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ABSTRACT

Malignant hyperthermia (MH) is an autosomal dominant pharmacogenetic disorder (Deufel
etal, 1992). It is potentially fatal and one of the leading causes of death due to
anaesthesia. An MH episode is triggered when MH susceptible individuals are exposed to
certain inhalation anaesthetic agents and depolarising skeletal muscle relaxants
(MacLennan, 1992).

To date, twenty-three mutations have been reported in the skeletal muscle ryanodine
receptor gene (RYR1), located on chromosome 19q13.1, and twenty-two of these
mutations have been associated with MH (Brandt et al., 1999). The 1403M mutation has
only been associated with central core disease (CCD). CCD and MH are phenotypically
distinct allelic variants as mutations in the same gene are responsible for both these
disorders (Quane et al., 1993).

Seventeen MH families, four South African and thirteen North American families, were
included in this study. DNA from selected MH individuals were screened for nine of the
reported mutations (Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, lle403Met, Tyr522Ser,
Arg614Cys, Gly2435Arg and Arg2436His). The interaction between polymorphisms and
mutations, which might modify or contribute to the MH phenotype, is currently still
unknown. For this reason the DNA from selected individuals were screened for the

presence of all of the nine mutations investigated in this study.

Two mutations, Arg614Cys and Gly2435Arg, were observed in the group of MH families
included in this study. The Arg614Cys mutation was identified in a large South African MH
family (MH105). A total of 39 individuals of South African family MH105 were
subsequently screened for the presence of this mutation. Twelve individuals, three of
whom have not been tested via the in vitro contracture test (IVCT), were positive for the
mutation. Two individuals from this family displayed phenotype-genotype discordance.
The Gly2435Arg mutation was identified in a North American MH family (US2). This small
family of five individuals included three individuals diagnosed via the North American IVCT
protocol. The three phenotyped individuals included two MH positive and one MH
negative individual. The Gly2435Arg mutation segregated with the MH phenotype
observed in this North American family. This is the first report of the Gly2435Arg mutation
in the North American MH population. The identification of the Arg614Cys and
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Gly2435Arg mutations contributed towards establishing a molecular diagnostic service for

individuals within these particular MH families.

None of the other seven mutations investigated were detected in the group of families
included in this study. The DNA alterations are therefore not present as polymorphisms in
these families, and can thus not contribute to the MH phenotype segregating in any of the
families. If the families investigated in this study are truly representative of the South
African and North American populations it is possible that these seven mutations are
absent in these two populations. These mutations might, therefore, be population specific

or even family specific.
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OPSOMMING

Maligne hipertermie (MH) is ‘n outosomale dominante farmakogenetiese toestand (Deufel
et al., 1992). Dit is ‘n potensieel fatale toestand en een van die hoof oorsake van sterftes
as gevolg van narkose. ‘n MH aanval word veroorsaak wanneer MH vatbare individue
blootgestel word aan sekere inhalasie narkosegasse en depolariserende skeletspier

verslappers (MacLennan, 1992).

Tot op hede is drie-en-twintig mutasies gerapporteer in die skeletale ryanodien reseptor
geen (RYR1), gelokaliseer op chromosoom 19q13.1, waarvan twee-en-twintig geassosieer
word met MH (Brandt et al., 1999). Die lle403Met mutasie is slegs geassosieer met
“central core” siekte (CCS). CCS en MH is unieke fenotipiese alleliese variante aangesien
mutasies in dieselfde geen verantwoordelik is vir beide hierdie toestande (Quane et al.,
1993).

Sewentien MH families, vier Suid-Afrikaanse en dertien Noord-Amerikaanse families, was
ingesluit in hierdie studie. DNA van geselekteerde MH individue is ondersoek vir nege van
die gerapporteerde mutasies (Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, lle403Met,
Tyr522Ser, Arg614Cys, Gly2435Arg en Arg2436His). Die interaksie tussen polimorfismes
en mutasies, wat moontlik die MH fenotiepe mag wysig of daartoe mag bydra, is tans
steeds onbekend. Om hierdie rede is die DNA van geselekteerde individue ondersoek vir

die teenwoordigheid van al nege die mutasies wat ingesluit was in die studie.

Twee mutasies, Arg614Cys en Gly2435Arg, is waargeneem in die groep MH families wat
ingesluit was in hierdie studie. Die Arg614Cys mutasie is geidentifiseer in ‘n uitgebreide
Suid-Afrikaanse MH familie (MH105). ‘n Totaal van 39 individue van Suid-Afrikaanse
familie MH105 is gevolglik ondersoek vir die teenwoordigheid van die mutasie. Twaalf
individue, drie wie nog nie voorheen getoets was via die in vitro kontraksie toets (IVKT)
nie, is positief vir die mutasie. Twee individue van hierdie familie toon nie fenotiepe-
genotiepe korrelasie nie. Die Gly2435Arg mutasie is geidentifiseer in ‘n Noord-
Amerikaanse MH familie (US2). Die klein familie van vyf individue sluit drie individue in
wat voorheen gediagnoseer was via die Noord-Amerikaanse IVKT protokol. Die drie
gefenotipeerde individue sluit twee MH positiewe en een MH negatiewe individu in. Die
Gly2435Arg mutasie segregeer saam met die MH fenotiepe wat waargeneen is in die
Noord-Amerikaanse familie. Hierdie is die eerste berig van die Gly2435Arg mutasie in die
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Noord-Amerikaanse MH populsie. Die identifikasie van die Arg614Cys en Gly2435Arg
mutasies dra by tot die vestiging van ‘n molekulére diagnostiese diens vir individue binne

hierdie bepaalde families.

Geen van die ander sewe mutasies wat ondersoek is, is geidentifiseer in die groep
families wat in hierdie studie ingesluit was nie. Hierdie DNA veranderings is dus nie
teenwoordig as polimorfismes in hierdie families nie en kan dus nie bydrae tot die MH
fenotiepe wat segregeer in enige van hierdie families nie. Indien die families wat in hierdie
studie ondersoek is werklik verteenwoordigend is van die Suid-Afrikaanse en Noord-
Amerikaanse populasies, is dit moontlik dat hierdie sewe mutasies afwesig is in die twee

populasies. Hierdie mutasies mag dus populasie spesifiek of selfs familie spesifiek wees.
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' GenBank®is a registered trademark of the National Institutes of Health, U.S.A.
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M molar: moles per litre

MorM methionine

M -M transmembrane regions

M1 - M10 transmembrane regions, numbers 1 to 10

Mbo | restriction endonuclease isolated from an E. coli strain that carries the
cloned Mbo | gene from Moraxella bovis, with recognition site
5-.4GATC...-3'

5meC 5-methylcytosine

mEq milliequivalents

mEq.k1g’1 milliequivalents per kilogram

mEq.l milliequivalents per litre

Met methionine

MeV mega electron volt

mg milligram

mg.kg” milligram per kilogram

Mg** magnesium ion

MgCl, magnesium chloride

MH malignant hyperthermia

MHE MH equivocal

MHEc MH equivocal: positive only for caffeine

MHEh MH equivocal: positive only for halothane

MHN MH normal

MHS MH susceptible

min minutes

ml millilitre

mm millimetre

mmHg millimetre mercury

mM millimolar

MMR masseter muscle rigidity

* Triton X-100% is a registered trademark of Rohm & Haas Company, Philadelphia, PA, U.S.A.
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List of abbreviations and symbols (continued ...)

MMS
Mni |

mRNA
Msp |

mV

n

N
NorN
Na

NA
NaCH
NaCl
NaClO,
NaEDTA
NaOH
ng

NH,

nm

nM

NR

NT
N-terminal
0O;

oD

oG

Ol

p
p
Por p

32P

PaCOZ
PAGE
pBR322

pBR322/Hae Iil

pCO;
PCR
PerCO,
pH

Phe

P,

PIC
PLA;
pmol
pmol.pl”
PMRS
Pro

q

Qor Q
Ror R
RFLP

masseter muscle spasm

restriction endonuclease isolated from an E. coli strain that carries the
cloned Mnl I gene from Moraxella nonliquefaciens, with recognition site
5'-...CCTC(N)A...-3’

messenger RNA

restriction endonuclease isolated from an E. coli strain that carries the
cloned Msp1 gene from Moraxella species, with recognition site
5-..C{CGG...-3’

millivoit

nano: 10°

A or C or G or T nucleotide

asparagine

sodium

not available

sodium channel

sodium chloride

sodium perchlorate

disodium EDTA: C;oH14N2Na,0s.2H,0

sodium hydroxide

nanogram

amino group, indicating the N-terminal of a protein molecule
nanometer

nanomolar

no response at

not tested with the in vitro contracture test

amino terminal

oxygen

optical density

orange G: C1sH1oN.O7S;:Na;

osteogenesis imperfecta

short arm of chromosome

pico: 10™"2

proline

phosphorus isotope: maximum B emission energy 1.71 MeV: half-life
14.3 days

partial pressure of arterial CO;

polyacrylamide gel electrophoresis

E. coli plasmid cloning vector

pBR322 vector DNA digestion with restriction endonuclease Hae ///
carbon dioxide partial pressure

polymerase chain reaction

partial pressure of end-tidal CO,

indicates acidity: numerically equal to the negative logarithm of H*
concentration expressed in molarity

phenylalanine

inorganic phosphate

polymorphism information content

phospholipase A,

pico mole

pico mole per microlitre

PCR-modified restriction site

proline

long arm of chromosome

glutamine

arginine

restriction fragment length polymorphism
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List of abbreviations and symbols (continued ...)

RNA
rpm
RT
Rsa 1

RYR
RYR1
RYR2
RYR3
RYRs
Sors
353

S1-S6
SA
SAP
Sau 3Al

SCN4A
SDS
SDS-EDTA
sec
Sequenase
Sequenase buffer
Ser

SLS

Sp1

SR

SSCP
ssDNA
stop buffer

STRP

suspension buffer
t

TorT

TorT

Ta

Te

Tm

TAG

Taq DNA Polymerase

TATA

TBE
TE
TEMED
temp
Thr
Tris

ribonucleic acid

revolutions per minute

room temperature

restriction endonuclease isolated from Rhodopseudomonas
sphaeroides, with recognition site 5™-...GT{ AC...-3'

ryanodine receptor

RYR gene expressed in skeletal muscle

RYR gene expressed in cardiac muscle and brain

RYR gene expressed by the 34 gene

ryanodine receptors

serine

sulphur isotope: maximum B emission energy 0.167 MeV: half-life 87.4
days

transmembrane segments numbers 1 to 6

South African

shrimp alkaline phosphatase

restriction endonuclease isolated from Staphylococcus aureus 3A, with
recognition site 5'-... {GATC...-3'

o sub-unit of the skeletal muscle sodium channel

sodium dodecyl sulphate: C1,H,sNaSQO,

0.5% SDS; 50 mM EDTA

seconds

Sequenase® ' Version 2.0 T7 DNA Polymerase

200 mM Tris-HCI [pH 7.5]; 100 mM MgCl,; 250 mM NaCl

serine

single lane sequencing

GC box sequences usually clustered near the initiation site of a gene
sarcoplasmic reticulum

single stranded conformational polymorphism

single stranded DNA

95% formamide; 0.05% xylene cyanol FF; 0.05% bromophenol blue;
20 mM EDTA

short tandem repeat polymorphism

50 mM Tris-HClI [pH 8.0]; 100 mM EDTA, 150 mM NaCl

thymine

thymine (in DNA sequence, indicating exon sequence)

threonine (in amino acid sequence)

annealing temperature

calculated annealing temperature

melting temperature

termination codon

deoxynucleosidetriphosphate: DNA deoxynucleotidyltransferase from
Thermus aquaticus

conserved non-coding DNA sequence in the 5’ region of most eukaryotic
genes

89.15 mM Tris®? [pH 8.0], 88.95 mM boric acid, 2.498 mM Na,EDTA
10 mM Tris-HCI [pH 7.5]; 1 mM EDTA

N,N,N' ,N'-tetramethylethylenediamine: CgH1¢N>

temperature

threonine

Tris®: tris(hydroxymethyl)aminomethan: 2-Amino-2-(hydroxymethyl)-1,3-
propanediol: C4H{{NO;

! Sequenase ®isa registered trademark of United States Biochemical Corporation, Cleveland, Ohio, U.S.A.

2Tris®is a registered trademark of Rohm & Haas Company, Philadelphia, PA, U.S.A.
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List of abbreviations and symbols (continued ...)

Tris-HCI

Triton X-100

Trp
T-tubule
Tyr

U

U
U.mi*
UK
Urea
us
USA
USB

PLEASE NOTE:

2-amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride:
C4H141NO3.H,O

Triton X-100%: octylphenolpoly(ethylene-glycolether), : Ca4Hg2014, for
n=10

tryptophan

transverse tubule

tyrosine

uracil

units

units per millilitre

United Kingdom

H,NCONH;

United States

United States of America

United States Biochemical

ultraviolet

volts

valine

valine

watts

tryptophan

xylene cyanole FF: C,sH27N206S;Na

gravitational acceleration

tyrosine

male/female: tested normal for malignant hyperthermia susceptibility
with the IVCT

male/female; tested susceptible to malignant hyperthermia with the IVCT
male/female: never tested, malignant hyperthermia status unknown
male/female: obligate malignant hyperthermia susceptible carrier
male/female: malignant hyperthermia equivocal, positive for halothane
male/female: deceased

sex unknown

divorced

spontaneous abortion

proband

indicates restriction enzyme cutting site

Some of the product names, patents and registered designs mentioned in this thesis are registered
trademarks or proprietary names even though it was not always indicated in the text. Where a name
appears in the text without a designation that it is proprietary, it is not to be construed as a presentation by
the author that it is in the public domain.
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CHAPTER ONE
INTRODUCTION

Malignant hyperthermia (MH) is an autosomal dominant pharmacogenetic disorder (Deufel
et al., 1992) and this potentially fatal disorder is one of the leading causes of death due to
anaesthesia. An MH episode is triggered when MH susceptible individuals are exposed to
certain inhalation anaesthetic agents and depolarising skeletal muscle relaxants
(MacLennan, 1992).

The clinical symptoms of MH are highly variable and may even present after anaesthesia
has been discontinued - generally within the first 48 hour period (Donnelly, 1994).
Detection of MH susceptible individuals prior to receiving anaesthesia is important. The in
vitro contracture test (IVCT) and the caffeine halothane contracture test (CHCT) are
currently used worldwide to determine the MH status of individuals (Kalow et al., 1970).
The IVCT refers to the European (European Malignant Hyperpyrexia Group, 1984) and
the CHCT to the North American (Larach, 1989) protocol utilised for diagnostic purposes.
Both the IVCT and CHCT are highly invasive, expensive and time consuming (Hopkins
etal., 1994). The European IVCT protocol is 99% sensitive and 93% specific (Jrding
et al., 1997). The sensitivity and specificity of the CHCT is 97% and 78%, respectively
(Allen et al., 1998). However, false-negative diagnoses have been reported for both these
protocols (Isaacs and Badenhorst, 1993; Wedel and Nelson, 1994). This type of
erroneous diagnoses holds a grave risk for the MHS individual and highlights the need for

a sensitive and non-invasive MH diagnostic test.

Mutations in the Ca®*-release channel genes of skeletal muscle result in the cytoplasm of
the cell being flooded with Ca?*. The elevated cytoplasmic Ca®* concentration triggers a
cascade of metabolic reactions, culminating in the MH phenotype (MaclLennan and
Phillips, 1992). Skeletal muscle Ca®*'-release channels are encoded by the skeletal
muscle ryanodine receptor gene (RYR1), located on human chromosome 19q13.1
(MacKenzie et al., 1990). To date, twenty-three mutations in the RYR1 gene have been
reported to co-segregate with the MH phenotype (Brandt et al., 1999). These mutations
are discussed in detail in chapter two where a review of the MH literature is presented.
Clinical symptoms, diagnosis and the treatment of MH are discussed along with the
pathophysiology and underlying genetic basis of MH.
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it was envisaged that the specific mutation segregating in some MH families would be
identified in this study leading to a molecular diagnostic service being available for
individuals within particular MH families. One of the aims was that a mutation screening
service for these nine reported mutations would be established and that this study might
also contribute to evidence of possible interaction between mutations and polymorphisms
which might modify, or contribute towards, the MH phenotype. The detailed aims of this
study are presented in paragraph 2.7 (page 53) of chapter two.

Seventeen MH families, four South African and thirteen North American, were included in
this study. Selected individuals in these families were screened for the presence of nine
of the missense mutations (Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, lle403Met,
Tyr522Ser, Arg614Cys, Gly2435Arg and Arg2436His) reported in the RYR1 gene. The
families, pedigrees of the families and clinical information of probands are presented in
chapter three. The materials and methods utilised for the detection of the investigated MH

missense mutations are also presented in this chapter.

The results of this study are presented and discussed in chapter four. In this chapter each
of the nine missense mutations are discussed individually, and a synopsis of the mutation
detection results are presented in Table 4.3 (page 128). The conclusions drawn from the
results generated in this study are presented in chapter five which also includes future

perspectives on this ongoing research programme.
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CHAPTER TWO

THE AETIOLOGY_ AND PATHOGENESIS OF MALIGNANT
HYPERTHERMIA

Malignant hyperthermia (MH) is a hypermetabolic disorder of skeletal muscle that is
inherited as an autosomal dominant trait (Gronert, 1980). This disorder was first described
in 1960 by Denborough and Lovell who reported the case of a 21-year-old student who
was reluctant to undergo general anaesthesia because of the death of his close relatives

due to ether anaesthesia.

The estimated incidence of MH in the North American population is 1 in 40 000 among
adults (Kaus and Rockoff, 1994). The incidence of MHS is higher in children, between 1in
10 000 and 1 in 15 000, indicating reduced penetrance with increased age (Ball and
Johnson, 1993; Kaus and Rockoff, 1994).

It has been estimated that between 1 in 1000 and 1 in 11 000 patients that undergo
general anaesthesia in Japan develop MH (Moochhala et al., 1994). In contrast Ball and
Johnson (1993) reported a lower frequency for individuals receiving anaesthesia in the
United Kingdom, between 1 in 50 000 and 1 in 75 000. In the Danish population @rding
et al. (1985) determined that fulminant MH occurs in 1 in 250 000 anaesthetic cases.
These authors also reported an MH prevalence of 1 in 16 000 for all types of anaesthetics,
and 1 in 4200 anaesthetics when a combination of potent inhalation agents and

succinylcholine is used (drding et al., 1985).

2.1 Clinical aspects of malignant hyperthermia

Clinically MH is highly variable and in most cases symptoms occur during anaesthesia.
However, cases have been reported where the symptoms occurred after termination of the
initial anaesthesia, when the patient was in the recovery room (Donnelly, 1994; Carr ef al.,
1995; Souliere et al., 1986). Ryan and Tedeschi (1997) reported a case of sudden
unexplained death of a 23-year-old male with a family history of MH. This male, who was
in excellent physical condition, died during moderate exercise and had an elevated

temperature of 41°C two hours post-mortem.

Tachycardia is often the first sign of an acute MH episode, but is generally mistaken for

3
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“light anaesthesia” which results in the administration of more anaesthesia (Donnelly,
1994). This may lead to arrhythmia such as ventricular fibrillation and unstable blood
pressure. Cases have been reported where skeletal muscles become severely rigid
(Hackl et al., 1990). Sustained contracture of the masseter muscle then results in difficulty

when intubating patients.

Although fever is a distinctive clinical feature of malignant hyperthermia during most
fulminant MH episodes (Sessler, 1986; Hackl et al., 1990), cases have been reported
where no abnormal elevation of body temperature was recorded (Muifios et al., 1995;
Fierobe et al., 1998, Harwood and Nelson, 1998). The skeletal muscle alone is the source
of heat production (Sessler, 1986). During the acute phase of an MH episode an increase
in body temperature of approximately 0.5°C every five minutes might result in a core body

temperature as high as 46°C (Nelson, 1989).

Other clinical symptoms of an MH episode include tachypnoea, which is secondary to the
increased carbon dioxide (CO.) production, increased end-tidal CO2, hypercarbia,
hyperkalaemia and an increase in the following biochemical parameters: creatine
phosphokinase (CPK), lactate dehydrogenase (LDH), myoglobin, and carbon dioxide
partial pressure (pCOz). A reduction in pH results in severe metabolic and respiratory
acidosis. There are also coagulation abnormalities, imbalances in magnesium, calcium,
phosphate and potassium levels. The skin presents with erythematous flush, peripheral
mottling and cyanosis, secondary to extensive vasoconstriction and accelerated oxygen
consumption by the muscles. (Allen, 1994; Donnelly, 1994; MacLennan, 1992).

Without immediate treatment, MH episodes are generally fatal. The patient might die
within minutes from ventricular fibrillation, within hours from pulmonary oedema or
coagulopathy, or within days from neurological damage or obstructive renal failure due to
myoglobinuria (MacLennan, 1992; MacLennan and Phillips, 1992).

Due to the highly variable clinical presentation and the lack of a precise clinical definition of
MH it is extremely difficult to diagnose an MH episode via clinical criteria alone. Larach
etal. (1994) created a clinical grading scale that could be applied to two different
situations. Firstly to estimate the likelihood that the adverse anaesthetic events are clinical
MH, and secondly to estimate an individual's likelihood of MH susceptibility when the
individual has a family history of MH susceptibility with or without any adverse personal

anaesthetic events (Larach et al., 1994).
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The clinical grading scale used to predict MH susceptibility is listed in Table 2.1A. Scoring
rules were stipulated and should be followed when using this grading system. These rules
are divided into two sections: the MH indicators and the MH susceptibility indicators.
Several physiological processes are involved in MH and these processes manifest as
various MH indicators during anaesthesia. The list of clinical MH indicators must be
reviewed and if any of these indicators are present the applicable points for each indicator
should be added. However, the double-counting rule, discussed below, must be observed
as it applies to multiple indicators from a single process. If none of the indicators are

observed in a patient the score is zero.

Table 2.1: Clinical grading scale to predict malignant hyperthermia

21A Clinical indicators used to determine the malignant hyperthermia raw score

Processes and indicators Points

Process |. Rigidity

Generalised muscular rigidity (in the absence of shivering due to hypothermia, or

during or immediately following emergence from inhalation general anaesthesia) ... 16

Masseter spasm shortly following succinylcholine administration .................c.ccoeee 15
Process |l: Muscle Breakdown

Elevated creatine kinase >20 000 IU after anaesthetic with succinylicholine ............ 15

Elevated creatine kinase >10 000 IU after anaesthetic without succinylcholine ........ 15

Cola coloured urine in peri-operative period .............ccccooiieeninnnni e 10

Myoglobin in Uring >80 HG.I™ ..ot 5

Myoglobin in SErUM >170 HG.I" ..o 5

Blood/plasma/serum K* >6 mEq.I" (in the absence of renal failure) ...............c.......... 3
Process |ll: Respiratory Acidosis

PerCO, >55 mmHg with appropriately controlled ventilation ... 15

Arterial P,CO, >60 mmHg with appropriately controlled ventilation .......................... 15

PCO, >60 mmHg with spontaneous ventilation ... 15

Arterial P,CO, >65 mmHg with spontaneous ventilation ... 15

Inappropriate hypercarbia (in anaesthesiologist's judgement) ................c.c.cooene 16

Inappropriate taChyPN@a ............ccoiiiiiiiiii 10
Process |V: Temperature Increase

Inappropriately rapid increase in temperature (in anaesthesiologist’s judgement) .... 15

Inappropriately increased temperature >38.8°C in the peri-operative period (in

anaesthesiologist's JUAGEMENE) ...........ooiiiiiiii i 10
Process V: Cardiac Involvement

Inappropriate sinus tachyCardia ................coiiimiinii 3

Ventricular tachycardia or ventricular fibrillation ... 3
Process VI: Family History (used to determine MH susceptibility only)

Positive MH family history in relative of first degree” ..o 15

Positive MH family history in relative not of the first degree” ..o 5
Other indicators that are not part of a single process?

Arterial base excess more negative than =8 MEQ.I" ... 10

Arterial PH T7.25 ..o 10

Rapid reversal of MH signs of metabolic and/or respiratory acidosis with intra

venous (IV) dantrolene .............cooeeciiiiiiiiiiii 5

Positive MH family history together with another indicator from the patient's own

anaesthetic experience other then elevated resting serum creatine kinase" ............ 10

Resting elevated serum creatine kinase " (in patient with a family history of MH) ... 10

continued ...
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Table 2.1, continued ...

2.1B: Interpreting the raw score: MH rank and qualitative likelihood
Raw Score Range MH Rank Description of likelihood
0 1 Almost never
3-9 2 Unlikely
10-19 3 Somewhat less than likely
20-34 4 Somewhat greater than likely
35-49 5 Very likely
50+ 6 Almost certain

As listed by Larach et al. (1994) and Olckers (1997). 1) Indicators should be used only for determining MH susceptibility. 2) These
indicators should be added without regard to double counting (see text).

The double-counting rule applies when more than one indicator, representing a single
process, is observed. In such a case only the indicator with the highest score is counted.
This rule prevents double counting when the clinical process has more than one clinical
manifestation. An exception to the double counting rule is the score of the final category
“other indicators”. These points should be added to the total score without regard to the
double counting rule. The MH susceptibility indicators cannot be used to score an MH
event and can only be applied to MH susceptibility. Scores are added and the raw scores
are interpreted using the guidelines listed in Table 2.1B (Larach et al., 1994). An “MH

rank” is thus determined, ranging from 1 (almost never) to 6 (almost certain).

2.2 Diagnosis of malignant hyperthermia

Detection of MH susceptible (MHS) individuals before anaesthesia is critical. Kalow et al.
(1970) demonstrated that the skeletal muscle strips from MHS patients showed enhanced
sensitivity to caffeine and halothane. In 1972, Ellis et al. reported that MHS muscle
specimens developed an abnormal contracture when exposed to halothane alone. These
observations lead to the development of a diagnostic test for MH. A test based on
contracture studies is, to date, the most widely used diagnostic procedure to determine
MH susceptibility (Larach et al., 1992). It involves measurement of contractions in the
presence of caffeine and halothane, with the muscle fibres from MHS individuals exhibiting
enhanced contracture when exposed to either of these substances (Rosenberg, 1989).

General guidelines have been suggested by Kaus and Rockoff (1994) to select individuals

that should be considered for testing, and include the following:

1. Patients with a questionable MH reaction or isolated signs related to MH during or
following general anaesthesia with trigger agents.

2. Patients with a suspected myopathy.

3. Close relatives of an MHS patient.
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e One parent of the proband should be tested.

o The second parent should be tested whenever the first parent tested negative
for MH.

e All the siblings and close relatives of an MHS individual are at risk and should,

therefore, be tested for MH.

Two diagnostic protocols, the North American caffeine halothane contracture test (Larach,
1989) and European in vitro contracture test protocols (European Malignant Hyperpyrexia
Group, 1984), are currently used for diagnostic purposes. These protocols differ in the
procedure and interpretation of the results (MacLennan and Phillips, 1992) and are

discussed below.

2.21 European in vitro contracture test (IVCT) protocol

The European protocol was utilised to diagnose MHS individuals in South Africa. In an
attempt to establish a standardised IVCT protocol the European Malignant Hyperpyrexia
Group proposed certain criteria (European Malignant Hyperpyrexia Group, 1984). Two
muscle strips obtained from the region of the quadriceps by way of biopsy, which included
the motor point, are exposed to increasing concentrations of caffeine and halothane. The
results of both caffeine and halothane are reported as the concentration of either caffeine
or halothane at which a 0.2 g contracture was recorded (European Malignant Hyperpyrexia
Group, 1984).

A positive IVCT (MHS) is defined as a 0.2 g contracture at a caffeine concentration of
2 mM or less, and a halothane concentration of 2% or less. The European protocol
requires a positive reaction to both caffeine and halothane for an MHS diagnosis.
Individuals that test positive for either caffeine or halothane, but not both, are classified as
MH equivocal (MHE) and further subdivided as MHEc (positive only for caffeine) or MHEh
(positive only for halothane), respectively. These individuals are, however, clinically
treated as MHS (European Malignant Hyperpyrexia Group, 1984; Fletcher et al., 1999).

The sensitivity and specificity of the IVCT was thought to be 100% and 93%, respectively
(@rding et al., 1997). Initially @rding et al. (1991) evaluated 119 anaesthetic events in 371
patients diagnosed via the IVCT and found that none of the individuals classified as MH
normal (MHN) developed any signs of MH after receiving triggering agents. This implied
that no false-negative diagnoses were made and that the sensitivity of the IVCT was

7
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indeed 100%. However, cases of false-negative diagnoses have been reported (Isaacs
and Badenhorst, 1993; Wedel and Nelson, 1994). Subsequently, the sensitivity and
specificity of the IVCT was determined to be 99% and 93.6% respectively in a multi-centre
study, including 22 centres (@rding ef al., 1997; Islander and Twetman, 1999). The fact
that false-negative diagnoses have been observed is alarming as the threshold levels of
the IVCT have been set specifically to avoid false-negative diagnoses (Hopkins et al,
1997). False-negative diagnoses can have fatal subsequences as these patients are
erroneously considered to be MHN and are therefore exposed to triggering agents during

surgical procedures.

2.2.2 North American caffeine halothane contracture test (CHCT) protocol

individuals from North American families were diagnosed utilising the North American
protocol. In 1989, the North American malignant hyperthermia group compiled the
standardised North American protocol for the caffeine halothane contracture test (CHCT)
(Larach, 1989; Melton et al., 1989). According to the protocol the preferred site for the
muscle biopsy is the vastus group. Larach (1989) also suggested the rectus abdominus or
other muscle groups as biopsy sites under special circumstances.

An individual is classified as MHS, for clinical purposes, when one of the viable muscle
strips examined demonstrated an abnormal contracture response to either caffeine or
halothane or both. A positive halothane result was defined as a contracture greater than
0.2 g - 0.7 g, after exposure to 3% halothane for 10 minutes. Each centre determined its
own threshold after reviewing approximately 30 control subjects. The caffeine contracture
was considered positive for MHS when the contracture was greater than 0.2 g in the
presence of 2 mM caffeine (Larach, 1989).

Larach et al. (1992) suggested that the proposed diagnostic guidelines had to be modified
to ensure greater specificity. These authors also suggested that a uniform method for
analysing the in vivo adverse response to anaesthetics of the patient be developed to
define the sensitivity of the North American CHCT. The sensitivity of the CHCT should be
100%, to eliminate false-negative results. Allen et al. (1998) reported that an adjustment
to the CHCT cut off values would ensure a higher sensitivity of the CHCT. The new cut off
values, yielding the highest test sensitivity were > 0.5 g for 3% halothane, and > 0.3 g for
2 mM caffeine (Allen et al., 1998). Subsequent to these adjustments the sensitivity and
specificity were calculated to be 97% and 78% respectively (Allen et al., 1998; Islander

8
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and Twetman, 1999). The North American MH registry recommended that a new cut off
value of > 0.5 g for 3% halothane be used for clinical purposes due to the improved
sensitivity and therefore a reduced number of false-negative diagnoses — despite the fact
that it necessitates the introduction of false-positive diagnoses (Fletcher et al., 1999).
However, for genetic studies a more stringent halothane cut off value of 0.7 g was
suggested in order to reduce the false-positive diagnoses thus making the CHCT and
IVCT results more comparable with each other (Fletcher et al., 1999).

