCACCACTGAGATCCGGLTGCTAA PET-32¢(+)
ArghlaoProSerThrSerleuArgProHisSerSerThrThrThrThrThrThrGlullefArgleuleuThr

Bpul102 1 T7 terminator
CAAAGCCCGAAAGGAAGCTGAGTTIGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGEGGCCTCTAAACGGGTCTTGAGGGGT
LysProGluArglysleuSerTrpleuleuProProleuSerAsnisnEnd
TV terminator primer #69337-3
pPET-32a-c(+) cloning/expression region

RYR1 central domain was cloned using the Ncol and Hindlll restriction sites.

Appendix VII. pProExHtb vector map (Invitrogen)

trc_promoter
M13_pUC rev_primer
Marl {337}
Mool {340}
BamHI {345)
EcoRl {352)
Situl {362)
Sall {368)
Sacl (3T8)
Spel {280}
MNotl {358}
Eagl {358)
BstBl {357)
¥bal {402)
Pstl {414}
Hpal {4514} ¥hol {417)
ORF frame 1 Kpnl {433}
Apsal (4215) HindIl1 {435}
lacl pTrcHis_rew_primer
pBAD_rewv_primer

B _terminator

B _T1_terminator
B _T2_terminator
AmipR_promaoter

Boll (4022)

pPROEX HTD
4779 bp

pGEX_3_primer
f1_origin

Fspl (1524)

pBR3IZZ_origin

EcoRI and Hindlll restriction sites were used to clone the RYR1 central domain into this vector.
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Appendix VIII. Phyre2 results for the R2452W RYR1 amino acids 2144-2489
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Appendix IX. Phyre2 results for WT RYR1 amino acids 2144-2489
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Appendix X. HT trace for CD melting spectra of WT RYR1
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Temperatures are indicated on the right hand side. CD spectra show shifted HT traces to higher

wavelengths with higher temperatures.
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Appendix XI.

Void volume (V,) = 7.8 mL

Calibration curves Superdex S$S200 30/100

Column volume (V) =24 mL

Elution volume (Ve)
A

K

av

V.-V

C

o]

Appendices

Kav

0

0.7

0.6 -

0.5

0.4 -

0.3 -

0.2

0.1 -

d

y=-0.135In{x) + 1.011 &
R2=0.9914

10

100
Molecular weight (kDa)

1000

Buffer conditions: 10 mM Tris-HCI, pH 7.9, 10 mM NaCl, 1 mM DTT
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Appendix XII. LightCycler standard curves

Appendices

38 1
y =-1.462In(x) + 26.268
36 - R? =0.9963
34 1y =-1.493In(x) + 24.78
2 =

30 - R? =0.9983
o
330 -
S
9_28 7
(&

26 -

oD .
o4 - Primer pair 1
B Primer pair 2
22 -
HPRT
20 T T T 1
0.0001 0.001 0.01 0.1 1
log concentration

RT-pPCR standard curves using B-lymphoblastoid cell cDNA for primer pair 1 and 2 and

HPRT primers.
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Mass spec results 37 kDa fragment

Appendix XIV.
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Appendix XV. Full-length pc-R2452W sequence

PCDNA3.1(+) Bluescript II KS+
gacccaagctggctagaactagtggatcccccgggectgcaggaattcecgat

I I Tt R B E e Eae e I

ctgggttcgaccgatcttgatcacctagggggcccgacgtccttaageta

GGTGACGCAGAAGGCGAAGACGAGGTCCAGTTCCTGCGGACGGACGATGAGGTGGTC

1 -t |-t | === | -———:--—=] 60
TACCCACTGCGTCTTCCGCTTCTGCTCCAGGTCAAGGACGCCTGCCTGCTACTCCACCAG

1 MetGlyAspAlaGluGlyGluAspGluValGlnPheLeuArgThrAspAspGluvValval 20

CTGCAGTGCAGCGCTACCGTGCTCAAGGAGCAGCTCAAGCTCTGCCTGGCCGCCGAGGGC

61 -———:t———— |- || =i || ————:--——] 120
GACGTCACGTCGCGATGGCACGAGTTCCTCGTCGAGTTCGAGACGGACCGGCGGLCTCCCG

21 LeuGlnCysSerAlaThrVallLeulLysGluGlnLeulLysLeuCysLeuAlaAlaGluGly 40

TTCGGCAACCGCCTGTGCTTCCTGGAGCCCACTAGCAACGCGCAGAATGTGCCCCCCGAT

121 -———t————| =i |-———i———= | === | -———i-——=|-—-—:---—] 180
AAGCCGTTGGCGGACACGAAGGACCTCGGGTGATCGTTGCGCGTCTTACACGGGGGGCTA

41 PheGlyAsnArgLeuCysPhelLeuGluProThrSerAsnAlaGlnAsnValProProAsp 60

CTGGCCATCTGTTGCTTCGTCCTGGAGCAGTCCCTGTCTGTGCGAGCCCTGCAGGAGATG

181 ———=i-———| ===t =i | =i | =i ———— | === ————| 240
GACCGGTAGACAACGAAGCAGGACCTCGTCAGGGACAGACACGCTCGGGACGTCCTCTAC

61 LeuAlaIleCysCysPheValLeuGluGlnSerLeuSerValArgAlaLeuGlnGluMet 80

CTGGCTAACACGGTGGAGGCTGGCGTGGAGTCATCCCAGGGCGGGGGACACAGGACGCTC

241 ——-——i--—— |-t |- |- | -———:i-———|-————:————| 300
GACCGATTGTGCCACCTCCGACCGCACCTCAGTAGGGTCCCGCCCCCTGTGTCCTGCGAG

81 LeuAlaAsnThrValGluAlaGlyValGluSerSerGlnGlyGlyGlyHisArgThrLeu 100

CTGTATGGCCATGCCATCCTGCTCCGGCATGCACACAGCCGCATS!A%%%gAéETGCCTC

301 -t |-t ||| ————:i-———|-————:————| 360
GACATACCGGTACGGTAGGACGAGGCCGTACGTGTGTCGGCGTACATAGACTCGACGGAG

101 LeuTyrGlyHisAlaIleLeulLeuArgHisAlaHisSerArgMetTyrLeuSerCysLeu 120

ACCACCTCCCGCTCCATGACTGACAAGCTGGCCTTCGATGTGGGACTGCAGGAGGACGCA

361 ————:i————|-————i-———|-———i-———|————i————|————i-———|-——-:1-—--—| 420
TGGTGGAGGGCGAGGTACTGACTGTTCGACCGGAAGCTACACCCTGACGTCCTCCTGCGT

121 ThrThrSerArgSerMetThrAspLysLeuAlaPheAspValGlyLeuGlnGluAspAla 141

ACAGGAGAGGCTTGCTGGTGGACCATGCACCCAGCCTCCAAGCAGAGGTCTGAAGGAGAA

421 —=—=i--—=|-=—=i-——=|-——=i-———|-——=—i-———|-———:i---—|-—---:----| 480
TGTCCTCTCCGAACGACCACCTGGTACGTGGGTCGGAGGTTCGTCTCCAGACTTCCTCTT

141 ThrGlyGluAlaCysTrpTrpThrMetHisProAlaSerLysGlnArgSerGluGlyGlu 160

AAGGTCCGCGTTGGGGATGACATCATCCTTGTCAGTGTCTCCTCCGAGCGCTACCTGCAC

481 ————:i-———|-———i-———|-———i-———|-———i-———|-———:i-———|-———:-—-—| 540
TTCCAGGCGCAACCCCTACTGTAGTAGGAACAGTCACAGAGGAGGCTCGCGATGGACGTG

161 LysValArgValGlyAspAspIlelIlelLeuValSerValSerSerGluArgTyrLeuHis 180

CTGTCGACCGCCAGTGGGGAGCTCCAGGTTGACGCTTCCTTCATGCAGACACTATGGAAC

541 --—-=:i--——|-———i-———|-————i-———|-———i-———|-———:i--——|----:----| 600
GACAGCTGGCGGTCACCCCTCGAGGTCCAACTGCGAAGGAAGTACGTCTGTGATACCTTG

181 LeuSerThrAlaSerGlyGluLeuGlnValAspAlaSerPheMetGlnThrLeuTrpAsn 200
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ATGAACCCCATCTGCTCCCGCTGCGAAGAGGGCTTCGTGACGGGAGGTCACGTCCTCCGC

601 -———:-———|-————i-——— || =i | =i | ————:-———]| 660
TACTTGGGGTAGACGAGGGCGACGCTTCTCCCGAAGCACTGCCCTCCAGTGCAGGAGGCG

201 MetAsnProIleCysSerArgCysGluGluGlyPheValThrGlyGlyHisValLeuArg 220

CTCTTTCATGGACATATGGATGAGTGTCTGACCATTTCCCCTGCTGACAGTGATGACCAG

661 ————i-———|-———i-———|-————i———— | =i | === | ————:————| 720
GAGAAAGTACCTGTATACCTACTCACAGACTGGTAAAGGGGACGACTGTCACTACTGGTC

221 LeuPheHisGlyHisMetAspGluCysLeuThrIleSerProAlaAspSerAspAspGln 240

CGCAGACTTGTCTACTATGAGGGGGGAGCTGTGTGCACTCATGCCCGCTCCCTCTGGAGG

721 —=——it==—— |-t | =i ————i-——— | ————i-———|-———:————| 780
GCGTCTGAACAGATGATACTCCCCCCTCGACACACGTGAGTACGGGCGAGGGAGACCTCC

241 ArgArgLeuValTyrTyrGluGlyGlyAlaValCysThrHisAlaArgSerLeuTrpArg 260

Exon 10
CTGGAGCCACTGAGAATCAGCTGGAGTGGGAGCCACCTGCGCTGGGGCCAGCCACTCCGA

781 —=——i-——— |-t | =i -———i-——— | ————i-———|-———:-———| 840
GACCTCGGTGACTCTTAGTCGACCTCACCCTCGGTGGACGCGACCCCGGTCGGTGAGGCT
261 LeuGluProLeuArgIleSerTrpSerGlySerHisLeuArgTrpGlyGlnProLeuArg 280

GTCCGGCATGTCACTACCGGGCAGTACCTAGCGCTCACCGAGGACCAGGGCCTGGTGGTG

841 ———-i-———|-————i-—— |||~ ————:————] 900
CAGGCCGTACAGTGATGGCCCGTCATGGATCGCGAGTGGCTCCTGGTCCCGGACCACCAC

281 ValArgHisValThrThrGlyGlnTyrLeuAlaLeuThrGluAspGlnGlyLeuvValval 300

GTTGACGCCAGCAAGGCTCACACCAAGGCTACCTCCTTCTGCTTCCGCATCTCCAAGGAG

901 -——=:i-—-—|-————i-——— ||| =i~ | ————:————]| 960
CAACTGCGGTCGTTCCGAGTGTGGTTCCGATGGAGGAAGACGAAGGCGTAGAGGTTCCTC

301 ValAspAlaSerLysAlaHisThrLysAlaThrSerPheCysPheArgIleSerLysGlu 320

AAGCTGGATGTGGCCCCCAAGCGGGATGTGGAGGGCATGGGCCCCCCTGAGATCAAGTAC

961 ——-—--:i--——|-———i-——— |-t |- |- | --——:-———| 1020
TTCGACCTACACCGGGGGTTCGCCCTACACCTCCCGTACCCGGGGGGACTCTAGTTCATG

321 LysLeuAspValAlaProLysArgAspValGluGlyMetGlyProProGluIleLysTyr 340

GGGGAGTCACTGTGCTTCGTGCAGCATGTGGCCTCAGGACTGTGGCTCACCTATGCTGCT

1021 -——-:i——-~| ==t~ | i~ |————i-——|-———:————|-———-:---—] 1080
CCCCTCAGTGACACGAAGCACGTCGTACACCGGAGTCCTGACACCGAGTGGATACGACGA

341 GlyGluSerLeuCysPheValGlnHisValAlaSerGlyLeuTrpLeuThrTyrAlaAla 360

CCAGACCCCAAGGCCCTGCGGCTCGGCGTGCTCAAGAAGAAGGCCATGCTGCACCAGGAG

1081 —-—=—:-———|-—=——i————|-————:i———|-———i-———|-——=:i-—-——|-——-:----] 1140
GGTCTGGGGTTCCGGGACGCCGAGCCGCACGAGTTCTTCTTCCGGTACGACGTGGTCCTC

361 ProAspProlLysAlalLeuArgLeuGlyVallLeuLysLysLysAlaMetLeuHisGlnGlu 380

GGCCACATGGACGACGCACTGTCGCTGACCCGCTGCCAGCAGGAGGAGTCCCAGGCCGLC

1141 -—--:-—-—|-———i————|-————i———— |-t |-———i-———|-——-:--—--] 1200
CCGGTGTACCTGCTGCGTGACAGCGACTGGGCGACGGTCGTCCTCCTCAGGGTCCGGCGG

381 GlyHisMetAspAspAlaLeuSerLeuThrArgCysGlnGlnGluGluSerGlnAlaAla 400

CGCATGATCCACAGCACCZ—\ATGGCCTATZ—\CZ—\ACCZ—\GTTCATCAA!AGCCTGGACAGCTTC
1201 —===:t—===|—===i————|————i———— | ———— - | ———— i | ————:-———| 1260
GCGTACTAGGTGTCGTGGTTACCGGATATGTTGGTCAAGTAGTTCTCGGACCTGTCGAAG
401 ArgMetIleHisSerThrAsnGlyLeuTyrAsnGlnPheIleLysSerLeuAspSerPhe 420
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AGCGGGAAGCCACGGGGCTCGGGGCCACCCGCTGGCACGGCGCTGCCCATCGAGGGCGTT

1261 -———:i-—-—|-————i——-—|-————i——— |-t | - -———|-——=:-—-—-] 1320
TCGCCCTTCGGTGCCCCGAGCCCCGGTGGGCGACCGTGCCGCGACGGGTAGCTCCCGCAA

421 SerGlyLysProArgGlySerGlyProProAlaGlyThrAlaleuProIleGluGlyVal 440

ATCCTGAGCCTGCAGGACCTCATCATCTACTTCGAGCCTCCCTCCGAGGACTTGCAGCAC

1321 -———:i-—-~|-———i-—— ||t~ | =i~ |-———:-—-—-—] 1380
TAGGACTCGGACGTCCTGGAGTAGTAGATGAAGCTCGGAGGGAGGCTCCTGAACGTCGTG

441 IleLeuSerLeuGlnAspLeulleIleTyrPheGluProProSerGluAspLeuGlnHis 460

GAGGAGAAGCAGAGCAAGCTGCGAAGCCTGCGCAACCGCCAGAGCCTCTTCCAGGAGGAG

1381 -—==—:i—-———|-————i————|-————i————|————i-———|-———i-———|-——-:--—--]| 1440
CTCCTCTTCGTCTCGTTCGACGCTTCGGACGCGTTGGCGGTCTCGGAGAAGGTCCTCCTC

461 GluGluLysGlnSerLysLeuArgSerLeuArgAsnArgGlnSerLeuPheGlnGluGlu 480

GGGATGCTCTCCATGGTCCTGAATTGCATAGACCGCCTAAATGTCTACACCACTGCTGCC

1441 -—--:-—-—|-———i————|-————:i——— |- |-———:i-—-——|-——-:----] 1500
CCCTACGAGAGGTACCAGGACTTAACGTATCTGGCGGATTTACAGATGTGGTGACGACGG

481 GlyMetLeuSerMetValLeuAsnCysIleAspArgLeuAsnValTyrThrThrAlaAla 500

CACTTTGCTGAGTTTGCAGGGGAGGAGGCAGCCGAGTCCTGGAAAGAGATTGTGAATCTT

1501 -—-—-:i——-~| ===t |-————i———— |- |-———:i————|———-:---—] 1560
GTGAAACGACTCAAACGTCCCCTCCTCCGTCGGCTCAGGACCTTTCTCTAACACTTAGAA

501 HisPheAlaGluPheAlaGlyGluGluAlaAlaGluSerTrpLysGluIleValAsnLeu 520

CTCTATGAACTCCTAGCTTCTCTAATCCGTGGCAATCGTAGCAACTGTGCCCTCTTCTCC

1561 -————:i———-| ===t |-————i———|————i-———|-————i————|———-:--——] 1620
GAGATACTTGAGGATCGAAGAGATTAGGCACCGTTAGCATCGTTGACACGGGAGAAGAGG

521 LeuTyrGluLeuLeuAlaSerLeulleArgGlyAsnArgSerAsnCysAlaLeuPheSer 540

' Exon 15
ACAAACTTGGACTGGCTGGTCAGCAAGCTGGATCGGCTGGAGGCCTCGTCTGGCATCCTG

1621 -———:i-—-—|-————i———— |-t |-~ | == :i————|-——-:-——-] 1680
TGTTTGAACCTGACCGACCAGTCGTTCGACCTAGCCGACCTCCGGAGCAGACCGTAGGAC
541 ThrAsnLeuAspTrpLeuValSerLysLeuAspArgLeuGluAlaSerSerGlyIleLeu 560

GAGGTCCTGTACTGTGTCCTCATTGAGAGTCCAGAGGTTCTGAACATCATCCAGGAGAAT

1681 ————:i-—-—|-————i———— |- || === ———— | ————:-———] 1740
CTCCAGGACATGACACAGGAGTAACTCTCAGGTCTCCAAGACTTGTAGTAGGTCCTCTTA

561 GluValLeuTyrCysValLeulleGluSerProGluVallLeuAsnIleIleGlnGluAsn 580

CACATCAAGTCCATCATCTCCCTCCTGGACAAGCATGGGAGGAACCACAAGGTCCTGGAC

1741 -——=:-—-—|-———i——~|————i———— |-t~ | =i~ |-———:-—-—-—] 1800
GTGTAGTTCAGGTAGTAGAGGGAGGACCTGTTCGTACCCTCCTTGGTGTTCCAGGACCTG

581 HisIleLysSerIlelIleSerLeuleuAspLysHisGlyArgAsnHisLysValLeuAsp 600

GTGCTATGCTCCCTGTGTGTGTGTAATGGTGTGGCTGTACGCTCCAACCAAGATCTTATT

1801 -——-:-—-—|-——=—i———— |-t~ |~ |————i————|————:-——-] 1860
CACGATACGAGGGACACACACACATTACCACACCGACATGCGAGGTTGGTTCTAGAATAA

601 ValLeuCysSerLeuCysValCysAsnGlyValAlaValArgSerAsnGlnAspLeulIle 620

ACTGAGAACTTGCTGCCTGGCCGTGAGCTTCTGCTGCAGACAAACCTCATCAACTATGTC

1861 -———:-———|-———i—-—-——|-————:i———— |- |-———i-———|-———:--—-] 1920
TGACTCTTGAACGACGGACCGGCACTCGAAGACGACGTCTGTTTGGAGTAGTTGATACAG

621 ThrGluAsnLeuLeuProGlyArgGluLeuLeuLeuGlnThrAsnLeulleAsnTyrVal 640

ACCAGCATCCGCCCCAACATCTTTGTGGGCCGAGCGGAAGGCACCACGCAGTACAGCAAA

1921 -—-——:-————|-————i————|-————i——— || i-———|-———:--—--] 1980
TGGTCGTAGGCGGGGTTGTAGAAACACCCGGCTCGCCTTCCGTGGTGCGTCATGTCGTTT

641 ThrSerIleArgProAsnIlePheValGlyArgAlaGluGlyThrThrGlnTyrSerLys 660
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TGGTACTTTGAGGTGATGGTGGACGAGGTGACTCCATTTCTGACAGCTCAGGCCACCCAC

1981 -——-—:i-———|-———i-———|-————i————|————i-———|-———i-———|-——-:--—--] 2040
ACCATGAAACTCCACTACCACCTGCTCCACTGAGGTAAAGACTGTCGAGTCCGGTGGGTG

661 TrpTyrPheGluValMetValAspGluValThrProPheLeuThrAlaGlnAlaThrHis 680

TTGCGGGTGGGCTGGGCCCTCACCGAGGGCTACACCCCCTACCCTGGGGCCGGCGAGGGL

2041 -—-—-:i-———|-———i-———|-———i-———|-———i-———|————i————|————:-—-——| 2100
AACGCCCACCCGACCCGGGAGTGGCTCCCGATGTGGGGGATGGGACCCCGGCCGCTCCCG

681 LeuArgValGlyTrpAlaLeuThrGluGlyTyrThrProTyrProGlyAlaGlyGluGly 700

TGGGGCGGCAACGGGGTCGGCGATGACCTCTATTCCTACGGCTTTGATGGACTGCATCTC

2101 —===:i-——=|-——==i-———|-———i-———|————i-——— |-~ | ————:————| 2160
ACCCCGCCGTTGCCCCAGCCGCTACTGGAGATAAGGATGCCGAAACTACCTGACGTAGAG

700 TrpGlyGlyAsnGlyValGlyAspAspLeuTyrSerTyrGlyPheAspGlyLeuHisLeu 720

TGGACAGGACACGTGGCACGCCCAGTGACTTCCCCAGGGCAGCACCTCCTGGCCCCTGAA

2161 ——==i-——=| === |-———i———— =i | =i~ | ————:————| 2220
ACCTGTCCTGTGCACCGTGCGGGTCACTGAAGGGGTCCCGTCGTGGAGGACCGGGGACTT

721 TrpThrGlyHisValAlaArgProValThrSerProGlyGlnHisLeuLeuAlaProGlu 740

GACGTGATCAGCTGCTGCCTGGACCTCAGCGTGCCGTCCATCTCCTTCCGCATCAACGGC

2221 ————i———— |- ||| =i | ————:-—-——] 2280
CTGCACTAGTCGACGACGGACCTGGAGTCGCACGGCAGGTAGAGGAAGGCGTAGTTGCCG
AspValIleSerCysCysLeuAspLeuSerValProSerIleSerPheArglleAsnGly 760

TGCCCCGTGCAGGGTGTCTTTGAGTCCTTCAACCTGGACGGGCTCTTCTTCCCTGTTGTC

2281 ———=i-——=|-———i-———|————i———— ==l | ————i———— | ————:————| 2340
ACGGGGCACGTCCCACAGAAACTCAGGAAGTTGGACCTGCCCGAGAAGAAGGGACAACAG

761 CysProValGlnGlyValPheGluSerPheAsnLeuAspGlyLeuPhePheProvalval 780

AGCTTCTCGGCTGGTGTCAAGGTGCGGTTCCTCCTTGGTGGCCGCCATGGTGAATTCAAG

2341 -———t-———— |-t || =i |- | ———-:-—-——] 2400
TCGAAGAGCCGACCACAGTTCCACGCCAAGGAGGAACCACCGGCGGTACCACTTAAGTTC

781 SerPheSerAlaGlyVallLysValArgPheLeulLeuGlyGlyArgHisGlyGluPheLys 800

XhoT
TTCCTGCCCCCACCTGGCTATGCTCCATGCCATGAGGCTGTGCTCCC|ICGAGAGCGACTC
2401 -=-——:t-———|————i-——— |- | e m - -—:——--—| 2460
AAGGACGGGGGTGGACCGATACGAGGTACGGTACTCCGACACGAGGGAGCTICTCGCTGAG
801 PhelLeuProProProGlyTyrAlaProCysHisGluAlaVallLeuProArgGluArgLeu 820

CATCTTGAACCCATCAAGGAGTATCGACGGGAGGGGCCCCGGGGGCCTCACCTGGTGGGC

2461 --——:i-——— |-t |- |-t |-———i-———|———-:---—] 2520
GTAGAACTTGGGTAGTTCCTCATAGCTGCCCTCCCCGGGGCCCCCGGAGTGGACCACCCG

821 HisLeuGluProIlelysGluTyrArgArgGluGlyProArgGlyProHisLeuValGly 840

CCCAGTCGCTGCCTCTCACACACCGACTTCGTGCCCTGCCCTGTGGACACTGTCCAGATT

2521 -==-i-———|-—-—i-———|-———i-———|-———i--——|-———i-—-——|-———-:-—-—-| 2580
GGGTCAGCGACGGAGAGTGTGTGGCTGAAGCACGGGACGGGACACCTGTGACAGGTCTAA

841 ProSerArgCysLeuSerHisThrAspPheValProCysProValAspThrValGlnIle 860

Exon 20
GTCCTGCCGCCCCATCTGGAGCGCATTCGGGAGAAGCTGGCGGAGAACATCCACGAGCTC

2581 ————i-———|-———i-———|-m——i-——— | m i — [ mmmmr———— [ ————i-——— | 2640
CAGGACGGCGGGGTAGACCTCGCGTAAGCCCTCTTCGACCGCCTCTTGTAGGTGCTCGAG
861 ValLeuProProHisLeuGluArgIleArgGluLysLeuAlaGluAsnIleHisGluLeu 880
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TGGGCGCTAACCCGCATCGAGCAGGGCTGGACCTACGGCCCé%TTCGGGATGACAACAAG

2641 ————i-———|-———i-———|-———i-———|-———i-———|————i————|————:-———| 2700
ACCCGCGATTGGGCGTAGCTCGTCCCGACCTGGATGCCGGGCCAAGCCCTACTGTTGTTC

881 TrpAlaLeuThrArgIleGluGlnGlyTrpThrTyrGlyProValArgAspAspAsnLys 900

AGGCTGCACCCGTGTCTTGTGGACTTCCACAGCCTTCCAGAGCCTGAGAGGAACTACAAC

2701 —===i-—==|-—=—i-———|-———i-———|-———i-———|————i———— | ————:————| 2760
TCCGACGTGGGCACAGAACACCTGAAGGTGTCGGAAGGTCTCGGACTCTCCTTGATGTTG

901 ArglLeuHisProCysLeuValAspPheHisSerLeuProGluProGluArgAsnTyrAsn 920

CTGCAGATGTCTGGGGAGACGCTCAAGACTCTGCTGGCTCTGGGCTGCCACGTGGGCATG

2761 ——==i-——=|-—==i-———|-———i-———|-———i-——— | ————i———— | ————:————| 2820
GACGTCTACAGACCCCTCTGCGAGTTCTGAGACGACCGAGACCCGACGGTGCACCCGTAC

921 LeuGlnMetSerGlyGluThrLeuLysThrLeulLeuAlaLeuGlyCysHisValGlyMet 940

GCGGATGAGAAGGCGGAGGACAACCTGAAGAAGACAAAACTCCCCAAGACGTATATGATG

2821 ——==i-——=| === |-———i-———|-———i-———|————i———— | ————:-———| 2880
CGCCTACTCTTCCGCCTCCTGTTGGACTTCTTCTGTTTTGAGGGGTTCTGCATATACTAC

941 AlaAspGlulLysAlaGluAspAsnLeulysLysThrLysLeuProLysThrTyrMetMet 960

AGCAATGGGTACAAGCCGGCTCCGCTGGACCTGAGCCACGTGCGGCTGACGCCGGCGCAG

288l ———=i-———| ===l ————i———— =i | ————i———— | ————:————| 2940
TCGTTACCCATGTTCGGCCGAGGCGACCTGGACTCGGTGCACGCCGACTGCGGCCGCGTC

961 SerAsnGlyTyrLysProAlaProLeuAsplLeuSerHisValArgLeuThrProAlaGln 980

Asn993

T
ACGACACTGGTGGACCGTCTGGCAGAAAATGGGCACTGTGGGCCCGAGACCGCGTG
2941 ———-:i-———|-———=i-———|-———i-———|-———i-———|————:i————|————:————| 3000
TGCTGTGACCACCTGGCAGACCGTCTTTTACCCGTGTTGCACACCCGGGCTCTGGCGCAC
981 ThrThrLeuValAspArgLeuAlaGluAsnGlyHisAsnValTrpAlaArgAspArgVal 1000

GGCCAGGGCTGGAGCTACAGCGCAGTGCAGGACATCCCAGCGCGCCGAAACCCTCGGCTG

3001 -—=-:————|—=——i-———|-————i————|————i--——|-———:i-———|——--:---—] 3060
CCGGTCCCGACCTCGATGTCGCGTCACGTCCTGTAGGGTCGCGCGGCTTTGGGAGCCGAC

1001 GlyGlnGlyTrpSerTyrSerAlaValGlnAspIleProAlaArgArgAsnProArgLeu 1020

GTGCCCTACCGCCTGCTGGATGAAGCCACCAAGCGCAGCAACCGGGACAGCCTCTGCCAG

3061 ————:i-———|-———i--——|-————i————|-———i-———|-———i-———|-——-:----] 3120
CACGGGATGGCGGACGACCTACTTCGGTGGTTCGCGTCGTTGGCCCTGTCGGAGACGGTC

1021 ValProTyrArgLeulLeuAspGluAlaThrLysArgSerAsnArgAspSerLeuCysGln 1040

Exon 25
GCCGTGCGCACCCTCCTGGGCTACGGCTACAACATCGAGCCTCCTGACCAGGAGCCCAGT
3121 -—==:i-—-—|-———i-———|-————i——— |-t |-———i-—-——|-——-:----] 3180
CGGCACGCGTGGGAGGACCCGATGCCGATGTTGTAGCTCGGAGGACTGGTCCTCGGGTCA
1041 AlaValArgThrLeuLeuGlyTyrGlyTyrAsnIleGluProProAspGlnGluProSer 1060

CAGGTGGAGAACCAGTCTCGTTGTGACCGGGTGCGCATCTTCCGGGCAGAGAAATCCTAT

3181 -———:-———|-————i--—— |- |- | -———i-———|-——-:--—--] 3240
GTCCACCTCTTGGTCAGAGCAACACTGGCCCACGCGTAGAAGGCCCGTCTCTTTAGGATA

1061 GlnValGluAsnGlnSerArgCysAspArgValArgIlePheArgAlaGluLysSerTyr 1080

ACAGTGCAGAGCGGCCGCTGGTACTTCGAGTTTGAAGCAGTCACCACAGGCGAGATGCGC

3241 -—==:i-———|-———i-———|-————i————|————i-——— | === i—-——— | -———:-—-——] 3300
TGTCACGTCTCGCCGGCGACCATGAAGCTCAAACTTCGTCAGTGGTGTCCGCTCTACGCG

1081 ThrValGlnSerGlyArgTrpTyrPheGluPheGluAlaValThrThrGlyGluMetArg 1100
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GTGGGCTGGGCGAGGCCCGAGCTGAGGCCTGATGTAGAGCTGGGAGCTGACGAGCTGGCC

3301 -——-:-—-—|-———i———|————i——— |- |- | -——=:-—-—-] 3360
CACCCGACCCGCTCCGGGCTCGACTCCGGACTACATCTCGACCCTCGACTGCTCGACCGG

1101 ValGlyTrpAlaArgProGluLeuArgProAspValGluLeuGlyAlaAspGluLeuAla 1120

TATGTCTTCAATGGGCACCGCGGCCAGCGCTGGCACTTGGGCAGTGAACCATTTGGGCGC

3361 ————:i————|————i-———|-———i————|————i-———|-———i————|————:--——| 3420
ATACAGAAGTTACCCGTGGCGCCGGTCGCGACCGTGAACCCGTCACTTGGTAAACCCGCG

1121 TyrValPheAsnGlyHisArgGlyGlnArgTrpHisLeuGlySerGluProPheGlyArg

CCCTGGCAGCCGGGCGATGTCGTTGGCTGTATGATCGACCTCACAGAGAACACCATTATC

3421 -—=-:i————|-———i--——|-———i————|-——-—i--——|-———:i-———|-—---:---—] 3480
GGGACCGTCGGCCCGCTACAGCAACCGACATACTAGCTGGAGTGTCTCTTGTGGTAATAG

1141 ProTrpGlnProGlyAspValValGlyCysMetIleAspLeuThrGluAsnThrIleIle 1160

TTCACCCTCAATGGCGAGGTCCTCATGTCTGACTCAGGCTCCGAAACAGCCTTCCGGGAG

3481 -———:i-———|-———i-———|-————:i————|-————i-———|-———:i-—-——|-——-:--—--] 3540
AAGTGGGAGTTACCGCTCCAGGAGTACAGACTGAGTCCGAGGCTTTGTCGGAAGGCCCTC

1161 PheThrLeuAsnGlyGluValLeuMetSerAspSerGlySerGluThrAlaPheArgGlu 1180

ATTGAGATTGGGGACGGCTTCCTGCCCGTCTGCAGCTTGGGACCTGGCCAGGTGGGTCAT

3541 -——-:i——-—|-———i--——|-———i-———|-———i--——|-———:i-———|———--:---—] 3600
TAACTCTAACCCCTGCCGAAGGACGGGCAGACGTCGAACCCTGGACCGGTCCACCCAGTA