2.2.3 Non-invasive procedures for diagnosing malignant hyperthermia

The IVCT is an invasive, expensive and time consuming procedure (Hopkins et al., 1994).
Furthermore, as discussed earlier in paragraphs 2.2.1 and 2.2.2, neither the European nor
the North American protocols are 100% sensitive. The IVCT is also not suitable for routine
diagnostic screening of small children, a group that is at high risk due to the elevated
incidence of MH in children (Glauber et al., 1997; Hogan, 1998).

A non-invasive or less invasive test is needed for the diagnosis of MHS. Many diagnostic
tests, other than the IVCT, have been investigated over the years, some of which are listed
in Table 2.2. These tests can be arranged into five categories: blood, electrophysiological,
biochemical muscle, muscle histology and contractures. However, both muscle histology

and contracture tests are invasive, requiring a muscle biopsy.

Many, but not all, MHS individuals had increased CK activity. Moreover, an increased CK
activity is a non-specific indicator of muscle injury that may be due to factors other than
MH (@rding, 1988). The other blood tests listed in Table 2.2 were also unsuccessful in
their diagnostic value for MH, mainly due to the lack of specificity. The most promise was
displayed by the procedure in which the calcium concentration in lymphocytes was
measured. The calcium concentration was significantly different in the MHS and MHN
groups with very little overlap. However, further investigation of this test is required to

evaluate its MH diagnosing potential (drding, 1988).

The electrophysiological tests proved not suitable for the diagnosis of MH, as there was no
discernible distinction between the normal and the MH group investigated. Furthermore,
the tests were less specific than the currently utilised contracture test (@rding, 1988).
Analysis of the biochemical muscle tests demonstrated that none of these could replace

the muscle contracture test.
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Table 2.2: Non-invasive diagnostic procedures investigated for the diagnosis of
malignant hyperthermia

Diagnostic procedures

Blood tests
Serum tests
Creatine kinase (CK)"?
Cholinesterase 2
Erythrocyte tests
Osmotic fragility 2
Chemiluminescence for quantitating auto-oxidation 2
Spin labelled red cell technique °
Platelet tests
Platelet aggregation *
Platelet nucleotide depletion #*
White cell tests
Human leukocyte antigen (HLA) type 2
Calcium concentration in lymphocytes

Electrophysiological tests

Motor unit counting 2

Tourniquet-twitch test %°

Relaxation rates of the elicited twitch response ?
Recruitment pattern after halothane and suxamethonium 2

Biochemical muscle tests

Adenosine triphosphate (ATP) depletion *°

Glycolytic metabolites 2

Myophosphorylase ratio ?

Adenylate kinase deficiency >’

Adenylate cyclase activity and cyclic adenosine monophosphate (AMP) 2
Adenylate deaminase deficiency 2

Low weight proteins 2

Calcium uptake by sarcoplasmic reticulum

Intracellular ionised calcium concentration 2 '°

Heat production 2

Nuclear magnetic resonance scanning

! paasuke and Brownell (1986), zﬂrding (1988), * Ohnishi et al. (1988), * Lee et al. (1985), ° Britt ot al. (1986), ® Britt ef al. (1976), ' Cerrie
et al. (1981), ® Nagarajan et al. (1987), ° Lopez et al. (1985), ° Kiip et al. (1987), ' Olgin et al. (1988), 2 0igin et al. (1991).

2, 11,12

It seems that the IVCT and the CHCT are presently the only reliable methods for
diagnosing MH. Hartung et al., (1996) and Gilly et al., (1997) have proposed the use of
the ryanodine test protocol and the use of 4-Chloro-M-Cresol in conjunction with the
European IVCT in order to define the MHE individuals more accurately on a phenotypical
level. It appears as though the development of a DNA based molecular diagnostic
protocol would be the only non-invasive procedure to diagnose MH 100% accurately.
However, the development of a molecular diagnostic protocol presents with its own unique
problems since the genetics of MH is complex due to the genetic heterogeneity that exists.

The genetic aspects of MH are discussed in paragraph 2.6.

10
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2.3 Clinical management of malignant hyperthermia

Early diagnosis and treatment of an MH episode is essential to reduce mortality. It is,
therefore, important that all the necessary supplies be at hand to treat a fulminant MH
episode. An MH cart with the necessary medication and supplies is therefore
recommended for all operating rooms and emergency surgery centres. The supplies that
should be kept in the cart are listed in Table 2.3. It is further recommended that a written
protocol for the treatment of an MH episode be posted in operating rooms and surgery
centres (Donnely, 1994; Golinski, 1995).

Table 2.3: Medication and medical supplies for a malignant hyperthermia cart

Medication

36 vials 20 mg, IV dantrolene sodium

4 bottles 500 ml, sterile water for injections

6 ampoules 50 ml, 8.4% sodium bicarbonate

10 vials 12.5 g, 25% mannitol

4 ampoules 100 mg furosemide

2 ampoules 50 ml, 50% dextrose

1 vial 10 ml, 100 U.mi" regular insulin (refrigerated)

3 vials 10 ml, 1000 U.mI™* heparin

6 bags 1000 ml, IV 0.9% sodium chloride (refrigerated)
Supplies

Written protocol for the treatment of a malignant hyperthermia episode
Cooling blankets

Ice machine

50 mi syringes

Nasogastric tubes

Plastic bags for ice

Blood pump

Hemodynamic monitoring equipment

Foley catheters

IV additive pin devices to ease mixing of water with dantrolene
Extra anaesthesia breathing circuits

Tubes for pertinent laboratory tests

As listed by Donnelly (1994) and Golinski (1995).

In the event of an acute MH episode the following protocol should be followed:

1. Exposure to trigger agents, listed in Table 2.4, should be discontinued. If the surgery
cannot be terminated the procedure should be continued with the use of safe agents
(listed in Table 2.4).

2. The patient should be hyperventilated with 100% oxygen at high flow rates. This
reduces the risk of hypoxia and helps prevent hypercarbia and respiratory acidosis. If
at all possible the anaesthesia circuit and CO- absorbent should be changed.

3. Dantrolene should be administrated intravenously (initial infra venous dose of 2 to

11
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4 mg kg with a limit of 10 mg.kg™") as soon as possible. Administration of dantrolene
should be continued until MH symptoms have disappeared and clinical signs have
normalised.

During an acute MH episode the metabolic acidosis should be corrected with an
alkalinising agent such as 1 to 2 mEq.kg™ intra venous sodium bicarbonate. Intra
venous dextrose and regular insulin can be administered if hyperkalemia persists.
This facilitates the redistribution of potassium from extracellular to intracellular
compartments by both sodium bicarbonate and insulin.

Cooling the patient as soon as possible treats pyrexia. Surface cooling can be
achieved with ice packs and cooling blankets. Iced saline solutions can be
administered intravenously and surgical wounds, stomach, bladder and rectum can
also be lavaged with chilled saline. As soon as the patient’s temperature reaches
38°C cooling should be discontinued.

Further treatment may be needed and is determined by monitoring arterial and venous
blood gasses, central venous pressure, urine output, temperature, PerCO,, potassium,
calcium, LDH, CPK, urine myoglobin and clotting studies.

It is not uncommon that ventricular arrhythmias, e.g. ventricular fibrillation, persist even
after acidosis and hyperkalemia have been corrected. An appropriate anti-arrhythmic
agent such as lidocaine or procainamide can be administered without any adverse
effect. However, calcium channel blockers (verapamil) should not be used with
dantrolene since they may result in myocardial depression (Kaus and Rockoff, 1994).
The patient should be transferred to the intensive care unit (ICU) for at least 24 hours
of observation. CPK, electrolytes and clotting profiles should be monitored until
normal along with the electrocardiogram, blood pressure, blood gasses, temperature

and urine output.

This treatment protocol was described by Halsall and Ellis (1993), Donnely (1994), Kaus

and Rockoff (1994), Golinski (1995) and Mauritz et al. (1997).

Table 2.4: Safe agents and trigger agents for malignant hyperthermia

Safe agents Trigger agents

Barbiturates Inhalational agents

thiopental halothane®

methohexital enflurane
Anaesthetic IV agents isoflurane

propofol desflurane

etomidate sevoflurane

ketamine methoxyflurane®

cyclopropane”

continued ...
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Table 2.4, continued ...

Safe agents Trigger agents
Inhalational agents Inhalational agents (continued ...)
nitrous oxide ether®
Benzodizepines Neuromuscular blocking agents
diazepam Succinylcholine / suxamethonium
midazolam decamethonium
lorazepam gallamine
Opioids d-Tubocurarine
morphine Local anaesthetics
meperidine lidocaine
hydromorphone bupivacaine
fentanyl mepivacaine
sufentanil Other
alfentanil belladonna alkaloids (atropine)
Neuromuscular blocking agents phenothiazines
pancuronium meperidine
atracurium cardiac glycosides
vecuronium corticosteroids
doxacurium
pipecuronium
mivacurium
Local anaesthetics
some local anaesthetics

As listed by Ahmad et al. (1985), Sims (1992), Donnely (1994), Kaus and Rockoff (1994), Belmont (1995), Ducart et al. (1995), Ben
Abraham et al. (1997), Michalek-Sauberer (1997), Allen and Brubaker (1998) and Garrido et al. (1999). a) Inhalational agent most often
associated with MH. b) No longer in use clinically.

A few major complications should be considered subsequent to an acute MH episode.
Recurrence of an MH reaction within hours of the first episode is possible, as well as
temperature fluctuation for several days. Coagulation abnormalities such as disseminated
intravascular coagulation has been reported and may be as a result of the release of
thromboplastins. Myoglobinuria usually occurs within 4 to 8 hours of an MH episode and
may result in renal failure if not treated. It is recommend that the bladder is catheterised
and a high alkalinised urine output is maintained until myoglobinuria clears. Muscle
weakness due to dantrolene and or muscle destruction may be severe and patients are at
risk of respiratory compromise due to muscle weakness. It is also recommended that
dantrolene be continued for 48 to 72 hours as it is the most important treatment for an
acute MH episode and treats the underlying cause (Halsall and Ellis, 1993; Donnely, 1994;
Kaus and Rockoff, 1994).

13
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2.4 Disorders associated with malignant hyperthermia

MH has been associated with a number of other disorders which can be divided into three
categories: (1) disorders that appear to be almost certainly associated with MH, (2)
disorders which are possibly associated with MH and (3) disorders where the association
appears coincidental (Brownell, 1988). It is unknown whether MH susceptibility is
additional to the disorder from which the individual suffers, or if the symptoms are due to
the reaction of abnormal muscle to the anaesthetic agents and, therefore, not indicative of
an MH reaction (Kaus and Rockoff, 1994).

One disorder that is associated with MH is central core disease (CCD), a non-progressive
or slowly progressive myopathy (Allen, 1994). Denborough et al. (1973) described the first
association between these two disorders, after treatment of a patient with both MH and
CCD. Since then the locus for both CCD and MH has been localised to chromosome
19913.1 and the same gene, the skeletal muscle ryanodine receptor (RYR1) gene,
identified to be involved in both these disorders. CCD and MH are actually allelic variants
as mutations within the same gene are responsible for both these phenotypically distinct
disorders (Zhang et al., 1993; Quane et al., 1993; Quane et al., 1994b).

Masseter muscle spasm (MMS) or jaw rigidity has been described as the most common
clinical symptom associated with the early stages of an MH reaction (Christian et al.,
1989). MMS may result in a difficulty to intubate, leading to complications in airway
management (Sims, 1992; Vita et al., 1995). Patients who received succinylcholine and
developed MMS, (Sims, 1992) although not all of them are MHS, will suffer a fulminant MH
episode. It is estimated that 50% of these patients may be at risk for MH or another
undiagnosed myopathy (Christian et al., 1989; Sims, 1992). Allen (1993) stated that MMS
alone is not indicative of MHS. However, caution should be taken when it occurs during
anaesthetic and the patient should be monitored carefully for other clinical signs indicative
of MH (Allen and Rosenberg, 1990; Allen, 1993). The only pre-symptomatic indicator of
MMS is the Gly1306Ala mutation identified by Vita et al. (1995) in the adult muscle sodium
channel o sub-unit (SCN4A) gene. This mutation is associated with succinylcholine-
induced MMS, whole body rigidity, and abnormal IVCT results (Vita et al., 1995).

There are various other myopathic conditions (listed in Table 2.5) where an association
with MH has been reported but the exact relationship between these disorders remains
unclear. Duchenne muscular dystrophy (DMD) is one of the disorders that seem to be

14
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associated with MH (Brownell et al., 1983). Kaus and Rockoff (1994) reported that 50% of
DMD patients have positive IVCT results. However, the positive IVCT results may be due
to the abnormalities in the DMD muscle and not because of MHS. Therefore, DMD
patients should be considered to be at risk for anaesthetic complications and should be
carefully monitored. Although many cases of MH and DMD have been reported, it is
important to state that not all DMD patients are MH susceptible, and that the association

between these two disorders has not yet been elucidated (Kaus and Rockoff, 1994).

Isaacs and Gericke (1990) reported two patients in whom MH is thought to be responsible
for the congenital abnormalities observed. However, these authors suggested that the
association of MH and congenital abnormalities might be coincidental. In a study
performed by Gericke and Isaacs (1990) 25 children with birth defects were investigated
via the IVCT. Fifteen of these children were diagnosed as MH positive. Muscle strips of
five of these MHS children responded to both halothane and caffeine, with the remainder
only responding to halothane. It is therefore possible that an association exists between
MH and certain congenital abnormalities including myotonia congenita. However, the
IVCT is not 100% specific (as discussed in paragraph 2.2.1) and false-positive MH
diagnoses are possible. There is, however, an anaesthetic risk for patients with congenital
abnormalities which cannot be ignored (Gericke and Isaacs 1990).

There are a number of other disorders associated with MH in which the association
appears to be coincidental. These disorders are also listed in Table 2.5 and include
disorders such as sudden infant death syndrome, neuroleptic syndrome, Burkett's
lymphoma and arthrogryposis. Baines et al. (1986), Brownell (1988) and Adnet et al.
(1989) all discounted the possibility that an association may exist between these disorders.

The relationship between osteogenesis imperfecta (Ol) and MH is not clear. Rampton
et al. (1984), Ryan et al. (1989) and Porsborg et al. (1996) reported individuals with Ol in
whom MH reactions were observed. IVCT was performed for one individual with Ol and
the result was negative (Porsborg et al., 1996), and none of the other individuals with Ol
were investigated via the IVCT (Rampton et al., 1984; Ryan et al., 1989). Porsborg et al.
(1996) and Ryan et al. (1989) suggested that an underlying metabolic anomaly is
responsible for the anaesthetic complications observed among patients with Ol
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Table 2.5: Disorders associated with malignant hyperthermia

Disorders

Reference

Probable association
Central core disease (CCD)

Possible association

Duchenne muscular dystrophy (DMD)
King-Denborough syndrome

Becker's muscular dystrophy
Myotonia congenita

Schwartz-Jampel syndrome
Myoadenylate deaminase deficiency

Sarcoplasmic reticulum adenosine triphosphate
deficiency syndrome
Mitochondrial myopathy

Smith-Lemli-Opitz syndrome

Masseter muscle spasm (MMS)

Coincidental association

Sudden infant death syndrome
Burkett’'s lymphoma

Neuroleptic malignant syndrome
Osteogenesis imperfecta (Ol)

Arthrogryposis

Hernia

Kyphoscoliosis

Strabismus

Ketoacidotic diabetic coma

Denborough et al., 1973, Loke and
MacLennan, 1998

Brownell et al., 1983.
King and Denborough, 1973

Gericke and lIsaacs, 1990; Isaacs and
Gericke, 1990

Gericke and lsaacs, 1990; Isaacs and
Gericke, 1990

Seay and Ziter, 1987

Brownell, 1988
Brownell, 1988

Ohtani et al., 1985

Petersen and Crouch, 1995; Haji-Michael
and Hatch, 1996; Peterson and Crouch,
1996

Christian et al, 1989; Alen and
Rosenberg, 1990

Brownell, 1988
Brownell, 1988

Adnet et al., 1989

Rampton et al., 1984; Ryan et al., 1989;
Porsborg et al., 1996
Baines et al., 1986

Kaus and Rockoff, 1994
Kaus and Rockoff, 1994
Kaus and Rockoff, 1994
Wappler et al., 1996

2.5 Pathophysiology and biochemistry of malignant hyperthermia

The primary abnormality of MH is located within skeletal muscle (Gallant et al., 1979).

Cytoplasmic calcium ions (Ca®") regulate the contraction, relaxation and energy

metabolism of the muscle cell. The Ca?* concentration in skeletal muscle is regulated by

the sarcoplasmic reticulum (SR) and other ion-pumps, -channels and -exchangers located

within the muscle cell membrane (MacLennan, 1992; MacLennan and Phillips, 1992). The

SR is the main storage site for Ca?" in skeletal muscle cells. Within the SR the ca*

associate with calsequestrin, a SR luminal calcium binding protein, and is released

through a Ca?*-release channel into the cytosol. Here calcium binds to troponin and

skeletal muscle contraction is initiated (MacLennan, 1992).
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The skeletal muscle ryanodine receptor (RYR1) gene located on human chromosome
19q13.1 (MacKenzie et al, 1990), as discussed in paragraph 2.6.1, encodes the
Ca?*-release channel of skeletal muscle. Abnormalities in the Ca**-release channels
located in the SR result in these channels opening for longer periods of time, thus flooding
the cytoplasm of the cell with Ca® (Fill et al., 1990; MacLennan, 1992). The excess ca®
cause sustained muscle contraction, resulting in rigidity and increased glycolytic and
aerobic metabolism that generate lactic acid and heat. The generated heat results in the
elevation of the body temperature, which is the symptom most often associated with MH
(MacLennan, 1992; MacLennan and Phillips, 1992; Ball and Johnson, 1993).

A schematic representation of the mechanism involved in muscle contraction is presented
in Figure 2.1. In muscle the sarcolemma is depolarised by an action potential from a
neuromuscular junction. The nerve impulse is transferred to the SR via excitation-
contraction coupling (EC-coupling) after the signal travelled along the cell membrane and
down the transverse tubule ®. Excitation-contraction coupling is the process which
involves depolarisation and contraction initiation of skeletal muscle. The major
components responsible for EC-coupling in skeletal muscle are the transverse tubule
(T-tubule) and the sarcoplasmic reticulum. T-tubule are formed by folds within the
sarcolemma that has the ability to conduct the muscle contraction signal through which
muscle contraction is triggered. The SR is an intracellular Ca** sequestering and
releasing membrane system, which contains the Ca** transporting adenosine
triphosphatase (ATPase) and Ca?*-release channel. The SR is activated via a voltage-

gated Ca®*-channel, the dihydropyridine receptor, located in the T-tubule membrane.

After depolarisation of the T-tubule the charge movement within the dihydropyridine
sensitive L-type Ca?*-channel (DHPR) activates the RYR1 causing it to open (Sessier,
1986; Miller, 1992). Ca*' is released from the lumen of the SR into the myoplasm,
resulting in muscle contraction. Although the precise mechanism involved in the
interaction of the DHPR and the RYR1 is not yet fully understood it is most likely that
protein-protein interaction between the DHPR and the RYR1 results in calcium release
(Marty et al., 1994; Meissner and Lu, 1995; Greenberg, 1997; Wingertzahn and Ochs,
1998). Upon activation of the DHPR, a conformational change results in direct physical
interaction between the DHPR and the RYR (Marty et al., 1994; Wingertzahn and Ochs,
1998).
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The EC-coupling process is enhanced by trigger agents such as halothane, caffeine and
succinylcholine @, but inhibited by dantrolene. In MHS individuals the activation threshold
is sufficiently lower to allow a small depolarisation signal by the triggering agents ® (listed
in Table 2.4) that stimulates calcium release. Normal muscle cells are depolarised at
-54 mV for contraction, while in MHS muscle the contraction occurs at -86 mV (Sessler,
1986).

Figure 2.1: A schematic representation of the mechanism involved in muscle
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Adapted from Olckers (1997).

The phospholipase A; (PLA;) activity is elevated in the mitochondria @, due to unknown
factors, increasing the concentration of mitochondrial free fatty acids (FFA). Mitochondrial
calcium is, therefore, released into the SR as a result of the decreased aerobic metabolism
and compensatory increase in glycolysis ®. SR calcium release is increased and
re-uptake inhibited in the presence of FFA. An increase in the calcium concentration
allows for the binding of calcium to troponin C ®. The myosin binding sites are uncovered

and cross-links formed between actin and myosin result in contraction. Eventually when
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the muscle temperature rises above 43.5°C ®, calcium is no longer required for the
interaction between actin and myosin and the muscle contraction becomes irreversible
(Sessler, 1986).

2.5.1 The skeletal muscle ryanodine receptor

Ryanodine receptors (RYRs) are intracellular Ca?*-channels involved in the releasing of
Ca?* from the SR of various tissues. A plant alkaloid, ryanodine, has been essential in the
identification of the SR Ca?*-release channels, due to the ability of ryanodine to bind these
channels (Pessah et al., 1985). The SR Ca®*-release channels are commonly known as
ryanodine receptors. Three ryanodine receptor isoforms, RYR1, RYR2 and RYR3,
encoded by three different genes have been identified in mammals (Sorrentino and Volpe,
1993). Isoforms RYR2 and RYR3 are expressed in cardiac muscle and the brain
respectively with the RYR1 isoform being expressed predominately in fast- and slow-twitch
skeletal muscle but also in the cerebrum, hippocampus, cerebellum heart and esophagus
(McPherson and Campbell, 1993; Sorrentino and Volpe, 1993; Coronado et al., 1994;
Mickelson and Louis, 1996).

The skeletal muscle ryanodine receptor is a large ion channel composed of four identical
polypeptide sub-units (Lai et al., 1989). Wagenknecht et al. (1989) demonstrated the three
dimensional structure of the ryanodine receptor and the tetrameric structure of the
functional channel was shown by electron microscopy (Wagenknecht ef al., 1989). Two
regions of the ryanodine receptor, the region associated with the junctional face
membrane of the terminal cisternae of the SR, and the region associated with the T-tubule,
can be distinguished (Wagenknecht et al., 1989). The large N-terminal region of the
receptor protein molecule protrudes into the cytoplasm, and can be observed under an
electron microscope. It appears as electro-dense square-like structures, referred to as
“feet”, protruding from the junctional SR membrane (Wagenknecht and Radermacher,
1995). A central cavity, 1-2 nm in diameter, is observed in the centre of the “foot’-like
structure (Figure 2.2). This is postulated to be the ion pore formed by the four membrane
spanning sub-units (Lai et al., 1988). The “foot’™like structure extends across the gap
between the junctional SR membrane and the surface membrane transverse tubule, also

known as the triad junction (Sorrentino and Volpe, 1993).
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Figure 2.2: Representation of the skeletal muscle ryanodine receptor protein
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Adapted from Olckers (1997).

Only a relatively small section of the large ryanodine receptor (RYR) molecule is intra-
lumenal. The C-terminal of the molecule is contained within the transmembrane segment
which anchors the receptor to the membrane of the SR. The receptor protein has ten
transmembrane domains located on the intralumenal side of the membrane and which are
involved in the control of the gating properties of the Ca**-release channel (Zorzato et al.,
1990). The C-terminal region of the ryanodine receptor forms the channel region (Hawkes
et al., 1992).

The large cytoplasmic domain of the RYR has a delicate structure with various cavities
and grooves. The functional significance of this type of assembly is unclear, but it was
suggested that its design allows it to withstand the stresses of muscle contraction while
still allowing diffusion of ions through the transmembrane domain (Wagenknecht and
Radermacher, 1995). In MH the gating regulation, or the gating mechanism of the
ryanodine receptor is affected, resulting in the Ca®*-release channel remaining open for an
increased period of time (Hawkes et al., 1992).
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.2 The dihydropyridine receptor

The dihydropyrodine (DHP) receptor is an L-type Ca®*-channel and can be defined as a
high voltage activated channel which is sensitive to 1,4-dihydropyridine compounds
(Catterall, 1988; Tsien ef al., 1991). These DHP receptors are located in the T-tubule
membrane of the skeletal muscle and are the essential components involved in
EC-coupling. The DHPR is both a voltage sensor for triggering intracellular Ca**-release
and a slow-voltage-activated Ca®*-channel (Tanabe et al., 1988; Miller, 1992; Cannon,
1996). However, these two processes are independent as Ca®* entry into the cytoplasm
through the dihydropyridine receptor (DHPR) is not required for EC-coupling and the
DHPR is involved in EC-coupling by acting as a voltage sensor (McPherson and
Campbell, 1993; Cannon, 1996).

The DHPR is a heteropentamer protein complex composed of five different sub-units, o,
o2, B, 8, and y, (Miller, 1992; McPherson and Campbell, 1993). The o4 and oz sub-units
are large high molecular weight sub-units while the B, 5, and y sub-units are smaller in
size. There is a strong association of oy with B and y indicating direct interaction between
these sub-units, as illustrated in Figure 2.3 (Catterall, 1988; Catterall and Striessnig,
1992). In skeletal muscle four genes encode the five different sub-units of the DHPR
(Perez-Reyes and Schneider, 1995).

Figure 2.3: Interaction between the sub-units of the skeletal muscle
dihydropyridine receptor

a2

Extracellular

I

Intracellular

Adapted from Olckers (1997) and Catterall and Striessnig (1992).

;. IGe22270 21
olud4lyo3%



The o4 sub-unit is a large 212 kDa protein of the skeletal DHPR and has four homologous
repeat units, each comprised of six a-helix transmembrane segments, illustrated in
Figure 2.4 and labelled S1-S6. In the fourth a-helix segment (S4) every third or fourth
amino acid of each repeat is a positively charged arginine or lysine. These segments are,
therefore, thought to form part of the voltage sensing mechanism of the channel (Catterall,
1988; Tsien et al., 1991; Catterall and Striessnig, 1992; Miller, 1992). The cytoplasmic
segments include the amino- and the carboxyl-terminal regions as well as the intercellular
loops linking repeats | and Il, repeats Il and Ill and repeats Ill and IV. The intracellular
loop linking repeat units Il and Il has been identified as the region involved in EC-coupling
in skeletal muscle (Tanabe et al., 1990; Lu et al., 1994). The |-l loop region of the o
sub-unit is thought to interact with the B sub-unit (Meissner and Lu, 1995; Perez-Reyes
and Schneider, 1995). The region between the C-terminal and the IV repeat unit of the a4
sub-unit is known as the EF hand domain and is implicated in calcium dependent
inactivation and the binding of Ca** (Tsien et al., 1991; Perez-Reyes and Schneider,
1995). The EF hand is a domain which has a consensus sequence that is folded into a
helix-loop-helix pattern with hydrophilic side chains which bind to calcium ions (Baimbridge
et al., 1992). The a4 sub-unit also forms the voltage-gated Ca?* selective pore (Cannon,
1996) and is encoded by the o4 skeletal muscle dihydropyridine receptor (CACNL1A3)
gene on chromosome 1931-32 (Monnier et al., 1997).

Figure 2.4: Schematic representation of the o4 sub-unit of the skeletal muscle
dihydropyridine receptor
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Adapted from Olckers (1997) and Monnier et al., (1997).



4k
E.a UNIVERSITEIT VAN PRETORIA
Q UNIVERSITY OF PRETORIA

Q=P YUNIBESITHI YA PRETORIA

The B sub-unit is a 55 kDa protein (Catterall and Striessnig, 1992; Miller, 1992) with a
secondary structure which indicates that this protein contains several a-helixes. This is a
cytoplasmic protein as the helixes contain many charged amino acid residues and is,
therefore, not embedded in the membrane. The gene encoding the B sub-unit of the
DHPR is located on chromosome 17q11.2-22 (lles et al., 1993). Interaction of the
sub-unit with the cytoplasmic domain of the o4 sub-unit may be via phosphorylation,
modulating the function of oy (Powers et al., 1992). The amino (N) terminal region of the 3
sub-unit is capable of interaction with the a4 sub-unit and this is thought to control the

kinetic effect of the p sub-unit (Perez-Reyes and Schneider, 1995).

The a5, sub-unit is a large (142 kDa) glycoprotein that is bound to the 22-28 kDa & peptide
through disulphide bonds (Catterall and Striessing, 1992: Miller, 1992). Both the a2 and &
sub-units are encoded by the same gene located on the proximal long arm of chromosome
7q (Miller, 1992; lles et al, 1994). A single precursor protein, o/5 propeptide, is
proteolytically cleaved near the carboxyl terminal to form the & and a2 sub-units, but the a;
and & sub-units remain covalently linked through a disulphide bond. The suggested
secondary structure of the 5 sub-unit contains a transmembrane segment that anchors the
02/5 complex to the membrane. The functional co-expression of the a2/d and o4 in the
presence of the B sub-unit appears to enhance the expression of the o4 sub-unit and
increase the voltage-sensitivity of the channel activation and inactivation (Miller, 1992; lles
et al., 1994: Perez-Reyes and Schneider, 1995). The a/d complex may also play a role in
determining the spatial distribution of Ca%*-channels and may be involved in the insertion

of the o4 sub-unit into the membrane (lles et al., 1994; Perez-Reyes and Schneider, 1995).

The 32 kDa v protein has been purified from skeletal muscle (Jay et al., 1990; Miller,
1992). The protein is encoded by the gene on chromosome 17q24 (lles et al., 1993), and
contains four possible membrane spanning regions that separate the intracellular amino
(NH>) and the carboxyl (COOH) terminal (Jay et al., 1990). Although this protein is almost
exclusively expressed in the skeletal muscle, the role of the y sub-unit in the DHPR
complex has not yet been determined (Jay et al., 1990; Miller, 1992; Perez-Reyes and
Schneider, 1995; Greenberg, 1997). Therefore, the y sub-unit may play a role in the
assembly, modulation or structure of the Ca?*-channels, as well as being involved in
EC-coupling (Jay et al., 1990; Perez-Reyes and Schneider, 1995).
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2.5.3 Interaction of the skeletal muscle ryanodine receptor with other
proteins involved in skeletal muscle contraction

The RYR protein interacts with at least five other triadic proteins, as presented in
Figure 2.5. The proteins are the DHPR o4 sub-unit, FK-506 binding protein (FKBP12),
triadin, calsequestrin and calmodulin. These triadic proteins seem to contribute to the
function and regulation of the Ca®*-release mechanism (Coronado et al., 1994; Pessah
et al., 1996).

Figure 2.5: Major components involved in skeletal muscle contraction
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Adapted from Olckers (1997).

The FK-506 binding protein is a 12 kDa protein that binds to the ryanodine receptor and
modulates the gating of the Ca**-release channel (Jayaraman et al., 1992; Timerman
et al., 1993; Brillantes ef al., 1994). The molar ratio of FKBP12 to RYR is 4:1 in highly
purified RYR preparations. This indicates that one FKBP12 molecule is associated with
each subunit of the Ca®*-release channel (Jayaraman et al., 1992; Coronado et al., 1994;
Marks, 1997). Timerman et al. (1993) reported that the FKBP12 specifically modulates the
activity of the RYR1. It appears as though the FKBP12 stabilises the closed conformation
of the RYR1 and may therefore be important in modulating the gating of the Ca®**-release
channel (Timerman et al., 1993). Studies conducted by Brillantes and co-workers (1994)
also indicated that the function of FKBP12 is the stabilisation of the RYR1. Brillantes et al.
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(1994) and Brooksbank et al. (1998) both indicated that a functional Ca**-release channel
is dependent on the binding of FKBP12 to the RYR1. The FKBP12 impedes the opening
of the Ca2*-channel, but stabilises it once opened, therefore optimising Ca**-release into
the cytoplasm. It also appears as though FKBP12 improves co-operation between the four
RYR1 sub-units, resulting in a more stable Ca?'-release channel (Brillantes et al., 1994).

Triadin, a 95 kDa SR protein, appears to have a functional role in EC-coupling in skeletal
muscle (Caswell et al., 1991; Liu and Pessah, 1994). Caswell et al. (1991) proposed that
the triadin protein binds to both the DHP and the ryanodine receptors and form a ternary
complex at the triad junction. Analysis of the amino acid sequence and peptide mapping
revealed that triadin has three domains: a single transmembrane segment located within
the SR membrane that separates the protein into two domains, a cytoplasmic, and SR
luminal domain. The C-terminal of the triadin protein is postulated to be on the luminal
side of the SR and is the largest domain. The smaller N-terminal of the protein is thought
to be the cytoplasmic domain (Coronado et al., 1994; Meissner and Lu, 1995). As the
cytoplasmic domain is such a short segment it might not be able to interact with the DHPR
as suggested previously (Coronado et al., 1994). Guo and Campell (1995) suggested that
triadins interact with the RYR and calsequestrin but not with the DHPR. It has also been
suggested that triadin might functionally link the RYR receptor and calsequestrin (lkemato
et al.,, 1991).

Calsequestrin is highly acidic and the primary Ca?* binding protein of the SR (Fliegel et al.,
1987). Binding of luminal Ca®* to calsequestrin coincides with major conformational
changes of the protein. This protein has no transmembrane region and resides within the
lumen of the SR (Fliegel et al., 1987; Coronado et al., 1994). Collins et al. (1990) reported
that a segment of the calsequestrin protein binds to the junctional face membrane of the
SR. It was suggested that the activation of the Ca*'-release channel by ligands evoke a
signal in the junctional face membrane, which is in turn transmitted to calsequestrin. This
signal results in Ca®* being released from calsequestrin to increase the free Ca®*
concentration within the lumen of the SR (lkemato et al., 1991; Coronado et al., 1994).

Calmodulin is a regulatory protein consisting of only 148 amino acid residues with a
molecular weight of approximately 16-17 kDa (Landers ef al., 1989). This protein binds
four Ca®" ions and regulates various calcium dependent signal pathways (O'Neil and
DeGrado, 1990). Calmodulin was indicated to bind to the skeletal muscle ryanodine
receptor (Seiler et al., 1984), reducing the rate of Ca%*-release from the skeletal muscle

25



&
gs UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA
Qe VYUNIBESITHI YA PRETORIA

SR (Meissner and Henderson, 1987; Coronado et al., 1994; Meissner, 1994). Zorzato
et al. (1990) identified three possible calmodulin binding sites in the C-terminal region of

the RYR1 sequence.

2.54 The calcium adenosine triphosphatase (Ca’*-A TPase) pump

Calcium homeostasis within the muscle cell is maintained by sequestering Ca?" from the
cytoplasm to the SR and mitochondria. The calcium adenosine triphosphatase
(Ca®*-ATPase) pump located in the membrane of the SR actively transports the ca*
across the membrane (Nelson, 1989; Duthie and Arthur, 1993: McPherson and Campbell,
1993). Active removal of the Ca?* from the cytosol ensures subsequent relaxation of the
contracted muscle (Duthie and Arthur, 1993).

The Ca?*-ATPase is a membrane bound protein with two globular cytoplasmic domains
which are joined to a set of 10 transmembrane helixes by a pentahelical stalk (MacLennan
et al., 1985; Toyoshima et al., 1993). This protein removes two calcium ions from the
cytoplasm for each mole of ATP hydrolysed. Calcium binds to two sequentially high
affinity sites in the Ca2*-ATPase located close to the cytoplasmic face of the SR
membrane. The two binding sites of the Ca?*-ATPase are formed by negatively charged
helixes within the transmembrane domain. Conformational changes occur once ca*
binds to the binding sites. = The bound Ca?* is distributed into pools where it is
phosphorylated by ATP and released into the lumen of the SR reservoir. The ATPase is
converted from an adenosine diphosphate (ADP)-sensitive to an ADP-insensitive form by
the translocation and dissociation of the bound Ca®*. The cycle is completed by the
hydrolysis of the ATPase (Brandl et al., 1986; Clarke et al., 1989).

if the increase in Ca?* concentration in the cytocol is excessive, muscle contraction will be
sustained and a contracture results. Excessive cytoplasmic Ca** also leads to uncoupling
which results in a decreased ATP supply and subsequent failure of the SR Ca?*-ATPase
(Duthie and Arthur, 1993). The high cytoplasmic Ca®* concentration in the cytosol
stimulates the active transport of Ca?* by Ca?'-ATPase resulting in an increase in ATP
hydrolysis. This increase in ATP hydrolysis results in a greater demand for ATP than the
rate of ATP production. Since Ca** uptake is ATP dependent the rate of Ca?* uptake
decreases. Consequently, the cytoplasmic calcium concentration escalates and the ATP
levels decline resulting in failure of the SR Ca?*-ATPase to remove the excess cytoplasmic

Ca?*. If the Ca®*-release channel is unable to close the Ca?* will continue to flow from the
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SR into the cytoplasm (Steinmann, 1994). Fleischer et al. (1985) suggested that the
inability of the SR to store the Ca2* would also result in the muscle not relaxing but
retaining the contraction which would then result in contracture. Nelson (1989) reported
that triggering agents (listed in Table 2.4) responsible for an MH episode do not block the
SR Ca*" pump that actively transports the Ca?* back into the SR, but increases the
Ca®*-release channel open time, which leads to the cytoplasmic Ca*" concentrations

remaining high.

2.6 Genetic aspects of malignant hyperthermia

MH is inherited as an autosomal dominant trait (Gronert, 1980) and was originally believed
to be a single gene disorder (Denborough and Lovell, 1960). It is currently known that MH
is not a single gene disorder, and that seven loci in the human genome have been
associated with this disorder (MacLennan, 1995; Robinson et al., 1997; Olckers, 1997), to

date.

2.6.1 Linkage to chromosome 19

The porcine ryanodine receptor gene was localised to porcine chromosome 6p11-921
(Harbitz et al., 1990). This gene is closely linked to the glucose phosphate isomerase
(GPI) linkage group which is highly conserved across species (Archibald and Imlah, 1985;
Davies ef al., 1988). The region where the human GPI linkage group is located on
chromosome 19q was syntenic to the region harbouring the RYR1 on porcine
chromosome 6p (Clamp et al., 1993). The human GPI linkage group that contains the GPI
and RYR1 genes was localised to chromosome 19q, resulting in this region being
investigated for linkage to MHS (Lusis et al., 1986).

As demonstrated in porcine MH, human MHS is also controlled by a locus closely linked to
the GPI gene (McCarthy et al., 1990). These authors reported linkage to human
chromosome 19g12-q13.2 using three Irish MHS families, displaying an autosomal
dominant pattern of inheritance. In 1990 Zorzato et al. cloned the complementary DNA
(cDNA) of the human RYR1 gene and the gene was subsequently mapped to the long arm
of human chromosome 19q (MacKenzie et al., 1990).

MacLennan et al. (1990) performed linkage studies on MH families to determine whether
the MH phenotype segregated with the markers on chromosome 19q, which included
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markers within the RYR1 gene. Co-segregation of the RYR1 markers with the MH
phenotype was observed. This indicated linkage between the MH phenotype and the
RYR1 gene, and mutations in the RYR1 gene may cause MH (MacLennan et al., 1990).
Twenty-three missense mutations in the RYR1 gene have subsequently been identified

and are discussed in paragraph 2.6.1.2.
2611 Skeletal muscle ryanodine receptor (RYR1) gene

The human RYR1 gene is ca. 158 kilobase pairs (kb) in size, from the 5’ transcriptional
initiation site to the 3' polyadenylation signal (Phillips et al., 1996). The cDNA coding
sequence including the stop codon is 15 117 base pair (bp) in length. Analysis of the
cDNA revealed an open reading frame that codes for 5038 amino acids, resulting in a
protein with a molecular weight of 563 584 kDa (Phillips et al., 1996).

2.6.1.1.1 The 5 untranslated region of the human skeletal muscle
ryanodine receptor (RYR1) gene

Phillips et al. (1996) assigned the 5'-untransiated region of the human RYR1 gene 130 bp
upstream of the initiator methionine (Met) codon. This region contains 75% G and C
residues, which have been observed in other sarcoplasmic reticulum protein cDNAs
(MacLennan et al., 1985; Zorzato et al., 1990). The 5’-untranslated region of the human
RYR1 gene display 72% homology to that of the 5 upstream sequence of the rabbit
skeletal muscle ryanodine receptor. The rabbit transcription initiation site was assigned to
a residue 131 bp upstream of the initiator codon (Takeshima et al., 1989). This data
supported the assignment of the human transcription initiation site to the —130 bp position
(Phillips et al., 1996).

in a search for the potential DNA binding domains a poorly conserved CCAAT box was
identified at position —198 bp upstream from the initiator codon. This CCAAT box was
located in the same position as the CCAAT box found in the rabbit RYR1 gene. However,
it differs from the consensus sequence (CCAATCT) in that it had purines rather that
pyrimidines downstream of the CCAAT box sequence (Lewin, 1994).

Three Sp1 sites (GC box) were identified downstream of the CCAAT box. One site
(GGGCGG) in the forward direction and two (CCGCCC) in the reverse direction are
indicated by sequence underlined with a dotted line in Table 2.6. These Sp1 sites are

usually clustered near the initiation site of a gene (Lewin, 1994).
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Phillips et al. (1996) also identified three copies of a muscle specific promoter element
GGCTGGGG. These elements were first identified by Korczak et al. (1988) in the
Ca?*-ATPase gene of rabbits, and occur in the reverse direction as CCCCAGCC in the
human RYR1 gene. Two of these elements are also present in the reverse direction in the
identical position in the RYR1 gene of the rabbit (Takeshima et al., 1989). No consensus
TATA box was found in the promoter sequence but a cluster of five TATA box sequences
were found further upstream from the initiation codon at position -1500 bp (Phillips et al.,
1996).

Table 2.6: Partial genomic DNA (gDNA) sequence of the human ryanodine

receptor (RYR1) gene, promoter region, and exon one

Nzﬁl:\zt:rie DNA Sequence: Promoter region and exon 1
-480 cactatgttt ggtgcttttt aaagtcagga gatctggtgc acatccctge tctgctgegt
-420 gatatcttgc aagaacttcc ccactcagag cctcagtctg ccctctgtga aatgggagaa
-360 tgatggcacg ttacttaccg tggtggggag aaagcgcadgg tacctcctag atactctctc
-300 tcccacceca cctccggegg ccaacggcaa gcaaacctcc agccaagatt tggggtatgt
-240 gggcagggct ccggcgaagg ggagtggccg gggagtectg gtgccaatggg gcccgggded

W cap site v Exon 1

-180 gggacttcct cccatctctg tccagcatge gtgtactcct cgcagttcca TCTACCTCGC
-120 GGGTGCCTCT GGTGTCTCCA GAGGTCTCCG Accccacede. Gdccccaced CTC_C__(_:_
-60 CGCAGCC CCCTCCCTCT GTTCCCCGAC CTCAGACCCT GGGCTTCCGA CCTCGACATC
1 ATGGGTGACG CAGAAGGCGA AGACGAGGTC CAGTTCCTGC GGACGgtgcy tctctcectggg

61 ttaggggctg ttggggctat ctcttggggce tctctgaggce tctct

Partial gDNA sequence was retrieved from

Genbank with accession number U48449. The sequence in capital letters indicates exon 1

of the gene and the underiined sequence in capital letters is the translated region with the rest of the sequence in capital letters being
the 5'-untranslated region of the gene. The boxed sequences indicate the muscle specific promoter elements and the three Sp1 sites
are also indicated within the sequence (__). The initiation codon is the boldface capital letter sequence ATG. The CCAAT box (_)
located at position -198 bp and a cap site located at position -138 bp are also indicated above.

2.6.1.1.2 The coding region of the skeletal muscle ryanodine receptor

(RYR1) gene

The ATG initiator codon is located 15096 bp upstream from the termination codon (Zorzato
et al., 1990). The initiator methionine was located in a longer sequence of ACATCATGG
and closely resembles the consensus initiation sequence CCA(G)CCATGG reported by
Kozak (1984).

The gene contains a total of 106 exons with an average exon size of 144 bp and an
average intron size of 1377 bp. The smallest exon, exon 70, is 15 bp in length and the
largest exon, exon 91, is 813 bp in length. The introns range from 85 bp to 16 000 bp in
size, with intron 4 being the smallest and intron 89 being the largest. Two alternatively
spliced sites were identified in the RYR1 gene. These sites generate two distinct exons,
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exon 70 (15 bp) and exon 83 (18 bp). Alternative splicing of gDNA leads to the insertion of
a 15 bp exon (exon 70) into the cDNA after nucleotide G10437. The second alternative
splice site results in the deletion of exon 83 (Zhang et al., 1993; Phillips et al., 1996).

The splice sites of the RYR1 gene are primarily identical to the consensus sequences for
the 5' donor (GT) and the 3" acceptor (CAG) sequences. The 5’ donor site of exon 57 is
the only donor site that differs from the consensus sequence in that the sequence is GC
instead of GT. The largest number (83%) of the 3’ acceptor sites ended in CAG and the
remaining 17% ended in TAG (Phillips et al., 1996).

Phillips et al. (1996) identified 12 hydrophobic transmembrane sequences in the
C-terminal half of the molecule. Takeshima et al. (1989) identified four transmembrane
sequences in the rabbit skeletal muscle receptor gene. The transmembrane sequences
are labelled M’, M” and M1-M10 and are indicated in Table 2.7 as the sequence underlined
by a solid line. Three potential calmodulin-binding sites identified by Zorzato et al. (1990)
are also indicated in Table 2.7.

Table 2.7: Partial amino acid sequence of the human skeletal muscle ryanodine

receptor (RYR1) gene
Amino
Amino acid sequence acid
number
¥ exon 37
AERYVDKLOANQRSRYGLLIKAFSMTAAETARRTREFRSPPQEQINMLLOFKDGTDEE DCPLPEEIRQDL 2030
\4 v
LDFHQDLLAHCGIQLDGEEEEPEEETTLGS RLMSLLEKVRLVKKKEEKPEEERSAEESKPRSLQELVSH 2100

MVVRWAQEDEFVQS PELVRAMFSLLHRQYDGLGELLRALPRAYTI SPSSVEDTMSLLECLGQIRSLLIVQM 2170
¥ exon 40 v
GPQEENLMIQS I§_NIMNNKVFYQHPNLMRALGMHETVMEVMVNVLGGGESKEI REFPKMVTSCCRFLCYFC 2240

RI SRQNQRSMFDHLSYLLENSGIGL'EMQGSTPLDVAAASVI DNNELALALQEQDLEI!'\_/VSYLAGCGLQSC 2310
PMLVAKGYPDIGWNPCGGERYLDFLRFAVFV’N'QE SVEENANVVVRLLIRKPECFGPALRGEGGSGLLAAI 2380
EEAIRISEDPARDGPGI RRDRRREvEFeé%r:E;SPEENRVHLGHAIMS FYAALI DLLGRCAPEMHvLI QAGKGEA 2450
LRIRAILRSLVPLEDLVGIISLPLQI PTLGKYQGALVQPKMSAS FVPDEKASMVLFLDRVYGIENQDFLLH 2520
VLDVGFLPDMRAAAS LDTVATFSTTEMALAVNRYLCLAVLPLITKCAPLFAGTEHRAIMVDSMLHTVYRLS 2590
RGRSLTKAQRDVI EDCLMSLCRVXI RPSMLQHLLRRLVFDVPILNEFAKMPLKvéz)‘l(‘?\lnﬂ?ERCWKYYCLPTG 2660

v
WANFGVTSEEELHLTRKLFWGI FDSLAHKKYDPELYRMAMPCLCAIAGALP PDYVDASYSSKAEKKATVD 2730

A\ v
AEGNFDPRPVETLNVIIPEKLDS FINKFAEYTHEKWAFDKIQNNWS YGENIDEELKTHPMLRPYKTFSEK 2800
v ¥ exon 55
QKEIYRWﬁ?I KESLKAMIAWEWT IEKAREGEEEKTEKKKTE SQSAQEYDPRE‘.GYN PQPPDLSAVTLSRE 2870
v v v

LQAMAEQLAENYHNTWGRKKKQELEAKQGGTHPLLVPYDELTAKEKARDREKAQELLKFEVINGYAVTRg 2940

continued ...
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Table 2.7, continued ...

Amino
Amino acid sequence acid
number
v ¥ exon 60
LKDMELDSSS IEKRFAFGFLQQLLRWMDISQEFIAHLEAVVSSGRVEKS PHEQEIKFFAKI LLPLINQ;{ F 3010
TNHCLYFLSTPAKVLGSGGHA@KBKEMITSLFCKLAAMRHRVSLFngDAPAVVNCLHILARSLDAREV 3080
MKSGPEIVKAGLRS FFESASEDIEKMVE‘.NLRLGKVSQARTQVKGVGQNLTYT TVALLPVLTTLFQHIAQH 3150
QE‘GDDVI'LDDVQVSCYRTLCS I YSLGTTKNTYVEKVLE:;:};?ECLARhg,AAAMPVAFLE POLNEYNACSVYT 3220
TKSPRERAIYL_;GLPNSVEEMCPDI PVLERLMADIGGLAESGARYTEMPHVIEITLPMLCSYLPRWWERG PE 3290
APPSALPAGAPPPCTAVTSDHLNSLLGNILRI IVNNLGI DEASWMKRLAVYFAQPIVSRARPELLQSHFI P 3360
TIGRLRKRAGKVVSEEEQLRLEAKAEAQEGELLVRDEFSVLCRDLYALYPLLIRYVDNNngQWLTEPN PS 3430
AEELFRMVGEIFIYWSKS Hv_l\lFKREEQN FVVQNEINNMS FLTADN?QIZLZI?\KEGDI QEGGS DQERTKKKRRG 3500
DRYSVQTSLIVATLKKMLPIGLNMCAPTDQDLITLAKTRYAI}_(DT DEEVREFLHNNLHLQGK!/_EGS PSLR 3570
WQMALYRGVPGREEDADDPEKIVRRVQEVSAVLYYLDQvIEH PYKSKKAVWHKLLSKQRRRAVVACFRMTP 3640
LYNLP{I‘_I—??X‘C?MFLESYKAAWI LTEDHSFEDRMI DDLSV_KAGEQEEEEEEVEEKKPDPLHQLVLH FSRTAL 3710
TEKSngDEDYLYMAYADIMAKYS_CHLEEGGENGEAEEEVEVS FE;Z_KQMEKQRLLYQQARLHTRGAAEMVLQ 3780
MI SACKng?‘)I(%r;-\ﬁ)VSSTLKLGI S ILNGGNAEVQQvaMLDYLKDKKEVGFFQS IQALMQTCSvyLDLNAFERQN 3850
KAEGLGMVNEDGTVYINRQNVQEKVMADDE FTQDLFRFLQLLCEGHNNVP_;g\;‘YslfRT QTGNTTTINIIICTVD 3920
YLLRLQVES ISDFYWYYSGKDVI EEQGKRNFSKA&'I%VAKQVFNSLTEY IQngCTGNQQS LAHSRLWDAVVG 3990
E‘LHVFAHMMMKLAQVQSSQI ELLKELLDLQKDMVVMLLSLLEVGNVVNGMIARQMVDMLVESSSNVEMI LKF 4060
FDMFLKLKDIVGSEAFQDYVT DPRGLISKKDFQK!_XI‘%CS,B%%FSGPEI QFLLSCSEADENEMINCEEFANR 4130
FQE‘.PARDIGFNVAVLLTNLSEHVPHDPRLHNE‘LELAESILEYFRPYLGRIEIMGASRRI ERIYFEISETN 4200
RAQWEMPC!XII%(RQFI FDVVNEGGEAEKMELFVSFCEDT I FEMQIAAQISEPEGEPET DEDEGAGAAEA 4270
GAEGAEEGAAGLEGTAATAAAGATARVVAAAGRALRGLSYRS LRRRVRRLRRLTAREAATAVAALLWAAV 4340
TRAGAAGAAAGALGLLWGSLFGGGLVEGAKKVTVTELLAGMP DPTSDEVHGEQPAGPGGDADGEGASE 4410
GAGDAAEGAGDEEEAVHEAGPGGADGAVAVT DGGPFRPEGAGGLGDMGDITPAEPPT PEGSPILKRKLGvy 4480
DGVEEELPP :hEI’IE ?EPEPELEPEKADVAENGEKEEVPEPTPEPPKKQAPPSPPPKKEEAGGEFWGELEVQRV 4550
KFL'_I\EYLSRNFYTLRFLALFLAFAINFILLFYKvVSe BOSnPsPsGEDDMEG SAAGDVSGAGSGGSSGWGLGAGEEA 4620
EGDEDENMVYY FLEE‘.STGYMEPALRCLSLII%JLVAFLCI IGYNCLKVVPLVI FKREKELARKLEFDGLYIT 4690
EQPEDDDVKGQWDRLVLNTVBS FPSNYWDKFVKRKV_\{LDKHGDI YGRERIAELLGMDLATLEITAHNERKPN 4760
v exon 100 ¥
PPPGLLTWLMS IDVKYQIWKFGVIFTDNS FLYLGWYMVMSLLGHYNNFFFAAHLLDIAMGVKTLRTILSS 4830
v v (W9 ]

VTHNGKQLVMTVGLLAVVVYLYTVVAFNFFRKFYNKSEDEDE PDMKCDDMMTCYLEHMYVGVRAGGGIGD 4900
EIEDPAGDEYELYRVVFDI ThlA?‘1F9FFVIVILLAI IQvGLI IDAFGELRDQQOEQVKE DMEVEKCFI CGIGSDYFD 4970
TTPHGFETHTLEE!—INLANYIVIVE;)I(..?'?Y‘II_?;NKDETEHTGQv_h.:SYVWKMYQERCWDFFPAGDCFRKQYEDQLS 5038

Partial amino acid sequence was retrieved from Genbank with accession number J05200. The transmembrane sequences are
underlined and labelied M', M" and M1-M10 (Zorzato et al. 1990; Phillips et al., 1996). The 106 exons are indicated (V¥ ) and numbered

after every 5 exons, with the first amino acid of each exon underlined. Three potential calmodulin-binding sites are also indi

boxed sequences.

cated by
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Phillips et al. (1996) confirmed a number of errors in the human RYR1 cDNA published by
Zorzato et al. (1990). A series of sequencing compressions in a GC rich region between
nucleotide g4092 and g4105 were corrected by Zhang et al. (1993). Both the original and
corrected nucleotide sequences are presented in Table 2.8. Nucleotide g4107 was
corrected to c4107 and three additional nucleotides (g4093, g4094 and g4104) were
identified resulting in a frameshift of the original amino acid sequence RGAP1368 to
GEAQP1369 as indicated in Table 2.8. The addition of an amino acid shifted the original

amino acid numbering by +1 downstream of amino acid 1369.

Table 2.8: Correction of the sequencing compressions within the RYR1 gene
Original amino acid | Original nucleotide Corrected Corrected amino
sequence sequence nucleotide sequence acid sequence
Aarr(\:ligo Aanéligo Nucleotide | Nucleotide | Nucleotide | Nucleotide Aar]?:ligo A:;ligo
number sequence' number sequence | sequence number sequence1 number
4090 g g 4090
1364 Gly (G) 4091 g g 4091 Gly (G) 1364
4092 g o 4092
4093 a g’ 4093
1365 Arg (R) 4094 g g* 4094 Gly (G) 1365
4095 a a 4095
4096 g g 4096
1366 Gly (G) 4097 g a 4097 Gly (E) 1366
4098 c g 4098
4099 g g 4099
1367 Ala (A) 4100 c c 4100 Ala (A) 1367
4101 a g 4101
4102 c c 4102
1368 Pro (P) 4103 c a 4103 GIn (Q) 1368
4104 9’ g° 4104
4105 g c 4105
1369 Ala (A) 4106 c c 4106 Pro (P) 1369
4107 c c® 4107
4108 a g 4108
1370 Arg (R) 4109 g c 4109 Ala (A) 1370
4110 g c 4110
a 4111
g 4112 Arg (R) 1371
g 4113

Adapted from Zhang et al. (1993). 1) The one letter amino acid code is indicted in brackets. 2) Corrected to ¢ as indicated by 6. 3, 4
and 5) Not detected in original sequence, added to corrected sequence.
Due to one of the alternatively spliced exons, exon 70, an additional five amino acids,
AGDIQ, were added to the original sequence after Lys3479 (corrected to Lys3480) (Zhang
et al., 1993). Therefore all the amino acids following the Lys3480 are shifted by +6 due to
the addition of the one amino acid from the compression and the other five from exon 70.
Phillips et al. (1996) also confirmed the following four sequencing corrections identified by
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Gillard et al. (1992): Leu792 (CTG) to Leu792 (CTT), Lys2323 (AAG) to Asn2324 (AAC),
Ala2839 (GCG) to Arg2840 (CGG) and Ala3379 (GCC) to Arg3380 (CGC). These
sequencing corrections altered the amino acids in three instances but did not affect the
amino acid numbering as the change in amino acid numbers are due to the shift in the

original amino acid numbering of +1 downstream from amino acid 1369.

2.6.1.1.3 The 3’-untranslated region of the skeletal muscle ryanodine
receptor (RYR1) gene

The 3'-untranslated region of the RYR1 gene that begins after the termination codon TAG,
is 146 bp in length (Phillips et al., 1996). Proudfoot and Brownlee (1976) reported that the
AAUAAA sequence is possibly present in all eukaryotic mRNA about 20 bp away from the
3’ terminal polyadenylation sequence. A consensus polyadenylation signal, AAAATAAA,
is located 19 bp upstream of the polyadenylation site of the RYR1 gene, followed closely
by the characteristic TG-rich sequence TCTGTCGTACG and is indicated in Table 2.9
(McLauchlan et al., 1985; Zorzato et al., 1990).

Table 2.9: Partial gDNA sequence of the human ryanodine receptor (RYR1) gene,
exon 106 and the 3’-untranslated region

N:ﬁ:,ﬁzte'?e DNA Sequence: exon 106 and the 3'-untranslated region

1321 ctgaggtgga gaatcgcttg agccaggagg ctgtagtgag ctgtgattgt cgccactgca
1381 ctccagcctg ggcaacagag caacaccctg tctaaaaata tatatatata tatgtctcaa
1441 gggtttgaag atgtgaccaa tgaactcttt ctatccccaa tcctag\éifg’lrmgTTATGTCTG
1501 GAAGATGTAC CAAGAGAGAT GTTGGGATTT CTTCCCAGCT GGTGATTGTT TCCGTAAGCA
1561 GTATGAGGAC CAGCTTAGCT GACACACCCC CAGCTGGCCC TCCACCCCCA CCTCAAGTGC
1621 CTTATTCTCA CAGCAAGCCC CTTAGTCCCC AAGCCCCTCC CCCTAAGGCA GCTGGGGGAG
1681 AGGTGACCTA GTACtggaaa ataaatctgt cgtacgcccc ccag

Partial gDNA sequence was retrieved from Genbank with accession number U48508. The sequence in capital letters indicates exon
106 and the underlined sequence the 3'-untranslated region of the gene. The polyadenylation signal is indicated by the sequence
underlined with a double line. The termination codon is the boldface capital letter sequence TAG.

2.6.1.2 Reported polymorphisms and mutations within the skeletal muscle

ryanodine receptor (RYR1) gene

The first mutation described within the RYR1 gene was the Arg614 missense mutation,
which is analogous to the porcine Arg615 mutation (Gillard et al., 1991). Since the
identification of the Arg614 mutation twenty-two other mutations in the RYR1 gene have
been described of which eighteen is responsible for MHS, four have been linked to both
MHS and CCD, and one was observed only in a CCD family (Brandt et al., 1999). Gillard
et al. (1992) identified twenty polymorphisms in the RYR1 gene by sequence analysis.
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Three additional polymorphisms were identified (Zhang et al., 1993; Manning et al., 1998b)
and are listed with the missense mutations in Table 2.10.

Table 2.10: Reported missense mutations and polymorphisms in the skeletal

muscle ryanodine receptor gene

A::i:o AT:;?‘;:“’ Nucleotide substitution Po"r/n'?‘:;fig:‘sm ! Reference
Cys35 Cys—Arg tgc—cge: T103C Mutation Lynch et al., 1997
Leut197 None ctg—cta Polymorphism Gillard et al., 1992
Arg163 Arg—Cys cgc—tgc: C487T Causative mutation | Quane et al., 1993
Gly248 Gly—Arg ggg—agg: G742A Causative mutation | Gillard et al., 1992
Gly341 Gly—Arg ggg—>agg: G1021A Causative mutation | Quane et al., 1994a
Ala359 None gcc—get Polymorphism Gillard et al., 1992
1le403 lle—>Met atc—atg: C1209G Causative mutation | Quane et al., 1993
Arg470 Arg—Cys cgcortge Polymorphism Gillard et al., 1992
Tyr522 Tyr—>Ser tat—tct: A1565C Causative mutation | Quane et al., 1994b
Arg533 Arg—His cgt—cat: G1598A Mutation Brandt et al., 1999
Arg552 Arg—Trp cgg—otgg: C1654T Causative mutation | Keating et al., 1997
Serb555 None tca—otceg: Polymorphism Gillard et al., 1992
Arg614 Arg—Cys cgc—otge: C1840T Causative mutation | Otsu et al., 1992
Arg614 Arg—lLeu cgcocte: G1841T Causative mutation | Quane et al., 1997
Pro762 None cctoccee Polymorphism Zhang et al., 1993
Thr98o0 None aca—»acg Polymorphism Gillard et al., 1992
Asn893 None aac—aat Polymorphism Zhang et al., 1993
lle1151 None atc—oatt Polymorphism Gillard et al., 1992
Pro1785 Pro—Leu cca—cta Polymorphism Gillard et al., 1992
Lys2012 None aaa—aag Polymorphism Gillard et al., 1992
Gly2059 Gly—Cys ggc—tge Polymorphism Gillard et al., 1992
Arg2163 Arg—Cys cgc—tge: C6487T Causative mutation | Manning et al., 1998a
Arg2163 Arg—His cgc—cac: G6488A Causative mutation | Manning et al., 1998a
Arg2163 Arg—Pro cge—>cec: G6488C Mutation Brandt et al., 1999
Val2168 Val—>Met gtg—atg: G6502A Mutation Manning et al., 1998a
Thr2206 Thr—Arg acg—agg: CB6617G Mutation Brandt et al., 1999
Thr2206 Thr—>Met acg—atg: C6617T Mutation Manning et al., 1998a
Pro2366 None cce—=cct Polymorphism Manning et al., 1998b
Gly2435 Gly—Arg gga—aga: G7297A Causative mutation | Keating et al., 1994
Arg2436 Arg—His cgc—cac: G7301A Causative mutation | Zhang et al., 1993
Arg2436 Arg—leu cge—octe: G7301T Mutation Barone et al., 1999
Arg2454 Arg—Cys cgc—tge: C7360T Mutation Brandt et al., 1999
Arg2454 Arg—His cgc—cac: G7361A Mutation Barone et al., 1999
Arg2458 Arg—Cys cgc—tgc: C7372T Causative mutation | Manning et al., 1998b
Arg2458 Arg—His cgc—cac: G7373A Causative mutation | Manning et al., 1998b
Ala2499 None gcg—gca Polymorphism Gillard ef al., 1992
Val2507 None gtg—gta Polymorphism Gillard et al., 1992
His2620 None cac—cat Polymorphism Gillard et al., 1992
Arg2623 None cgc—regt Polymorphism Gillard et al., 1992
Thr2658 None acg—aca Polymorphism Gillard et al., 1992
1le2704 None att—atc Polymorphism Gillard et al., 1992
Asp2729 None gat—gac Polymorphism Gillard et al., 1992
Glu2778 None gag—>gaa Polymorphism Gillard et al., 1992
Ser2862 None agt—agc Polymorphism Gillard et al., 1992
Pro3060 None cca—»ccg Polymorphism Gillard et al., 1992
Leu3229 None ctg->cta Polymorphism Gillard et al., 1992

Adapted from Olckers (1997) and Brandt et al. (1999).
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All twenty-three of these mutations are missense mutations resulting in the substitution of
one amino acid for another due to a nucleotide substitution. Nineteen of these mutations
involve an Arg amino acid: three mutations entail the substitution of a Gly to an Arg, two
mutations result from the substitution of a Cys to an Arg and one is due to a Thr to an Arg
substitution. Fourteen of the mutations result in an Arg being substituted for another
amino acid, Cys and His in five instances, Leu in two and Trp and Pro in the others.
These mutations can be divided into two distinct groups within the RYR1 gene, one group
clusters between residues 35 and 614 at the N-terminal region of the RYR1 gene and the
other group clustering between residues 2163 and 2458 located in the central region of the
gene. Figure 2.6 illustrates the location of the mutations clustered in the two regions of the

RYR1 gene.