1181 IleGluIleGlyAspGlyPheLeuProValCysSerLeuGlyProGlyGlnValGlyHis 1200

CTGAACCTGGGCCAGGACGTGAGCTCTCTGAGGTTCTTTGCCATCTGTGGCCTCCAGGAA

3601 —-——--:i———-—|-—=—=i-———|-———i————|-————i-———|-———:i-———|——--:---—] 3660
GACTTGGACCCGGTCCTGCACTCGAGAGACTCCAAGAAACGGTAGACACCGGAGGTCCTT

1201 LeuAsnLeuGlyGlnAspValSerSerLeuArgPhePheAlalleCysGlyLeuGlnGlu 1220

GGCTTCGAGCCATTTGCCATCAACATGCAGCGCCCAGTCACCACCTGGTTCAGCAAAGGC

3661 ————:i-———|-————i-———|-————i———— || =i~ |————:-———]| 3720
CCGAAGCTCGGTAAACGGTAGTTGTACGTCGCGGGTCAGTGGTGGACCAAGTCGTTTCCG

1221 GlyPheGluProPheAlaIleAsnMetGlnArgProValThrThrTrpPheSerLysGly 1240

CTGCCCCAGTTTGAGCCAGTGCCCCTTGAACACCCTCACTATGAGGTATCCCGAGTGGAC

3721 ——==:i-———| =i |-t |-~ | === | ————:-———] 3780
GACGGGGTCAAACTCGGTCACGGGGAACTTGTGGGAGTGATACTCCATAGGGCTCACCTG

1241 LeuProGlnPheGluProValProLeuGluHisProHisTyrGluValSerArgValAsp 1260

GGCACTGTGGACACGCCCCCCTGCCTGCGCCTGACCCACCGCACCTGGGGCTCCCAGAAC

3781 ————i-——-—|-————i-——— |- |-~ |————i———— | ————:-———]| 3840
CCGTGACACCTGTGCGGGGGGACGGACGCGGACTGGGTGGCGTGGACCCCGAGGGTCTTG

1261 GlyThrValAspThrProProCysLeuArgLeuThrHisArgThrTrpGlySerGlnAsn 1280

AGCCTGGTGGAGATGCTTTTCCTGCGGCTGAGCCTCCCAGTCCAGTTCCACCAGCACTTC

3841 -——=:i-—-—|-————i-——— |-~ |-~ | === | ————:-———] 3900
TCGGACCACCTCTACGAAAAGGACGCCGACTCGGAGGGTCAGGTCAAGGTGGTCGTGAAG

1281 SerLeuValGluMetLeuPheleuArgLeuSerLeuProValGlnPheHisGlnHisPhe 1300

CGCTGCACTGCAGGGGCCACCCCGCTGGCACCTCCTGGCCTGCAGCCCCCCGCCGAGGAC

3901 --——-:-———|-————:i—--—— |- |- |- i-———|-———:-—-——] 3960
GCGACGTGACGTCCCCGGTGGGGCGACCGTGGAGGACCGGACGTCGGGGGGCGGCTCCTG

1301 ArgCysThrAlaGlyAlaThrProLeuAlaProProGlyLeuGlnProProAlaGluAsp 1320

GAGGCCCGGGCGGCGGAACCCGACCCTGACTACGAAAACCTGCGCCGCTCAGCTGGGGGC

3961 -———:-———|-————i--—— |- |- |-———i-———|-———:-—-—-] 4020
CTCCGGGCCCGCCGCCTTGGGCTGGGACTGATGCTTTTGGACGCGGCGAGTCGACCCCCG

1321 GluAlaArgAlaAlaGluProAspProAspTyrGluAsnLeuArgArgSerAlaGlyGly 1340
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TGGAGCGAGGCAGAGAACGGCAAAGAAGGGACTGCGAAGGAGGGCGCCCCCGGGGGCACC

4021 ----:-—-—|-————i-———|-————i———| =i |-———i1-———|-——=-:-—-—-] 4080
ACCTCGCTCCGTCTCTTGCCGTTTCTTCCCTGACGCTTCCTCCCGCGGGGGCCCCCGTGG

1341 TrpSerGluAlaGluAsnGlyLysGluGlyThrAlaLysGluGlyAlaProGlyGlyThr

CCGCAGGCGGGGGGAGAGGCGCAGCCCGCCAGGGCGGAGAATGAGAAGGATGCCACCACC

4081 -——-:i————|-————i-———|-———i————|————i-———|-———:i————|————:--——] 4140
GGCGTCCGCCCCCCTCTCCGCGTCGGGCGGTCCCGCCTCTTACTCTTCCTACGGTGGTGG

1361 ProGlnAlaGlyGlyGluAlaGlnProAlaArgAlaGluAsnGluLysAspAlaThrThr 1380

GAGAAGAACAAGAAGAGAGGCTTCTTATTCAAGGCCAAGAAGGTCGCCATGATGACCCAG

4141 —-———:i————|-———i————|-———i-——— | === | ————i———— | -———:————]| 4200
CTCTTCTTGTTCTTCTCTCCGAAGAATAAGTTCCGGTTCTTCCAGCGGTACTACTGGGTC

1381 GlulLysAsnLysLysArgGlyPheLeuPhelLysAlaLysLysValAlaMetMetThrGln 1400

CCACCGGCCACCCCCACGCTGCCCCGACTCCCTCACGACGTGGTGCCTGCAGACAACCGC

4201 -—=-=—:i-———|-———i-———|-————i————|————i-———|-———i-———|-——-:-—-——] 4260
GGTGGCCGGTGGGGGTGCGACGGGGCTGAGGGAGTGCTGCACCACGGACGTCTGTTGGCG

1401 ProProAlaThrProThrLeuProArgLeuProHisAspValValProAlaAspAsnArg 1420

' Exon 30
GATGACCCCGAGATCATCCTCAACACCACCACGTACTATTACTCCGTGAGGGTCTTTGCT

4261 -——-:i————|-———i--——|-———i————|————i--——|-———i-————|———--:---—] 4320
CTACTGGGGCTCTAGTAGGAGTTGTGGTGGTGCATGATAATGAGGCACTCCCAGAAACGA
1421 AspAspProGlulleIleLeuAsnThrThrThrTyrTyrTyrSerValArgValPheAla 1440

GGACAGGAGCCCAGCTGCGTGTGGGCGGGCTGGGTCACCCCTGACTACCATCAGCACGAC

4321 —-—=-i————|-———i--——|-———i————|————i--——|-———:i-———|——--:---—] 4380
CCTGTCCTCGGGTCGACGCACACCCGCCCGACCCAGTGGGGACTGATGGTAGTCGTGCTG

1441 GlyGlnGluProSerCysValTrpAlaGlyTrpValThrProAspTyrHisGlnHisAsp 1460

ATGAGCTTCGACCTCAGCAAGGTCCGGGTCGTGACGGTGACCATGGGGGATGAACAAGGC

4381 —-———i-———|-———i-——— |- || ————i———— | ————:-———]| 4440
TACTCGAAGCTGGAGTCGTTCCAGGCCCAGCACTGCCACTGGTACCCCCTACTTGTTCCG

1461 MetSerPheAspLeuSerLysValArgValValThrValThrMetGlyAspGluGlnGly 1480

AACGTCCACAGCAGCCTCAAGTGTAGCAACTGCTACATGGTGTGGGGCGGAGACTTTGTG

4441 ———-:i-—-—|-———i-——— |-t |-t~ |-———:i————|-——=:-——-—] 4500
TTGCAGGTGTCGTCGGAGTTCACATCGTTGACGATGTACCACACCCCGCCTCTGAAACAC

1481 AsnValHisSerSerLeulLysCysSerAsnCysTyrMetValTrpGlyGlyAspPheVal 1500

AGTCCCGGGCAGCAGGGCCGGATCAGCCACACGGACCTTGTCATTGGGTGCCTGGTGGAC

4501 -——=:i-—-—|-————i—-——— |- |-~ | === | ————:-———]| 4560
TCAGGGCCCGTCGTCCCGGCCTAGTCGGTGTGCCTGGAACAGTAACCCACGGACCACCTG

1501 SerProGlyGlnGlnGlyArgIleSerHisThrAspLeuValIleGlyCysLeuValAsp 1520

TTGGCCACTGGCTTAATGACCTTTACAGCCAATGGCAAAGAGAGCAACACCTTTTTCCAG

4561 ————i-———|-———i-———|-————i———— |-~ | === ———— | ————:-———]| 4620
AACCGGTGACCGAATTACTGGAAATGTCGGTTACCGTTTCTCTCGTTGTGGAAAAAGGTC

1521 LeuAlaThrGlyLeuMetThrPheThrAlaAsnGlyLysGluSerAsnThrPhePheGln 1540

GTGGAACCCAACACTAAGCTATTTCCTGCCGTCTTCGTCCTGCCCACCCACCAGAACGTC

4620 -———:-———|-————i-——— ||| -———i-———|-———:-—-—-] 4680
CACCTTGGGTTGTGATTCGATAAAGGACGGCAGAAGCAGGACGGGTGGGTGGTCTTGCAG

1541 ValGluProAsnThrLysLeuPheProAlaValPheValLeuProThrHisGlnAsnVal 1560

ATCCAGTTTGAGCTGGGGAAGCAGAAGAACATCATGCCGTTGTCAGCCGCCATGTTCCAA

4681 —-———:i-———|-———i-———|-————i———— |-~ | === | -——=:-———]| 4740
TAGGTCAAACTCGACCCCTTCGTCTTCTTGTAGTACGGCAACAGTCGGCGGTACAAGGTT

1561 IleGlnPheGluLeuGlyLysGlnLysAsnIleMetProLeuSerAlaAlaMetPheGln 1580
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AGCGAGCGCAAGAACCCGGCCCCGCAGTGCCCACCGCGGCTGGAGATGCAGATGCTGATG

4741 -—-=i-—-—|-———i-———|-————i———— |-t~ |-———i-———|-——-:-—-—-] 4800
TCGCTCGCGTTCTTGGGCCGGGGCGTCACGGGTGGCGCCGACCTCTACGTCTACGACTAC

1581 SerGluArglLysAsnProAlaProGlnCysProProArgLeuGluMetGlnMetLeuMet 1600

CCAGTGTCCTGGAGCCGCATGCCCAACCACTTCCTGCAGGTGGAGACGAGGCGTGCCGGC

4801 -—-—-:i————|-————i-———|-————i————|————i-———|-———:i————|————:--——] 4860
GGTCACAGGACCTCGGCGTACGGGTTGGTGAAGGACGTCCACCTCTGCTCCGCACGGCCG

1601 ProValSerTrpSerArgMetProAsnHisPheLeuGlnValGluThrArgArgAlaGly 1620

GAGCGGCTGGGCTGGGCCGTGCAGTGCCAGGAGCCGCTGACCATGATGGCGCTGCACATC

4861 —-———:i-———|-———i-———|-———i————|-————i-———|-———i-———|-——=-:-—-—-] 4920
CTCGCCGACCCGACCCGGCACGTCACGGTCCTCGGCGACTGGTACTACCGCGACGTGTAG

1621 GluArgLeuGlyTrpAlaValGlnCysGlnGluProLeuThrMetMetAlalLeuHisIle 1640

CCCGAGGAGAACCGGTGCATGGACATCCTGGAGCTGTCGGAGCGCCTGGACCTGCAGLCGC

4921 -—--:i-———|-———i-———|-————i————|-————i-———|-———i-———|-——-:--—--] 4980
GGGCTCCTCTTGGCCACGTACCTGTAGGACCTCGACAGCCTCGCGGACCTGGACGTCGCG

1641 ProGluGluAsnArgCysMetAspIleLeuGluLeuSerGluArgLeuAspLeuGlnArg 1660

TTCCACTCGCACACCCTGCGCCTCTACCGCGCTGTGTGCGCCCTGGGCAACAATCGCGTG

4981 -—--:i——-—|--——i--——|-———i————|-————i--——|-———:i-———|-—---:---—] 5040
AAGGTGAGCGTGTGGGACGCGGAGATGGCGCGACACACGCGGGACCCGTTGTTAGCGCAC

1661 PheHisSerHisThrLeuArgLeuTyrArgAlaValCysAlaLeuGlyAsnAsnArgVal 1680

GCGCACGCTCTGTGCAGCCACGTAGACCAAGCTCAGCTGCTGCACGCCCTGGAGGACGCG

5041 ----:-—-—|-———i————|-————:i——— |-t |-———:i-———|-——-:----] 5100
CGCGTGCGAGACACGTCGGTGCATCTGGTTCGAGTCGACGACGTGCGGGACCTCCTGCGC

1681 AlaHisAlaLeuCysSerHisValAspGlnAlaGlnLeuleuHisAlaLeuGluAspAla

CACCTGCCAGGCCCACTGCGCGCAGGCTACTATGACCTCCTCATCAGCATCCACCTCGAA

5101 ----:-—-~|-———:i—-—~ |- |-t~ |-~ | -——-:-——-] 5160
GTGGACGGTCCGGGTGACGCGCGTCCGATGATACTGGAGGAGTAGTCGTAGGTGGAGCTT

1701 HisLeuProGlyProLeuArgAlaGlyTyrTyrAspLeuleulleSerIleHisLeuGlu 1720

AGTGCCTGCCGCAGCCGCCGCTCCATGCTCTCTGAATACATCGTGCCCCTCACGCCTGAG

5161 -———:i-—-—|-——=—i————|-————i———— |-~ | ————i————|————:-———]| 5220
TCACGGACGGCGTCGGCGGCGAGGTACGAGAGACTTATGTAGCACGGGGAGTGCGGACTC

1721 SerAlaCysArgSerArgArgSerMetLeuSerGluTyrIleValProLeuThrProGlu 1740

ACCCGCGCCATCACGCTCTTCCCTCCTGGAAGGAGCACAGAAAATGGTCACCCCCGGCAT

5221 -——=:i-—-—|-————i-—— |-t |-t~ | =i~ |-———:-———] 5280
TGGGCGCGGTAGTGCGAGAAGGGAGGACCTTCCTCGTGTCTTTTACCAGTGGGGGCCGTA

1741 ThrArgAlaIleThrLeuPheProProGlyArgSerThrGluAsnGlyHisProArgHis 1760

GGCCTGCCGGGAGTTGGAGTCACCACTTCGCTGAGGCCCCCGCATCATTTCTCGCCCCCC

5281 -———:i-—-—|-————i--—— |-~ |-t~ | -———:————|-———:-—-—-—]| 5340
CCGGACGGCCCTCAACCTCAGTGGTGAAGCGACTCCGGGGGCGTAGTAAAGAGCGGGGGG

1761 GlyLeuProGlyValGlyValThrThrSerLeuArgProProHisHisPheSerProPro 1780

TGTTTCGTGGCCGCTCTGCCAGCTGCTGGGGCAGCAGAGGCCCCGGCCCGCCTCAGCCCT

5341 -——-:i-———|-———i-———|-————i-———|-———i-———|-———:i-———|-—---:-—-——] 5400
ACAAAGCACCGGCGAGACGGTCGACGACCCCGTCGTCTCCGGGGCCGGGCGGAGTCGGGA

1781 CysPheValAlaAlaleuProAlaAlaGlyAlaAlaGluAlaProAlaArgLeuSerPro 1800

GCCATCCCGCTGGAGGCCCTGCGGGACAAGGCACTGAGGATGCTGGGGGAGGCGGTGCGC

5401 ----:-———|-———:——-——|-————i———|-————i-——|-———:i-———|-———:-—-—-] 5460
CGGTAGGGCGACCTCCGGGACGCCCTGTTCCGTGACTCCTACGACCCCCTCCGCCACGCG

1801 AlaIleProLeuGluAlaLeuArgAsplysAlalLeuArgMetLeuGlyGluAlaValArg 1820

A21



Chapter 8 Appendices

GACGGTGGGCAGCACGCTCGCGACCCCGTCGGGGGCTCCGTGGAGTTCCAGTTTGTGCCT

5461 -—--—:-—-—|-————i-———|-————i——- |- |- |-——=:-—-—-] 5520
CTGCCACCCGTCGTGCGAGCGCTGGGGCAGCCCCCGAGGCACCTCAAGGTCAAACACGGA