Figure 2.6: Location of the missense mutations within the RYR1 gene
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Adapted from Olckers (1997) and Zorzato et al. (1997).

A missense mutation is causative when it meets the following requirements as listed by
Cooper and Krawczak (1995) and Hogan (1998):

1. The mutation must occur in a functional or structural region of the protein.

2. The region must be conserved across species.

3. The mutation must occur in unrelated patients and not in the normal population.

4. The missense mutation must segregate with the disease phenotype in a family.

5. The biochemical properties of an in vitro produced mutant protein should be

identical to that of the in vivo mutant protein.
6. The pathological phenotype should be reversible when the mutant gene or protein is
replaced with the wild-type.
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Tong et al. (1997) conducted expression studies with mutant and wild type RYR1
recombinant DNA for fifteen of the mutations (C35R, R163C, G248R, G341R, 1403M,
Y522S, R552W, R614C, R614L, R2163C, R2163H, G2435R, R2436H, R2458C and
R2458H) reported in the RYR1 gene. All of the mutants investigated by Tong et al. (1997),
with the exception of C35R, were more sensitive to caffeine that the wild type RYR1.
These authors concluded that the abnormal Ca?*-release of the transfected cells were due
to the differences in the gating properties of the mutant RYR1. These findings provide
supporting evidence of the causal role of these fourteen mutations in MH as indicated in
Table 2.10 (Tong et al., 1997). In the following paragraphs each of the missense

mutations will be discussed in greater detail.

2.6.1.21 The Cys35Arg mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Lynch et al. (1997) reported the Cys35Arg mutation in a large MHS family that displayed
linkage to the RYR1 gene. After none of the MH mutations reported at the time
(Arg163Cys, Gly248Arg, Gly341Arg, lle403Met, Tyr522Ser, Arg614Cys, Gly2435Arg and
Arg2436His) were observed in this family, a T to C transition at position 103 was identified
via sequencing analysis. This substitution results in the replacement of amino acid Cys35
with an Arg. This mutation is the most N-terminal mutation reported to date.

Two individuals within the extensive family described by Lynch et al. (1997) were
diagnosed as homozygous for the Cys35Arg RYR1 mutation. The two homozygous
individuals are offspring of a consanguineous marriage. Only one other homozygous MHS
individual has been reported to date (Deufel et al., 1995) — and is homozygous for the
Arg614Cys mutation. The Cys35Arg mutation segregated perfectly with the MHS
phenotype in the family described by Lynch ef al, (1997). These authors investigated
sixty-five unrelated MHS individuals for the T103C substitution, but it was only detected in
the above-mentioned family. It is, therefore, possible that this mutation is unique to this
particular MHS family (Lynch et al., 1997).

The mutation was not detected in 200 normal chromosomes, indicating that this
substitution is not a polymorphism but a possible causative mutation. Eight RYR
receptors, as listed in Table 2.11, from five species indicated that the Cys35 amino acid is
conserved across these species and is therefore a functionally important amino acid
(Lynch et al., 1997).
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Table 2.11: Alignment of amino acid sequence of the RYR receptors from five

species
Species RYR receptors Amino acid sequence 2
Human RYR1 _TVLKEQLKL C LAAEGFGNRLCFLE..
Pig RYR1 .TVLKEQLKL C LAAEGFGNRLCFLE..
Rabbit RYR1 .TVLKEQLKL C LAAEGFGNRLCFLE..
Rabbit RYR2 . TIHKEQQKL C LAAEGFGNRLCFLE..
Rabbit RYR3 ..TVHKEQRKF C LAAEGLGNRLCFLE..
Bulifrog RYR a .TIRKENLKM C MGVEGFGNRLCYLE..
Bulifrog RYR B ..TIHKEQRKF C LAAEGLGNRLCFLE..
D. melanogaster RYR .TG--—-ERV C LAAEGFGNRHCFLE..
Adopted from Lynch et al. (1897). a) The isolated C in the amino acid sequence is Cys35.
2.6.1.2.2 The Arg163Cys mutation in the skeletal muscle ryanodine

receptor (RYR1) gene

Quane et al. (1993) identified the Arg163Cys mutation in one Italian CCD family and one
Danish MH family. This nucleotide substitution was identified when the c¢DNA of the RYR1
gene was screened for mutations that caused CCD (Quane et al., 1993). An aberrant
single-stranded conformational polymorphism (SSCP) was identified, and a single base
substitution, C487T, was revealed upon sequencing. It was reported that two to three
percent of MHS cases investigated is caused by the Arg163 point mutation (Quane et al.,
1994a; Manning et al., 1998a). Fagerlund et al. (1994) confirmed the presence of the
Arg163Cys mutation in the Danish family initially investigated by Quane ef al. (1994a).

One hundred and eighty eight normal chromosomes were examined to determine if this
mutation is present in the normal population and none of these chromosomes harboured
the mutation. Segregation analysis indicated that this mutation co-segregated with the
MHS phenotype in the families where the mutation was identified. The amino acid Arg in
position 163 is also conserved across species which indicated that it is a functionally
important amino acid in the RYR protein (Quane et al., 1993). Transfection studies by
Censier et al. (1998) indicated that the Arg163Cys mutation is an MH causative mutation.
This study confirmed the results of the study by Tong et al. (1997) which indicated that
fourteen mutations in the RYR1 gene, including the Arg163Cys, are causative mutations
for MH.

2.6.1.2.3 The Gly248Arg mutation in the skeletal muscle anodine
receptor (RYR1) gene

Gillard et al. (1992) detected an G742 to A substitution when systematically sequencing
the cDNA of the RYR1 gene. This point mutation results in the substitution of amino acid
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Gly248 with an Arg. This substitution does result in the alteration of restriction sites. It
abolishes an Mnl | restriction site, and also creates an Mnl | restriction site close to the
original site (Sei et al., 1998). The alteration of the restriction site could only be utilised
when a modified primer was designed to eliminate the newly created restriction site.
Segregation between this mutation and the MHS phenotype has, to date, only been
observed in one family (Gillard et al., 1992).

26.1.24 The Gly341Arq mutation in_the skeletal muscle ryanodine
receptor (RYR1) gene

In an attempt to identify new MHS mutations in the RYR1 gene the 15.3 kb RYR1 gene
was screened and the Gly341Arg mutation was identified (Quane et al., 1994a). This
missense mutation was detected via SSCP analysis, where aberrant conformer migration
rates indicate the presence of DNA alterations. After identification of aberrant conformers
the samples were sequenced, identifying the nucleotide replacement G1021 with A
(Quane et al., 1994a).

This mutation was first identified in three Irish, two Belgian and one French MHS patients
by Quane et al. (1994a). The Gly341Arg mutation has subsequently been identified in
seven British MHS families (Adeokun et al., 1997), three Belgium families (Monieurs et al.,
1998) and an ltalian family (Barone et al., 1999).

The absence of the candidate mutation in the normal population was established by
examination of 500 chromosomes with SSCP analysis. However, SSCP is not specific for
any mutation and is, therefore, not the recommended detection method for the Gly341Arg
mutation. This issue is discussed in more detail in chapter four. Segregation studies
performed on several European MH families indicated that the mutation co-segregated
with the MHS phenotype (Quane et al., 1994a).

Adeokun et al. (1997) identified seven additional unrelated MHS individuals, via the
amplification-created restriction site (ACRS) protocol (Alestr¢m et al., 1995), harbouring
the Gly341Arg mutation. Segregation studies in six of the seven MHS families were not
possible but the presence of the mutation in these individuals supported the report by
Quane et al. (1994a), stating that this mutation is associated with MHS. However, the
Gly341Arg mutation was only observed in a single Danish MH family from 48 Danish and
41 Swedish families investigated (Fagerlund et al., 1996). It was also not observed in the

large North American populations investigated, which included 165 MHN and 114 MHS
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individuals (Stewart et al., 1998). Brandt ef al. (1999) investigated 96 German, 4 Austrian,
two Swiss, one French and one ltalian family and also did not observe the Gly341Arg
mutation. These findings suggested that the G1021A gene pool is restricted to Northern
European populations (Stewart et al., 1998).

In one British pedigree the mutation is present in only MHS individuals but does not co-
segregate with the MHS phenotype of five MHS individuals (Adeokun et al., 1997).
Haplotype analysis indicated that the haplotype identified in the seven MHS individuals
with the mutation was not present in the five MHS individuals who do not harbour the
Gly341Arg mutation (Adeokun et al., 1997). These authors suggested that it is highly
unlikely that five of the MHS individuals were diagnosed incorrectly, even though the IVCT
is not 100% sensitive (Drding et al., 1997). However, another explanation of the observed
results is possible, but was not discussed by Adeokun et al. (1997). It is possible that
these individuals have another myopathy which could result in the positive (MHS) IVCT
results and would therefore explain the phenotype-genotype discordance.

Adeokun et al. (1997) offered several possible explanations for the phenotype-genotype
discordance observed in the British pedigree. It was suggested that two genes might be
involved in this kinship, thus resulting in the Gly341Arg mutation not being the causative
mutation in this family but rather a polymorphism. Incorrect IVCT or mutation detection
results seem unlikely since the mutation detection protocol was repeated in two other
laboratories.  Confirmation of results by heteroduplex analysis, a mutation-specific
amplification refractory-mutation system test, and sequencing analysis of a key individual
demonstrated that the initial mutation analysis was correct (Adeokun et al., 1997). These
authors do, however, favour the explanation that two genes might be responsible for the
discordance observed in the British family. However, the IVCT results and the clinical
background of the MHS individuals were not discussed in sufficient detail to conclude that
other myopathies did not cause the positive IVCT results.

Phenotype-genotype discordance was also observed in an Irish family (Healy et al., 1996).
Two MHS individuals did not harbour the Gly341Arg mutation. However, when the IVCT
thresholds were altered to be more specific the two individuals were phenotyped as MHN
in which case the mutation then co-segregated with the IVCT results. Haplotype analysis
also indicated that the same haplotype was present in the individuals that harboured the
mutation. The two individuals not harbouring the mutation also did not have the haplotype
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observed in the other MHS individuals suggesting that the two individuals were falsely

diagnosed as positive (Healy et al., 1996).

Monsieurs et al. (1998) suggested that the Gly341Arg mutation might be the cause of
chronic elevated serum kinase activity. These authors identified two families having
elevated resting CK activity. The Gly341Arg mutation co-segregated with the IVCT results
in these two families. Moreover, all the individuals positive for the mutation had elevated
CK levels. This suggested a possible relationship between CK activity and the Gly341Arg
mutation. Monsieurs et al. (1998) also reported that the results of their study suggested
that the defect in the RYR receptor might result in the loss of the integrity of the
sarcolemmal membrane thus leading to increased levels of skeletal muscle proteins such
as CK.

2.6.1.25 The lle403Met mutation in_the skeletal muscle ryanodine
receptor (RYR1) gene

Screening the RYR1 gene for possible mutations causing CCD revealed an lle403Met
substitution (Quane et al., 1993). This substitution was detected via SSCP analysis of the
cDNA after the aberrant conformers were identified and sequenced. A C1209G nucleotide
substitution was detected which results in the loss of an Mbo | restriction enzyme site.

To establish whether the lle403Met mutation was present in the normal population,
188 normal chromosomes were examined for the mutation. None of the chromosomes
investigated harboured the candidate mutation. Co-segregation between the mutation and
the CCD phenotype in one ltalian CCD pedigree was indicated (Quane et al., 1993). This
family had no history of MH and had not been investigated via the IVCT. To date, the
lle403Met mutation has only been observed in this small Italian CCD pedigree (Manning
et al., 1998b). Examination of the amino acid sequence revealed that the 1le403 amino
acid is conserved across species, and might thus be functionally important in the RYR1
protein (Quane et al., 1993).

2.6.1.2.6 The Tyr522Ser mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

The Tyr522Ser amino acid substitution was identified by Quane et al. (1994b) in a French
MHS family referred for MH testing. The mutation was observed during routine SSCP
analysis of the cDNA from the French MHS pedigree. Direct sequencing of the
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polymerase chain reaction (PCR) product resulted in the observation of an A1565C
substitution in exon 14 of the RYR1 gene. The A1565C missense mutation does not result
in the alteration of a restriction site. Therefore the presence of the mutation was detected
via SSCP analysis of gDNA.

The Tyr522Ser mutation was absent from the 264 normal chromosomes screened for the
mutation. Co-segregation of the mutation and the MHS phenotype was observed in the
French family in which it was first detected. It was suggested that the Tyr522 amino acid
is important for the function of the RYR proteins as it is conserved across species (Quane
et al., 1994b). To date, no other MHS family has been identified with this mutation
(Manning et al., 1998b).

2.6.1.2.7 The Arg533His mutation_in the skeletal muscle ryanodine
receptor (RYR1) gene

Brandt et al. (1999) listed the Arg533His mutation as one of twenty-three mutations
identified within the RYR1 gene. This mutation is due to the G1598A substitution which
does not result in the alteration of a restriction site. The reported detection method for the
Arg533His mutation is SSCP. The Arg533His mutation has been associated with the MH
phenotype. Unfortunately no other information regarding the presence of the mutation in
the normal population or segregation analysis has been reported for this mutation (Brandt
et al., 1999).

2.6.1.2.8 The Arg552Trp mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

The Arg552Trp mutation was detected via SSCP analysis in a large Irish family (Keating
et al., 1997). Sequence analysis displayed a single nucleotide substitution, C1654T. This
substitution resulted in the amino acid replacement of an Arg by a Trp at position 552. The
Arg552Trp mutation abolished a Sau 3A/ restriction site, allowing for the detection of the

mutation via restriction fragment length polymorphism (RFLP) analysis.

In order to provide evidence for the causative nature of the Arg552Trp mutation 200
normal chromosomes were analysed to confirm the absence of the mutation in the normal
population (Keating et al., 1997). Segregation analysis in the large Irish pedigree indicated
that the mutation co-segregated with the MHS phenotype in this family. Arg522 may be a

functionally important amino acid as it is conserved across species (Keating et al., 1997).
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26.1.2.9 The Arqg614Cys mutation in_the skeletal muscle ryanodine
receptor (RYR1) gene

Fujii et al. (1991) identified the Arg615 point mutation in pigs subsequently identified as the
causative mutation of MH in swine. Gillard et al. (1991) analysed the syntenic human DNA
region to identify the analogous human mutation. The Arg614Cys mutation was
subsequently identified, which resulted from a C to T substitution at position 1840. This
nucleotide substitution caused the deletion of a Rsa / restriction site that could be utilised

in molecular diagnosis of this mutation via RFLP analysis (Otsu et al., 1992).

This mutation was demonstrated to segregate with the MHS phenotype in one of
35 Canadian MH families (Gillard et al., 1991). The C1840T missense mutation also
co-segregated with the MH phenotype in two North German families (Steinfath et al,
1995). Monori et al. (1995) reported the co-segregation of the Arg614Cys mutation in a
large three generation pedigree. Analyses of 78 normal chromosomes were performed
and none displayed the mutation (Gillard et al. 1991). Hogan et al. (1992) also identified a
family with the Arg614Cys mutation and it was subsequently estimated that this mutation is
present in 3-5% of MH families (Quane et al., 1994a).

Treves et al. (1994) studied the intracellular Ca?* of transfected COS-7 cells expressing
the wild type and mutant recombinant DNA. These authors found that the Arg615Cys
mutation alters the Ca®* homeostasis of eukaryotic cells, thus providing further evidence
for the causal nature of the mutation. The Arg614Cys mutation is the human analogue of
the Arg615Cys porcine mutation and contributes towards the evidence for the causative
nature of the Arg614Cys mutation. The pig could also be utilised as an animal model for
MH.

Phenotype-genotype discordance have been reported in five families for the Arg614Cys
mutations (Olckers et al., 1994; Deufel et al., 1995; Serfas et al., 1996; Fagerlund et al.,
1997; Fortunato et al., 1999). Olckers et al. (1994) first described two individuals in a large
South African family displaying discordance. One MHS individual did not harbour the
mutation and the other individual, although diagnosed as MHN via the IVCT, did harbour
the mutation. This family is discussed in more detail in chapter four, paragraph 4.7. This
was the first report of an MHN individual harbouring the Arg614Cys mutation.

Deufel et al. (1995) also observed phenotype-genotype discordance in a large complex

family. Three MHS individuals do not harbour the mutation, while one MHN individual
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does. A homozygote for the mutation was also identified in this family. The observation of
these four discordant individuals was explained via three hypotheses (Deufel et al., 1995).
The first hypothesis is that two independent Arg614Cys mutations in one branch of the
family and a third unrelated mutation in the other branch accounts for the discordance
observed together with the false-negative IVCT result in one individual. The second
hypothesis is that the C to T mutation alone is the cause of the MHS phenotype in this
family, with the MHN individual being erroneously diagnosed as negative with the IVCT.
The third is that a single dominant mutation is responsible for all MHS phenotypes in this
family, which is not linked to the RYR1 locus (Deufel et al., 1995). These authors agreed
that none of these hypotheses can be rejected but the first hypothesis is highly unlikely, as
it would require three independent mutations and false-negative IVCT results. The second
hypothesis is also in disagreement with data available in the literature, according to Deufel
et al. (1995). The authors reported that the third is compatible with the resuits they

observed in this particular family.

Serfas et al. (1996) observed discordance in a large Manitoba Mennonite family. Initially
five individuals displayed discrepancies between their IVCT and the DNA-based diagnosis.
However, after re-evaluation of the IVCT data it was concluded that four of the tests were
inconclusive due to poor muscle quality. One individual was re-biopsied and was
subsequently diagnosed as MHN in contrast to the original MHS diagnosis. Two
individuals did, however, display phenotype-genotype discordance. Both the individuals
were diagnosed as MHS but did not harbour the mutation (Serfas et al., 1996).

Discordance between the IVCT results and the Arg614Cys mutation results were observed
in one Danish and one Swedish family (Fagerlund et al., 1997). In the Danish family three
MHS individuals did not harbour the Arg614Cys mutation. The Arg614Cys mutation was
present in five MHS individuals and absent in all seven MHN individuals and two MHEh
individuals. The Swedish family consisted of only three individuals, the proband that
exhibited the mutation, her husband in whom it was absent, and their daughter who was
diagnosed MHS via the IVCT but did not inherit the Arg614Cys mutation (Fagerlund ef al.,
1997).

Fortunato et al. (1999) observed phenotype-genotype discordance in an individual who
was phenotyped as MHN via the IVCT and in whom the mutation was detected. This is a
rare case of discordance and has only been observed in two other individuals (Olckers
et al., 1994; Deufel et al., 1995).
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The phenotype-genotype discordance observed for the Arg614Cys mutation is alarming,

and several explanations for this anomaly exist. The following provides a synopsis:

1. There may be no linkage to chromosome 19g13.1. Haplotype analysis performed
for all the families in which discordance were observed indicated that the
MH-designated haplotype segregated with the Arg614Cys mutation results, but not
with the IVCT results. (Olckers et al., 1994; Serfas et al., 1996; Fagerlund et al.,
1997; Fortunato et al., 1999).

2. There may be more than one MH mutation segregating in the discordant family
(Serfas et al., 1996; Fagerlund et al., 1997; Fortunato et al., 1999).

3. The phenotypic assessment of the individuals may be incorrect (Olckers et al.,
1994; Serfas et al., 1996; Fagerlund et al., 1997; Fortunato et al., 1999).

4, The genotypic assessment of the individuals may be incorrect (Fortunato et al.,

1999). However, since the discordant individuals were sequenced and the RFLP

results verified, this explanation of the discordant results seem unlikely.

It was suggested by Olckers et al. (1994), Serfas et al. (1996), Fagerlund et al., (1997) and
Fortunato et al., (1999) that the most likely explanation for the observed phenotype-

genotype discordance is incorrect phenotypic assessment.

2.6.1.2.10 The Arg614Leu mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Screening of the coding sequence of the RYR1 gene for new mutations lead to the
identification of a novel Arg614Leu mutation in a Danish MHS family and two unrelated
MHS probands (Quane et al., 1997). Direct sequencing of the aberrant SSCP fragments
revealed a base substitution, G1841T, that lead to the amino acid substitution of Arg with

Leu at position 614.

A hundred and forty eight chromosomes from the normal population were examined for the
presence of the novel mutation. This candidate mutation was not observed in any of the
analysed chromosomes. The Arg614Leu mutation and the MHS phenotype co-segregated
in the Danish MHS family in which it was originally detected. Examination of the RYR1
sequences of several species indicated that the Arg614 amino acid is conserved across
species and is functionally important in the ryanodine receptor (Quane et al., 1997).
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2.6.1.2.11 The Arg2163Cys mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Manning et al. (1998a) undertook mutation screening for novel mutations in the RYR1
gene by utilising the SSCP technique. Previously reported mutations were not observed in
the individuals included in their screening study. Unique SSCP patterns were detected in
MHS individuals from several families. Sequence analysis of the amplified fragment
identified one of the aberrant SSCP patterns that was due to a C6487T alteration, which
results in an Arg for a Cys amino acid substitution in position 2163 (Manning et al., 1998a).

This putative causative mutation was not present in the two hundred normal chromosomes
analysed via SSCP. However, SSCP is not specific enough to determine the presence or
absence of a particular mutation. Therefore, even though no aberrant conformer was
observed in the normal chromosomes investigated it is not conclusive evidence that the
Arg2163Cys mutation is absent from the general population. The mutation segregated
with the MHS phenotype in the families in which it was identified. A comparison of the
amino acid sequence showed that the Arg2163 amino acid is conserved across species
(Manning et al., 1998a).

2.6.1.212 The Arg2163His mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Screening for novel mutations in the coding region of the RYR1 gene revealed a unique
SSCP conformer in one Belgian MHS individual and in an Italian MHS family (Manning
et al., 1998a). Direct sequencing of the aberrant SSCP conformer identified a novel
mutation where the G6488A substitution results in the replacement of an Arg for a His

amino acid in position 2163.

To determine whether this mutation was present in the normal population 200 normal
chromosomes were analysed and none of the chromosomes investigated harboured the
proposed novel mutation. Segregation studies were performed in the Italian family and the
candidate mutation segregated with the MHS phenotype. The Arg2163His mutation
seems to be associated with CCD as histological examination of the proband in the Italian
family indicated asymptomatic CCD. To meet the genetic criteria for a causative mutation
the amino acid sequence of several species were compared and it was found that the
Arg2163 amino acid is conserved across species (Manning ef al., 1998a).
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2.6.1.2.13 The Arg2163Pro mutation_in_the skeletal muscle ryanodine
receptor (RYR1) gene

Recently Brandt et al. (1999) reported the Arg2163Pro missense mutation. This mutation
can be detected via RFLP analysis as the G6488C substitution results in the loss of a
Bsr Bl restriction enzyme site. The mutation was reported to be associated with the MH
phenotype (Brandt et al., 1999). No data providing evidence of the causal nature of the
Arg2163Pro mutation was available other than the fact that the Arg2163 amino acid is

conserved across species (discussed in the previous two sections).

2.6.1.2.14 The Val2168Met mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Screening for novel mutations in the coding region of the RYR1 gene revealed an unique
SSCP fragment pattern in an MHS individual from a family of Swiss descent (Manning
et al., 1998a). Analysis of this aberrant fragment identified the nucleotide replacement of a
G to an A in position 6502. This mutation results in the amino acid alteration Val2168Met.
After subsequent investigation this mutation was identified in three additional Swiss
individuals and one German individual. The detection of the Val2168Met mutation in the
additional individuals may be an indication that this mutation is one of the most common
mutations in the European population or that there may be a founder effect in the Swiss

and German populations.

None of the 200 normal chromosomes investigated harboured the Val2168Met mutation.
Segregation analysis of the mutation in the Swiss family indicated that the mutation
co-segregated with the MHS phenotype. The Val2168 amino acid is conserved across
several species (Manning et al., 1998a).

2.6.1.2.15 The Thr2206Arg mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

The Thr2206Arg mutation was identified in exon 40 of a MHS patient. The migration of an
aberrant SSCP conformer differed from that of the Thr2206Met mutation. Sequencing of
the aberrant conformer identified a novel C to G substitution at nucleotide position 6671.
The Thr2206Arg mutation was not present in 80 normal individuals analysed and
segregated with the MHS phenotype in the family in which it was identified (Brandt et al.,
1999).
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2.6.1.2.16 The Thr2206Met mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Since none of the previous reported mutations were observed in a group of MHS
individuals, SSCP analysis was employed to screen for possible causative mutations in the
RYR1 gene (Manning et al.,1998a). A possible causative mutation C6617T was identified
in one Irish family and one German MHS individual. The C6617T mutation results in the
Thr2206Met amino acid substitution.

Two hundred normal chromosomes were analysed and none of the chromosomes
harboured the Thr2206Met mutation. The MHS phenotype co-segregated with the
mutation in the Irish family. The Thr2206 amino acid is considered to be a functionally

important mutation as it is conserved across species (Manning et al., 1998a).

2.6.1.2.17 The Gly2435Arg mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

An aberrant SSCP pattern was observed in a patient investigated for possible mutations
(Keating et al., 1994). Direct sequencing of this segment of the RYR1 gene indicated the
base substitution of G7297 to A. Translation of this codon resulted in the replacement of a
Gly with an Arg at position 2435.

The presence of the mutation needed to be investigated in the normal population and for
this reason 200 normal chromosomes were analysed. None of the normal chromosomes
harboured the G7297A substitution (Keating ef al., 1994). Phillips et al. (1994) also
investigated 256 normal chromosomes and 746 chromosomes, which included 267
individuals with a history of chronic fatigue syndrome and muscle cramping, and 106 MHS
pedigrees with at least one MHS individual. The mutation was not present in any of these
chromosomes. The absence of this substitution in the general population and the
individuals investigated contribute to the evidence that this substitution is a possible
causative mutation and not a polymorphism. In addition, this Gly2435 amino acid is
conserved across species and is therefore considered to be functionally important (Keating
et al, 1994). This mutation is thought to account for the MH phenotype in 4% of MH
families (Phillips et al., 1994).

It was established that this mutation was present in one Irish, two German MHS pedigrees

and four Canadian families. The mutation was shown to co-segregate with the phenotype
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for MHS in each of the families with the exception of the last Caucasian family in which
one MHS individual did not display the mutation (Keating et al., 1994). Phillips et al. (1994)
also identified this mutation and subsequently found it in four Canadian pedigrees
investigated. They also observed phenotype-genotype discordance in four individuals
from the two families. In one family two of the discordant individuals were diagnosed as
MHS and one as MHN with the IVCT. The fourth discordant individual was diagnosed as
MHS but did not display the Gly2435Arg mutation (Phillips et al., 1994). Two possible
explanations for the observed discordance are that the IVCT results are incorrect or that a
possible second mutation in the RYR1 gene or even in a second gene involved in MH may
be responsible (Keating et al., 1994; Phillips et al., 1994). Both these authors concluded
that the phenotype-genotype discordance observed was due to false-positive and

false-negative diagnoses via the IVCT.

2.6.1.2.18 The Arg2436His mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Zhang et al. (1993) detected the substitution of A to G at position 7301. This missense
mutation results in the substitution of an Arg by a His. The change in nucleotide sequence
abolished the Hga / restriction enzyme site, creating an RFLP which can be used to detect
the mutation. This mutation has been associated with both CCD and MH in one Canadian
family. This provides evidence that CCD and MH are allelic disorders of the same gene
(Zhang et al., 1993). The mutation was also absent from 126 normal chromosomes
analysed. The Arg2436His mutation appears to be restricted to the Canadian family in
which it was identified (Manning et al., 1998a). Zhang et al. (1993) suggested that the
Arg2436His mutation is associated with CCD rather than MH, as it is located in the central
region of the RYR1 gene and not in the N-terminal region where the other MH mutations
(Gly248Arg and Arg614Cys) are located. No mutations associated with MH were
identified in the central region of the gene at that time. However, several mutations
(Arg2163Cys, Arg2163His, Arg2163Pro, Val2168Met, Thr2206Arg, Thr2206Met,
Gly2435Arg, Arg2436Leu, Arg2454Cys, Arg2454His, Arg2458Cys and Arg2454His), have
since been identified in the central region of the gene, all of which have been associated
with MH (Keating et al., 1994; Phillips et al., 1994; Manning et al., 1998b; Barone et al.,
1999; Brandt et al., 1999). It is, therefore, possible that the Arg2436His mutation is
associated with both MH and CCD, as Tong et al. (1997) demonstrated with transfection
studies that the Arg2436His mutation is a causative mutation for MH.
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2.6.1.219 The Arq2436Leu mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

The two mutation hot spots in the RYR1 gene were screened via SSCP for the presence
of the most frequent MH mutations (Gly341Arg, Arg614Cys, Arg614Leu, Arg2163Cys,
Arg2163His, gly2435Arg, Arg2436His, Arg2458Cys and Arg2458His). However, SSCP is
not specific for any mutation and all the aberrant conformers observed needed to be
sequenced to identify the possible substitution responsible for the different migration
patterns. Barone et al. (1999) selected this screening method as it enabled them to
screen a large region of the RYR1 gene for reported and novel mutations. Individuals
were also screened for the Arg163Cys mutation via RFLP. During the screening for these
mutations in patients with MH the Arg2436Leu mutation was identified in one MHS
individual who has CCD (Barone et al., 1999).

The Arg2436Leu mutation is potentially causative, as the mutation was not found in 96
normal chromosomes analysed. The Arg2436 amino acid is also conserved across
species. This Arg2436Leu mutation also involves the same amino acid as the Arg2436His
mutation. The Arg2436His mutation was identified in a large Canadian pedigree with both
CCD and MH (Zhang et al., 1993). The reported new Arg2436Leu mutation was found in
a MHS individual with CCD. These two mutations result in the same phenotypic
expression which suggests that the nature of the substitution is not relevant, but the
position of the mutation in the protein is. Identification of the Arg2436Leu mutation
supports the association of mutations within the RYR1 gene with both MH and CCD
(Barone et al., 1999).

2.6.1.2.20 The Arg2454Cys mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Brandt et al. (1999) also identified a novel missense mutation in exon 45 of the RYR1
gene. The Arg2454Cys mutation is the result of a C to T substitution at nucleotide position
7360. The mutation could be detected via RFLP as the mutation abolished a Bsh 1236 /
restriction site (Brandt et al., 1999). The Arg2454Cys mutation was identified in a MH
family and segregated with the IVCT phenotype. Eighty normal control individuals did not
display the mutation. The mutation might therefore be causative, however, other

biochemical evidence is still required to prove the causative nature of this mutation.
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2.6.1.2.21 The Arg2454His mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

The Arg2454His mutation identified by Barone et al. (1999) in a large Italian family is a
potentially causative mutation as it satisfies the criteria for a potentially causative mutation.
The mutation was absent in the 96 normal chromosomes analysed, and the Arg2454
amino acid is a functionally significant amino acid that is conserved across species. The
Arg2454His mutation also segregates with the MHS phenotype in the large Italian family
(Barone et al., 1999). The identification of the Arg2454His mutation in the Italian family
allowed the authors to perform a pre-symptomatic diagnosis of MHS for individuals in this
family not yet investigated via the IVCT.

2.6.1.2.22 The Arg2458Cys mutation in the skeletal muscle ryanodine
receptor (RYR1) gene

Manning et al. (1998b) focused their mutation screening on two regions of the RYR1 gene,
the N-terminal and the central portion. Short segments of the regions of interest were
analysed via SSCP. In several MHS and MHE individuals an unique SSCP pattern was
observed. Sequencing of the RYR1 segment of interest revealed a novel mutation

C7372T resulting in the substitution of an Arg for a Cys at position 2458.

This mutation was not present in 200 normal chromosomes analysed (Manning et al.,
1998b). The mutation occurs at a C residue in a CpG dinucleotide. The CpG dinucleotides
have been shown to have frequent mutations at the C or G residues due to deamination of
5-methylcytosine (5meC) residues (Cooper and Krawczak, 1995). Segregation analysis
showed that the Arg2458Cys mutation co-segregated with MHS and MHE phenotype with
the exception of one MHE(h) individual (Manning et al., 1998b).

2.6.1.2.23 The Arg2458His mutation in _the skeletal muscle ryanodine
receptor (RYR1) gene

Due to the identification of the Arg2458Cys mutation at a C residue in a CpG dinucleotide,
the possibility that a G residue was involved in the mutation was investigated. A different
SSCP fragment pattern was observed in the MHS individuals of a French family screened.
Further analysis of the segments revealed that the G residue of the CpG dinucleotide was
replaced with an adenine. The G7373A transition mutation resulted in the substitution of
an Arg for a His at position 2458. The Arg2458His mutation is the most C-terminal
mutation reported in the RYR1 gene, to date. Segregation analysis of this mutation was
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performed by SSCP in a selected family and showed co-segregation with the MHS
phenotype (Manning et al., 1998b).

2.6.2 Genetic heterogeneity

Genetic heterogeneity has been suspected in MH due to the highly variable clinical
presentation of the MH phenotype (Levitt ef al., 1991) and the association of MH with
various other disorders (Brownell, 1988; Allen, 1993). MH is a complex genetic disorder in

which both locus and allelic heterogeneity has been documented (Hogan, 1997).

2.6.2.1 Locus heterogeneity

In 1991, Levitt et al. was first to report three unrelated families that did not display linkage
to the region on chromosome 19q. Since the report by Levitt et al. (1991) several
pedigrees have been identified which do not display linkage to the candidate RYR1 gene
located on chromosome 19q13.1 and provided additional evidence for genetic
heterogeneity (Deufel et al., 1992; lles et al., 1992; Levitt et al., 1992; Olckers, 1993,
MacLennan et al., 1995) in different populations. It is estimated that less than 50% of
MHS families display linkage to the RYR1 locus on chromosome 19q13.1 (Ball and
Johnson, 1993). Linkage has subsequently been established to six other loci in the
genome: on chromosomes 174, 79, 5p, 39, 2q and 1q (Levitt et al., 1992; lles et al., 1994,
Sudbrak et al., 1995; Olckers, 1997; Robinson et al., 1997).

Levitt et al. (1992) reported that two South African and three North American MHS families
displayed close linkage to the 17q11.2-g24 chromosomal region. Two candidate genes
are located within the region of interest on chromosome 17q: the adult muscle sodium
channel o sub-unit gene (SCN4A), and two sub-units (B and y) of the dihydropyridine
receptor (CACNLB1 and CACNLG) (Levitt ef al., 1992; lles et al., 1993). The SCN4A
gene has been proposed as a candidate gene responsible for abnormal IVCT results
(Olckers ef al., 1992; Levitt et al., 1992; Vita et al., 1995; Vita et al., 1996). These authors
reported that a mutation in the SCN4A gene is associated with masseter muscle rigidity
and abnormal IVCT used to diagnose MHS. MH has been associated with masseter
muscle rigidity, as discussed in paragraph 2.4. Linkage analysis of a large Canadian
family with a history of hyperkalemic periodic paralysis and MH confirmed linkage to the
17q region as well as the association of the SCN4A gene with MH (Moslehi et al., 1998) as
proposed by Olckers et al. (1992) and Levitt et al. (1992).
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lles et al. (1994) found evidence for linkage to chromosome 7q in one three-generation
German family. The gene encoding the /8 sub-unit of the dihydropyridine receptor
(CACNL2A) was localised on the proximal long arm of chromosome 7q21-22 (Powers
etal, 1994). This CACNL2A gene was the candidate gene under investigation for
possible mutations associated with MHS (lles et al., 1994). Cawood et al. (1999) also
reported linkage to chromosome 7q in a North American MHS family. Haplotype analysis
in the North American MHS family indicated that the haplotype identified segregated with
the MHS phenotype in this family.

In linkage studies covering the entire human genome another possible MHS locus was
identified. A single German family with classical MH displayed linkage to chromosome
3q13.1 with a maximum lod score of 3.22. No candidate gene has been identified within
the chromosome region that displayed linkage with the MHS phenotype in the German
pedigree (Sudbrak et al., 1995).

Monnier et al. (1997) reported a French MHS family in which linkage between the o
sub-unit of the skeletal muscle dihydropyridine receptor (CACNL1A3) gene and the MHS
phenotype has been found. The CACNL1A3 gene has been mapped to chromosome
1q31-32 (Sudbrak et al., 1993). Subsequently Monnier et al. (1997) also identified a
mutation within the CACNL1A3 gene that is associated with the MH phenotype.

A Belgium family displayed positive lod scores for a haplotype on chromosome 5p
(Robinson etal., 1997). Although no candidate gene is known in the region on
chromosome 5p it does provide evidence of another locus involved in the MH phenotype.
An additional pedigree included in the linkage study by Robinson and co-workers did not
display linkage to any of the published loci thus suggesting that there are at least one
other locus that has not yet been identified (Robinson et al., 1997).

A large South African MHS family (MH102) did not display linkage to the six reported MH
loci (Olckers, 1997; Olckers et al., 1999). Linkage screening of the genome of this South
African MHS family identified a novel locus on chromosome 2q. Olckers et al. (1999) also
observed discordance in the South African family (MH102). The designated haplotype
segregated with the MHS phenotype in this family with the exception of two MHS
individuals. However, Olckers et al. (1994) also described discordance in another large
South African MH family (SA105) where they concluded that the discordance is most likely
due to false IVCT diagnoses. If the discordance observed in the family MH102 is also due
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to false-positive diagnoses then results from their study suggest that the region on
chromosome 2 might harbour a gene responsible for the MHS phenotype segregating in
this South African MHS family (Olckers et al., 1999).

2.6.2.2 Allelic heterogeneity

Allelic heterogeneity has been documented in both the RYR1 and the CACNL1A3 genes
(Moslehi et al., 1998). In the RYR1 gene one mutation, lle403Met, has been associated
with CCD in one family and four other mutations (Arg163Cys, Tyr522Ser, Arg2163His and
Arg2436His) have been identified in individuals with both MH and CCD (Brandt et al.,
1999). Zhang et al. (1993) reported that these two disorders are allelic disorders as

mutations in the same gene cause the two distinct phenotypes.

Three different mutations (Arg528His, Arg1239His and Arg1239Gly) have been associated
with hypokalemic paralysis in the CACNL1A3 gene (Monnier et al., 1997). One other
mutation, Arg1086His, was identified in the CACNL1A3 gene and this mutation was
associated with MHS. MHS and hypokalemic periodic paralysis are, therefore, also allelic
disorders (Monnier et al., 1997).

The Gly1306Ala mutation in the SCN4A gene has been associated with masseter muscle
rigidity, whole body rigidity and abnormal IVCT results (Vita et al., 1995). Other mutations
within this gene are associated with paramyotonia congenita and hyperkalemic periodic
paralysis (Vita et al., 1995; Moslehi et al., 1998). These reports indicated the existence of
allelic heterogeneity in the SCN4A gene (Moslehi et al, 1998). Although mutations
associated with MHS have not yet been identified within the SCN4A gene the possibility
cannot be ignored. Therefore, MH, paramyotonia congenita, hyperkalemic periodic
paralysis and masseter muscle rigidity may be allelic disorders associated with mutations
within the SCN4A gene (Vita ef al., 1995; Moslehi et al., 1998).

2.7 Aims of the study

Determination of MH status of individuals prior to receiving anaesthesia is important and
the in vitro contracture test (IVCT) and caffeine halothane contracture test (CHCT) are
currently used worldwide to determine the MH susceptibility of individuals (Kalow et al.,
1970). However, both the IVCT and CHCT are highly invasive, expensive and time
consuming procedures and neither the IVCT protocol nor the CHCT protocol is 100%
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sensitive and specific (@rding ef al., 1997; Allen et al., 1998). False-negative diagnoses
have been reported for both these protocols (Isaacs and Badenhorst, 1993, Wedel and
Nelson, 1994). This type of erroneous diagnoses can have fatal consequences for the
MHS individual. The development of a sensitive and non-invasive diagnostic test for MH is
therefore of great importance. However, many attempts to develop a diagnostic test have
failed. It appears as though the development of a DNA based molecular diagnostic
protocol would be the only non-invasive procedure to diagnose MH accurately. The
identification of twenty-three missense mutations in the RYR1 gene that have been
reported to co-segregate with the MH phenotype (Brandt et al., 1999) represents the first
step towards establishing a molecular diagnostic service.

In this study seventeen MH families, four South African and thirteen North American, were
included. A total of 89 individuals, 39 South African and 50 North American individuals,
were previously phenotyped with the IVCT and CHCT respectively. This group included
53 MH positive and 36 MH negative individuals. Eighty-nine selected MH individuals were
screened for nine of the reported missense mutations. Phenotype-genotype discordance
has previously been reported for some of the mutations (Gly341Arg, Arg614Cys and
Gly2435Arg) investigated in this study (Keating et al., 1994; Olckers et al., 1994; Phillips
et al, 1994; Deufel et al., 1995; Adeokun et al., 1997). For this reason as many as
possible phenotyped individuals were included in this screening study. To ensure cost
effectiveness, it was consequently decided that, whenever possible, at least five positive
individuals and two negative (control) individuals from each family should be included in
the screening study. The interaction between polymorphisms and mutations, which might
modify or contribute to the MH phenotype, is currently still unknown. For this reason the
selected individuals were screened for the presence of all of the nine mutations
investigated in this study.

Specific aims of this study were:

1. Screening 89 selected individuals from malignant hyperthermia susceptible (MHS)
families, four South African and thirteen North American, for the presence of nine of
the reported mutations in the RYR1 gene.

2. The selected individuals would be screened for the following nine reported
mutations: Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, lle403Met, Tyr522Ser,
Arg614Cys, Gly2435Arg and Arg2436His.

3. If mutations were present in individuals included in the initial screening study,

additional family members from that particular individual's family would be screened
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for the relevant mutation(s).

Establishing a molecular diagnostic service for individuals within the particular MH
families in which a specific mutation was identified.

Establishing a mutation screening service for individuals from MH families for the
reported MH mutations, in South Africa.
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CHAPTER THREE
MATERIALS AND METHODS

All chemicals were analar grade from United States Biochemical (USB), unless otherwise
indicated. Radiolabelled nucleotides were obtained from Amersham Life Science in the

United Kingdom (UK).

The ethical committee of the University of Pretoria approved this study as protocol 42/97.
Informed consent was obtained from individuals before blood samples were collected.

Seventeen MH families were utilised in this mutation screening study. All individuals of
whom biopsy data were available were included in the study. DNA of the North American
families were obtained from Prof. R.C. Levitt, currently from Magainin Pharmaceuticals
Inc. United States of America (USA) (previously from Department of Anesthesiology and
Critical Care Medicine, Johns Hopkins Medical Institutions), and Prof. J.E. Fletcher,
Allegheny University of the Health Sciences, Philadelphia, USA. When a mutation was
detected in an individual, the rest of that particular individual's family was screened for the

relevant mutation.

3.1 South African malignant hyperthermia (MH) families

Four extended South African families with MH were identified utilising the European IVCT
protocol (European Malignant Hyperpyrexia Group, 1984) and the results are listed in
Table 3.1. These families included forty-five individuals that had been phenotyped with
the IVCT. Of the forty-five individuals twenty-two were MHS, twenty-two individuals were
MHN and one individual was MHEh. The pedigrees were numbered in an unconventional
manner. Families were numbered MH101, MH102, MH104 and MH105 respectively, and
each individual was allocated a unique number, e.g. MH105-38, where the 105 indicated
the family number and 38 indicated the individual number. This allowed for the inclusion,

as needed, of new family members in this ongoing study.
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Table 3.1: IVCT results of the South African MHS families'

Family naun';d1 tl)r(:;hwdual Caffeine (mM) Halothane (vol %) MH Status
MH101-6 2.0 1.0 MHS
MH101-10 2.0 0.5 MHS
MH101-12 4.0 NR 4.0 MHN
MH102-2 1.0 1.0 MHS
MH102-4 8.0 NR 4.0 MHN
MH102-11 8.0 NR 4.0 MHN
MH102-24 0.5 1.0 MHS
MH102-28 20 1.0 MHS
MH102-32 b b MHS
MH102-39 2.0 0.5 MHS
MH102-48 NR NR MHN
MH102-96 4.0 20 MHEh
MH102-117 2.0 0.5 MHS
MH102-125 1.0 2.0 MHS
MH104-24 8.0 NR 4.0 FALSE MHN
MH104-25 8.0 25 MHN
MH104-26 1.0 0.5 MHS
MH104-27 NR NR MHN
MH104-33 8.0 NR MHN
MH104-35 2.0 1.0 MHS
MH104-40 8.0 NR MHN
MH104-41 8.0 NR MHN
MH105-14 bl b MHN
MH105-17 15 0.5 MHS
MH105-20 20 1.0 MHS
MH105-23 4.0 NR 4.0 MHN
MH105-26 2.0 0.5 MHS
MH105-28 4.0 NR 4.0 MHN
MH105-32 1.0 1.0 MHS
MH105-35 2.0 1.0 MHS
MH105-36 1.0 2.0 MHS
MH105-37 4.0 NR 4.0 MHN
MH105-38 0.5 0.5 MHS
MH105-39 8.0 NR 4.0 MHN
MH105-52 3.0 NR MHN
MH105-55 bl b MHS
MH105-63 1.0 1.0 MHS
MH105-64 1.5 0.5 MHS
MH105-83 8.0 NR 4.0 MHN
MH105-88 4.0 NR 4.0 MHN
MH105-98 8.0 NR 4.0 MHN
MH105-104 8.0 NR 4.0 MHN
MH105-110 i e MHN
MH105-117 4.0 NR 4.0 MHN
MH105-124 8.0 NR 4.0 MHN

NR = No response at; MHN = MH normal; MHS = MH susceptible; MHEh = MH equivocal, susceptible to halothane; ***, see text.

3.1.1 South African malignant hyperthermia family MH101

This South African family contains two individuals that are MHS and one individual that
has been diagnosed as MHN. The proband in this family, individual MH101-6, is indicated
in Figure 3.1. She developed a high fever and diaphoresis post-operatively, and was

! Data compiled by A. Olckers (1997).
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subsequently tested for MH. The two children of the proband, MH101-10 and MH101-12,
tested MHS and MHN respectively. The IVCT resuilts of this family are listed in Table 3.1.

Figure 3.1: Pedigree of South African malignant hyperthermia family MH101

11 12 14 15

MHs B @
7 MHN (] O
17 18 19 Never tested BB &

An explanation of the symbols is provided in the list of abbreviations and symbols.

3.1.2 South African malignant hyperthermia family MH102

Biopsy data on eleven members of family MH102 were available and are listed in
Table 3.1. Seven individuals tested MHS and three tested MHN. For individual
MH102-96 the IVCT results indicated that there was no response to caffeine but that there
was a response to halothane. The MH status of this individual is MHEh, but she is

regarded as MH positive for clinical purposes.

The proband of this large family (Appendix A) is individual MH102-125, as indicated in
Figure 3.2. This female developed a high fever during anaesthesia. She was diagnosed
in 1979, before the European IVCT protocol was adopted and her contracture study
yielded a positive result for halothane. This individual's diagnosis was confirmed when
the European IVCT protocol was introduced and her muscle biopsy was exposed to
caffeine as well. Individual MH102-32 lives in the United States of America, where she
was diagnosed as positive for MH. No details about her muscle biopsy was available and

there was no DNA sample available to include in this study.
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Figure 3.2: Excerpt from the pedigree of South African malignant hyperthermia

family MH102
45 46
&4 %7% ﬁ—@ 5

1 2 21 22 37 38 48 96 111 117 125 ‘K\
MHS R @
" II MHN ] O
MHEh @
4 11 24 28 32 39 Never tested [ &

An explanation of the symbols is provided in the list of abbreviations and symbols.

3.1.3 South African malignant hyperthermia family MH104

Family MH104, Figure 3.3, was investigated after the death of the proband (MH104-38).
This young female died at the age of two years and four months, due to a malignant
hyperthermia episode after receiving anaesthesia for dental treatment. Eight family

members were subsequently investigated of which three were identified as MHS.

Figure 3.3: Excerpt from the pedigree of South African malignant hyperthermia
family MH104

BT

24 25 26 27 28

MHs @ @
MHN (] O

35 B N\ 40 41
Never tested B &

An explanation of the symbols is provided in the list of abbreviations and symbols.
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Individual MH104-24 was initially diagnosed as MHN, but his diagnosis was changed after
his son (MH104-35) was diagnosed positive. His wife (MH104-25) was diagnosed as
MHN and her family had no history of MH. Table 3.1 lists the IVCT results of this family.
No DNA sample was available for individual MH104-33 and therefore he was not included

in this study. The full pedigree of MH104 is presented in Appendix A.

3.14 South African malignant hyperthermia family MH105

The proband, individual MH105-38 in Figure 3.4, suffered a malignant hyperthermia
episode as a young male. Unfortunately no details of the incident were recorded. At the
age of nine he was subjected to an IVCT and found to be MHS. Via the IVCT nine other
individuals of this family was found to be positive for MH and thirteen members were
diagnosed as MHN. The extended pedigree of this family is presented in appendix A and
the biopsy data are listed in Table 3.1. Four individuals (MH105-14, MH105-17,
MH105-52 and MH105-110) could not be included in this study as no DNA samples were

available for analysis.

Figure 3.4: Excerpt from the pedigree of the South African malignant hyperthermia
family MH105

Be  moe
fendlalies

26 2 35 39 60 63 64
Laedm
MHN (] O
28 36 38
87 \ Never tested B8 &

An explanation of the symbols is provided in the list of abbreviations and symbols.

Individuals MH105-55 and MH105-110 reside in England and Australia respectively.
Detailed records of the diagnosis of individual MH105-55 were obtained from Dr. Ellis at
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the University of Leeds, UK. The diagnosis of individual MH105-110 was performed in

Australia and no data on the results are available. No data was available for individual

MH105-14 except that this individual was diagnosed as MHN via the IVCT.

3.2 North American malignant hyperthermia (MH) families

Thirteen North American families with MH were selected for inclusion in this study.

Biopsy data of fifty-seven individuals were available.

Thirty-eight individuals were

diagnosed as MHS and nineteen individuals were diagnosed as MHN. The pedigrees

were numbered in the same fashion as in the case of the South African families - the only

difference was that the prefix US was used to indicate the origin of these families to be the

United States (US). All the individuals selected for this study were phenotyped utilising

the North American CHCT protocol (Larach, 1989) and results are listed in Table 3.2.

Table 3.2: CHCT results of the North American MHS families®

2 Data compiled by G. M. Vita.(as listed by Olckers, 1997)

Family and individual Contracture at 2 mM Contracture at 3%
number caffeine (g) halothane ® (g) MH Status
Us1-3 0.20 1.30 MHS
uUs1-7 0.20 2.20 MHS
Us1-12 0.00 1.10 MHS
Us1-17 0.00 2.80 MHS
Us1-18 1.00 1.40 MHS
Us1-19 0.00 0.10 MHN
usS2-1 0.01 2.80 MHS
us2-2 0.00 0.00 MHN
Us2-4 0.50 1.00 MHS
Us3-1 0.00 0.70 MHN
Us3-3 0.00 0.40 MHN
US3-4 0.00 1.70 MHS
Us3-6 0.50 1.00 MHS
Us7-11 0.00 3.10 MHS
Us7-13 0.00 0.50 MHN
Us7-14 0.10 0.50 MHN
Us7-15 0.10 2.50 MHS
US7-16 0.00 0.50 @ (2%) MHS
Uss-3 0.00 0.20 MHN
Uss-5 1.10 5.00 MHS
Uss-7 0.20 2.00 MHS
US8-11 0.35 2.20° (1%) MHS
uss-12 0.00 0.00 ¥ (2%) MHN
UsS8-19 0.00 0.00 @ (2%) MHN
Us9-6 0.16 0.80 MHS
Us9-8 0.00 0.70 MHS
Use-10 0.00 1.50 MHS
Use-11 0.10 0.70 MHS
Us10-6 1.10 6.80 MHS
continued ...
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Family and individual Contracture at 2 mM Contracture at 3%
number caffeine (g) halothane ¥ (g) MH Status
us10-7 0.00 7.10 MHS
uUs10-9 0.10 0.10 MHN
UsS10-9 0.10 0.10 MHN
uUs10-10 0.00 0.20 MHN
Us10-11 0.00 2.20 MHS
Us10-12 0.50 1.00 MHS
Us11-1 0.00 0.00 MHN
Uus11-3 0.00 1.50 MHS
us11-4 0.00 1.00 MHS
Us12-2 0.20 3.10 MHS
Us12-4 0.50 1.00 MHS
Us12-7 0.00 0.90 MHS
Us13-5 0.00 1.00 MHS
UsS13-6 0.00 0.20 MHN
Us13-9 0.30 0.50 MHN
Us13-10 0.00 1.30 MHS
us13-11 0.00 0.80 MHS
Us13-12 0.00 0.40 MHN
Us14-2 0.00 0.75 MHS
US14-6 0.50 1.00 MHS
US14-7 0.00 0.80 MHS
UsS14-8 0.30 0.25 MHN
US15-6 0.50 1.00 MHS
UsS15-7 0.00 0.20 MHN
US15-8 0.00 1.50 MHS
US15-13 0.00 0.00 MHN
US16-3 0.00 0.10 MHN
UsS16-6 0.10 1.40 MHS
Us16-12 0.10 1.50 MHS

a) Contractures measured at 2% halothane; b) Contractures measured at 1% halothane; MHN = MH normal; MHS = MH susceptible.

3.2.1 North American malignant hyperthermia family US1

Individual US1-7, the male proband, developed pyrexia, decreased serum pH and an

elevation in exhaled pCO; during anaesthesia. Post-operatively the patient's CPK rose to

more than 87 000 IU.I" and he reported significant muscle weakness and soreness for

several weeks. A muscle sample was obtained and he was subsequently diagnosed as
MHS. CHCT data, Table 3.2, of the rest of the family identified four positive individuals
(US1-3, US1-12, US1-17 and US1-18) and one negative individual (US1-19) as presented

in Figure 3.5.
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Figure 3.5: Pedigree of North American malignant hyperthermia family US1
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An explanation of the symbois is provided in the list of abbreviations and symbols.

3.2.2 North American malignant hyperthermia family US2

In Figure 3.6 the proband of this family, individual US2-4, is indicated. She developed an
MH reaction after receiving halothane, nitrous oxide and succinylcholine while undergoing
anaesthesia at the age of five. Masseter spasm and diffuse rigidity complicated the
anaesthesia. Post-operatively the proband also presented with the following symptoms:
arrhythmia, tachycardia, metabolic acidosis (pH 7.30; pCO, 36 mmHg; HCO3 17 mmol.l'1)
and rhabdomyolysis (CPK rose to 75 000 IU.I"). Her urine analysis indicated a “straw”
colour, myoglobin and haemoglobin. Upon investigation the proband’s mother (US2-1)
was diagnosed as MHS and her sibling (US2-2) was diagnosed as MHN. This family’s
CHCT results are listed in Table 3.2.

Figure 3.6: Pedigree of North American malignant hyperthermia family US2
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.3 North American malignant hyperthermia family US3

The pedigree of US3 is presented in Figure 3.7. CHCT was performed on four individuals

of this family. Two individuals were diagnosed as MHS and two as MHN. Biopsy results
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are listed in Table 3.2. The death of individual US3-2 is suspected to be due to MH, but
no medical records are available to verify the cause of death. The proband of this North
American family is individual US3-6. He developed a high body temperature of 38.2°C,
while undergoing a surgical procedure to correct his strabismus. His temperature was
38.0°C at the end of surgery and in addition to the pyrexia he developed tachycardia and
was treated for MH with dantrolene. After surgery his CPK rose to 9 800 IU.I".
Unfortunately no DNA sample was available for US3-6 who could therefore not be

included in this study.

Figure 3.7: Pedigree of North American malignant hyperthermia family US3
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.24 North American malignant hyperthermia family US7

This family included three MHS and two MHN individuals, and the pedigree of the family is
presented in Figure 3.8. DNA samples were available for only three individuals (US7-14,
US7-15 and US7-16) of this family and therefore individual US7-11 could not be included
in this study. The proband, individual US7-16, developed an MH reaction during
administration of anaesthesia for a tonsillectomy. He received premedication of 15 mg
morphine, 50 mg nembutal and 0.3 mg atropine which was administered intramuscularly.
Anaesthesia was induced by mask using halothane, nitrous oxide and oxygen. Twenty
milligrams of succinylcoline was administered intravenously after which diffuse rigidity,
masseter muscle spasm and an increase in heart rate were observed. After an additional
16 mg of succinylcholine was administered and the patient failed to relax the anaesthesia
was discontinued. No elevation in body temperature was noted, but his CPK rose to 4

245 |U.I" within two hours after the anaesthesia was discontinued.
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Figure 3.8: Excerpt from the pedigree of North American malignant hyperthermia
family US7
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.5 North American malignant hyperthermia family US8

The pedigree of family US8 is presented in Figure 3.9. Biopsy data of six individuals were
available which included three MHS and three MHN individuals. Results of the
contracture studies are listed in Table 3.2. No records of the clinical data were available
for this family, but the CHCT data substantiated the MHS status of the family. Individual

US8-3 could not be included in this study as no DNA sample was available.

Figure 3.9: Excerpt from the pedigree of North American malignant hyperthermia
family US8

no12 Mis ll @

MHN (] O
Never tested B8 &

An explanation of the symbols is provided in the list of abbreviations and symbols.
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3.2.6 North American malignant hyperthermia family US9

No clinical data of this family was available. CHCT results classify the four individuals in
this family as MHS. A 1.5 g contraction in the presence of 3% halothane was recorded for
individual US9-10. Marginal contracture results were recorded for two individuals in the
family, US9-8 and US9-11. The muscle strips showed no response in the presence of
caffeine for both patients, but a 0.7 g contraction was reported in the presence of 3%
halothane. The CHCT results of the family are presented in Table 3.2 and a pedigree of

the family is shown in Figure 3.10.

Figure 3.10: Pedigree of North American malignant hyperthermia family US9
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.7 North American malignant hyperthermia family US10

Clinical information on the six phenotyped individuals was not available and the pedigree
of this family is presented in Figure 3.11. Four individuals (US10-6, US10-7, US10-11
and US10-12) were phenotyped as MHS and two as MHN (US10-9 and US10-10). The
CHCT results of these individuals are listed in Table 3.2.

The MH status of US family 10 is unambiguous. A strong contracture of 7.1 g was
recorded for individual US10-7 in the presence of 3% halothane. This contracture was
the highest measured for any individual included in this study. Individuals US10-6 and
US10-11 also displayed high contractions, 6.8 g and 2.2 g respectively, in the presence of

3% halothane.
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The mother (US10-12) of individuals US10-6 and US10-7 was tested for MH prior to her
death. Her CHCT was positive and contractures in the presence of both halothane and
caffeine were significant. It is unknown whether the death of individual US10-12 was
related to her MH status. No DNA sample was available for individual US10-12 and she

could therefore, unfortunately, not be included in this study.

Figure 3.11: Pedigree of North American malignant hyperthermia family US10
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.8 North American malignant hyperthermia family US11

It is not known which individual in this family, of whom a pedigree is presented in
Figure 3.12, is the proband. Although no clinical data was available the CHCT results
were obtained and are listed in Table 3.2. No response was detected in the presence of
either caffeine of halothane for individual US11-1. It therefore appears that the two
positive siblings (US11-4 and US11-3) inherited the MHS phenotype from their father
(US11-2). Individual US11-2 has not been tested for MH with the CHCT, but was

designated as an obligate carrier of MHS.
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Figure 3.12: Pedigree of North American malignant hyperthermia family US11
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.9 North American malignant hyperthermia family US12

This family has three MHS individuals, US12-2, US12-4 and US12-7. A pedigree of US
family 12 is presented in Figure 3.13 and the CHCT results are listed in Table 3.2.

Figure 3.13: Pedigree of North American malignant hyperthermia family US12
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An explanation of the symbols is provided in the list of abbreviations and symbols.

The proband of this family is individual US12-4. He was clinically diagnosed as MHS,
which led to the subsequent investigation of this North American family. No clinical
information on this family was available but the MHS status of the family is unequivocal,

as the contracture at 3% halothane was 3.1 g for individual US12-2.

3.2.10 North American malignant hyperthermia family US13

It is not known which individual in this North American MH family is the proband and no
clinical data was available for the family of whom a pedigree is depicted in Figure 3.14.
CHCT results for this family indicated three MHS and three MHN individuals. The MHS
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status of this family is verified by the CHCT results listed in Table 3.2. The strongest
contracture value measured in this family was 1.3 g in the presence of 3% halothane for
individual US13-10.