1821 AspGlyGlyGlnHisAlaArgAspProValGlyGlySerValGluPheGlnPheValPro 1840

Exon 35
GTGCTCAAGCTCGTGTCCACCCTGCTGGTGATGGGCATCTTTGGCGATGAGGATGTGAAA
5521 -——-:i—--|-———i-—-——|-———i——-— |- |-————:————|————:-—-——] 5580
CACGAGTTCGAGCACAGGTGGGACGACCACTACCCGTAGAAACCGCTACTCCTACACTTT
1841 ValLeulLysLeuValSerThrLeuLeuValMetGlyIlePheGlyAspGluAspVallLys 1860

CAGATCTTGAAGATGATTGAGCCTGAGGTCTTCACTGAGGAAGAAGAGGAGGAGGACGAG

5581 -——-:i-———|-———i-———|-————i————|-————i-———|-———i-———|-——-:--—--] 5640
GTCTAGAACTTCTACTAACTCGGACTCCAGAAGTGACTCCTTCTTCTCCTCCTCCTGCTC

1861 GlnIleLeulLysMetIleGluProGluValPheThrGluGluGluGluGluGluAspGlu 1880

GAGGAAGAGGGTGAAGAGGAAGATGAGGAGGAGAAGGAGGAGGATGAGGAGGAAACAGCA

5641 -—-—-:i——-=|-———i-———|-————i————|-————i1--—|-———:-——=|-——=--:--——] 5700
CTCCTTCTCCCACTTCTCCTTCTACTCCTCCTCTTCCTCCTCCTACTCCTCCTTTGTCGT

1881 GluGluGluGlyGluGluGluAspGluGluGluLysGluGluAspGluGluGluThrAla 1900

CAGGAAAAGGAAGATGAGGAAAAAGAGGAAGAGGAGGCAGCAGAAGGGGAGAAAGAAGAA

5701 -—-—-:i——-=|-——=:i-———|-———i———|-————i-——|-———:i————|-———=:-—-——] 5760
GTCCTTTTCCTTCTACTCCTTTTTCTCCTTCTCCTCCGTCGTCTTCCCCTCTTTCTTCTT

1901 G1lnGluLysGluAspGluGluLysGluGluGluGluAlaAlaGluGlyGluLysGluGlu 1920

GGCTTGGAGGAAGGGCTGCTCCAGATGAAGTTGCCAGAGTCTGTGAAGTTACAGATGTGC

5761 -——-:i——-=|-——=i-———|-————i———|-————i1-———|-———:-———|-———--:---—] 5820
CCGAACCTCCTTCCCGACGAGGTCTACTTCAACGGTCTCAGACACTTCAATGTCTACACG

1921 GlyLeuGluGluGlyLeuLeuGlnMetLysLeuProGluSerValLysLeuGlnMetCys 1940

CACCTGCTGGAGTATTTCTGTGACCAAGAGCTGCAGCACCGTGTGGAGTCCCTGGCAGCC

5821 -——-:i-—-—|-————i--— |- |-t~ |-———:————|-——-:-——-]| 5880
GTGGACGACCTCATAAAGACACTGGTTCTCGACGTCGTGGCACACCTCAGGGACCGTCGG

1941 HisLeuLeuGluTyrPheCysAspGlnGluLeuGlnHisArgValGluSerLeuAlaAla 1960

TTTGCGGAGCGCTATGTGGACAAGCTCCAGGCCAACCAGCGGAGCCGCTATGGCCTCCTC

5881 -———:i-—-—|-—-—i-———|-————i———— |-~ |————i————|-———:-———] 5940
AAACGCCTCGCGATACACCTGTTCGAGGTCCGGTTGGTCGCCTCGGCGATACCGGAGGAG

1961 PheAlaGluArgTyrValAspLysLeuGlnAlaAsnGlnArgSerArgTyrGlyLeuLeu 1980

ATAAAAGCCTTCAGCATGACCGCAGCAGAGACTGCAAGACGTACCCGCGAGTTCCGCTCC

5941 -—-—-:i-—-—-|-————i--—|-———i——— |-t | =i~ |-——=:-——-] 6000
TATTTTCGGAAGTCGTACTGGCGTCGTCTCTGACGTTCTGCATGGGCGCTCAAGGCGAGG

1981 IleLysAlaPheSerMetThrAlaAlaGluThrAlaArgArgThrArgGluPheArgSer 2000

CCACCCCAGGAACAGATCAATATGCTATTGCAATTCAAAGATGGTACAGATGAGGAAGAC

6001 --——-:————|-———i———— |-t |————i-———|————i-———|-———:-———] 6060
GGTGGGGTCCTTGTCTAGTTATACGATAACGTTAAGTTTCTACCATGTCTACTCCTTCTG

2001 ProProGlnGluGlnIleAsnMetLeuLeuGlnPhelLysAspGlyThrAspGluGluAsp 2020

TGTCCTCTCCCTGAAGAGATTCGACAGGATTTGCTTGACTTTCATCAAGACCTGCTGGCA

6061 ————:i-———|-———:i-———|-———i-———|-———i-———|-———i-———|-————:-—-——] 6120
ACAGGAGAGGGACTTCTCTAAGCTGTCCTAAACGAACTGAAAGTAGTTCTGGACGACCGT

2021 CysProLeuProGluGlulleArgGlnAspLeulLeuAspPheHisGlnAspLeuLeuAla 2040

CACTGTGGAATTCAGCTAGATGGAGAGGAGGAGGAACCAGAGGAAGAGACCACCCTGGGC

6121 ————:i-———|-———:i-———|-———i-———|-————i-———|-———:i-———|-———:--—-—] 6180
GTGACACCTTAAGTCGATCTACCTCTCCTCCTCCTTGGTCTCCTTCTCTGGTGGGACCCG

2041 HisCysGlyIleGlnLeuAspGlyGluGluGluGluProGluGluGluThrThrLeuGly 2060
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AGCCGCCTCATGAGCCTGTTGGAGAAAGTGCGGCTGGTGAAGAAGAAGGAAGAGAAACCT

6181 ———=:i———— |-t~ |- | =i | ————i-———|-———:-———] 6240
TCGGCGGAGTACTCGGACAACCTCTTTCACGCCGACCACTTCTTCTTCCTTCTCTTTGGA

2061 SerArgLeuMetSerLeulLeuGlulysValArgLeuVallysLysLysGluGluLysPro 2080

GAGGAGGAGCGGTCAGCAGAGGAGAGCAAACCCCGGTCCCTGCAGGAGCTGGTGTCCCAC

6241 ———=:i-———| ==t~ |- |-~ | === | ————:-———| 6300
CTCCTCCTCGCCAGTCGTCTCCTCTCGTTTGGGGCCAGGGACGTCCTCGACCACAGGGTG

2081 GluGluGluArgSerAlaGluGluSerLysProArgSerLeuGlnGluLeuValSerHis 2100

ATGGTGGTGCGCTGGGCCCAAGAGGACTTCGTGCAGAGCCCCGAGCTGGTGCGGGCCATG

6300 ———=:i————|-———i-———|-———i-———|-———i-———|-———i-———|-———:-——-—] 6360
TACCACCACGCGACCCGGGTTCTCCTGAAGCACGTCTCGGGGCTCGACCACGCCCGGTAC

2100 MetValValArgTrpAlaGlnGluAspPheValGlnSerProGluLeuValArgAlaMet 2120

TTCAGCCTCCTGCACCGGCAGTACGACGGGCTGGGTGAGCTGCTGCGTGCCCTGCCGCGG

6361 ————:i-———|-———i-———|-———i-———|-———i-———|-———i-———|-———:-—-—] 6420
AAGTCGGAGGACGTGGCCGTCATGCTGCCCGACCCACTCGACGACGCACGGGACGGLCGCC

2121 PheSerLeuleuHisArgGlnTyrAspGlyLeuGlyGluLeuLeuArgAlaLeuProArg 2140

Xhol

GCGTACACCATCTCACCGTCCTCCGTGGAAGACACCATGAGCCTG(t;:iUTGCCTCGGC

6421 ———-—i-———|-———i-———|————i———— i | === - -—-—:--——1] 6480
CGCATGTGGTAGAGTGGCAGGAGGCACCTTCTGTGGTACTCGGACCGAGCTICACGGAGCCG

2141 AlaTyrThrIleSerProSerSerValGluAspThrMetSerLeuLeuGluCysLeuGly 2160

CAGATCCGCTCGCTGCTCATCGTGCAGATGGGCCCCCAGGAGGAGAACCTCATGATCCAG

6481 ———-:i———=|-——=i-———|-———i-———|-——=i-———|-——-i-———|-——-:-—--—] 6540
GTCTAGGCGAGCGACGAGTAGCACGTCTACCCGGGGGTCCTCCTCTTGGAGTACTAGGTC

2161 GlnIleArgSerLeuleulIleValGlnMetGlyProGlnGluGluAsnLeuMetIleGln 2180

Exon 40
AGCATCGGGAACATCATGAACAACAAAGTCTTCTACCAACACCCGAACCTGATGAGGGCG

6541 —-——-:i———— |-t~ |-t |————i-———|-———:-———] 6600
TCGTAGCCCTTGTAGTACTTGTTGTTTCAGAAGATGGTTGTGGGCTTGGACTACTCCCGC
2181 SerIleGlyAsnIleMetAsnAsnLysValPheTyrGlnHisProAsnLeuMetArgAla 2200

CTGGGCATGCACGAGACGGTCATGGAGGTCATGGTCAACGTCCTCGGGGGCGGCGAGTCC

6601 —-———:i———— |-t~ |- | === | ————i-———|-———:-———] 6660
GACCCGTACGTGCTCTGCCAGTACCTCCAGTACCAGTTGCAGGAGCCCCCGCCGCTCAGG

2201 LeuGlyMetHisGluThrValMetGluValMetValAsnValLeuGlyGlyGlyGluSer 2220

AAGGAGATCCGCTTCCCCAAGATGGTGACAAGCTGCTGCCGCTTCCTCTGCTATTTCTGC

6661 ————:i————|-———i-———|-————i-——— | === | === | -———:-———] 6720
TTCCTCTAGGCGAAGGGGTTCTACCACTGTTCGACGACGGCGAAGGAGACGATAAAGACG

2221 LysGlulleArgPheProLysMetValThrSerCysCysArgPhelLeuCysTyrPheCys 2240

CGAATCAGCCGGCAGAACCAGCGCTCCATGTTTGACCACCTGAGCTACCTGCTGGAGAAC

6721 ————i———— |-t || === | ————i-———|-———:-———] 6780
GCTTAGTCGGCCGTCTTGGTCGCGAGGTACAAACTGGTGGACTCGATGGACGACCTCTTG

2241 ArglleSerArgGlnAsnGlnArgSerMetPheAspHisLeuSerTyrLeulLeuGluAsn 2260

AGTGGCATCGGCCTGGGCATGCAGGGCTCCACGCCCCTGGACGTGGCTGCTGCCTCCGTC

6781 —-—-—-:i————|-———i-———|-———i-———|-———i-———|-———i-———|-——-:-—--—] 6840
TCACCGTAGCCGGACCCGTACGTCCCGAGGTGCGGGGACCTGCACCGACGACGGAGGCAG

2261 SerGlyIleGlyLeuGlyMetGlnGlySerThrProLeuAspValAlaAlaAlaSerVal 2280

ATTGACAACAATGAGCTGGCCTTGGCATTGCAGGAGCAGGACCTGGAAAAGGTTGTGTCC

6841 —-——-:i-———-|-———i-———|-———i-———|-————i-———|-———i-———|-———:-———] 6900
TAACTGTTGTTACTCGACCGGAACCGTAACGTCCTCGTCCTGGACCTTTTCCAACACAGG

2281 IleAspAsnAsnGlulLeuAlalLeuAlalLeuGlnGluGlnAspLeuGluLysValValSer 2300
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TACCTGGCAGGCTGTGGCCTCCAGAGCTGCCCCATGCTTGTGGCCAAAGGGTACCCAGAC

6901 ——-——:i————|-————i-———|-———i-———|-———i-———|-———i-———|-———:-———] 6960
ATGGACCGTCCGACACCGGAGGTCTCGACGGGGTACGAACACCGGTTTCCCATGGGTCTG

2301 TyrLeuAlaGlyCysGlyLeuGlnSerCysProMetLeuValAlalysGlyTyrProAsp 2320

ATTGGCTGGAACCCCTGTGGTGGAGAGCGCTACCTGGACTTCCTGCGCTTTGCTGTCTTC

6961 ————:i-————|-———i-———|-———i-———|-———i-———|-———i-———|-———:-———] 7020
TAACCGACCTTGGGGACACCACCTCTCGCGATGGACCTGAAGGACGCGAAACGACAGAAG

2321 IleGlyTrpAsnProCysGlyGlyGluArgTyrLeuAspPhelLeuArgPheAlaValPhe 2340

GTCAACGGCGAGAGCGTGGAGGAGAACGCCAATGTGGTGGTGCGGCTGCTCATCCGGAAG

7021 -—==i-—-—|-———i-——— |-t | i~ | === | -——=:-——=] 7080
CAGTTGCCGCTCTCGCACCTCCTCTTGCGGTTACACCACCACGCCGACGAGTAGGCCTTC

2341 ValAsnGlyGluSerValGluGluAsnAlaAsnValValValArgLeulLeuIleArgLys 2360

CCTGAGTGCTTCGGACCCGCCCTGCGGGGTGAGGGTGGCTCAGGGCTGCTGGCTGCCATC

7081 ——=——i-—-—|-———i-——— |- || === | ————:-———]| 7140
GGACTCACGAAGCCTGGGCGGGACGCCCCACTCCCACCGAGTCCCGACGACCGACGGTAG

2361 ProGluCysPheGlyProAlaLeuArgGlyGluGlyGlySerGlyLeulLeuAlaAlalle 2380

GAAGAGGCCATCCGCATCTCCGAGGACCCTGCGAGGGATGGCCCAGGCATCCGCAGGGAC

7141 -——=:i-—-—|-————i———— ||| =i ———— | ————:-———]| 7200
CTTCTCCGGTAGGCGTAGAGGCTCCTGGGACGCTCCCTACCGGGTCCGTAGGCGTCCCTG

2381 GluGluAlaIleArgIleSerGluAspProAlaArgAspGlyProGlyIleArgArgAsp 2400

Exon 45

CGGCGGCGCGAGCA AAAACCGGGTGCACCTGGGACAC

7201 -—==—:i-———|-———i-———|-————i———— |- | -———i-———|-——=:-—-—-] 7260
GCCGCCGCGCTCGTGAAACCACTCCTTGGCGGACTTCTTTTGGCCCACGTGGACCCTGTG

2400 ArgArgArgGluHisPheGlyGluGluProProGluGluAsnArgValHisLeuGlyHis 2420

GCCATCATGTCCTTCTATGCCGCCTTGATCGACCTGCTCGGACGCTGTGCACCAGAGATG

7261 ——=——i-————|-———i-———— |-~ || === | ————:-———]| 7320
CGGTAGTACAGGAAGATACGGCGGAACTAGCTGGACGAGCCTGCGACACGTGGTCTCTAC

2420 AlalleMetSerPheTyrAlaAlalLeulleAspLeuleuGlyArgCysAlaProGluMet 2440

C7354T

R2452W
CATCTAATCCAAGCCGGCAAGGGTGAGGCCCTGATCCGCGCCATCCTCCGCTCCCTT

7321 ————i-——— |-t~ | i | =i~ | === | -——=:-———] 7380
GTAGATTAGGTTCGGCCGTTCCCACTCCGGGACGCCTAGGCGCGGTAGGAGGCGAGGGAA
2441 HisLeulleGlnAlaGlyLysGlyGluAlaleuArgIleArgAlalIleLeuArgSerLeu 2460

GTGCCCTTGGAGGACCTTGTGGGCATCATCAGCCTCCCACTGCAGATTCCCACCCTGGGC

7381 ————i-————|-———i———— |- |-~ | === ———— | ————:-———]| 7440
CACGGGAACCTCCTGGAACACCCGTAGTAGTCGGAGGGTGACGTCTAAGGGTGGGACCCG

2461 ValProLeuGluAspLeuValGlyIleIleSerLeuProLeuGlnIleProThrLeuGly 2480

AAAGATGGGGCTCTGGTGCAGCCAAAGATGTCAGCATCCTTCGTGCCGGACCACAAGGCG

7441 ——==i——=—|mm=— === |m—m—i———— | m—mm i | m——— i | === :————| 7500
TTTCTACCCCGAGACCACG AAGCACGGCCTGGTGTTCCGC

2481 LysAspGlyAlaLeuValGlnProLysMetSerAlaSerPheValProAspHisLysAla 2500

TCCATGGTGCTCTTCCTGGACCGTGTGTATGGCATCGAGAACCAGGACTTCTTGCTGCAC

7501 -—--:-———|-————i--—— |- |- |- i-———|-———:-—-——] 7560
AGGTACCACGAGAAGGACCTGGCACACATACCGTAGCTCTTGGTCCTGAAGAACGACGTG

2501 SerMetVallLeuPheLeuAspArgValTyrGlyIleGluAsnGlnAspPheLeuLeuHis 2520
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Appendices

GTGCTGGACGTGGGGTTCCTGCCCGACATGAGGGCAGCCGCCTCGCTGGACACGGCCACT
el Bl el el Bl e A YA Y
CACGACCTGCACCCCAAGGACGGGCTGTACTCCCGTCGGCGGAGCGACCTGTGCCGGTGA
ValleuAspValGlyPheLeuProAspMetArgAlaAlaAlaSerLeuAspThrAlaThr 2540

TTCAGCACCACCGAGATGGCGCTGGCGCTGAACCGCTACCTGTGCCTGGCCGTGCTGCCG
el el el (el Bl Bl A GY=10)
AAGTCGTGGTGGCTCTACCGCGACCGCGACTTGGCGATGGACACGGACCGGCACGACGGC
PheSerThrThrGluMetAlaleuAlaLeuAsnArgTyrLeuCysLeuAlaValLeuPro 2560

CTCATCACCAAGTGTGCGCCGCTCTTTGCGGGCACAGAACACCGCGCCATCATGGTGGAC
—_——————— ‘ Y S —— ‘ Y S —— ‘ ——— e ‘ ——— e e ‘ ——— e e I 7740
GAGTAGTGGTTCACACGCGGCGAGAAACGCCCGTGTCTTGTGGCGCGGTAGTACCACCTG
LeulleThrLysCysAlaProLeuPheAlaGlyThrGluHisArgAlaIleMetValAsp 2580

TCTATGCTGCATACCGTGTACCGCCTGTCTCGGGGTCGTTCGCTCACCAAGGCGCAGCGT
————i———— =il | === | ————:————| 7800
AGATACGACGTATGGCACATGGCGGACAGAGCCCCAGCAAGCGAGTGGTTCCGCGTCGCA
SerMetLeuHisThrValTyrArgLeuSerArgGlyArgSerLeuThrLysAlaGlnArg 2600

GACGTCATCGAGGACTGCCTCATGTCGCTCTGCAGGTACATCCGCCCGTCGATGCTGCAG
————im——— =i ————i———— | === | === | ————:————| 7860
CTGCAGTAGCTCCTGACGGAGTACAGCGAGACGTCCATGTAGGCGGGCAGCTACGACGTC
AspValIleGluAspCysLeuMetSerLeuCysArgTyrIleArgProSerMetLeuGln 2620

His2621
CTGTTGCGCCGCCTGGTGTTCGACGTGCCCATCCTCAACGAGTTCGCCAAGATGCCA
————i———— || === | === | ————i-———|-———:—-——-—| 7920
GTGGACAACGCGGCGGACCACAAGCTGCACGGGTAGGAGTTGCTCAAGCGGTTCTACGGT
HisLeuLeuArgArgLeuValPheAspValProIleLeuAsnGluPheAlalysMetPro 2640

Exon 50 Al Thr2659
CTCAAGCTCCTCACCAACCACTATGAGCGCTGTTGGAAGTACTACTGCCTACCCAGC
el B Bl Bl Bl el IR R0
GAGTTCGAGGAGTGGTTGGTGATACTCGCGACAACCTTCATGATGACGGATGGGTGCCCG
LeulysLeuLeuThrAsnHisTyrGluArgCysTrpLysTyrTyrCysLeuProThrGly 2660

TGGGCCAACTTCGGGGTCACCTCAGAGGAGGAGCTGCACCTCACACGGAAACTCTTCTGG
————i——— || =i |————i———— | -———:-———|-——-:-—--—| 8040
ACCCGGTTGAAGCCCCAGTGGAGTCTCCTCCTCGACGTGGAGTGTGCCTTTGAGAAGACC
TrpAlaAsnPheGlyValThrSerGluGluGluLeuHisLeuThrArgLysLeuPheTrp 2680

GGCATCTTTGACTCTCTGGCCCATAAGAAATACGACCCGGAGCTGTACCGCATGGCCATG
————im——— || === | -———i————|--——:-—-——|-——--:----=] 8100
CCGTAGAAACTGAGAGACCGGGTATTCTTTATGCTGGGCCTCGACATGGCGTACCGGTAC
GlyIlePheAspSerLeuAlaHisLysLysTyrAspProGluLeuTyrArgMetAlaMet 2700

I1e2705
CCTTGTCTGTGCGCCACCGGGGCTCTGCCCCCCGACTATGTGGATGCCTCATACTCA
- |- | ———i———— | -——— - | ————i————|-——-:-—-—-| 8160
GGAACAGACACGCGGTAACGGCCCCGAGACGGGGGGCTGATACACCTACGGAGTATGAGT
ProCysLeuCysAlalleAlaGlyAlaLeuProProAspTyrValAspAlaSerTyrSer 2720

Asp2730
TCTAAGGCAGAGAAAAAGGCCACAGTGGCTGAAGGCAACTTTGATCCCCGGCCTGTG
e i Kl el (e il Rttt bl et bt bt < D220
AGATTCCGTCTCTTTTTCCGGTGTCACCTACGACTTCCGTTGAAACTAGGGGCCGGACAC
SerLysAlaGlulLysLysAlaThrValAspAlaGluGlyAsnPheAspProArgProVal 2740
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GAGACCCTCAATGTGATCATCCCGGAGAAGCTGGACTCCTTCATTAACAAGTTTGCGGAG

8221 -——-i————| =i |-———i————|————i-———|-———i-———|-——--:---—] 8280
CTCTGGGAGTTACACTAGTAGGGCCTCTTCGACCTGAGGAAGTAATTGTTCAAACGCCTC

2741 GluThrLeuAsnValIleIleProGluLysLeuAspSerPhelIleAsnLysPheAlaGlu 2761

C| Glu2779
TACACACACGAGAAGTGGGCCTTCGACAAGATCCAGAACAACTGGTCCTATGGAGAGAAC

8281 -—-—:i-———|-———i-———|-————i————|-————i-———|-———i-—-——|-——-:-——-] 8340
ATGTGTGTGCTCTTCACCCGGAAGCTGTTCTAGGTCTTGTTGACCAGGATACCTCTCTTG
2761 TyrThrHisGluLysTrpAlaPheAspLysIleGlnAsnAsnTrpSerTyrGlyGluAsn 2780

ATAGACGAGGAGCTGAAGACCCACCCCATGCTGAGGCCCTACAAGACCTTTTCAGAGAAG

8341 -———:i-—-—|-————i-——— |- |-~ |————i-———|-——=:-———]| 8400
TATCTGCTCCTCGACTTCTGGGTGGGGTACGACTCCGGGATGTTCTGGAAAAGTCTCTTC

2781 IleAspGluGluLeulysThrHisProMetLeuArgProTyrLysThrPheSerGluLys 2800

GACAAAGAGATTTACCGCTGGCCCATCAAGGAGTCCCTGAAGGCCATGATTGCCTGGGAA

8401 -——-:-—-—|-————i-——— |- |-t~ |————i-———|-——-:-——-]| 8460
CTGTTTCTCTAAATGGCGACCGGGTAGTTCCTCAGGGACTTCCGGTACTAACGGACCCTT

2801 AspLysGlulleTyrArgTrpProIlelLysGluSerLeulysAlaMetIleAlaTrpGlu 2820

TGGACGATAGAGAAGGCCAGGGAGGGTGAGGAGGAGAAGACGGAAAAGAAAAAAACGCGG

8461 -———:i-—-—|-————i-——— |- |-~ |- | -——-:-——-] 8520
ACCTGCTATCTCTTCCGGTCCCTCCCACTCCTCCTCTTCTGCCTTTTCTTTTTTTGCGCC

2821 TrpThrIleGluLysAlaArgGluGlyGluGluGluLysThrGluLysLysLysThrArg 2840

Exon 55, Xhol
AAGATATCACAAAGTGCCCAGACCTATGATCC|ICGAGAAGGCTACAACCCTCAGCCCCCC
-—|----t---=|-——-:-——-| 8580

TTCTATAGTGTTTCACGGGTCTGGATACTAGCAG\T "TTCCGATGTTGGGAGTCGGGGGG
2841 LysIleSerGlnSerAlaGlnThrTyrAspProArgGluGlyTyrAsnProGlnProPro 2860

8521

GACCTTAGTGCTGTTACCCTGTCCCGGGAGCTGCAGGCCATGGCAGAACAACTGGCAGAA

8581 -——-:i-———|-———i--——|-————:i———|-————i-———|-———:i-—-——|--—-:----] 8640
CTGGAATCACGACAATGGGACAGGGCCCTCGACGTCCGGTACCGTCTTGTTGACCGTCTT

2861 AspLeuSerAlaValThrLeuSerArgGluLeuGlnAlaMetAlaGluGlnLeuAlaGlu 2880

AATTACCACAACACGTGGGGACGGAAGAAGAAGCAGGAGCTGGAAGCCAAAGGCGGTGGG

8641 -—-—:i-———|-———i-———|-————:i———|-————i--——|-——=i-—-——|-——-:----] 8700
TTAATGGTGTTGTGCACCCCTGCCTTCTTCTTCGTCCTCGACCTTCGGTTTCCGCCACCC

2881 AsnTyrHisAsnThrTrpGlyArgLysLysLysGlnGluLeuGluAlaLysGlyGlyGly 2900

ACCCACCCCCTGCTGGTCCCCTACGACACGCTCACGGCCAAGGAGAAGGCACGAGATCGA

8701 ————:-———--|-———i————| =t |————i-———|————:-————|-———:-———] 8760
TGGGTGGGGGACGACCAGGGGATGCTGTGCGAGTGCCGGTTCCTCTTCCGTGCTCTAGCT

2901 ThrHisProLeuLeuValProTyrAspThrLeuThrAlaLysGluLysAlaArgAspArg 2920

GAGAAGGCCCAGGAGCTACTGAAATTCCTGCAGATGAATGGCTACGCGGTTACAAGAGGC

8761 —-———:i-———|-———i-———|-———i-———|-———i-———|-———i-———|-——--:-—-——] 8820
CTCTTCCGGGTCCTCGATGACTTTAAGGACGTCTACTTACCGATGCGCCAATGTTCTCCG

2921 GluLysAlaGlnGluLeuLeulLysPheLeuGlnMetAsnGlyTyrAlaValThrArgGly 2940

CTTAAGGACATGGAACTGGACTCGTCTTCCATTGAAAAGCGGTTTGCCTTTGGCTTCCTG

8821 —-——-—i-———|-——=—i-———|-——=i-———|-———i1-———|-———:i-———|----:--——] 8880
GAATTCCTGTACCTTGACCTGAGCAGAAGGTAACTTTTCGCCAAACGGAAACCGAAGGAC

2941 LeuLysAspMetGluLeuAspSerSerSerIleGluLysArgPheAlaPheGlyPheLeu 2960
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CAGCAGCTGCTGCGCTGGATGGACATTTCTCAGGAGTTCATTGCCCACCTGGAGGCTGTG

8881 -——-—:i-———|-———i-———|-————i————|-————i-———|-———i-———|-——-:--—--] 8940
GTCGTCGACGACGCGACCTACCTGTAAAGAGTCCTCAAGTAACGGGTGGACCTCCGACAC

2961 GlnGlnLeuleuArgTrpMetAspIleSerGlnGluPheIleAlaHisLeuGluAlavVal 2980

GTCAGCAGTGGGCGAGTGGAAAAGTCCCCACATGAACAGGAGATTAAATTCTTTGCCAAG

8941 -—---:i-———|-———i-———|-————i————|-————i-———|-———i-———|-——=:-—-—--] 9000
CAGTCGTCACCCGCTCACCTTTTCAGGGGTGTACTTGTCCTCTAATTTAAGAAACGGTTC

2981 ValSerSerGlyArgValGluLysSerProHisGluGlnGluIleLysPhePheAlalLys 3000

Exon 60
ATCCTGCTCCCTTTGATCAACCAGTACTTCACCAACCACTGCCTCTATTTCTTGTCCACT

9001 -——-:————|-————t———— |- |————i————|————i-———|-———:-———] 9060
TAGGACGAGGGAAACTAGTTGGTCATGAAGTGGTTGGTGACGGAGATAAAGAACAGGTGA
3001 IleLeulLeuProLeulleAsnGlnTyrPheThrAsnHisCysLeuTyrPheLeuSerThr 3020

CCGGCTAAAGTGCTGGGCAGCGGTGGCCACGCCTCTAACAAGGAGAAGGAAATGATCACC

9061 —-——-:———— |-t~ |- |————i-———|————i-———|-———:-———] 9120
GGCCGATTTCACGACCCGTCGCCACCGGTGCGGAGATTGTTCCTCTTCCTTTACTAGTGG

3021 ProAlalysValleuGlySerGlyGlyHisAlaSerAsnLysGluLysGluMetIleThr 3040

AA%CTCTTCTGCAAACTTGCTGCTCTCGTCCGCCACCGAGTCTCTCTCTTT&!GACAGAC

9121 -——-:i————|-————t————| =i~ |————i-———|-———:-———] 9180
TCGGAGAAGACGTTTGAACGACGAGAGCAGGCGGTGGCTCAGAGAGAGAAACCCTGTICTG

3041 SerLeuPheCysLysLeuAlaAlalLeuValArgHisArgValSerLeuPheGlyThrAsp 3060

Pro3062
GCCCCTGTGGTCAACTGTCTTCACATCCTGGCCCGCTCCCTGGATGCCAGGACAGTG
9181 ——=—=:i———— |-t || === | === | ————:-———] 9240
CGGGGTCGACACCAGTTGACAGAAGTGTAGGACCGGGCGAGGGACCTACGGTCCTGTCAC
3061 AlaProAlaValValAsnCysLeuHisIleLeuAlaArgSerLeuAspAlaArgThrVal 3080

ATGAAGTCAGGCCCTGAGATCGTGAAGGCTGGCCTCCGCTCCTTCTTCGAGAGTGCCTCG

9241 ----:--——|-————t-———— |-t~ |-————:-————|-———:-———| 9300
TACTTCAGTCCGGGACTCTAGCACTTCCGACCGGAGGCGAGGAAGAAGCTCTCACGGAGC

3081 MetLysSerGlyProGluIleVallLysAlaGlyLeuArgSerPhePheGluSerAlaSer 3100

GAGGACATCGAGAAGATGGTGGAGAACCTGCGGCTGGGCAAGGTGTCGCAGGCGCGCACC

9301 —=-—-:i———|-——=i-———|-———i-———|-——=i-———|-——=i-———|-———:-——-—] 9360
CTCCTGTAGCTCTTCTACCACCTCTTGGACGCCGACCCGTTCCACAGCGTCCGCGCGTGG

3101 GluAspIleGluLysMetValGluAsnLeuArgLeuGlyLysValSerGlnAlaArgThr 3120

CAGGTGAAAGGCGTGGGCCAGAACCTCACCTACACCACTGTGGCACTGCTGCCGGTCCTC

9361 —-—=--:i-—-——|-———t-——— |-t |- | ————i-—-——|--——:-———| 9420
GTCCACTTTCCGCACCCGGTCTTGGAGTGGATGTGGTGACACCGTGACGACGGCCAGGAG

3121 GlnVallLysGlyValGlyGlnAsnLeuThrTyrThrThrValAlaLeuLeuProValLeu 3140

ACCACCCTCTTCCAGCACATCGCCCAGCACCAGTTCGGAGATGACGTCATCCTGGACGAC

9421 ———=i———=|-——=i-———|-———i-———|-———i-———|-——=—i1-———|-——-:-—-—] 9480
TGGTGGGAGAAGGTCGTGTAGCGGGTCGTGGTCAAGCCTCTACTGCAGTAGGACCTGCTG