Figure 3.14: Pedigree of North American malignant hyperthermia family US13
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.11 North American malignant hyperthermia family US14

Three MHS individuals and one MHN individual were diagnosed in this family of whom a
pedigree is presented in Figure 3.15. Unfortunately no DNA sample was available for the
proband of this family, individual US14-6. He presented with MH and was subsequently
found to be positive according to the criteria of the North American CHCT protocol. The

contracture results of this family are presented in Table 3.2.
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Figure 3.15: Pedigree of North American malignant hyperthermia family US14
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.2.12 North American malignant hyperthermia family US15

The proband, individual US15-6 as well as individual US15-8 was diagnosed as MHS in
this three generation family of whom a pedigree is presented in Figure 3.16. The muscle
sample of individual US15-6 responded to both halothane and caffeine, presenting with
contracture values of 1.0 g and 0.5 g respectively. Two other individuals (US15-7 and
US15-13) were diagnosed as MHN. Individual US15-13 was not included in this mutation
screening study as no DNA sample was available. Family US15’s CHCT results are listed
in Table 3.2.

Figure 3.16: Pedigree of North American malignant hyperthermia family US15
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An explanation of the symbols is provided in the list of abbreviations and symbols.
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3.2.13 North American malignant hyperthermia family US16

The two MHS individuals (the proband US16-12 and individual US16-6) in this four
generation family is separated by several generations. Unfortunately only one other
individual (US16-3) in this extended family was phenotyped utilising the CHCT. Individual
US16-3 is a sibling of individual US16-6. Results of the CHCT for the phenotyped
individuals in this family are listed in Table 3.2. The pedigree of this family is presented in
Figure 3.17.

Figure 3.17: Pedigree of North American malignant hyperthermia family US16
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An explanation of the symbols is provided in the list of abbreviations and symbols.

3.3 DNA isolation

Genomic DNA (gDNA) of the North American MH families was isolated by A.E. Jedlicka in
the USA using a cesium chloride (CsCl) density centrifugation protocol (Sambrook et al.,
1989). Existing gDNA samples (Olckers, 1993; Olckers, 1997) of the South African MH
families were utilised in this study. Additional gDNA samples required for the current
study were isolated with a modified protocol, using sodium perchlorate (NaClO,) as
reported by Johns and Paulus-Thomas (1989) and modified by Olckers (1993).

Thirty millilitres (ml) of whole blood were collected in ethylenediamine tetra-acetic acid
(EDTA) tubes. Samples were divided into aliquots of 10 ml and stored at -70°C until such

time as DNA isolation was performed.
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To 10 ml whole blood, 35 ml lysis buffer (0.32 M sucrose, 10 mM Tris-HCI [pH 8.0],
5 mM MgCl,, 1% Triton X-100) was added, gently mixed and incubated on ice for
10 minutes (min). The mixture was centrifuged at 10 000 xg for 30 min at 4°C. After
discarding the supernatant, the pellet was resuspended in 9.5 mi suspension buffer
(50 mM Tris-HCI [pH 8.0], 150 mM NacCl, 100 mM EDTA) whilst shaking gently for 30 min
or until the pellet was completely suspended. Five hundred microlitres (M) of a
30% sodium dodecyl sulphate (SDS), stock solution (g/v) was added, to a final
concentration of 1.5%. This was followed immediately by 2.5 ml of 5 M freshly made
NaClO, (Sigma) and an equal volume (12.5 ml) of chloroform:isoamyl alcohol (24:1).
Following the addition of each of these solutions, the suspension was gently mixed.
Extraction was performed by shaking gently for 30 min at room temperature (RT),
whereafter the suspension was centrifuged at 1000 xg for 15 min at 20°C.

The aqueous phase was transferred to a glass beaker with the addition of two volumes of
ice cold 100% ethanol (stored at -20°C) to precipitate the DNA. The DNA was spooled
onto a sterile glass rod. The DNA was washed with 70% ethanol, air dried and suspended
in 1 ml TE buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA). After rotating the samples
overnight at RT, the DNA concentration was determined by reading the absorbency at Azso
on a spectrophotometer (Unicam 3625 UV/VIS). The average yield was between 200 and
500 pg.ml’1 DNA from 10 ml of whole blood and the Azeo/A2s0 ratio was 1.8 or above,
indicating that there was no protein contamination of the DNA samples.

3.4 Polymerase chain reaction (PCR) amplification of the reported
mutations in the skeletal muscle ryanodine receptor (RYR1) gene

Controls were always included in PCR experiments. These controls included negative,
positive (when available) and blank samples. Results were not accepted if the control
samples did not generate the appropriate results.

PCR reactions were performed according to a modified method of Mullis ef al., (1986). All
PCR reactions were performed in a final volume of 25 pl. Annealing temperatures (Ta)
were calculated for each primer, using the formula: Ta = 2(A + T) + 4(G + C) as described
by Thein and Wallace (1986). Primers were synthesised by Genosys (Pty) Ltd.
corporation in the UK. The primer sequences for these reported mutations are listed in
Table 3.3.
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Table 3.3: Primer sequences of the reported mutations in the skeletal muscle
receptor gene

Product size

Mutation Primer sequence ? T.? (bp)
F:8-cgt gct caa gga gca gct caa gct-3 76°C F R1: 48

C35R , . o s
R1:5-ccg aag ccc tcg gcg acc agg-3 74°C
R2: 5-ccc tce tca ctt tct cte ctg t-39 68°C F, R2: 212
F1:5-tcc aag cag agg tct gaa gga gaa-3’ 72°C

R1 0 .

63C R1:5-agc gct cgg agg aga cac tga caa-3' 76°C F1,R1:76

F2:5-ata gga gag gct tgc tgg tgg a-3" 68°C F2, R2: 233
R2: 5-aat tgg gag tca gga cct tgg-3" 64°C

G248R F: 5',-tgc tga cag tga tga cca gcg cag-3” 76:C F. R:228
R:5-ctg att ctc agt ggc tcc agc ctc-3 76°C
F1:8-gcc cce ctg aga tca agt cc-3' 66°C F1.R: 124

G341R ; R .
R: 5-acc ttc ttc ttg agc acg cc-3' 62°C
F2: 5-cct gta gga gaa gct gga tg-3" 62°C F2,R: 178

1403M F: 5',-cca cat gga cga cga ctg tc-3 , 64:C F.R: 92
R: 5-ggt tgt ata ggc cat tgg tgc t-3 66°C

T522S F: 5"-tac acc act gct gcc cac ttt-3" 64:C F.R: 193
R:5-cga ttg cca cgg att aga gaa-3 62°C

R614C F: 5’,- tg cca cat ctt atc ccg atg cgc’-3' 74:C F.R: 441
R:8-gcc agg aag aca gaa caa gag g-3 68°C

G2435R F: 5',-ttc cct gca gct ttg gtg agg aac c-3 78:C F. R: 187
R: 5-ctg cat gag gcg ttc aaa g-3 58°C

R2436H F: 5’,-ttc cct gca gct ttg gtg adg aac c-3' 78:C F.R: 187
R: 5-ctg cat gag gcg ttc aaa g-3 58°C

a) F and R indicate forward and reverse primers respectively. b) T, = Calculated annealing temperature is listed here. c) Additional
primers were utilised to amplify a larger region for sequencing.

PCR was performed in a reaction containing 2.5 ul of 10X PCR buffer (10 mM Tris-HCI
[PH9.0], 50 mM KCI, 0.1% Triton X-100), 1.5 mM MgCl,, 200 pM of each
2’-deoxyadenosine-5'-triphosphate  (dATP), 2’-deoxycytidine-5'-triphosphate (dCTP),
2'-deoxyguanosine-5'-triphosphate (dGTP) and 2’-deoxythymidine-5'-triphosphate (dTTP),
10 uM of each primer, 1 U Taq DNA polymerase and 200 ng gDNA in a final reaction
volume of 25 ul.

PCR samples were overlaid with mineral oil and amplified in a Hybaid Touchdown thermal
cycler (Hybaid Limited). Samples were denatured at 94°C for 10 min, then processed
through 30 cycles of 94°C for 60 sec, annealing at the optimised temperature for 60 sec

and extension for 60 sec at 72°C. Final elongation was performed at 72°C for 7 min.
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3.5 Restriction enzyme Eﬁ
DNA J

Seven of the mutations included in this study could be detected via RFLP. Restriction

products were separated via agarose or polyacrylamide gel electrophoresis. The DNA

fragments were sized utilising one of two molecular markers: 100 bp ladder (Promega) or
Boehringer Mannheim molecular weight marker V. Digestion of pBR322 vector DNA with
Hae Ill (pBR322/Hae Ill) generated the same fragments as those observed with the
Boehringer Mannheim molecular weight marker V. One microgram of pBR322 vector
DNA was digested with 10 U Hae /Il (Promega) in a total reaction volume of 20 i
containing 10 pg.pl‘1 acetylated bovine serum albumin (BSA). The reaction was incubated
at 37°C for 1hour. Two microlitres of 10X loading buffer, consisting of 0.25%
bromophenol blue (BPB), 0.25% xylene cyanol FF (XC), 0.4% Orange G (OG) and 50%

glycerol, was added to the reaction after digestion.

3.5.1 Detection of the Cys35Arg mutation via restriction fragment length

polymorphism (RFLP) analysis

The Cys35Arg mutation results in the gain of an Aci / restriction site as a result of the
T103C substitution. The 48 bp PCR amplified product can therefore be digested with the
Aci | restriction enzyme to detect the presence of the mutation via RFLP analysis. The
partial gDNA sequence of exon 2 of the RYR1 gene in which the Cys35Arg mutation has
been identified by Lynch et al. (1997) is presented in Table 3.4.

Table 3.4: Partial gDNA sequence of exon two of the human ryanodine receptor
(RYR1) gene
N,‘:S';gg‘:e DNA Sequence: Cys35

1 ctgcagtatt tgtggtatcc gggctggccce ccctggagac gctgccccte ggttccgcag
61 ‘Eg%E%TGAGG TGGTCCTGCA GTGCAGCGCT ACCGTGCTCA AGGAGCAGCT CAAGCﬁEfé@
121 CTGGCCGCCG AGGGCTTCGG CAACCGCCTG TGCTTCCTGG AGCCCACTAG CAACGCGCAG
181 Gtctgtgcag gaggaagagg ggcctgggga caggggcgtc tgaaggggca gagaatcttg
241 ggtccaaaga agagggttct gggagtctga aaggaggtgc tgacaggaga gaaagtgagg
301 aggggggcta aggctaagag gggctacctg aggtggggag gggtggaggt ctgagaaggg
36l aggggcaggg ggtctggggt gttggaggga atccctgtgt gcacagaagt gtggtaggcc
421 agggcggggg ctgctgatcc agaacgttce ttggcaggtg gectgagtggg cagaaagect

Partial gDNA sequence was retrieved from Genbank with accession number U48450. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 2 is indicated with an arrowhead and the codon that
translates to Cys35 is indicated in boldface capital letters (TGC). The sequence of the forward primer utilised to amplify the region that
contains the Cys35Arg mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double underlined
sequence (_). A different reverse primer was utilised to amplify a 212 bp product that contains the Cys35 codon sequence indicated
by the dotted underlined sequence (__). The boxed sequence indicates the Aci / restriction enzyme recognition site that is created
when the Cys35Arg mutation is present.
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Ten pl of the PCR product was digested utilising 10 U Aci / (New England Biolabs) in a
total reaction volume of 30 pl, and incubated overnight at 37°C. After digestion 3 pl of
10X loading buffer was added to each of the samples. Digested products were
electrophoresed on a 20% polyacrylamide gel (19:1 acrylamide:bisacrylamide from USB)
containing 4 ml of 10X TBE buffer (89.15 mM Tris [pH 8.0], 88.95 mM Boric acid,
2.498 mM ETDA) to give a final concentration of 0.5X TBE. Eighty pl of the polymerisation
catalyst N,N,N’,N’-tetramethylethylenediamine (TEMED) and 800 pl of the initiator, 10%
ammonium persulphate (APS), were added to 80 ml of gel solution before casting the
1.5 mm thick gels. A 0.5X TBE buffer, diluted from a 10X TBE stock solution, was used
for electrophoresis. Electrophoresis was performed at 250 volts (V) for 3 hours.

Following electrophoresis the gels were stained for 30 min in a 0.5X TBE solution
containing ethidium bromide (EtBr) to give a final concentration of 0.5 ug.ml”. Gels were
examined under ultraviolet (UV) light and frames taken of the fluorescent images were

captured via a video-documentation system.

3.5.2 Detection of the Arg163Cys mutation via_ restriction fragment length
polymorphism (RFLP) analysis

In Table 3.5 the partial gDNA sequence of exon 6 of the RYR1 gene in which the
Arg163Cys mutation has been identified, is presented (Quane et al., 1993). ThisCto T
substitution resulted in the loss of a Bst Ul restriction site. Amplification of the gDNA with
the pimer set indicated in Table 3.5, generates a 76 bp product. Cleavage of this
amplified product with Bst Ul results in fragments of 44 bp and 32 bp respectively.

Table 3.5: Partial gDNA sequence of exon six of the human ryanodine receptor

(RYR1) gene
N:ﬁ:ﬁzg‘:e DNA Sequence: Arg163Cys
1 agggagagcc ctggggaaga gcattctggg aagccatcat ctgacagcca cccccattcc
61 atccccacce g_t_@_gggé%%g__C_Z_T_T_C_%_C__Tjgg'_I_‘_G_"C;;_ACCATGCAC CCAGCCTCCA AGCAGAGGTC
121 TGAAGGAGAA AAGGG TTGGGGATGA CATCATCCTT GTCAGTGTCT CCTCCGAGCG
181 CTACCTGgtg agccattgeg gttcctcectyg ctcccaggtc tgggggcgea tgggatggtc
241 cccatcttet caccatgggt ttgcctgget gatctecccac ceccaaggtc ctgactccca
301 atttcccatt tcctgaccece tgacatccaa ttttctgatt tcotgacctce cattgcccga
361 cttgatcatt tcctgatctg tgatctctga tgactctgtce tcccatctge cggtttceccgg

Partial gDNA sequence was retrieved from Genbank with accession number U48452. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 6 is indicated with arrowheads and the codon that
translates to Arg163 is indicated in boldface capital letters (ccc). The sequence of the forward primer utilised to amplify the 76 bp
region that contains the Arg163Cys mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double
underlined sequence (__). Two different primers were utilised to amplify a 233 bp product that contains the Arg163 codon sequence,
the forward primer is indicated by dotted underlined sequence (..) and the reverse primer by thick boldface underlined sequence (__).
The boxed sequence indicates the Bst U restriction enzyme recognition site.
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Detection _of the Gly341Arg mutation via restriction fragment length
polymorphism (RFLP) analysis

3.5.3

Since the Gly341Arg mutation, which is due to a G to A substitution, does not result in the
loss or gain of a restriction enzyme site, an amplification created restriction site (ACRS)
detection technique was developed by Alestrem et al. (1995). This technique involves
designing a primer that introduces a restriction enzyme site allowing for the detection of
the mutation via RFLP. In the case of the Gly341Arg mutation the modification of a primer
involved an A to C substitution in the 3' end of the forward primer which resulted in the
creation of an Msp / restriction site. The recognition site of Msp / is 5'-...CYCGG...-3' and
the modification of the forward primer results in the modification of the original sequence
5-...ACGG...-3'to 5'-...CCGG...-3". This created restriction site is lost when the mutation
is present in an MHS individual. The location of the primers utilised to amplify the region
of interest and the recognition site of the Msp / restriction site are indicated in the gDNA

sequence of exon 11 presented in Table 3.6.

Table 3.6: Partial gDNA sequence of exons ten and eleven of the human ryanodine
receptor (RYR1) gene
N;’Sﬁgﬂ‘:e DNA Sequence: Gly341

1 acctggttte tgtaaaaaaa agaaaaagaa gaaaagactg taatgtccat gggagaactg
61 gggggtccte tgactcccct tggectctcac cctccacag}’CEx%"d(gAGTGGGA GCCACCTGCG
121 CTGGGGCCAG CCACTCCGAG TCCGGCATGT CACTACCGGG CAGTACCTAG CGCTCACCGA
181 GGACCAGGGC CTGGTGGTGG TTGACGCCAG CAAGGCTCAC ACCAAGGCTA CCTCCTTCTG
241 CTTCCGCATC TCCAAGgtca gtggggtttg tggcgeccctce cctcacctga agccceccagt
301 cccagcccag cctgcactct gcagtccctc aggggggctc ccctgctaaa cacacaggcea
361 gaggaggctg acctgtgtcc cctgcc_c_gj:_g__pg_&@%%ﬁQQ__'_I_‘_GﬁATQTGGC CCCCAAGCGG
421 GATGTGGAGG GCATGGGCCC CCCTGAGATC AAGTACGGGG AGTCACTGTG CTTCGTGCAG
481 CATGTGGCCT CAGGACTGTG GCTCACCTAT GCCGCTCCAG ACCCCAAGGC CCTGCGGCTC
541 GGCGTGCTCA AGAAGAAGgt gggtgtaatc ccagctactc aggaggctga ggtgggagaa
601 tcgcttgagt ccaggaggtc aaggctgcag

Partial gDNA sequence was retrieved from Genbank with accession number U48454. The exon sequence is indicated in capital letters and
small letters indicate the respective intron sequence. The beginning of exons 10 and 11 are indicated with an arrowhead and the codon that
translates to Gly341 is indicated in boldface capital letters (GGG). The sequence of the forward primer utilised to amplify the region that
contains the Gly341Arg mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double underlined sequence
(). A different forward primer was utilised to amplify a 178 bp product that contains the Gly341 codon sequence indicated by the dotted
underlined sequence (_). The boxed sequence indicates the Msp / restriction enzyme recognition site.

Ten yl of amplified product was digested with endonuciease Msp / (New England
DNA
fragments were separated on a 10% polyacrylamide and electrophoresed for two hours at
250V in 0.5X TBE buffer as described in paragraph 3.5.1.

Biolabs), in a total reaction volume of 30 pl and incubated at 37°C for 1 hour.
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3.5.4 Detection of the Ille403Met mutation via restriction fragment length

polymorphism (RFLP) analysis

The partial gDNA sequence of exon 12 of the RYR1 gene in which the 1le403Met mutation
has been identified (Quane et al., 1993) is presented in Table 3.7. This mutation results
from a C to G nucleotide substitution which abolishes an Mbo / restriction enzyme site.
For diagnostic purposes the samples were digested with Mbo | after amplification of this
genomic region bracketed by the primers as indicated in Table 3.7. Restriction of the 92

bp amplified product yielded two fragments (63 and 29 bp).

Table 3.7: Partial gDNA sequence of exon twelve of the human ryanodine receptor
(RYR1) gene
Nﬁﬁﬁgﬂ‘:e DNA Sequence: lle403
1 ggggcagtgc agactcagtc tagacagacg tcttgggcat ggcctgggtg ctgggcccac
61 tccagacctc tgtctcccca ctcctagg%gr%TGCTGCACC AGGAGGGCCA CATGGACGAC
121 GCACTGTCGC TGACCCGCTG CCAGCAGGAG GAGTCCCAGG CCGCCCGCAT CAC&
181 ACCAATGGCC TATACAACCA GTTCATCAAg tgagcaacct gccctcctgc tggggtgact
241 cctgtgcetgt cccatgctcc gggcatccat acacttggcce tctttcatct ctacctctgt
301 tgcccacacc cttgtctaac atatacatgg gccaagcgca gtggctcaca cctgtaatcc
361 caagactttg ggagggcaag gcatgaggat cgcttgggcc caggagcttg agaccagcect
421 gggcagcata gggagacccc gcctctacca aaaaaaaaaa aaaaaaaaaa aaaattaggc

Partial gDNA sequence was retrieved from Genbank with accession number U48455. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 12 is indicated with an arrowhead and the codon that
translates to 1le403 is indicated in boldface capital letters (ATC). The sequence of the forward primer utilised to amplify the region that
contains the lle403Met mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double underlined
sequence (). The boxed sequence indicates the Mbo / restriction enzyme recognition site.

A 92 bp PCR product was amplified in a 25 l reaction of which 10 pl was subjected to
digestion by Mbo | (Amersham Life Science) restriction enzyme in a final reaction volume

of 30 pl during incubation at 37°C for an hour. Digested PCR products were separated on

a 20% polyacrylamide gel as described in paragraph 3.5.1.

3.5.5 Detection of the Arq614Cys mutation via restriction fragment length

polymorphism (RFLP) analysis

A Rsa | restriction site is abolished when the C1840 nucleotide is substituted with a T.
This loss of a restriction site allows for the detection of the mutation via RFLP analysis
(Otsu et al., 1992). The location of the primers utilised to amplify the 441 bp fragment of
interest and the recognition site of the Rsa / restriction enzyme site are indicated in
Table 3.8.
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Table 3.8: Partial gDNA sequence of exon seventeen of the human ryanodine
receptor (RYR1) gene
N,fﬁ',ﬁﬁgfe DNA Sequence: Arg614

1 ttgccagatc ttcctctttg acccctaacc tttctctgat ccctgacctt ccactttcac
61 cacctcctct cagtcaaaat tgccacatct tatcccgatg cgctgtectt tcecctccectggce
121 ttccectceect ccctgggttc ttctgtagat cctgccctgg tgcctacaca ccctttaacce
181 tctgaccttg agetctagel  CETGGACGTG CTATGCTCCC TGTGTGTGTG TAATGGTGTG
241 GCTGTAGGCT CCAACCAAGA TCTTATTACT GAGAACTTGC TGCCTGGCCG TGAGCTTCTG
301 CTGCAGACAA ACCTCATCAA CTATGTCACC AGgtctggct ctcaacatct gaccccagaa
361 ctcagaacct ctcaaccctc tccctgactt agagactcca cacccagatg gatgtccttt
421 ccttaatctc ccaccccagg gttaacaacc agtcctcaca gatgtccact gtggccccac
481 tctgcecttgg catccactcee tcttgttcetg tecttecctgge tccatttctg cctetatctg
541 tttctettte tttectcecete tecctectete tctgttttet ctttttatet ttgectgttt
601 ctgtcttgat tcttcctcca tgtctttctc ctgtctctct cccatctctc tetcetetgte

Partial gDNA sequence was retrieved from Genbank with accession number M91455. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 17 is indicated with an arrowhead and the codon that
translates to Arg614 is indicated in boldface capital letters (cGc). The sequence of the forward primer utilised to ampiify the region that
contains the Arg614Cys mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double underlined
sequence (__). The boxed sequence indicates the Rsa / restriction enzyme recognition site.

Restriction enzyme digestion was achieved by initial cleavage of 10 ul of the 441 bp
product with 10 U of Rsa / (Promega) at 37°C for two hours. An additional 10 U of Rsa /
was subsequently added to ensure complete digestion and the reaction was incubated at
37°C overnight. Digested DNA was mixed with 3 pl of 10X loading buffer and
electrophoresed on a 2% agarose (SeaKem LE, FMC) gel containing 1X TBE and EtBr to
a final concentration of 0.5 ug.mI™'. Gels were electrophoresed for an hour at 200 V.

3.5.6 Detection of the Gly2435Arg mutation via restriction fragment length

polymorphism (RFLP) analysis

Detection of the Gly2435Arg mutation is possible via RFLP analysis as the nucleotide
substitution (G7297A) results in the creation of an additional Dde / restriction enzyme site.
The 187 bp product amplified by the primers indicated in Table 3.9 contains a Dde [ site.
If the Gly2435Arg mutation is present an additional Dde / site is created.

Cleavage of 10 pl of PCR product was achieved by the addition of 10 U of Dde /
(Boehringer Mannheim) in a total reaction volume of 30 pl and incubating the reaction at
37°C for one hour. The PCR products were separated on a 6% polyacrylamide gel as
described in paragraph 3.5.1.
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Table 3.9: Partial gDNA sequence of exons forty-four and forty-five of the human
ryanodine receptor (RYR1) gene
N:S:zgg?e DNA Sequence: Gly2435

1 attgggacct gtgttaccct ggagtgttgg gtcctgggge tgcatgggag gtctctgatg
61 gtggcttcat gagacccctt tccatgeggg tggecagaee AGAGCGTGGA GGAGAACGCC
121 AATGTGGTGG TGCGGCTGCT CATCCGGAAG CCTGAGTGCT TCGGACCCGC CCTGCGGGGT
181 GAGGGTGGCT CAGGGCTGCT GGCTGCCATC GAAGAGGCCA TCCGCATCTC CGAGGACCCT
241 GCGAGGGATG GCCCAGGCAT CCGCAGGGAC CGGCGGCGCG AGCAgtgagt ctcccggccce
301 cctcctcaat aggcaacccqg ccctecctgg ccectggetg cctceccccaac ccacccacct
361 tccctgcageb%¥$GGTGAGG AACCGCCTGA AGAAAACCGG GTGCACCTGG GACACGCCAT
421 CATGTCCTTC TATGCCGCCT TGATCGACCT GCTCGGACGC TGTGCACCAG AGATGCATgt
481 gagacdctga decagggcag gatgggaagg gagggcaggc acagccgctt tgaacgecte
541 atgcaggcac tcggtgacac ggagtgagct cccatatgtg ggtggtcctg gactagcaat
601 gttggggaca caacagtgac caagacagcc ccagggcctg gtctcacaga gctcccagtce
661 caatggggga gacggacagt gacacccaga gtggtcaggg ctgggatggg ggagcacagg

Partial gDNA sequence was retrieved from Genbank with accession number U48477. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 44 and 45 is indicated with an arrowhead and the
codon that transiates to Gly2435 is indicated in boldface capital letters (GGa). The sequence of the forward primer utilised to amplify
the region that contains the Gly2435Arg mutation is indicated by underiined sequence (_) and the reverse primer is indicated by double
underlined sequence (_). The boxed sequence indicates the Dde / restriction enzyme recognition site, when the Gly2435Arg mutation
is present an additional recognition site (box with dashed lines) is created.

3.5.7 Detection of the Arq2436His mutation via restriction fragment length

polymorphism (RFLP) analysis

The change in nucleotide sequence (substitution of G to A at position 7301) abolished the
Hga | restriction enzyme site, creating an RFLP that can be used to detect the mutation.
The partial gDNA of the RYR1 gene, including exon 45, is presented in Table 3.10,
indicating the location of the primers utilised and the recognition site of the Hga |/

restriction enzyme.

Table 3.10: Partial gDNA sequence of exons forty-five of the human ryanodine

receptor (RYR1) gene
N;'S:ﬁﬁt;?e DNA Sequence: Arg2436

1 cctcctcaat aggcaacccg ccctccecctgg ccectggetg cctceccccaac ccacccacct
61 tccctgcaéfqﬁngGTGAGG AACCGCCTGA AGAAAACCGG GTGCACCTGG GACACGCCAT
121 CATGTCCTTC TATGCCGCCT TGATCGACCT GCTCGGACGC TGTGOACCAG AGATGCATgt
181 gagaccctga gccagggcag gatgggaagg gagggcaggc acagccgctt tgaacgccte
241 atgcaggcac tcggtgacac ggagtgagct cccatatgtg ggtggtcctg gactagcaat
301 gttggggaca caacagtgac caagacagcc ccagggcctg gtctcacaga gctcccagte

Partial gDNA sequence was retrieved from Genbank with accession number U48477. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exon 45 is indicated with an arrowhead and the codon that
translates to Arg2436 is indicated in boldface capital letters (cGc). The sequence of the forward primer utilised to amplify the region
that contains the Arg2436His mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double
underlined sequence (_). The boxed sequence indicates the Hga / restriction enzyme recognition site.
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The 187 bp fragment generated via PCR was digested with 1 or 5 U or 10 U of Hga / (New
England Biolabs) in a total volume of 50 pl, incubated for 1 hour at 37°C. Five pl of
10X loading buffer was added to the digested product and electropheresed on a

10% polyacrylamide gel as described in paragraph 3.5.1.

3.6 Base excision sequence scanning mutation detection and

localisation

The base excision sequence scanning mutation detection and localisation (BESS T-Scan)
kit (Epicentre Technologies) was utilised for the screening of two mutations, Gly248Arg
and Tyr522Ser. This relatively new method of mutation detection was described by
Hawkins and Hoffman (1997) and Vaughan and McCarthy (1998).

3.6.1 Detection of the Gly248Arg mutation via base excision sequence

scanning mutation detection and localisation (BESS T-Scan) analysis

Neither of the two mutations, Gly248Arg and Tyr522Ser, resuit in the creation or
abolishment of a restriction enzyme site that could be utilised for detection via RFLP
analysis. However, since the Gly248Arg mutation is due to the nucleotide substitution
G742A, it is theoretically possible to detect this mutation via the BESS T Scan if the
reverse primer is used, as an additional fragment would indicate the presence of the
Gly248Arg mutation. The location of the primers utilised to amplify the region in exon 9 in
which the Gly248Arg mutation was identified by Gillard et al. (1992) is indicated in
Table 3.11.

Table 3.11: Partial gDNA sequence of exons eight and nine of the human ryanodine

receptor (RYR1) gene
N:S:,ﬁgtge DNA Sequence: Gly248

1 cccaaactca gccctcaggt tcccccaggg gaggagcagg gcccctgact tcatcttgge
61 tcectggtett cctggggcetce cagectceccca ttgaccaact tcecccttgetce ctcgﬁgggbc
121 TTCGTGACGG GAGGTCACGT CCTCCGCCTC TTTCATGGAC ATATGGATGA GTGTCTGACC
181 ATTTCCCCTG CTGACAGTGA TGACCAGCGC AGgtctgggc tgtggacgag agggcctggg
241 gtctaggggt ggacgtggag ggctgggacc ctatgagtag gattagggac cagattccgg
301 ggagctgaac ccttgacttc actctcttct gtgtccccca éﬁ%%%%TCTA CTATGAGGGG
361 GGAGCTGTGT GCACTCATGC CCGCTCCCTC TGGAGGCTGG AGCCACTGAG AATCAGgtag
421 ggcggggaag atggggagag accagggaga ggctggggtc acctggcagg ctgggaggac

Partial gDNA sequence was retrieved from Genbank with accession number U48453. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exons 8 and 9 are indicated with an arrowhead and the
codon that translates to Gly248 is indicated in boldface letters (GGG). The sequence of the forward primer utilised to amplify the region
that contains the Gly248Arg mutation is indicated by underlined sequence (_) and the reverse primer is indicated by double underlined
sequence (_).
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The primer of interest was end labelled using the T4 polynucleotide kinase (Promega).
The reaction mixture contained 1.4 ul of 10X kinase buffer (500 mM Tris-HCI [pH 8.2],
100 mM EDTA, 50 mM dithiothreitol (DTT), 1 mM spermidine), 10 yM of primer, 30 uCi
v 2P-dATP and 5 U polynucleotide kinase (Promega) in a total reaction volume of 14 l.
The reaction mixture was incubated at 37°C for 1 hour. After centrifugation an additional

26 pl of sterile water was added to the reaction.

PCR was performed in a reaction mixture containing 1.25 pl of 10X PCR buffer, 1.5 mM
MgCl;, 2.5 mM of each dATP, dCTP, dGTP, dTTP and 200 puM 2’-deoxyuracil-5'-
triphosphate (dUTP), 10 uM of unlabelled primer and 0.25 puM of end labelled primer, 0.5
U of Taq DNA polymerase and 100 ng of gDNA in a final reaction volume of 12.5 ul. PCR
samples were overlaid with one drop of mineral oil before amplification. The samples
were denatured at 94°C for 10 min, then processed through 30 cycles of 94°C for 1 min,
annealing at the appropriate temperature for 1 min, and 72°C for 1 min. Final extension
was performed at 72°C for 7 min.

Five ul of the PCR product containing dUTP was digested utilising 0.5 ul of BESS T-Scan
excision enzyme mix in a total reaction volume of 10 pl, and incubated at 37°C for
30-45 min. Five pl of loading buffer (95% formamide, 10 mM EDTA, 0.1% XC and 0.1%
BPB [pH 11.0]) was added to the samples before they were denatured at 90°C for 8 min
and placed on ice, prior to loading onto gels.