3141 ThrThrLeuPheGlnHisIleAlaGlnHisGlnPheGlyAspAspValIleLeuAspAsp 3160

GTCCAGGTCTCTTGCTACCGAACGCTGTGCAGTATCTACTCCCTGGGAACCACCAAGAAC

9481 ----:i————|-———i-———|-———i-———|-———i-———|-———i-———|-———:-—-—] 9540
CAGGTCCAGAGAACGATGGCTTGCGACACGTCATAGATGAGGGACCCTTGGTGGTTCTTG

3161 ValGlnValSerCysTyrArgThrLeuCysSerIleTyrSerLeuGlyThrThrLysAsn 3180
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Exon 65
ACTTATGTGGAAAAGCTTCGGCCAGCCCTCGGGGAGTGCCTGGCCCGTCTGGCAGCAGCC

9541 -t~ |-t |- || ————i-———|-———:-———] 9600
TGAATACACCTTTTCGAAGCCGGTCGGGAGCCCCTCACGGACCGGGCAGACCGTCGTCGG
3181 ThrTyrValGluLysLeuArgProAlaleuGlyGluCysLeuAlaArgLeuAlaAlaAla 3200

ATGCCGGTGGCGTTCCTGGAGCCGCAGCTGAACGAGTACAACGCCTGCTCCGTGTACACC

9601 —-—-—-:i———=|-———i-———|-———i-———|-———i-———|-———i-———|-———:-——-—] 9660
TACGGCCACCGCAAGGACCTCGGCGTCGACTTGCTCATGTTGCGGACGAGGCACATGTGG

3201 MetProValAlaPheLeuGluProGlnLeuAsnGluTyrAsnAlaCysSerValTyrThr 3220

ACCAAGTCTCCGCGGGAGCGGGCCATCCTGGGGCTCCCCAACAGTGTGGAGGAGATGTGT

9661 ————:i————|-———i-———|-———i-———|-———i-———|-———i-———|-———:-——-—] 9720
TGGTTCAGAGGCGCCCTCGCCCGGTAGGACCCCGAGGGGTTGTCACACCTCCTCTACACA

3221 ThrLysSerProArgGluArgAlalIlelLeuGlyLeuProAsnSerValGluGluMetCys 3240

CCCGACATCCCGGTGCTGGAGCGGCTCATGGCAGACATTGGGGGGCTGGCCGAGTCAGGT

9721 -—-==:i-———|-————t-———— |- |-~ |- -———:-———| 9780
GGGCTGTAGGGCCACGACCTCGCCGAGTACCGTCTGTAACCCCCCGACCGGCTCAGTCCA

3241 ProAsplleProValLeuGluArgLeuMetAlaAspIleGlyGlyLeuAlaGluSerGly 3260

GCCCGCTACACAGAGATGCCGCATGTCATCGAGATCACGCTGCCCATGCTATGCAGCTAC

9781 ———=:i———=|-=——i-———|-———i-———|-———i-———|-——-i-———|-——--:---—] 9840
CGGGCGATGTGTCTCTACGGCGTACAGTAGCTCTAGTGCGACGGGTACGATACGTCGATG

3261 AlaArgTyrThrGluMetProHisValIleGluIleThrLeuProMetLeuCysSerTyr 3280

CTGCCCCGATGGTGGGAGCGCGGGCCCGAGGCACCCCCTTCCGCCCTGCCCGLCGGLGLL

9841 —--—-:i-———=|-——=i-———|-———i-———|-———i-———|-——=i-———|-——-:-—--—] 9900
GACGGGGCTACCACCCTCGCGCCCGGGCTCCGTGGGGGAAGGCGGGACGGGLCGGLCGLGG

3281 LeuProArgTrpTrpGluArgGlyProGluAlaProProSerAlaleuProAlaGlyAla 3300

CCCCCACCCTGCACAGCTGTCACCTCTGACCACCTCAACTCCCTGCTGGGGAATATCCTG

9901 --—-:————|-————i———— |-t | =i | === ————:-———] 9960
GGGGGTGGGACGTGTCGACAGTGGAGACTGGTGGAGTTGAGGGACGACCCCTTATAGGAC

3301 ProProProCysThrAlaValThrSerAspHisLeuAsnSerLeulLeuGlyAsnIleLeu 3320

AGAATCATCGTCAACAACCTGGGCATTGACGAGGCCTCCTGGATGAAGCGGCTGGCTGTG

9961 --——-:i-————|-———i-———— |- |- |-———i-———|-———:-———] 10020
TCTTAGTAGCAGTTGTTGGACCCGTAACTGCTCCGGAGGACCTACTTCGCCGACCGACAC

3321 ArgIleIleValAsnAsnLeuGlyIleAspGluAlaSerTrpMetLysArgLeuAlaVal 3340

TTCGCACAGCCCATTGTGAGCCGTGCACGGCCGGAGCTCCTGCAGTCCCACTTCATCCCA

10021 --—-:-=-—=|-—=——=i-———|-———=i-——|-————i-———|-————:————|-————:-————| 10080
AAGCGTGTCGGGTAACACTCGGCACGTGCCGGCCTCGAGGACGTCAGGGTGAAGTAGGGT

3341 PheAlaGlnProlIleValSerArgAlaArgProGluLeuleuGlnSerHisPheIlePro 3360

ACTATCGGGCGGCTGCGCAAGAGGGCAGGGAAGGTGGTGTCCGAGGAGGAGCAGCTGCGC
10081 =—===i====|====i====|==== === | ———— === [————:———— [ ————:————| 10140
TGATAGCCCGCCGACGCGTTCTCCCGTCCCTTCCACCACAGGCTCCTCCTCGTCGACGCG
3361 ThrIleGlyArgLeuArgLysArgAlaGlyLysValValSerGluGluGluGlnLeuArg 3380

Asp3396
CTGGZ—\GGCCAZ—\GGCGGZ—\GGCCCAGGAGGGCGAGCTGCTGGTGCGGGAGTTCTCTGTG
10141 -—-—=:-———|-———i-———|-———i-———|-———i-———|-————:-———|--—--:----| 10200
GACCTCCGGTTCCGCCTCCGGGTCCTCCCGCTCGACGACCACGCCCTGCTCAAGAGACAC
3381 LeuGluAlaLysAlaGluAlaGlnGluGlyGluLeuLeuValArgAspGluPheServal 3400
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CTCTGCCGGGACCTCTACGCCCTGTATCCGCTGCTCATCCGCTACGTGGACAACAACAGG

10201 --—=:-——=|-=—==i-———|-———=i-———|-———i-———|-————:i—-————|-————:--——| 10260
GAGACGGCCCTGGAGATGCGGGACATAGGCGACGAGTAGGCGATGCACCTGTTGTTGTCC

3401 LeuCysArgAspleuTyrAlaLeuTyrProLeulLeulleArgTyrValAspAsnAsnArg 3420

GCGCAGTGGCTGACGGAGCCGAATCCCAGCGCGGAGGAGCTGTTCAGGATGGTGGGCGAG

10261 --—=-:-—-—=|-—==i-———|-———=i-———|-———i-———|-————:-——-——|-————:--—-| 10320
CGCGTCACCGACTGCCTCGGCTTAGGGTCGCGCCTCCTCGACAAGTCCTACCACCCGCTC

3421 AlaGlnTrpLeuThrGluProAsnProSerAlaGluGluLeuPheArgMetValGlyGlu 3440

ATCTTCATCTACTGGTCCAAGTCCCACAACTTCAAGCGCGAGGAGCAGAACTTTGTGGTC

10321 --—=:----|-—=—=i-——| =i~ |-————i-———|-———:-————|-——-:-———| 10380
TAGAAGTAGATGACCAGGTTCAGGGTGTTGAAGTTCGCGCTCCTCGTCTTGAAACACCAG

3441 IlePhelleTyrTrpSerLysSerHisAsnPhelLysArgGluGluGlnAsnPheValVal 3460

CAGAATGAGATCAACAACATGTCCTTCCTGACTGCTGACAACAAAAGCAAAATGGCTAAG

10381 —-=-—=:i-——=|-===i-———|-——=i-———|-———i-———|-————:————|————:-————| 10440
GTCTTACTCTAGTTGTTGTACAGGAAGGACTGACGACTGTTGTTTTCGTTTTACCGATTC

3461 GlnAsnGluIleAsnAsnMetSerPhelLeuThrAlaAspAsnLysSerLysMetAlalLys 3480

Exon 70
GCGGGAGATATACAGTCCGGTGGCTCGGACCAGGAACGCACCAAGAAGAAGCGLCCGGGGGE

10441 - ——-:----|-————:——=| -t~ |-————t-————|-————:-———|-———-:----| 10500
CGCCCTCTATATGTCAGGCCACCGAGCCTGGTCCTTGCGTGGTTCTTCTTCGCGGCCCCC
3481 AlaGlyAspIleGlnSerGlyGlySerAspGlnGluArgThrLysLysLysArgArgGly 3500

GACCGGTACTCTGTGCAGACGTCACTGATCGTGGCCACACTGAAGAAGATGCTGCCCATC

10501 --—-:-=--=|-=—==i-——=|-———=i-———|-———i-———|-———:-—-——|-————:--——| 10560
CTGGCCATGAGACACGTCTGCAGTGACTAGCACCGGTGTGACTTCTTCTACGACGGGTAG

3501 AspArgTyrSerValGlnThrSerLeulleValAlaThrLeuLysLysMetLeuProIle 3520

GGCCTGAATATGTGTGCGCCCACCGACCAAGACCTCATCACGCTGGCCAAGACCCGTTAC

10561 --——=:-——=|-—=—==i-———|-———=i-———|-————i-———|-————:i————|————:————| 10620
CCGGACTTATACACACGCGGGTGGCTGGTTCTGGAGTAGTGCGACCGGTTCTGGGCAATG

3521 GlyLeuAsnMetCysAlaProThrAspGlnAspLeulleThrLeuAlalLysThrArgTyr 3540

GCCCTGAAAGACACAGATGAGGAGGTCCGGGAATTTCTGCACAACAACCTTCACCTTCAG

10621 —-—-—=:i-——=|-—===:i-———|-———=i-———|-————i-———|-————:————|-————:-————| 10680
CGGGACTTTCTGTGTCTACTCCTCCAGGCCCTTAAAGACGTGTTGTTGGAAGTGGAAGTC

3541 AlaLeulysAspThrAspGluGluValArgGluPheLeuHisAsnAsnLeuHisLeuGln 3560

GGAAAGGTCGAAGGCTCCCCGTCTCTGCGCTGGCAGATGGCTCTGTACCGGGGCGTCCCG

10681 —-—-—=:i-=——=|-—=—==i-———|-———=i-———|-————i-———|-————:————|-————:-————| 10740
CCTTTCCAGCTTCCGAGGGGCAGAGACGCGACCGTCTACCGAGACATGGCCCCGCAGGGC

3561 GlyLysValGluGlySerProSerLeuArgTrpGlnMetAlaLeuTyrArgGlyValPro 3580

GGTCGCGAGGAGGACGCCGATGACCCCGAGAAAATCGTGCGCAGAGTCCAGGAAGTGTCA

10741 --—-:-——— ||| -1~ | -1 ———|-——=:———-—] 10800
CCAGCGCTCCTCCTGCGGCTACTGGGGCTCTTTTAGCACGCGTCTCAGGTCCTTCACAGT

3581 GlyArgGluGluAspAlaAspAspProGluLysIleValArgArgValGlnGluvValSer 3600

GCCGTGCTCTACTACCTGGACCAGACCGAGCACCCTTACAAGTCTAAGAAGGCCGTGTGG

10801 --—-:---=|-===:i-———|-————:i-———|-————:i-—-——|-———:-——-——|-———-:-—-—-| 10860
CGGCACGAGATGATGGACCTGGTCTGGCTCGTGGGAATGTTCAGATTCTTCCGGCACACC

3601 AlaValLeuTyrTyrLeuAspGlnThrGluHisProTyrLysSerLysLysAlaValTrp 3620
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CACAAGCTTTTGTCCAAACAGCGCCGGCGGGCAGTCGTGGCCTGTTTCCGTATGACGCCC

10861 --—-:i-——=|-=—==i-———|-———=i-———|-———i-———|-———:————|-————:-————| 10920
GTGTTCGAAAACAGGTTTGTCGCGGCCGCCCGTCAGCACCGGACAAAGGCATACTGCGGG

3621 HisLysLeuleuSerLysGlnArgArgArgAlaValValAlaCysPheArgMetThrPro 3640

Exon 75
CTGTACAACCTGCCCACGCACCGGGCATGTAACATGTTCCTGGAGAGCTACAAGGCTGCA

10921 --—-:----|-—=—=i-———|-———=i-——|-———i-———|-————:i-————|————:-————| 10980
GACATGTTGGACGGGTGCGTGGCCCGTACATTGTACAAGGACCTCTCGATGTTCCGACGT
3641 LeuTyrAsnLeuProThrHisArgAlaCysAsnMetPhelLeuGluSerTyrLysAlaAla 3660

TGGATCCTGACTGAAGACCACAGTTTTGAGGACCGCATGATAGATGACCTTTCAAAAGCT

10981 ---—:--——|-——=:t————|-———=i1-——|-————:i———=|-————:1--——|-———:-——--| 11040
ACCTAGGACTGACTTCTGGTGTCAAAACTCCTGGCGTACTATCTACTGGAAAGTTTTCGA

3661 TrpIleLeuThrGluAspHisSerPheGluAspArgMetIleAspAspLeuSerLysAla 3680

GGGGAGCAGGAGGAGGAGGAGGAAGAGGTGGAAGAGAAGAAGCCAGACCCCCTGCACCAG

11041 ---—-:--——|-———t———=|-———=i1--—|-————i———|-———=:1--—|-——-:-—--| 11100
CCCCTCGTCCTCCTCCTCCTCCTTCTCCACCTTCTCTTCTTCGGTCTGGGGGACGTGGTC

3681 GlyGluGlnGluGluGluGluGluGluvValGluGluLysLysProAspProLeuHisGln 3700

TTGGTCCTGCACTTCAGCCGCACTGCCCTGACGGAAAAGAGCAAACTGGATGAGGATTAC

11101 --=-:--—=|-————:i————|————i--——|-———i————|————i--——|-——-:-—--| 11160
AACCAGGACGTGAAGTCGGCGTGACGGGACTGCCTTTTCTCGTTTGACCTACTCCTAATG

3701 LeuValLeuHisPheSerArgThrAlaLeuThrGluLysSerLysLeuAspGluAspTyr 3720

CTGTACATGGCCTATGCTGATATCATGGCAAAGAGCTGCCACCTGGAGGAGGGAGGGGAG

11161 ——==:i=-===|—=—==i1====|————i———— | === ———— | — === ———— | ————:-—-——| 11220
GACATGTACCGGATACGACTATAGTACCGTTTCTCGACGGTGGACCTCCTCCCTCCCCTC

3721 LeuTyrMetAlaTyrAlaAspIleMetAlaLysSerCysHisLeuGluGluGlyGlyGlu 3740

AACGGTGAAGCTGAAGAGGAGGTTGAGGTCTCCTTTGAGGAGAAACAGATGGAGAAGCAG

11221 -=-—=:i-——=|-—=——=i-———|————i-———|-————i-———|————:i————|————:————| 11280
TTGCCACTTCGACTTCTCCTCCAACTCCAGAGGAAACTCCTCTTTGTCTACCTCTTCGTC

3741 AsnGlyGluAlaGluGluGluValGluValSerPheGluGluLysGlnMetGluLysGln 3760

AGGCTCTTGTACCAGCAAGCACGGCTGCACACCCGGGGGGCGGCCGAGATGGTGCTGCAG

11281 -—-—=:i-=——=|-—===i-———|-———=i-———|-————i-————|————:————|————:-————| 11340
TCCGAGAACATGGTCGTTCGTGCCGACGTGTGGGCCCCCCGCCGGCTCTACCACGACGTC

3761 ArgLeulLeuTyrGlnGlnAlaArgLeuHisThrArgGlyAlaAlaGluMetValLeuGln 3780

Exon 80
ATGATCAGTGCCTGCAAAGGAGAGACAGGTGCCATGGTGTCCTCCACCCTGAAGCTGGGC

11341 -—-—=:-——=|-—===i1-——|———=i-———|-————i-————|————:————|————:-————| 11400
TACTAGTCACGGACGTTTCCTCTCTGTCCACGGTACCACAGGAGGTGGGACTTCGACCCG
3781 MetIleSerAlaCysLysGlyGluThrGlyAlaMetValSerSerThrLeuLysLeuGly 3800

ATCTCCATCCTCAATGGAGGCAATGCTGAGGTCCAGCAGAAAATGCTGGATTATCTTAAG

11401 --—=:-=—=|-=—==t-———|-———=i-———|-————i-————|-————:————|————:-————| 11460
TAGAGGTAGGAGTTACCTCCGTTACGACTCCAGGTCGTCTTTTACGACCTAATAGAATTC

3801 IleSerIlelLeuAsnGlyGlyAsnAlaGluValGlnGlnLysMetLeuAspTyrLeulLys 3820

GACAAGAAGGAAGTTGGCTTCTTCCAGAGTATCCAGGCACTGATGCAAACATGCAGCGTC

11461 --—-:-—-=|-——==i-————|-———=i-———|-————i-———|-————:————|-————:-—-——| 11520
CTGTTCTTCCTTCAACCGAAGAAGGTCTCATAGGTCCGTGACTACGTTTGTACGTCGCAG

3821 AspLysLysGluValGlyPhePheGlnSerIleGlnAlaLeuMetGlnThrCysSerVal 3840

CTGGATCTCAATGCCTTTGAGAGACAGAACAAGGCCGAGGGGCTGGGCATGGTGAATGAG

11521 —-—-—=:--—~|-————t——~| =i~~~ |————i-———|-———:-——-| 11580
GACCTAGAGTTACGGAAACTCTCTGTCTTGTTCCGGCTCCCCGACCCGTACCACTTACTC

3861 LeuAspLeuAsnAlaPheGluArgGlnAsnLysAlaGluGlyLeuGlyMetValAsnGlu 3860
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GATGGCACTGTCATCAATCGCCAGAACGGAGAGAAGGTCATGGCGGATGATGAATTCACA
11581 -=-—=:i-——=|-===i-———|-———=i-——|-———i-———|-————:i————|————:-————| 11640
CTACCGTGACAGTAGTTAGCGGTCTTGCCTCTCTTCCAGTACCGCCTACTACTTAAGTGT
3861 AspGlyThrVallleAsnArgGlnAsnGlyGluLysValMetAlaAspAspGluPheThr 3880
Gly3893 ¥ Exon 85

A
CAAGACCTGTTCCGATTCCTACAATTGCTCTGTGAGG ACAATAATGATTTCCAGAAC
11641 --——-:--——|-————t———-| -1 |-————t1——~{-——-—1--——|-——-:-——-| 11700
GTTCTGGACAAGGCTAAGGATGTTAACGAGACACTCCCCGTGTTATTACTAAAGGTCTTG
3881 GlnAspLeuPheArgPheleuGlnLeuleuCysGluGlyHisAsnAsnAspPheGlnAsn 3900

TACCTACGGACACAGACAGGGAACACGACCACTATTAACATCATCATTTGCACTGTGGAC

11701 ----:--—=|-————:i————|————i--——|-———i————|————i--——|-———:-—--| 11760
ATGGATGCCTGTGTCTGTCCCTTGTGCTGGTGATAATTGTAGTAGTAAACGTGACACCTG

3901 TyrLeuArgThrGlnThrGlyAsnThrThrThrIleAsnIleIleIleCysThrValAsp 3920

TACCTCCTGCGGCTGCAGGAATCCATCAGCGACTTCTACTGGTACTACTCGGGCAAGGAT

11761 - ———:-=-—--|-————t———=|-————i————|-————ti-———|————:i-—-——|-————:----| 11820
ATGGAGGACGCCGACGTCCTTAGGTAGTCGCTGAAGATGACCATGATGAGCCCGTTCCTA

3921 TyrLeuLeuArgLeuGlnGluSerIleSerAspPheTyrTrpTyrTyrSerGlyLysAsp 3940

GTCATTGAAGAGCAGGGCAAGAGGAACTTCTCCAAAGCCATGTCGGTGGCTAAGCAGGTG

11821 --—=:i-=--=|-=—==i-—==|-——=i-———|-———i-———|-———:-—-——|-——-——-:---—-| 11880
CAGTAACTTCTCGTCCCGTTCTCCTTGAAGAGGTTTCGGTACAGCCACCGATTCGTCCAC

3941 ValIleGluGluGlnGlyLysArgAsnPheSerLysAlaMetSerValAlaLysGlnVal 3960

TTCAACAGCCTCACTGAGTACATCCAGGGTCCCTGCACCGGGAACCAGCAGAGCCTGGCG

11881 —-—-—=:i-—==|-=—==i-———|-——=—i-———|-———i-———|-———:i——-——|-————:--—-| 11940
AAGTTGTCGGAGTGACTCATGTAGGTCCCAGGGACGTGGCCCTTGGTCGTCTCGGACCGC

3961 PheAsnSerLeuThrGluTyrIleGlnGlyProCysThrGlyAsnGlnGlnSerLeuAla 3980

CACAGTCGCCTATGGGACGCAGTGGTGGGATTCCTGCACGTGTTCGCCCACATGATGATG

11941 --——-:---=|-—=——=i-———|-———=i-———|-————i-————|-————:i————|————:————| 12000
GTGTCAGCGGATACCCTGCGTCACCACCCTAAGGACGTGCACAAGCGGGTGTACTACTAC

3981 HisSerArgLeuTrpAspAlaValValGlyPhelLeuHisValPheAlaHisMetMetMet 4000

AAGCTCGCTCAGGACTCAAGCCAGATCGAGCTGCTGAAGGAGCTGCTGGATCTGCAGAAG

12001 -=-—=:--—=|-—=——=i-———|-———=i-———|-————i-————|-————:i————|————:-————| 12060
TTCGAGCGAGTCCTGAGTTCGGTCTAGCTCGACGACTTCCTCGACGACCTAGACGTCTTC

4001 LysLeuAlaGlnAspSerSerGlnIleGluLeuLeulysGluLeulLeuAspLeuGlnLys 4020

GACATGGTGGTGATGTTGCTGTCGCTACTAGAAGGGAACGTGGTGAACGGCATGATCGCC

12061 -—-—=:i-——=|-—=—==i1————|-————i-———|-————i-———|————i————|————:————| 12120
CTGTACCACCACTACAACGACAGCGATGATCTTCCCTTGCACCACTTGCCGTACTAGCGG

4021 AspMetValValMetLeulLeuSerLeulLeuGluGlyAsnValValAsnGlyMetIleAla 4040

CGGCAGATGGTGGACATGCTCGTGGAATCCTCATCCAATGTGGAGATGATCCTCAAGTTC

12121 -t~ |-————t1——~| i1~ ————i-———|————:-—--—| 12180
GCCGTCTACCACCTGTACGAGCACCTTAGGAGTAGGTTACACCTCTACTAGGAGTTCAAG

4041 ArgGlnMetValAspMetLeuValGluSerSerSerAsnValGluMetIleLeuLysPhe 4060

TTCGACATGTTCCTGAAACTCAAGGACATTGTGGGCTCTGAAGCCTTCCAGGACTACGTA

12181 -=-—=:i-=-——|-=——i-———|-————i-———|-———i-———|-———i-———|————-:-—-——| 12240
AAGCTGTACAAGGACTTTGAGTTCCTGTAACACCCGAGACTTCGGAAGGTCCTGATGCAT

4061 PheAspMetPheLeulysLeulLysAspIleValGlySerGluAlaPheGlnAspTyrvVal 4080
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Exon 90
ACGGATCCCCGTGGCCTCATCTCCAAGAAGGACTTCCAGAAGGCCATGGACAGCCAGAAG

12241 -—-—=:i-—-—=|-=—==i-———|-———i-———|-———i-———|-————:i————|-————:-—-——| 12300
TGCCTAGGGGCACCGGAGTAGAGGTTCTTCCTGAAGGTCTTCCGGTACCTGTCGGTCTTC
4081 ThrAspProArgGlyLeulleSerLysLysAspPheGlnLysAlaMetAspSerGlnLys 4100

Al Alad116
CAGTTCAGCGGTCCAGZ—\AATCCAGTTCCTGCTTTCGTGCTCCGAAG ATGAGAACGAA
12301 -=-—=:i-=——=|-=—==i-———|-———i-———|-———i-———|-————:i——=— | -—-——:--——| 12360
GTCAAGTCGCCAGGTCTTTAGGTCAAGGACGAAAGCACGAGGCTTCGCCTACTCTTGCTT
4101 GlnPheSerGlyProGluIleGlnPhelLeulLeuSerCysSerGluAlaAspGluAsnGlu 4120

ATGATCAACTGCGAAGAGTTCGCCAACCGCTTCCAGGAGCCAGCACGCGACATCGGCTTC

12361 ———=:i-——=|-—===i-———|-——=i-———|-———i-———|————i————|————:————| 12420
TACTAGTTGACGCTTCTCAAGCGGTTGGCGAAGGTCCTCGGTCGTGCGCTGTAGCCGAAG

4121 MetIleAsnCysGluGluPheAlaAsnArgPheGlnGluProAlaArgAspIleGlyPhe 4140

AACGTGGCGGTGCTGCTGACCAACCTGTCGGAGCATGTGCCGCATGACCCTCGCCTGCAC

12421 ——-—=:i--—=|-—===i1-———|-———=i-———|-———i-———|-————:i————|————:-———| 12480
TTGCACCGCCACGACGACTGGTTGGACAGCCTCGTACACGGCGTACTGGGAGCGGACGTG

4141 AsnValAlaValleulLeuThrAsnLeuSerGluHisValProHisAspProArgLeuHis 4160

AACTTCCTGGAGCTGGCCGAGAGCATCCTTGAGTACTTCCGCCCCTACCTGGGCCGCATC

12481 ——-—=:i-——=|-—===i-———|-————i-———|-———i-———|————:i————|————:-———| 12540
TTGAAGGACCTCGACCGGCTCTCGTAGGAACTCATGAAGGCGGGGATGGACCCGGCGTAG

4161 AsnPheleuGluLeuAlaGluSerIlelLeuGluTyrPheArgProTyrLeuGlyArglle 4180

GAGATCATGGGCGCGTCACGCCGCATCGAGCGCATCTACTTCGAGATCTCAGAGACCAAC

12541 -—-—-=:i--—=|-—=—=i-———|-———=i-——|-————i-———|————:i————|————:————| 12600
CTCTAGTACCCGCGCAGTGCGGCGTAGCTCGCGTAGATGAAGCTCTAGAGTCTCTGGTTG

4181 GluIleMetGlyAlaSerArgArglleGluArgIleTyrPheGlulleSerGluThrAsn 4200

CGCGCCCAGTGGGAGATGCCCCAGGTGAAGGAGTCCAAGCGCCAGTTCATCTTCGACGTG

12601 ---=:--—=|-———i————|————i--——|-———i———— | ————i-———|-———:-——--| 12660
GCGCGGGTCACCCTCTACGGGGTCCACTTCCTCAGGTTCGCGGTCAAGTAGAAGCTGCAC

4201 ArgAlaGlnTrpGluMetProGlnVallysGluSerLysArgGlnPheIlePheAspVal 4220

GTGAACGAGGGCGGCGAGGCTGAGAAGATGGAGCTCTTCGTGAGTTTCTGCGAGGACACC

12781 ——-——:i--——|-————ti————|————i-———|-———i———— | ————i-——— | -———:-——-—| 12720
CACTTGCTCCCGCCGCTCCGACTCTTCTACCTCGAGAAGCACTCAAAGACGCTCCTGTGG

4221 ValAsnGluGlyGlyGluAlaGluLysMetGluLeuPheValSerPheCysGluAspThr 4240

ATCTTCGAGATGCAGATCGCCGCGCAGATCTCGGAGCCCGAGGGCGAGCCGGAGACCGAC

12721 ——==:i--—~| -t~ | =i | =i | === | -———:-———| 12780
TAGAAGCTCTACGTCTAGCGGCGCGTCTAGAGCCTCGGGCTCCCGCTCGGCCTCTGGCTG

4241 TIlePheGluMetGlnIleAlaAlaGlnIleSerGluProGluGlyGluProGluThrAsp 4260

GAGGACGAGGGCGCGGGCGCGGCGGAGGCGGGCGCGGAAGGCGCGGAGGAGGGCGCGGLG

12781 -=-—=:i-=--=|-—==i-———|-———i-———|-———i-———|-———:i-—-——|-———-:--—-| 12840
CTCCTGCTCCCGCGCCCGCGCCGCCTCCGCCCGCGCCTTCCGCGCCTCCTCCCGCGCCGC

4261 GluAspGluGlyAlaGlyAlaAlaGluAlaGlyAlaGluGlyAlaGluGluGlyAlaAla 4280

hol
GGGCFCGAGGGCACGGCGGCCACGGCGGCGGCGGGGGCGACGGCGCGGGTTGTGGCGGCC
12841 —---% |[————t———— |-t | =i | ————i-——— | ———=-:-—--—] 12900
CCCGAGCTLCCGTGCCGCCGGTGCCGCCGCCGCCCCCGCTGCCGCGCCCAACACCGCCGG
4281 GlyLeuGluGlyThrAlaAlaThrAlaAlaAlaGlyAlaThrAlaArgValValAlaAla 4300
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Valéd31l7
GCAGGCCGGGCCCTGCGAGGCCTCAGCTACCGCAGCCTGCGGCGGCGCGTGCGGCGGCTG
12901 —=-—=:-=—=|-—===i-———|-————i-———|-———i-——— |-~ | ————:-————| 12960
CGTCCGGCCCGGGACGCTCCGGAGTCGATGGCGTCGGACGCCGCCGCGCACGCCGCCGAC
4301 AlaGlyArgAlaleuArgGlyLeuSerTyrArgSerLeuArgArgArgValArgArgLeu 4320

CGGCGGCTTACGGCCCGCGAGGCGGCCACCGCAGTGGCGGCGCTGCTCTGGGCAGCAGTG

12961 -—-—-:i-——=|-—==i-———|-———i-———|-———i-———|-————:i————|-————:-—-——| 13020
GCCGCCGAATGCCGGGCGCTCCGCCGGTGGCGTCACCGCCGCGACGAGACCCGTCGTCAC

4321 ArgArgLeuThrAlaArgGluAlaAlaThrAlaValAlaAlaLeulLeuTrpAlaAlaVal 4340

ACGCGCGCTGGGGCCGCTGGCGCGGGGEGECEGECEGCGGGECGCGCTGGGCCTGCTCTGGGGE

13021 -—-—=:-——=|-—==i-———|-———i-———|-———i-———|-———:i-————|-——-——:-—-——| 13080
TGCGCGCGACCCCGGCGACCGCGCCCCCGCCGCCGCCCGCGCGACCCGGACGAGALCCCCG

4341 ThrArgAlaGlyAlaAlaGlyAlaGlyAlaAlaAlaGlyAlaLeuGlyLeuLeuTrpGly 4360

TCGCTGTTCGGCGGCGGCCTGGTGGAGGGCGCCAAGAAGGTGACGGTGACCGAGCTCCTG

13081 ---=-:--—=|-———:i————|————i--——|-———i-———|——-—:i--——|-——-:-—--| 13140
AGCGACAAGCCGCCGCCGGACCACCTCCCGCGGTTCTTCCACTGCCACTGGCTCGAGGAC

4361 SerLeuPheGlyGlyGlyLeuValGluGlyAlaLysLysValThrValThrGluLeuLeu 4380

GCAGGCATGCCCGACCCCACCAGCGACGAGGTGCACGGCGAGCAGCCGGCCGGGCCGGGL

13141 --=-=:--——|-————:i————|————i--——|-———i————|————i--——|-——-:-—--| 13200
CGTCCGTACGGGCTGGGGTGGTCGCTGCTCCACGTGCCGCTCGTCGGCCGGCCCGGCCCG

4381 AlaGlyMetProAspProThrSerAspGluValHisGlyGluGlnProAlaGlyProGly 4400

GGAGACGCAGACGGCGAGGGTGCCAGCGAGGGCGCTGGAGACGCCGCGGAGGGCGCTGGA

13201 -=-—=:i-=——=|-=—==i-———|-———=i-———|-———i-———|-———:i-———|-————:--——| 13260
CCTCTGCGTCTGCCGCTCCCACGGTCGCTCCCGCGACCTCTGCGGCGCCTCCCGCGACCT