Single-stranded fragments were electrophoresed on a 6% polyacrylamide gel
(19:1 acrylamide:bisacrylamide) containing 7 M Urea and 1X TBE. Thirty yl TEMED and
500 pl of a 10% APS solution were added for polymerisation before the 0.3 mm gels were
cast. Gels were pre-run in 1X TBE at 60 Watts (W) for 30 min to ensure denaturing
conditions throughout the loading process. Electrophoresis was performed at 45 W until
samples had entered the gel matrix and then at 60 W for approximately 3 hours, or until

sufficient separation was achieved.

After electrophoresis the gels were transferred to 3 MM filter paper, covered with Cling
Wrap and vacuum-dried at 80°C for 40-60 min. Vacuum-dried gels were exposed to X-ray
film (Fuji RX-U) for 1 to 12 hours, as required. The development of the X-ray films were
performed manually, utilising MEDEX (Protea Medical Services) reagents.
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Detection of the Tyr522Ser mutation via base excision sequence
scanning mutation detection and localisation (BESS T-Scan) analysis

3.6.2

The Tyr522Ser mutation is due to the A1565C nucleotide substitution and could also
theoretically have been detected via the BESS T Scan if the reverse primer is used. The
absence of a fragment at position 1564, or a decrease in intensity of the fragment, would
indicate the presence of the Tyr522Ser mutation. The primer sequences utilised to
amplify the 193 bp region within exon 14 in which the Tyr522Ser mutation was identified

by Quane ef al. (1994b) are indicated in Table 3.12.

Table 3.12: Partial gDNA sequence of exons fourteen to sixteen of the human

ryanodine receptor (RYR1) gene

Nzﬁﬁgté?e DNA Sequence: Tyr522

1 ctgcaggaat tcgtgaatcc aagaaagaca agtaagggag ggcctgggtc tcctattgtg
61 atgcctctta ttttcctcat cctaggggg¥ GCTCTCCATG GTCCTGAATT GCATAGACCG
121 CCTAAATGTC TACACCACTG CTGCCCACTT TGCTGAGTTT GCAGGGGAGG AGGCAGCCGA
181 GTCCTGGAAA GAGATTGTGA ATCTTCTCTA TGAACTCCTA Ggtaggggtc cagtcctgac
241 tcc%ﬁgggga caccccagac ccagatccca gtcctattgg atctgacacc tecttcccccc
301 tcagCTITCTC TAATCCGTGG CAATCGTAGC AACTGTGCCC TCTTCTCCAC AAACTTGGAC
361 TGGCTGGTCA GCAAGCTGGA TCGGCTGGAG GCCTCGTCTG gtaggagaac ccgggggagt
421 gggacagagg cttgtgggag gggatgggca tggccgettce acctetcatt ctgggcaccc
481 tggcaSE%gFGCCTGGAGGTC CTGTACTGTG TCCTCATTGA GAGTCCAGAG GTTCTGAACA
541 TCATCCAGGA GAATCACATC AAGTCCATCA TCTCCCTCCT GGACAAGCAT GGGAGGAACC

Partial gDNA sequence was retrieved from Genbank with accession number U48456. The exon sequence is indicated in capital letters
and small letters indicate the respective intron sequence. The beginning of exons 14 to 16 are indicated with an arrowhead and the
codon that translates to Tyr522 is indicated in boldface capital letters (TAT). The sequence of the forward primer utilised to amplify the
region that contains the Tyr522Ser mutation is indicated by underlined sequence (__) and the reverse primer is indicated by double
underlined sequence (__).

PCR and BESS T Scan were performed as described in paragraph 3.6.1. Single-stranded
fragments were also electrophoresed on 6% polyacrylamide gels as described in
paragraph 3.6.1, for approximately 2 hours after which the gels were vacuum-dried and

exposed to X-ray film (Fuji RX-U) for 1 to 12 hours.

3.7 Chain-termination sequencing of PCR products

DNA sequencing was performed utilising the Sequenase PCR product Sequencing Kit
(USB, Amersham Life Science). This kit is based on the chain-termination method
described by Sanger ef al., (1977). All PCR products used for DNA sequencing were
amplified as described in paragraph 3.4.
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Five pl of the PCR product was enzymatically pre-treated with 10 U Exonuclease | and 2 U
Shrimp Alkaline Phosphatase (SAP) at 37°C for 15 min. The Exonuclease | removed
single-stranded primers and DNA while the Shrimp Alkaline Phosphatase (SAP) removed
the remaining dNTPs from the PCR mixture. Heating the reaction at 80°C for 15 min
inactivated both enzymes. Subsequent to the above mentioned pre-treatment the double-

stranded DNA was sequenced.

Annealing of the sequencing primer was performed in a reaction containing 5 pl of the
treated PCR product, 1 pl of the sequencing primer stock solution (10 pmol.pl'1) and 4 pl
of sterile water in a final reaction volume of 10 yl. The annealing mixture was heated for
2-3 min at 100°C and rapidly cooled on ice for 5 min. The reaction was briefly centrifuged

in a benchtop microcentrifuge and kept on ice until required in the labelling reaction.

The labelling reaction consisted of 10 pl of ice-cold annealed DNA mixture, 2 pl of
5X reaction buffer (200 mM Tris-HCI [pH 7.5], 100 mM MgClz, 2560 mM NaCl), 1 ul of
0.1 M DTT, 2 pl of 1:5 diluted dGTP labelling mixture (7.5 pM dCTP, 7.5 uyM dGTP,
7.5 UM dTTP), 5 uCi a*S-dATP and 2 pl (3.2 U) of Sequenase DNA polymerase. When
5 uCi o*?P-dCTP was utilised in the labelling reaction the diluted labelling mix was
substituted with 1 ul of each of the 3 yM dNTP (dATP, dGTP and dTTP) solutions for

labelling. The reaction was mixed and incubated at room temperature for 5 min.

Two and a half microlitres of each dideoxynucleotide (ddN) termination mixture was
aliquoted into 0.5 ml tubes and labelled A, C, G or T respectively. The termination
mixtures were dideoxyadenosine (ddA) termination mixture [80 uM of each dATP, dCTP,
dGTP, dTTP, 8 uM 2',3'-dideoxyadenosine-5'-triphospate (ddATP), 50 mM NaCl]. The
other termination mixtures, dideoxycytidine (ddC), dideoxyguanosine (ddG) and
dideoxythymidine (ddT) were equivalent to the ddATP, each containing 8 pM of either
2',3'-dideoxycytidine-5'-triphospate (ddCTP), 2',3'-dideoxyguanosine-5'-triphospate
(ddGTP) or 2’,3'-dideoxythymidine-5'-triphospate (ddTTP) respectively. These termination
mixtures were pre-heated for 1 min at 37°C. Three and a half microlitres of the labelling
reaction was transferred to each of the termination mixtures and the reactions incubated
for 56 to 10 min at 37°C.

In some samples that contained regions with a high GC content and where compressions
were observed the sequencing reactions were performed with
7-deaza-2’-deoxyguanosine-5'-triphosphate (7-deaza-dGTP). The use of 7-deaza-dGTP
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results in the formation of two hydrogen bonds between a C base and a 7-deaza-dGTP
base instead of the three hydrogen bonds formed between C and G. This decrease in the
number of hydrogen bonds formed results in the formation of weaker secondary structures
and therefore eliminates the compressions observed in some instances (Mizusawa et al.,
1986). When the 7-deaza-dGTP was utilised the 7-deaza-dGTP labelling mixture (7.5 uM
dCTP, 7.5 UM 7-deaza-dGTP, 7.5 uM dTTP) was used instead of the dGTP labelling
mixture and the dGTP termination mixtures were substituted with the 7-deaza-dGTP
termination mixtures. These termination mixtures consisted of 80 uM of each dATP,
dCTP, 7-deaza-dGTP and dTTP, 50 mM NaCl and 8 uM of either ddATP, ddCTP, ddGTP
or ddTTP for the ddA, ddC, ddG or ddT termination mixtures respectively.

The reactions were terminated by the addition of 4 pl of the 2X stop solution (95%
formamide, 20 mM EDTA, 0.05% BPB and 0.05% XC) to each of the termination
reactions. Samples were denatured by heating the reaction at 80°C for 2-5 min and

placed on ice, prior to loading onto the gel.

DNA sequencing products were electrophoresed on a 6% polyacrylamide gel
(19:1 acrylamide:bisacrylamide) containing 7 M Urea and 1X TBE. Thirty microlitres of
TEMED and 500 pl of a 10% APS solution was added for polymerisation before the gels
were cast. Electrophoresis was performed as described in paragraph 3.6 for

approximately 3 hours, or until sufficient separation was achieved.

After electrophoresis the gels were transferred to 3 MM filter paper, covered with Cling
Wrap and vacuum-dried at 80°C for 60 min, or until completely dry. Vacuum-dried gels
with samples containing o*P-dCTP were exposed to X-ray film (Fuji RX-U) for 1 to
12 hours, as required. The Cling Wrap was removed from those gels with samples
containing o«**S-dATP and the surface of the gels covered with baby powder (Johnson and
Johnson) and exposed to X-ray film (Fuji RX-U) for 1 to 12 hours, as required.
Development of the X-ray films were performed manually, utilising MEDEX (Protea
Medical Services) reagents.

3.8 Single lane chain-termination sequencing of PCR products

PCR products that were amplified as described in paragraph 3.4 for the detection of four
of the missense mutations (Gly248Arg, Tyr522Ser, Gly2435Arg and Arg2436His) were
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subjected to single lane DNA sequencing. Single lane sequencing (SLS) entailed the
sequencing of only one selected lane instead of all four lanes.

All aspects of the sequencing protocol, described in paragraph 3.7, remained unchanged
with the exception of the volumes used in the different stages of the protocol, as only a
quarter of the reaction was theoretically required to perform sequencing of a single lane.
However, enzymatic pre-treatment of the PCR product did not yield good results when
only a quarter of the volume (0.25 pl) of the required enzymes were utilised. This was
probably due to pipetting errors as the small volume of enzymes required could not be
pipetted accurately. The reactions were optimised and half the amount of the enzymes,
5 U Exonuclease and 0.5 U SAP, were required to perform the pre-treatment reaction.
Half a microlitre of the sequencing primer stock solution (10 pmol.ul™') was used in the
annealing reaction. The labelling reaction was performed with a quarter of the volumes
described in paragraph 3.7.

The appropriate sequencing primer was selected depending on which primer produced the
best results and was not located too close to the codon sequence of interest. The lane to
be sequenced was selected depending on which nucleotide was substituted by the
mutation. An additional fragment at the appropriate nucleotide position would indicate the

presence of the relevant mutation, as indicated in Table 3.13.

Table 3.13: Detection of four reported mutations via single lane chain-termination
sequencing of PCR products

Mutation | Nucleotide | Substitution | Seduencing | Lane Presence of the
primer sequenced mutation
Gly248Arg G742A ggg—»agg Forward A A at position 742
Tyr522Ser A1565C tat—tct Reverse G G at position 1565
Gly2435Arg G7297A gga—aga Forward A A at position 7297
Arg2436His G7301A cgc—>cac Forward A A at position 7301

a) The presence of a mutation would be indicated by an additional fragment in the relevant position.

Single lane sequencing products were also electrophoresed on 6% polyacrylamide gels as
described in paragraph 3.7 for approximately 2 to 3 hours, or until sufficient separation
was achieved. After electrophoresis the gels were vacuum-dried and exposed to X-ray
film (Fuji RX-U) for 1 to 12 hours, as discussed in paragraph 3.7.
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CHAPTER FOUR
RESULTS AND DISCUSSION

Nine reported missense mutations in the skeletal muscle ryanodine receptor (RYR1) gene
were investigated in this study. Results obtained for the seventeen families included in
this study are presented and discussed in the respective paragraphs of this chapter. PCR
was performed as described in chapter three paragraph 3.3. All templates were amplified

via PCR at an optimised annealing temperature of 64°C unless otherwise stated.

4.1 Cys35Arg mutation in_the skeletal muscle ryanodine receptor
(RYR1) gene

The Cys35Arg mutation results in the gain of an Aci / restriction site. In homozygous
normal individuals the 48 bp PCR amplified DNA fragment would not be cleaved by the
Aci | restriction endonuclease (Figure 4.1). However, three fragments (48 bp, 25 bp and
23 bp respectively) will be observed after Aci / restriction if the mutation is present in a
heterozygous affected individual. Only the two smaller fragments (25 bp and 23 bp) would
be observed if the individual carries the mutation in the homozygous state.

Figure 4.1: Photographic representation of results generated for detection of the
Cys35Arg mutation within exon two of the RYR1 gene
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RFLP fragments were separated on a 20% polyacrylamide gel, which was electrophoresed at 250 V for three hours and subsequently
stained with EtBr for 30 min. "M" indicates the molecular weight marker (pBR322/Hae /ll) used to size the fragments. "U" indicates the
undigested PCR product and "D" the PCR product digested with 10 units of Aci /.

The Cys35Arg mutation was not observed in any of the seventeen families investigated in

this study. Results obtained for individuals from family US-8 have been used to illustrate
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the typical results generated for MHS families included in this study and are presented in

Figure 4.1.

This figure illustrates that the 48 bp PCR product was not digested with the Aci / restriction
enzyme. It was subsequently concluded that the individuals included in this study were
negative for the mutation. Unfortunately no positive control for the Cys35Arg mutation was
available. It is, therefore, possible that the 48 bp fragments were not digested due to the
loss of, or decrease in, enzyme activity. For this reason the enzyme activity of the Aci /

enzyme required verification.

Lambda DNA and pBR322 DNA were digested with the Aci / enzyme and electrophoresed
on an agarose gel. These results are presented in Figure 4.2. Lambda DNA and pBR322
DNA has 516 and 67 recognition sites for Aci / respectively (Polisson and Morgan, 1990).
The fragment sizes for digested lambda DNA ranged from 1087 bp to 4 bp and for
digested pBR322 DNA from 362 bp to 6 bp. A smear was observed on the gel in the lane
that contained the digested lambda DNA. This is due to the large number of Aci /
recognition sites (516) present in the lambda DNA. In the lane containing the undigested
pBR322 DNA two fragments were observed, representing supercoiled and circular DNA,
as indicated in Figure 4.2. The DNA from both the lambda DNA and the pBR322 DNA
were completely digested. The exact fragment sizes could not be determined after

digestion.

Figure 4.2: Photographic representation of Aci | digested lambda and pBR322 DNA
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A 1.6% agarose gel was utilised to separate the digested vector DNA. This gel was electrophoresed at 100 V for 30 min. "M" indicates
the molecular weight marker - 100 bp ladder (Promega), "U" the undigested vector DNA and "D" the digested vector DNA.
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One MH positive (US8-11) and one MH negative (US8-12) individual from family US8 were
selected for sequencing to confirm the obtained RFLP analysis results. The sequence
generated for these two individuals is presented in Figure 4.3. An additional fragment at
position 103 in the G lane of the sequence would indicate the presence of the Cys35Arg
mutation in a heterozygous affected individual. A homozygous affected individual would
display only the additional fragments in the G lane and no fragment in the A lane of the
sequencing gel. No additional fragments were observed for either of the individuals of
whom results are presented in Figure 4.3. This confirmed the results obtained via RFLP
analysis for the individuals included in this study, as listed in Table 4.3 (page 128).

Figure 4.3: Autoradiographs of chain termination sequencing utilised for detection
of the Cys35Arg mutation in the RYR1 gene
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MHN = MH normal; MHS = MH susceptible; CHCT = Caffeine halothane contracture test; A = adenine; C = cytosine; G = guanine and
T = thymidine. The reverse primer was selected as the sequencing primer and the samples were labelled with a®P-dCTP. Gels were
electrophoresed for 3 hours at 60 W. An arrowhead () indicates nucleotide position 103. The bubble in the gel is responsible for the
aberrant migration pattern in the T lane.

The Cys35Arg mutation is the most N-terminal mutation of the RYR1 protein detected to
date. This mutation has only been reported in one MHS family which is of Sicilian origin
(Lynch et al., 1997). These authors did not observe the Cys35Arg mutation in 65
unrelated MHS patients investigated and suggested that this mutation might be unique to
that particular Sicilian family. The absence of this mutation in the seventeen families
investigated in this study, and the MHS individuals screened worldwide by other
investigators, supports the theory that the mutation may be family specific. This implies
that the Cys35Arg mutation may be a recent mutational event that occurred within the
large family in which it was described by Lynch et al. (1997). If this mutation did indeed
originate within this Sicilian family and no family members harbouring the mutation
emigrated to other regions the mutation would not be expected to be present in other
populations.
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The Cys35Arg mutation meets most of the requirements of a causative missense mutation
as discussed in paragraph 2.6.1.2. It could, however, not be demonstrated to be causative
with transfection studies (Tong et al., 1997), whilst other mutations within the RYR1 gene
resulted in an increase in sensitivity to caffeine and halothane. It is therefore possible that
the Cys35Arg mutation may be a rare polymorphism even though it was not observed in
the 200 normal chromosomes originally analysed by Lynch et al. (1997). These authors
stated that the normal chromosomes were obtained from healthy individuals and it was

assumed that they were representative of the general population.

4.2 Arq163Cys mutation in_the skeletal muscle ryanodine receptor
(RYR1) gene

Genomic DNA was amplified via PCR at an optimised annealing temperature of 68°C. A
76 bp PCR amplified product was subsequently digested with the Bst Ul restriction
enzyme. The Arg163Cys mutation involves a C to T nucleotide substitution, resulting in
the loss of a Bst Ul restriction site. Therefore, upon digestion with Bst U/ two fragments of
44 bp and 32 bp respectively were observed in homozygous normal individuals
(Figure 4.4). Detection of an additional fragment of 76 bp would indicate heterozygous
affected individuals. In homozygous MH affected individuals only the 76 bp fragment
would be observed as the mutation results in the loss of the restriction endonuclease site
in both copies of the RYR1 gene.

Figure 4.4: Photographic representation of results generated for detection of the
Arg163Cys mutation within exon six of the RYR1 gene

Individual number

US13-5
Us13-6
Us13-9
Us13-10
Us13-11
us13-12

MUDUDUDUDUDUD

192
184

123/4
104

<—76bp

&7

<—— Primer dimers
<——44bp

51

<——32bp

RFLP fragments were separated on a 20% polyacrylamide gel, which was electrophoresed at 250 V for three hours and subsequently
stained with EtBr for 30 min. "M" indicates the molecular weight marker (pBR322/Hae /ll) used to size the fragments. "U" indicates the
undigested PCR product and "D" the PCR product digested with 10 units of Bst U/.
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The RFLP results obtained for individuals investigated in this study are listed in Table 4.3
(page 128). Only the 44 bp and 32 bp fragments were observed. It was therefore
concluded that the Arg163Cys mutation was not present in any of these individuals. The
results obtained for family US13 are presented in Figure 4.4.

An additional fragment was observed in the undigested samples from individuals US13-6
and US13-11. These fragments are due to secondary structures formed by the primers,
such as primer dimers - including self-dimers and cross dimers. The primer dimers
migrate through the gel at a size equivalent to ca. 50 bp as indicated in Figure 4.4. All the
secondary structures that could be formed by the primers are depicted in Figure 4.5 as

well as the calculated free energy (AG) for each primer dimer.

Figure 4.5: Secondary structures formed by the R163CF1 and R163CR1 primers

Self-dimers
R163CF1 forward primer dimers

5! tccaagcagaggtctgaaqgégaa 3!

(a) i AG = -5.64 kcal.mol’’

3' aagaggaagtctggagacgaacct 2" Most stable dimer
5' tccaagcagaggtctgaaggagaa 3

(b) : SR AG = -5.12 kcal.mol”

3' aagaggaagtctggagacgaacct 5'

5' tccaagcagaggtctgaaggagaa 3 3' Dimer

(c) |1 e AG = -4.17 kcal.mol

3' aagaggaagtctggagacgaacct 5'

R163CR1 reverse primer dimers

5' agcgctcggaggagacactgacaa 3!
(@ [T AG = -13.08 kcal.mol”
3' aacagtcacagaggaggctcgcga Most stable dimer

Cross dimers
R163CF1 and R163CR1 primer dimers

5' tccaagcagaggtctgaaggagaa 3'

(e) : P AG = -4.55 kcal.mol”"
3' aacagtcacagaggaggctcgcga 5' 3" Most stable dimer
5' tccaagcagaggtctgaaggagaa 3
M l AG = -4.51 kcal.mol

3! aaéagtcalagaggaggctcgcga 5

5' ttcaagcagaggtctgaaggagaa 3'
(@ : AG = -3.91 keal.mol

3! aacagtéacagaggaggctcgcga 5!

Primer sequences are listed in Table 3.3. AG indicates the free energy.
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The chemical stability of a primer dimer is directly related to the free energy - a
thermodynamic property of the primer dimer (Bohinski, 1987). A negative AG value (-AG)
occurs when chemical reactions release free energy. These reactions are exergonic,
favoured thermodynamically and occur spontaneously (Bohinski, 1987; Armstrong, 1989).
Therefore the lower the AG of the primer dimer, the more stable it will be. Primer dimers
“a”, “d” and “e” in Figure 4.5, indicate the most stable primer dimers, as determined by
their AG values. A single 3' dimer, “c” in Figure 4.5, was identified. Formation of the
3'dimer is problematic as this primer dimer could allow extension at the 3' end dimer
leading to the formation of a 34 bp product. This class of PCR artefacts may obscure
analysis of the results obtained. However, the additional fragments are only observed in
undigested samples and therefore do not interfere with the identification of the true PCR
amplified fragments. If these additional fragments were, however, visible in the digested
samples they would be larger than the two fragments (44 bp and 32 bp) generated after
digestion with the Bst Ul enzyme. Care should, however, be taken when analysing RFLP
results generated with samples containing stable primer dimer structures.

Individuals US13-9 and US13-10 were selected for sequencing to verify the RFLP analysis
results listed in Table 4.3 (page 128). Representative autoradiographs of the generated
sequence are depicted in Figure 4.6. No additional fragments at position 487 in the T
lanes of the sequence were observed. The sequencing data for individuals US13-9 and
US13-10 confirmed that they were both homozygous normal, as determined via RFLP
analysis.

Figure 4.6: Autoradiographs of chain termination sequencing utilised for detection
of the Arg163Cys mutation in the RYR1 gene

MHN CHCT diagnosis MHS

Us13-9 Individual number UsS13-10 w
A CGT ACGT c
g

Nucleotide ' Nucleotide >
position 487 > position 487 > 3
r E
g
H

wn

MHN = MH normal; MHS = MH susceptible; CHCT = Caffeine halothane contracture test; A = adenine; C = cytosine; G = guanine and
T = thymidine. The forward primer was selected as the sequencing primer and the samples were labelled with «**P-dCTP. Gels were
electrophoresed for 2 hours at 60 W. An arrowhead indicates nucleotide position 487,
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Censier et al. (1998) presented evidence that MHN derived primary muscle cell cultures
transfected with the Arg163Cys mutation caused a two-fold increase in the sensitivity to
halothane. This provided evidence that the Arg163Cys mutation is a causative mutation
for MH. Fagerlund et al. (1994) reported the presence of this mutation in a Danish family
with no history of CCD suggesting that the Arg163Cys mutation caused MHS in this family.
Manning et al. (1998a) estimated that this mutation occurs in 2% of MHS families and is

therefore one of the most frequent MHS mutations described to date.

The Arg163Cys mutation has also been observed in MHS families with a history of CCD
(Quane et al., 1993; Quane et al., 1994a; Barone et al., 1999). The possibility of an
epistatic relationship between the different MH mutations and its contribution to the MH
phenotype cannot be ignored. Consequently the individuals in this study were investigated
for the presence of the Arg163Cys mutation even though only one family, MH105,
displayed linkage to the chromosome 19q13.1 region where the RYR1 gene is located.

At the present it remains unclear whether the Arg163Cys mutation causes both MH and
CCD. Quane et al. (1993) reported that this mutation is responsible for both MH and CCD.
Although the mechanism by which the Arg163Cys mutation causes MH is unclear, the
possibility that the mutation may also cause CCD, or contribute to the CCD phenotype,

cannot be ruled out.

This mutation in the RYR1 gene results in hypersensitivity of the Ca®*-release channel to
triggering agents. The increased sensitivity of the RYR1 channel causes the release of
excess Ca?* into the cytosol from the SR due to the extended open-time of the RYR1
channel. The Arg163Cys mutation may therefore be responsible for the pathological
changes observed in the SR and T-tubules of CCD patients. The RYR1 receptor is
involved in the EC-coupling required for muscle contraction as described in paragraph 2.5.
A mutation in the region involved in the interaction could result in diminished EC-coupling
and therefore diminished muscle contraction, resulting in muscle weakness and poor

reflexes associated with CCD. (Quane et al., 1993)

However, segregation analysis performed by Quane et al., (1993) suggests that the
Arg163Cys mutation is causative of MH. It therefore seems plausible that the Arg163Cys
mutation causes MH and predisposes individuals to CCD. However, other genetic factors
such as genes coding for proteins involved in EC-coupling or the homeostasis of
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intracellular Ca?* levels could interact with the Arg163Cys mutation resulting in the
expression of CCD and MH. (Quane et al., 1993).

The identification of this mutation in subsequent MHS or CCD families might shed light on
the mechanism by which the Arg163Cys mutation is responsible for MH or CCD. It may
also indicate whether an epistatic relationship between this mutation and other mutations

elsewhere contribute to the MH phenotype or the CCD phenotype.

4.3 Gly248Arg mutation in the skeletal muscle ryanodine receptor
(RYR1) gene

The reported method of detection for the Gly248Arg substitution was direct sequencing.
However, this was not the method of choice in this study (Gillard et al., 1992). Direct
sequencing was not cost effective even though it is the most sensitive and specific
technique for the detection of mutations. Certain authors (Gillard ef al., 1992; Quane
et al., 1997; Barone et al., 1999) utilised SSCP to detect the Gly248Arg mutation. This
method, however, was not utilised for detection of the mutation in this study. As discussed
below, SSCP is not specific for the Gly248Arg mutation nor is it sensitive enough.

Substitutions may alter the folding of a single stranded DNA molecule, even when a single
base is involved, resulting in the formation of different three-dimensional conformers. The
electrophoretic mobility of these different conformers influences the ability of single base
substitutions that are detectable via SSCP. The sensitivity of SSCP to detect substitutions
is also dependent on the length of the fragment, with longer fragments resulting in lower
sensitivity. More than 90% of single base substitutions are detectable in fragments of
200 bp, and more than 80% in 400 bp fragments (Hayashi, 1992; Hayashi and Yandell,
1993; Hayashi, 1994; Hayashi, 1996). Since the amplified product for this particular
mutation is 228 bp in length it should therefore be possible to detect the presence of a
single base substitution in the PCR fragment with a sensitivity of between 80% and 90%.
However, as SSCP is not specific for any mutation it is not possible to determine via SSCP
analysis alone whether the aberrant conformation pattern that might be observed would be
as a result of the known mutation, possible novel mutations or polymorphisms. SSCP was
therefore not the preferred method of detection of the Gly248Arg mutation.

Zhang et al. (1993) developed a diagnostic assay to detect the mutation via the use of
allele specific PCR amplification. Primers are designed with the forward primer differing by

one base (the normal or the mutated base) at the 3’ end. A common reverse primer is
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used. If the forward primer has an A at the 3' end, representing the mutation, a 178 bp
product is generated in affected individuals. Although the allele specific PCR amplification
assay is highly specific it is not sensitive enough. The primers designed for this assay only
amplifies one allele, either the mutant or the normal allele, depending on which allele the
primer was designed to anneal to. Heterozygous and homozygous individuals can
therefore not be distinguished unless a primer is designed for the opposite allele, and the
assay repeated. Furthermore, the PCR conditions utilised to perform the reaction have to

ensure high specificity and therefore high annealing temperatures are essential.

The absence of a fragment could imply the absence or presence of the mutation
depending on which 3’ base was incorporated in the primer. However, the absence of a
PCR fragment could also be due to problems encountered during the PCR reaction.
Optimisation and the reproducibility of these assays are imperative. It is therefore
essential that controls be included during PCR to ensure that the results obtained are an
accurate reflection of mutation status. This assay is useful in high throughput scenarios
for diagnostic analyses when the presence or absence of the mutation is the only interest.
Determination of the exact genotype and distinction between heterozygous and
homozygous affected individuals is, however, essential in genetic diagnosis as it has
implications for genetic counselling. For this reason, allele specific PCR amplification of
only one allele (either normal or mutant) would be inappropriate as a detection method in a

molecular diagnostic setting.

Sei et al. (1998) developed a PCR based RFLP method of detection for the Gly248Arg
mutation via PCR-modified restriction site (PMRS) analysis. In principle this method
involves the modification of a primer to introduce or eliminate a restriction site upon
amplification (Haliassos et al., 1989). The G to A substitution responsible for the
Gly248Arg mutation eliminates a Mnl/ | restriction site (N¢«GAGG). However, the mutation
also introduces a new Mnl | site close to the original site as illustrated in Figure 4.7.

Figure 4.7: Restriction sites abolished and created by the Gly248Arg mutation

Normal sequence
Mnl | site

5’macttgtckactatgagqggggagctgtgtm3’

Mutant sequence
New Mnl | site introduced by mutation

5’macttgtctaFtatgagaggggagctgtgtm3’

94



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

0,

Abolishment of the restriction site could therefore not be utilised to detect this mutation.
Designing a modified reverse primer that does not generate the new Mnl | site formed by
the mutant but still abolish the Mnl | site in the normal sequence would, however, allow for
the detection of the mutation via RFLP. This method of detection for the Gly248Arg
mutation would be favoured, as it is highly sensitive and specific for this mutation. This
modified RFLP assay for detection of the Gly248Arg mutation was first described by Sei
etal. in 1998. At that time several individuals selected for this study were already
screened via single lane sequencing (SLS). It was therefore decided that the remainder of
the samples should be screened in a similar manner. Furthermore, SLS screening had the
potential advantage of also detecting other possible substitutions involving an adenine

nucleotide.

A single lane sequencing approach seemed the most appropriate mutation detection
method at the time as such an approach was sensitive, specific and cost effective. The
Gly248Arg mutation results in the substitution of a G to an A (Gillard ef al., 1992) and
could therefore be detected via the BESS T analysis. This analysis is based on the
principle that most point mutations involve changes in thymidine (Hawkins and Hoffman,
1997; Vaughan and McCarthy, 1998). Therefore if the T nucleotides were replaced with
uracil (U) nucleotides the point mutations involving changes in the T nucleotides could be
readily identified as the uracil nucleotides are removed from DNA by the DNA repair
enzyme Uracil N-glycosylase. This results in the creation of an abasic site, located at the
site of uracil incorporation. Defined fragments are generated by digestion of PCR product
with the Endonuclease IV enzyme resulting in the cleavage of the phosphodiester bond at
the abasic site. One of the primers is radioactivity end labelled with y*?P-dATP and
separated on a standard sequencing type gel. A DNA fragment ladder, identical to the T
lane of a sequencing reaction, is generated. The presence or absence of a fragment, or
the change in intensity from the normal fragments, would indicate the presence and
location of a mutation. When fragments from a normal control are compared to other
sample fragments, a difference in intensity would indicate the presence of a mutation in

heterozygous individuals.