4401 GlyAspAlaAspGlyGluGlyAlaSerGluGlyAlaGlyAspAlaAlaGluGlyAlaGly 4420

GACGAGGAGGAGGCGGTGCACGAGGCCGGGCCGGGCGGTGCCGACGGGGCGGTGGCCGTG

13261 -——=:-——=|-—=——=i-——|-———=i-———|-————i-———|-————:————|————:-————| 13320
CTGCTCCTCCTCCGCCACGTGCTCCGGCCCGGCCCGCCACGGCTGCCCCGCCACCGGCAC

4421 AspGluGluGluAlaValHisGluAlaGlyProGlyGlyAlaAspGlyAlaValAlaVal 4440

ACCGATGGGGGCCCCTTCCGGCCCGAAGGGGCTGGCGGTCTCGGGGACATGGGGGACACG

13321 -——=:i-=—=| === |-————i-———|-————:————|-————:-————| 13380
TGGCTACCCCCGGGGAAGGCCGGGCTTCCCCGACCGCCAGAGCCCCTGTACCCCCTGTGC

4441 ThrAspGlyGlyProPheArgProGluGlyAlaGlyGlyLeuGlyAspMetGlyAspThr 4460

ACGCCTGCGGAACCGCCCACACCCGAGGGCTCTCCCATCCTCAAGAGGAAATTGGGGGTG

13381 ———=:i-=——=|-===i-———|-———i-———|-———i-———|————i-——— | ————:————| 13440
TGCGGACGCCTTGGCGGGTGTGGGCTCCCGAGAGGGTAGGAGTTCTCCTTTAACCCCCAC

4461 ThrProAlaGluProProThrProGluGlySerProIlelLeuLysArgLysLeuGlyVal 4480

GATGGAGTGGAGGAGGAGCTCCCGCCAGAGCCAGAGCCCGAGCCGGAACCAGAGCTGGAG

13441 ———~:---~|-————:1—--| i1~~~ ————:-———|-————:-—-——| 13500
CTACCTCACCTCCTCCTCGAGGGCGGTCTCGGTCTCGGGCTCGGCCTTGGTCTCGACCTC

4481 AspGlyValGluGluGluLeuProProGluProGluProGluProGluProGluLeuGlu 4500

CCGGAGAAAGCCGATGCCGAGAATGGGGAGAAGGAAGAAGTTCCCGAGCCCACACCAGAG

13501 -=-—-=:---=|-———i-———|-————i-———|-———i-———|-———:i-—-——|-———-:-———-| 13560
GGCCTCTTTCGGCTACGGCTCTTACCCCTCTTCCTTCTTCAAGGGCTCGGGTGTGGTCTC

4501 ProGluLysAlaAspAlaGluAsnGlyGluLysGluGluValProGluProThrProGlu 4520
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CCCCCCAAGAAGCAAGCACCTCCCTCACCCCCTCCAAAGAAGGAGGAAGCTGGAGGCGAA

13561 -—-—-:-——=|-———=i-———|-———=i-———|-———i-———|-————:-————|-————:-——-——| 13620
GGGGGGTTCTTCGTTCGTGGAGGGAGTGGGGGAGGTTTCTTCCTCCTTCGACCTCCGCTT

4521 ProProlLysLysGlnAlaProProSerProProProlLysLysGluGluAlaGlyGlyGlu 4540

TTCTGGGGAGAACTGGAGGTGCAGAGGGTGAAGTTCCTGAACTACCTGTCCCGGAACTTT

13621 ————:-——-—— |- |————i1-———|-————i————|————i-———|-———:-——--| 13680
AAGACCCCTCTTGACCTCCACGTCTCCCACTTCAAGGACTTGATGGACAGGGCCTTGAAA

4541 PheTrpGlyGluLeuGluValGlnArgValLysPheLeuAsnTyrLeuSerArgAsnPhe 4560

TACACCCTGCGGTTCCTTGCCCTCTTCTTGGCATTTGCCATCAACTTCATCTTGCTGTTT

13681 —-—-—=:i-——=|-=—==i-———|-———i-———|-———i-———|-————:i:—-———|-————:-—-——| 13740
ATGTGGGACGCCAAGGAACGGGAGAAGAACCGTAAACGGTAGTTGAAGTAGAACGACAAA

4561 TyrThrLeuArgPheLeuAlaleuPhelLeuAlaPheAlaIleAsnPhelIlelLeulLeuPhe 4580

Exon 95

G| Ser4584
TATAAGGTCTACTCTCCACCAGGGGAGGACGACATGGAAGGCTCAGCTGCTGGGGAT
13741 ————:-——— |-t |- |-————:i————|————:-—-——|-———:-——--| 13800
ATATTCCAGAGTCTGAGAGGTGGTCCCCTCCTGCTGTACCTTCCGAGTCGACGACCCCTA
4581 TyrLysValSerAspSerProProGlyGluAspAspMetGluGlySerAlaAlaGlyAsp 4600

GTGTCAGGTGCAGGCTCTGGTGGCAGCTCTGGCTGGGGCTTGGGGGCCGGAGAGGAGGCA

13801 -—-—-:--—=|-—=——=i-——|-————i-——|-———i-———|-————:————|————:-———| 13860
CACAGTCCACGTCCGAGACCACCGTCGAGACCGACCCCGAACCCCCGGCCTCTCCTCCGT

4601 ValSerGlyAlaGlySerGlyGlySerSerGlyTrpGlyLeuGlyAlaGlyGluGluAla 4620

GAGGGCGATGAGGATGAGAACATGGTGTACTACTTCCTGGAGGAAAGCACAGGCTACATG

13861 ———=:i-——=|-—===i-———|-————i-———|-———i-———|————:i————|————:————| 13920
CTCCCGCTACTCCTACTCTTGTACCACATGATGAAGGACCTCCTTTCGTGTCCGATGTAC

4621 GluGlyAspGluAspGluAsnMetValTyrTyrPheLeuGluGluSerThrGlyTyrMet 4640

GAACCCGCCCTGCGGTGTCTGAGCCTCCTGCATACACTGGTGGCCTTTCTCTGCATCATT

13921 -—-—-=:i-——=|-—==i-———|-———i-———|-———i-———|-————:i-——-——|-————:--—-| 13980
CTTGGGCGGGACGCCACAGACTCGGAGGACGTATGTGACCACCGGAAAGAGACGTAGTAA

4641 GluProAlalLeuArgCysLeuSerLeuleuHisThrLeuValAlaPheLeuCysIleIle 4660

Leu4687
GGCTATAATTGTCAGGTGCCCCTGGTAZ—\TCTTTZ—\AGCGGGAGAZ—\GGAGCTGGCCCGG
13981 ———=:i-=——=|-—==T————|-——=—i-———|-———i-———|-———:-——-——|-————-:--—-| 14040
CCGATATTAACAGAGTTCCACGGGGACCATTAGAAATTCGCCCTCTTCCTCGACCGGGCC
4661 GlyTyrAsnCysLeulysValProLeuValIlePhelLysArgGluLysGluLeuAlaArg 4680

AAGCTGGAGTTTGATGGCCTGTACATCACGGAGCAGCCTGAGGACGATGACGTGAAGGGG

14041 ———-:----|-————t——=| =i |-———ti-————|————:i-—-——|-————:----| 14100
TTCGACCTCAAACTACCGGACATGTAGTGCCTCGTCGGACTCCTGCTACTGCACTTCCCC

4681 LysLeuGluPheAspGlyLeuTyrIleThrGluGlnProGluAspAspAspVallLysGly 4700

CAGTGGGACCGACTGGTGCTCAACACGCCGTCTTTCCCTAGCAACTACTGGGACAAGTTT

14101 ----:--—=|-————:t————|————i-———|-————i————|————:i--——|-——-:-—--| 14160
GTCACCCTGGCTGACCACGAGTTGTGCGGCAGAAAGGGATCGTTGATGACCCTGTTCAAA

4701 GlnTrpAspArgLeuVallLeuAsnThrProSerPheProSerAsnTyrTrpAspLysPhe 4720

GTCAAGCGCAAGGTCCTGGACAAACATGGGGACATCTACGGGCGGGAGCGGATTGCTGAG

14161 ——-——:i-—-—=|-———=t————|-———i1-———|-———:i————|————i1--——|-———:-——--| 14220
CAGTTCGCGTTCCAGGACCTGTTTGTACCCCTGTAGATGCCCGCCCTCGCCTAACGACTC

4721 VallysArgLysValLeuAspLysHisGlyAspIleTyrGlyArgGluArgIleAlaGlu 4740
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CTACTGGGCATGGACCTGGCCACACTAGAGATCACAGCCCACAATGAGCGCAAGCCCAAC

14221 -—-—-=:i-——=|-—=—==i-———|-———=i-———|-———i-———|-————:————|-————:-———| 14280
GATGACCCGTACCTGGACCGGTGTGATCTCTAGTGTCGGGTGTTACTCGCGTTCGGGTTG

4741 LeuLeuGlyMetAspLeuAlaThrLeuGluIleThrAlaHisAsnGluArgLysProAsn 4760

CCGCCGCCAGGGCTGCTGACCTGGCTCATGTCCATCGATGTCAAGTACCAGATCTGGAAG

14281 - —-—-:t-—---|-————1-—-=|-————i1————|-———i-———|————i1-———|-————:---—| 14340
GGCGGCGGTCCCGACGACTGGACCGAGTACAGGTAGCTACAGTTCATGGTCTAGACCTTC

4761 ProProProGlyLeuLeuThrTrpLeuMetSerIleAspValLysTyrGlnIleTrpLys 4780

Exon 100
TTCGGGGTCATCTTCACAGACAACTCCTTCCTGTACCTGGGCTGGTATATGGTGATGTCC
14341 -—-—-:i-——=|-—==i-———|-——=—i-———|-———i-———|-————:i:——-——|-————:-—-——| 14400
AAGCCCCAGTAGAAGTGTCTGTTGAGGAAGGACATGGACCCGACCATATACCACTACAGG
4781 PheGlyValIlePheThrAspAsnSerPheLeuTyrLeuGlyTrpTyrMetValMetSer 4800

CTCTTGGGACACTACAACAACTTCTTCTTTGCTGCCCATCTCCTGGACATCGCCATGGGG

14401 ----:--——|-———:i————|————i-———|-———i————|——-—i--——|-——-:-—--| 14460
GAGAACCCTGTGATGTTGTTGAAGAAGAAACGACGGGTAGAGGACCTGTAGCGGTACCCC

4801 LeuLeuGlyHisTyrAsnAsnPhePhePheAlaAlaHisLeulLeuAspIleAlaMetGly 4820

Cl4497T

H4833Y
GTCAAGACGCTGCGCA CAATGGGAAACAGCTGGTGATG
14461 -——=:i-——=|-—=—==i-———|-———=i-———|-————i————|-————:i————|————:-————| 14520
CAGTTCTGCGACGCGTGGTAGGACAGGAGACAGTGGGTGTTACCCTTTGTCGACCACTAC
4821 ValLysThrLeuArgThrIleLeuSerSerValThrHisAsnGlyLysGlnLeuValMet 4840

ACCGTGGGCCTTCTGGCGGTGGTCGTCTACCTGTACACCGTGGTGGCCTTCAACTTCTTC

14521 -—-—=:i---=|-—=—=i-———|-———=i-——|-———i-———|-————:————|————:————| 14580
TGGCACCCGGAA ACATGTGGCACCACCGGAAGTTGAAGAAG

4841 ThrValGlyLeuLeuAlaValValValTyrLeuTyrThrValValAlaPheAsnPhePhe 4860

CGCAAGTTCTACAACAAGAGCGAGGATGAGGATGAACCTGACATGAAGTGTGATGACATG

14581 --—-—:-—-——|-————i————|————i-——|-————i————|————i-———|-———:-———| 14640
GCGTTCAAGATGTTGTTCTCGCTCCTACTCCTACTTGGACTGTACTTCACACTACTGTAC

4861 ArgLysPheTyrAsnLysSerGluAspGluAspGluProAspMetLysCysAspAspMet 4880

ATGACGTGTTACCTGTTTCACATGTACGTGGGTGTCCGGGCTGGCGGAGGCATTGGGGAC

14641 --——:--——|-————t————|-————i-——|-————:i————|-————:i--——|-———-:-—--| 14700
TACTGCACAATGGACAAAGTGTACATGCACCCACAGGCCCGACCGCCTCCGTAACCCCTG

4881 MetThrCysTyrLeuPheHisMetTyrValGlyValArgAlaGlyGlyGlyIleGlyAsp 4900

GAGATCGAGGACCCCGCGGGTGACGAATACGAGCTCTACAGGGTGGTCTTCGACATCACC

14701 -——=:i-=——=|-=—==i-——=|-——=i-———|-———i-———|-————:————|-————:--——| 14760
CTCTAGCTCCTGGGGCGCCCACTGCTTATGCTCGAGATGTCCCACCAGAAGCTGTAGTGG

4901 GluIleGluAspProAlaGlyAspGluTyrGluLeuTyrArgValValPheAspIleThr 4920

TTCTTCTTCTTCGTCATCGTCATCCTGTTGGCCATCATCCAGGGTCTGATCATCGACGCT

14761 --—-—:--——|-———t————|-————i-———|-———i-————|————:i--——|-——-:-—--| 14820
AAGAAGAAGAAGCAGTAGCAGTAGGACAACCGGTAGTAGGTCCCAGACTAGTAGCTGCGA

4921 PhePhePhePheValIlleValIleLeulLeuAlaIleIleGlnGlyLeuIleIleAspAla 4940

TTTGGTGAGCTCCGAGACCAACAAGAGCAAGTGAAGGAGGATATGGAGACCAAGTGCTTC

14821 —===:i-=—=|-=—==i—===|—==—i-=———|-———i{————|————i1-———|-———:-—-—| 14880
AAACCACTCGAGGCTCTGGTTGTTCTCGTTCACTTCCTCCTATACCTCTGGTTCACGAAG

4941 PheGlyGluLeuArgAspGlnGlnGluGlnVallLysGluAspMetGluThrLysCysPhe 4960
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14881

4961

14941

4981

15001

5001

15061

5021

15181

15181

Appendices

ATCTGTGGAATCGGCAGTGACTACTTTGATACGACACCGCATGGCTTCGAGACTCACACG
Ittt Akttt Rttt Sttt Bttt Sl Bt S-Sl Rttt Al
TAGACACCTTAGCCGTCACTGATGAAACTATGCTGTGGCGTACCGAAGCTCTGAGTGTGC
IleCysGlyIleGlySerAspTyrPheAspThrThrProHisGlyPheGluThrHisThr

¥ Exon 105
CTGGAGGAGCACAACCTGGCCAATTACATGTTTTTCCTGATGTATTTGATAAACAAGGAT
i R e B I ey
GACCTCCTCGTGTTGGACCGGTTAATGTACAAAAAGGACTACATAAACTATTTGTTCCTA
LeuGluGluHisAsnLeuAlaAsnTyrMetPhePhelLeuMetTyrLeulleAsnLysAsp

GAGACAGAACACACGGGTCAGGAGTCTTATGTCTGGAAGATGTACCAAGAGAGATGTTGG
i e R e e Bl B
CTCTGTCTTGTGTGCCCAGTCCTCAGAATACAGACCTTCTACATGGTTCTCTCTACAACC
GluThrGluHisThrGlyGlnGluSerTyrValTrpLysMetTyrGlnGluArgCysTrp

GATTTCTTCCCAGCTGGTGATTGTTTCCGTAAGCAGTATGAGGACCAGCTTAGC gtc

CTAAAGAAGGGTCGACCACTAACAAAGGCATTCGTCATACTCCTGGTCGAATCGACTcag
AspPhePheProAlaGlyAspCysPheArgLysGlnTyrGluAspGlnLeuSer***

XhoI
PSVK3 Bluescript II KS+

gacctgcaggggcccfEcgaggtcgacggtatcgataagcttgatatcgaattecctgecage
e i e el B T B
ctggacgtccccgggagcecticagectgecatagectattcgaactatagettaaggacgteg

PcDNA3.1(+)

14940

4980

15000

5000

15060

5020

15120

5038

15240

15240

Primers are shown as purple arrows with highlighted sequence. Mutations are

shown in red while Xhol restriction sides are shown in light blue. Polymorphisms

are shown in green and exon-exon boundaries are indicated by brown arrows.

Start and stop codons are highlighted in orange. The sequence was taken from
ensemble (Transcript ID: ENST00000359596).
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