Since the aim of the study was the detection of specific reported mutations only the
appropriate primer, in the case of the Gly248Arg mutation the reverse primer, was end
labelled to detect a possible substitution of a cytosine with a thymidine at position 742 in
the reverse sequence. The results obtained utilising this technique could not be analysed,
as the mutation site is located too close to the end labelled primer, consequently obscuring
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the region of interest. In Figure 4.8 the results obtained via BESS T analysis are
displayed. No accurate interpretation could be made from the autoradiographs, as the
relative position of C742 could not be determined on this autoradiograph. It seemed as
though several additional fragments were present in the region close to the reverse primer.
Selected samples were again sequenced with the reverse primer to determine whether
there were indeed additional fragments in this region. However, many compressions were
again observed in the 40 bp nucleotide sequence close to the reverse primer. It was
therefore not possible to analyse the sequence close to the reverse primer. However,
when the forward primer was utilised as the sequencing primer no additional fragments
were observed in the A lane of the sequence. This indicated that the BESS T scan could
not be used to detect the presence of the Gly248Arg mutation unless another reverse
primer was designed that was further away from the codon (ggg) that codes for the Gly248
amino acid. The fragments could be analysed up to the T fragment at position 734.
Investigation of the opposite strand with the forward primer would not indicate the
presence of the mutation as a guanine (G) is substituted with an adenine (A) and the A
residue could not be detected via BESS T analysis.

Figure 4.8: Autoradiograph of BESS T analysis generated for detection of the
Gly248Arg mutation within exon nine of the RYR1 gene

(o}
(o2}

! | MH102-48

. Q MH102-117

o
=
u
=

Boldface
nucleotides (t)
indicate the
fragments visible
on the
autoradiograph
The relative position of the
C742T substitution that
would indicate the
Gly248Arg mutation could
not be determined

g O PO 0 W

Position 734 —
5 1]

A = adenine; C = cytosine; G = guanine and T = thymidine. Autoradiograph of BESS T scan gel where the reverse primer was end
labelled with y*P-dATP. The gel was electrophoresed for 1 hour 30 min at 60 W.

However, if only the single lane of interest, in this case A, was sequenced with the forward
primer an additional fragment at position 742 would indicate the presence of the

Gly248Arg mutation. In addition the rest of the fragment could be analysed for the
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presence of possible known and new polymorphisms. The results generated for the
selected individuals investigated via single lane sequencing of the A lane are presented in

Figure 4.9.

Figure 4.9: Autoradiograph of single lane sequence analysis generated for
detection of the Gly248Arg mutation in the RYR1 gene
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Autoradiograph of single lane sequencing gel where the forward primer was selected to sequence the samples and labelled with
o**P-dCTP. Gels were electrophoresed for 3 hours at 60 W. Arrow shows the nucleotide position 742 where an additional fragment at
this position would indicate the G to A substitution responsible for the Gly248Arg mutation.

No additional fragments were observed in the region of interest in the selected individuals
that were investigated, as depicted in Figure 4.9. Results obtained for the single lane
sequencing analyses for the presence of the Gly248Arg mutation are listed in Table 4.3
(page 128). This mutation is absent in the sample population of the seventeen families
investigated in this study.

In addition to the single lane sequencing, individuals were sequenced in full, confirming the
absence of the mutation. None of the DNA samples sequenced from selected individuals
displayed the G to A nucleotide substitution, as indicated in Figure 4.10. Upon comparison
of sequence data from Genbank (accession number U48453) and the sequence data
generated for the selected individuals included in this study a discrepancy was observed.
The 228 bp PCR fragment was sequenced in both the forward and reverse direction to
verify the observed discrepancy. In the sequence data obtained from Genbank (accession
number U48453) five cytosine nucleotides are present in intron 8 of the gene at positions
719 to 723. However, only four of these cytosine residues were observed when the
sequence data were analysed. Three possibilities may explain this discrepancy: a new

polymorphism within intron 8, an unreported sequencing error or a typing error.
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Ten individuals were sequenced and all of these individuals displayed only four cytosine
residues. This sample size is too small to verify whether the discrepancy observed is due
to a new polymorphism. A larger number of normal chromosomes need to be investigated
to determine if the discrepancy is a polymorphism. It is most likely that this observation is
an unreported sequencing error, as all of the individuals sequenced displayed only four C
nucleotides and other sequencing errors have been reported previously (Phillip et al.,
1996). Although a printing error could be responsible for the difference observed in the
reported and the generated sequence, it seems unlikely as no correction has ever been
made to the Genbank sequence (accession number U48453). The most plausible
explanation therefore seems to be that the anomalies observed are due to an unreported

sequencing error.

Figure 4.10: Autoradiographs of chain termination sequencing utilised for detection
of the Gly248Arg mutation in the RYR1 gene

MHN IVCT /CHCT diagnosis ~ MHS
MH102-4 Individual number UsS16-6

ACGT ACGT

(57}

b4
Q Q

Nucleotide
position 742

Nucleotide

B < position 742

\

Sl U T o o T Y T Vo

(8]

Intron 8 region
which harbours
four cytosine
residues

Intron 8 region
which harbours
four cytosine
residues

MHN = MH normal; MHS = MH susceptible; CHCT = caffeine halothane contracture test; IVCT = in vitro contracture test; A = adenine; C
= cytosine; G = guanine and T = thymidine. The forward primer was selected as the sequencing primer. The samples were labelled
with a*S-dATP and o*?P-dCTP for individual MH102-4 and US16-6 respectively. Gels were electrophoresed for 3 hours at 60 W. An
arrowhead indicates nucleotide position 742.

The Gly248Arg mutation has only been described in one MHS family that included five
family members of whom two were diagnosed to be MH positive with the IVCT. These two
individuals also inherited the mutation (Gillard et al., 1992). Tong et al. (1997) suggested
that the Gly248Arg mutation is a very rare polymorphism rather than a causal mutation as
the mutation was not observed in any of the other families studied worldwide. The family
in which this mutation was identified also did not have strong linkage to the region on

chromosome 19q13.1 (Gillard et al., 1992). However, transfection studies indicated that
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the mutation increased the sensitivity of the mutant protein to the effects of caffeine and
halothane (Tong et al., 1997). Gillard et al. (1992) did not analyse normal chromosomes
for the presence of this mutation. The absence of the Gly248Arg mutation in the many
MHS families studied worldwide does, however, indicate that this mutation is not a
commonly occurring polymorphism. The presence or absence of this mutation should
however, be investigated in the normal population to verify that the mutation is not a rare
polymorphism. The nucleotide substitution responsible for this mutation may be a recent
event that originated in the single MHS family in which it was reported. It may, therefore
be a rare causal mutation that is population or even family specific explaining the absence
of the mutation in other populations.

4.4 Gly341Arg mutation in the skeletal muscle ryanodine receptor
(RYR1) gene

This mutation was originally detected via SSCP as described by Quane et al. (1994). The
Gly341Arg mutation does not result in the loss or gain of a restriction enzyme site.
Subsequently Alestram et al. (1995) developed a less labour intensive, more accurate and
sensitive detection technique utilising an amplification created restriction site (ACRS)
assay. This technique involves the designing of a primer, in this case the forward primer,
which introduces a restriction enzyme site upon amplification - allowing for the detection of
the mutation via RFLP (Haliassos et al., 1989).

A 124 bp product was amplified utilising a standardised PCR protocol with an annealing
temperature of 64°C as discussed in paragraph 3.4. In a normal individual the PCR
amplified product contains an Msp | recognition site (CCGG) and will be cleaved upon
restriction, yielding two fragments (19 bp and 105 bp). In homozygous affected individuals
the restriction site will be abolished (CCAG) and the fragment will not be cleaved during
Msp | digestion. This implies that three fragments (124 bp, 105 bp and 19 bp) should
therefore be present in a heterozygous affected individual. Results generated for the
selected individuals from the seventeen families included in this study are listed in
Table 4.3 (page 128).

The 124 bp fragment was not observed in any of the individuals investigated in this study.
It was therefore concluded that Gly341Arg mutation is not present in these individuals.
Family US10 was utilised to illustrate the results generated upon screening of the selected

individuals for this mutation as presented in Figure 4.11.
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Figure 4.11: Photographic representation generated for detection of the Gly341Arg
mutation within exon eleven of the RYR1 gene

Individual number

US10-6
us10-7
$10-9
Us10-10
|US‘IU-11

M UDWUDWU DU DU D

267
234
213
192
184

<—124 bp
<—105bp

123/4
104

89
80

67

57
51

<——Primer dimer

RFLP fragments were separated on a 10% polyacrylamide gel. This gel was electrophoresed at 250 V for two hours and subsequently
stained with SYBRGold for 30 min. "M" indicates the molecular weight marker (pBR322/Hae /) used to size the fragments. "U"
indicates the undigested PCR product, and "D" the PCR product digested with 10 units of Msp /.

Primer dimers can also be observed migrating at the bottom of the gel. Two possible
primer dimers that could be formed by the primer pair are presented in Figure 4.12. One
primer dimer results from two of the forward primers annealing with each other and the
other cross dimer when annealing occurs between the forward and reverse primers. No
primer dimers could be formed between different copies of the reverse primer, as no
region of complementarity was present. Of the two possible primer dimers the cross dimer

“b” in Figure 4.12 is the most stable with a AG value of —7.07 kcal.mol™.

Figure 4.12: Secondary structures formed by the G341RF1 and G341RR primers

Self-dimers
G341RF1 forward primer dimers

5' gcceccecctgagatcaagtee 3!
(a) AG = -4.62 kcal.mol”

3' cctgaactagagtccccceg 5!
Cross dimers
G341RF1 and G341RR primer dimers

5' gcccecectgagatcaagtee 3!
(b) o AG = -7.07 kcal.mol’
3' cegcéadgagttcttetteca 5° Most stable dimer

Primer sequences are listed in Table 3.3. AG indicates the free energy.
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Sequencing of the fragment generated for the ACRS was problematic as compressions
resulting from secondary structures due to the GC rich template were observed on the gel.
In an effort to eliminate secondary structures a second primer was selected that amplified
a larger fragment which was 174 bp in length. Even with the larger fragment a
compression formed at nucleotide position 1021 when sequencing was performed with the
reverse primer. Unambiguous sequence could only be obtained with the forward primer.
Sequence generated for selected individuals confirmed the results obtained via the ACRS
as no G to A substitution at position 1021 could be observed. A representation of the

results is presented in Figure 4.13.

Figure 4.13: Autoradiographs of chain termination sequencing utilised for detection
of the mutation Gly341Arg in the RYR1 gene

MHN IVCT diagnosis MHS

30 MH105-37  Individual number ~ MH105-36

A A CGT ACGT
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. E Nucleotid
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>g position 1021 < position 1021
e

a/
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MHN = MH normal; MHS = MH susceptible; IVCT = in vitro contracture test; A = adenine; C = cytosine; G = guanine and T = thymidine.
The forward primer was selected as the sequencing primer. The samples were labelled with «*P-dCTP. Gels were electrophoresed for
1 hour 40 min at 60 W. An arrowhead indicates nucleotide position 1021.

Quane et al. (1994) estimated that the Gly341Arg mutation accounts for approximately
10% of Caucasian MHS individuals. Manning et al. (1998a) reported the estimated
incidence of the Gly341Arg mutation to be 6% of MHS families. This mutation was
reported by Barone et al. (1999) in the ltalian population and by Quane et al. (1994a) in
the Irish, Belgian and French populations. Monsieurs ef al. (1998) identified three Belgium
families harbouring the Gly341Arg mutation. These authors also suggested that the
Gly341Arg mutation might be responsible for chronically evaluated serum CK activity in
asymptomatic individuals. Even though this mutation is thought to be one of the most
common mutations found to date (Manning et al., 1999a) it has not been observed in the
North American (Stewart ef al., 1998), German, Austrian and Swedish MH populations
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(Brandt et al., 1999). The mutation was also absent in one Danish and two Swiss families
(Brandt et al., 1999).

Segregation analysis suggested that this mutation is not the causative mutation in a large
British family and that a second mutation or gene is responsible for the MHS phenotype in
this particular family (Adeokun et al., 1997). It is possible that the Gly341Arg mutation is a
rare polymorphism observed in this particular family. Five hundred normal chromosomes
were analysed for the aberrant SSCP conformer, and it was not observed (Quane et al.,
1994a). Even though the aberrant conformer was not observed it is not conclusive
evidence that the Gly341Arg mutation is not absent from the general population. As
discussed in paragraph 4.3, SSCP is not specific enough to determine the presence or
absence of a particular mutation. However, transfection studies performed by Tong et al.
(1997) provided biochemical evidence that the Gly341Arg mutation is a causative mutation
for MH. The absence of this mutation in the different populations listed above provides

further evidence of the causative nature of the Gly341Arg mutation.

Adeokun et al. (1997) reported that the distribution of the Gly341Arg mutation is not limited
to specific geographical regions. In contrast to the statement by Adeokun et al. (1997),
Stewart et al. (1998) suggested that the Gly341Arg gene pool is restricted to European
families as the Gly341Arg mutation was not present in the North American population
investigated by these authors. Results generated for this thesis supports the theory that
this mutation is geographically restricted to the European continent as it has only been
observed in European families and was not present in the two sample populations

included in this study.

Only four South African families were investigated in this study. It is therefore possible
that the sample size of this study is too small to conclusively determine whether the
Gly341Arg mutation is absent from the entire South African MHS population. The results
generated for the North American families included in this study contribute to the results
obtained by Stewart ef al. (1998) as discussed above.

Since the South African and North American populations are from European descent the
Gly341Arg mutation might be present in these populations. [f the families included in this
study are representative of the two populations then an explanation for the absence of the
mutation in these two populations could be the fact that this mutation represents a recent

genetic change. It is possible that the mutational event occurred after the emigration of
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the European population to the North American and African continents. It is also possible
that independent mutational events were responsible for the presence of this mutation in
the different European populations. This hypothesis is supported by the fact that the
Gly341Arg mutation has not been associated with a common haplotype (Quane et al.,
1994a). Haplotype analysis of six distinct RYR1 haplotypes by Quane et al. (1994)
indicated that this mutation did not spread through a founder effect.

4.5 lle403Met mutation in the skeletal muscle ryanodine receptor
(RYR1) gene

Amplification of the gDNA was performed using the standard PCR program at an
annealing temperature of 64°C as described in paragraph 3.4. The PCR reaction was
optimised and the best results were achieved by reducing the MgCl. concentration to
0.5 mM. In Figure 4.14 the various MgCl, concentrations utilised for the optimisation are
indicated. Very little or no primer dimers were observed when a concentration of 0.5 mM
MgCl, was utilised. Additional fragments could be observed in one sample of both A3
(lane 12) and C7 (lane 14) when a concentration of 1.5 mM MgCl, was used. These

secondary PCR amplified products are eliminated at lower concentrations of MgCls.

Figure 4.14: Influence of MgCl, concentration on the amplification of a fragment
utilised for detection of the lle403Met mutation

0.5 mM 1.0 mM 1.5 mM MgCl, concentration
© o le number
M 2 5 2 5 § o B Eempleny

12345 6 7 8 910 11 1213 1415 Lane number

Secondary PCR

Soais product

PCR fragments were separated on a 20% polyacrylamide gel. This gel was electrophoresed at 250 V for three hours and subsequently
stained with SYBRGold for 30 min. "M" indicates the molecular weight marker (pBR322/Hae /ll) used to size the fragments. A3 and C7
are control DNA samples utilised for the optimisation of the PCR. No samples were loaded in lane 6 and lane 11.
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The diagnostic assay described by Quane et al. (1993) was utilised to investigate the
seventeen families in this study for the presence of the lle403Met mutation. The
diagnostic assay involves the amplification of a 92 bp fragment, which was subsequently
digested by the Mbo [ restriction enzyme. The C to G mutation at nucleotide position 1209
results in the abolishment of a Mbo / restriction site.

For diagnostic purposes the samples were digested with Mbo | after the amplification of
the region encompassing the mutation. The 92 bp amplified product was cleaved into a
63 bp and 29 bp fragment in normal individuals. In affected individuals three (92 bp, 63 bp
and 29 bp) or one (92 bp) fragment will be observed depending on whether the individuals
are heterozygous or homozygous individuals respectively. Results of RFLP analyses of
selected individuals for detection of the lle403Met mutation are listed in Table 4.3
(page 128).

The 92 bp fragment was not present in any of the individuals investigated from the
seventeen families screened in this study. Results obtained for individuals from South
African MH family MH102 are presented in Figure 4.15. This family is representative of all
the families included in this study.

Figure 4.15: Photographic representation generated for detection of the lle403Met
mutation within exon twelve of the RYR1 gene

Individual number

I MH102-11

| MH102-24

l MH102-28
MH102-39
MH102-117
MH102-125

4140 W R T

UDUDUDUDUD

<——92bp
<——63bp
<—— Primer dimers

<—29bp

RFLP fragments were separated on a 20% polyacrylamide gel. This gel was electrophoresed at 250 V for three hours and
subsequently stained with EtBr for 30 min. "M" indicates the molecular weight marker (pBR322/Hae I/l) used to size the fragments. "U"
indicates the undigested PCR product and "D" the PCR product digested with 10 units of Mbo I.
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Primer dimers were observed in both the undigested and digested samples of individuals
MH102-24 and MH102-39 as indicated in Figure 4.15. A total of nine primer dimer
structures are possible. Five (“a’-“e” in Figure 4.16) are due to self-dimerisation between
copies of the forward primer. Copies of the reverse primer could possibly form two
secondary structures listed as “f" and “g” in Figure 4.16. The remaining two possible
primer dimers are cross dimers that could form between the forward and reverse primers.
These are indicated as structure “h” and “i" in Figure 4.16. The most stable primer dimers

and 3’ dimers are also indicated in Figure 4.16.

Figure 4.16: Secondary structures formed by the 1403MF and 1403MR primers

Self-dimers
1403MF forward primer dimers

5' ccacatggacgacgactgtc 3
(@) AG = -5.38 kcal.mol”
3' ctgtcagcagcaggtacacc 5 3™ Most stable dimer

3 Dimer

5' ccacatggacgacgactgtc 3
e AG = -4.29 kcal.mol’

(b) J 1!
3' ctgtcagcagcaggtdddce 5

5' ccacatggacgacgactgtc 3! 3’ Dimer
(c) ] AN AG = -3.91 kcal.mol”
3' ctgtcagcagéddgtacace 5

' AG = -3.91 kcal.mo!™

51 ccacatggaciacgactgtc 3! 3’ Dimer
[}
tcagdddcaggtacace 5!

3 '

3' Dimer

5! ccacatggacgacgact??? 3! ,
: AG = -3.91 kcal.mol

3' ctgtcéagcagcaggtacace 5!

I403MR reverse primer dimers

5' ggttgtataggccattggtgect 3!
! ! : : AG = -9.27 kcal.mol”
1 1 ] 1 .
3' tcgtggttaccggatatgttgg 5! Most stable dimer

5' ggttgtataggcecattggtgct 3!
1

! ! AG = -3.39 kcal.mol”’
3! tcgtggttaécggatatgttég 5!

(9)
Cross dimers
[403MF and 1403MR primer dimers

5' ccacatggacgacgactgtc 3
] ] ]

(h)

3! tcgtégttaccgéaéatgttgg 51

5' ccacatggacgacgactgtc 3
(i) 5
3' tcgtggttaccggatatgttdg 5°

AG = -6.49 kcal.mol”
2" Most stable dimer
3’ Dimer

AG = -4.29 kcal.mol”

Primer sequences are listed in Table 3.3. AG indicates the free energy.
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The results obtained via RFLP analysis were confirmed via sequencing of selected
individuals. As depicted in Figure 4.17, sequencing data revealed that the normal coding
sequence was present in all the selected individuals. It was, therefore, concluded that the
lle403Met mutation was not present in this sample population.

Figure 4.17: Autoradiographs of the chain terminated sequencing utilised for
detection of the lle403Met mutation in the RYR1 gene

MHN IVCT diagnosis MHS
31 MH102-4  Individual number ~ MH102-125
2 A CGT ACGYT
c
d
o
Pc E Nucleotide Nucleotide
t position 1209 position 1209
a
g
t
a
5!

MHN = MH normal; MHS = MH susceptible; IVCT = in vitro contracture test; A = adenine; C = :;ytosine: G = guanine and T = thymidine.
The forward primer was selected as the sequencing primer. The samples were labelled with «**S-dATP. Gels were electrophoresed for
1 hour 30 min at 60 W. An arrowhead indicates nucleotide position 1209.

CCD and MH are phenotypically distinct allelic variants as mutations in the same gene are
responsible for both these disorders (Zhang et al., 1993; Quane et al., 1993). To date, the
1403M mutation has only been associated with CCD within one family consisting of four
individuals (Quane et al., 1993). Although the 1403M mutation has only been observed in
the Italian CCD family (Quane et al., 1993) it may also play a role, or at least contribute to
the MHS phenotype segregating in this family. It is unclear how mutations within the
RYR1 gene can cause both CCD and MH. This mutation may be associated only with
CCD and may not contribute to the MH phenotype. However, other mutations such as
Arg163Cys, Tyr522Ser, Arg2163His and Arg2436His have been identified in families
affected with both CCD and MH (Quane ef al., 1993; Quane et al., 1994b; Manning et al.,
1998a; Zhang et al, 1993). Interaction between the different mutations and their
contribution to either the CCD or the MH phenotype is strongly suggested by families such
as these. None of the families included in this study had a history of CCD. The presence
of the lle403Met mutation would not be expected in the families investigated here if this
mutation is indeed only associated with CCD, and not MH.

The absence of the mutation may also be due to the fact that the lle403Met mutation may

be a recent mutational event which might have originated in the Italian family in which it
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has been identified. The Italian population might not have had sufficient time to migrate to
other regions thus spreading the mutation. The lle403Met mutation could therefore be
population specific or even family specific and the absence of this mutation in other

populations studied worldwide supports this theory.

4.6 Tyr522Ser _mutation in_the skeletal muscle ryanodine receptor
(RYR1) gene

This substitution does not result in the alteration of a restriction site and was therefore
detected via SSCP (Quane et al. 1994b). However, as previously discussed in
paragraph 4.3 the SSCP analysis of PCR products for the detection of a mutation is not
ideal. The low specificity and sensitivity of the SSCP technique eliminates it as a

molecular diagnostic tool.

Another method of detecting this mutation was required in order to examine the possibility
that the Tyr522Ser mutation might segregate with the MH phenotype in the families
included in this study. As this substitution did not result in the alteration of a restriction site
BESS T scan and chain termination sequencing seemed the most viable options. Manual
sequencing of all the individuals is time consuming and very costly. Therefore, BESS T

analysis seemed the best course of action.

However, Sei et al. (1998) developed a RFLP assay to detect the Tyr522Ser mutation by
means of the ACRS technique as discussed in paragraph 4.3 and 4.4 for the Gly248Arg
and Gly341Arg mutations respectively. A modified forward primer was designed which
resulted in the amplification of a PCR fragment where the Tyr522Ser mutation would
create a BsmA | restriction site. The detection of the mutation via an RFLP assay is
preferred, as this detection protocol is highly specific and sensitive for specific mutations.
Furthermore the method is rapid, cost effective and no radioactivity is required. However,
as the samples were already investigated via BESS T analysis and single lane sequencing
when the RFLP method was published, it was decided not to change the method of
detection in the study reported here. The RFLP assay would, however, be the method of
choice when performing analyses for molecular diagnostic purposes. Moreover, the RFLP
analysis protocol can discriminate between heterozygous and homozygous MH

individuals.

The Tyr522Ser mutation involves an adenine to a cytosine nucleotide substitution.

Therefore, the reverse primer needed to be labelled in order to detect the thymidine
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alteration of interest, or any other alterations involving a T. Representative results
obtained utilising this technique are displayed in Figure 4.18. The absence of the T
fragment or a change in intensity, at position 1565 would indicate the presence of the
mutation in homozygous MHS and heterozygous MHS individuals respectively.

Figure 4.18: Autoradiograph of BESS T analysis generated for detection of the
Tyr522Ser mutation within exon fourteen of the RYR1 gene
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Autoradiograph of BESS T scan gel where the reverse primer was end labelled with y*°P-dATP. The gel was electrophoresed for
2 hours at 60 W,

Analysis of the results indicated that the T fragment in position 1565 was not absent in any
of the individuals. However, this did not imply that the mutation was not present in the
population investigated, as the individuals could be heterozygous for the mutation.
Furthermore, for an individual to be heterozygous for the mutation only one copy of the T
fragment needs to be substituted, thus the other copy of the T fragment would still be
present. The presence of the mutation would therefore be observed as the change in the
intensity of the T fragment. Ascertaining whether there is a change in intensity is difficult
and depends on the judgement of the individual analysing the data. The use of positive
controls and unbiased detection systems, such as densitometry, should be implemented in
the diagnostic environment. No positive controls were available and the presence of the

mutation could, therefore, not be verified unless samples were sequenced.

Investigation of the opposite strand would not indicate the presence of the mutation as an

adenine is substituted with a guanine and neither the absence of the adenine residue or
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the gain of a guanine would be detectable via BESS T analysis. As with the Gly248Arg
mutation, a single lane was therefore sequenced to detect an additional fragment at
position 1565 in the region amplified to verify the presence of the mutation. The best
results were achieved when the G lane was sequenced with the reverse primer, as the
presence of an additional G fragment would indicate the presence of the mutation. The
results obtained for the families investigated via single lane sequencing are presented in
Table 4.3 (page 128). The Tyr522Ser mutation was not observed in any of the families
investigated. The autoradiograph presented in Figure 4.19 is representative of the results
obtained for all the individuals investigated in this study.

Figure 4.19: Autoradiograph of single lane sequence analysis generated for
detection of the Tyr522Ser mutation in the RYR1 gene

US14-2
US14-7
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a the Tyr522Ser mutation
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Autoradiograph of single lane sequencing gel where the reverse primer was selected to sequence the samples and labelled with
a®P-dCTP. Gels were electrophoresed for 2 hours at 60 W.

Figure 4.20 displays the sequence generated for individuals MH105-20 and MH105-39 in
addition to the single lane sequencing performed and presented in Figure 4.19. The T to
G nucleotide substitution at position 1565 also was not observed in any of the selected
samples sequenced. This verified the results obtained via SLS.
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Figure 4.20: Autoradiographs of chain termination sequencing utilised for detection

of the Tyr522Ser mutation in RYR1 gene
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MHN= MH normal; MHS = MH susceptible; IVCT = in vitro contracture test; A = adenine; C = cytosine; G = guanine and T = thymidine.
The reverse primer was selected as the sequencing primer and the samples were labelled with o?P-dCTP. Gels were electrophoresed
for 2 hours at 60 W. An arrowhead indicates nucleotide position 1565

Inconsistencies were identified when the deposited sequence from Genbank (accession
number U48456) was compared with the sequence generated for this mutation. In intron
14 the addition of a guanine in two different positions, between nucleotides 1585 and 1586
(reported sequence 3’-aggt-5' and observed sequence 3'-agggt-5’) and between
nucleotides 1597 and 1599 (reported sequence 3'-aggga-5' and observed sequence
3'-agggga-5'), were noted. The addition of two guanine bases in the intron region of the
gene may be of no significance and may only be due to normal variation between
individuals or populations. However, variation in this intronic region of the RYR1 gene has
not been reported to date. This observed sequence anomaly may also be due to
sequencing errors by the original investigators as sequence errors have been identified
previously (Phillips et al., 1996).

Even though only three individuals were investigated via sequencing the possibility that
these are new polymorphisms can, however, not be excluded. Although the
inconsistencies were observed in all three individuals the sample size in which the

anomalies were observed is too small to draw a meaningful conclusion. The differences
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observed between the reported RYR1 sequence and the generated sequence should be
investigated in additional normal chromosomes. Analysis of these normal chromosomes
for the presence of the additional two guanine nucleotides between 1585 to 1586 and
1597 to 1599 would confirm whether the observation reflects new polymorphisms or

unreported sequencing errors.

To date, the Tyr522Ser mutation has only been identified in one French family (Quane
etal, 1994b). The mutation has also been associated with CCD as some of the
individuals in this family were diagnosed with subclinical CCD after histological
examination of their muscle biopsies. However, none of the individuals had shown clinical
symptoms of CCD. The role of the Tyr522Ser mutation in the phenotypic expression of
both MH and CCD remains unclear. It seems to cause MHS in all the individuals that carry
the mutation and only result in subclinical CCD in some of the individuals harbouring the
mutation (Quane et al., 1994b). As none of the families included in this study had a history
of CCD the absence of the Tyr522Ser mutation in the individuals investigated was not
surprising. Since this mutation has only been observed in one family it is possible that the
Tyr522Ser mutation is a relative new mutation which is specific to the particular family
reported by Quane et al. (1994b). The absence of the Tyr522Ser mutation in the
populations investigated in this study does, however, provide more evidence that the

mutation is not present in all populations.

Quane et al. (1994b) utilised SSCP to analyse 264 normal chromosomes for the presence
of the Tyr522Ser mutation in the normal population. However, as discussed in
paragraph 4.3, SSCP is not specific or sensitive enough and is therefore not the preferred

method of detection for the presence of the mutation in the unaffected population.

4.7 Arg614Cys mutation in_the skeletal muscle ryanodine receptor
(RYR1) gene

PCR amplification was performed with some adjustment to the standard PCR reaction
cocktail and the PCR program described in paragraph 3.4. The region of interest which
was amplified for RFLP analysis had a high GC content of 56%, which subsequently lead
to poor amplification of the 441 bp product. Sarkar et al., (1990) and Zhang et al., (1991)
reported that formamide could improve the specificity of PCR dramatically in templates
with high GC content. Subsequent to the addition of formamide to the PCR reactions, to a
final concentration of 1%, the amplification improved. The PCR program was also

adjusted and the fragment was extended for 120 seconds, instead of 60 seconds, at 72°C.
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The longer extension time also improved amplification of the 441 bp fragment from the GC

rich template.

The C1840T nucleotide substitution results in the loss of a Rsa / restriction site, which can
be detected via RFLP analysis (Otsu et al., 1992). The amplified 441 bp PCR-product was
digested with Rsa I and yielded three fragments (441 bp, 275 bp and 166 bp). The three
fragments indicate that the individuals are heterozygous as only one Rsa / site was
deleted by the C1840T substitution. In MHN individuals only two fragments (275 bp and
166 bp) were generated. Results of the restriction fragment length polymorphism

analysed of selected individuals are presented in Figure 4.21.

Figure 4.21: Photographic representation generated for detection of the Arg614Cys
mutation within exon seventeen of the RYR1 gene

MH105-34
MH105-35
MH105-36
MH105-37
MH105-38
MH105-23
MH105-64

MUPUDUDBDU B UDUBUD

1500 bp

1000 bp
900 bp

800 bp
700 bp
600 bp
500 bp
400 bp

300 bp
200 bp
100 bp

<— 441 bp

<— 275bp
—— 166 bp

~==— Primer dimers

RFLP fragments were separated on a 2% agarose gel. This gel was electrophoresed at 200 V for an hour. "M" indicates the molecular
x::;g%muﬁirtie;fuggg :o size the fragments, 100 bp ladder. "U" indicates the undigested PCR product and "D" the PCR product digested
Primer dimers were identified on the 2% agarose gel as indicated in Figure 4.21. The
primer dimers appear as a smear on the gel and not as sharp fragments. This might be
due to the fact that there are several possible primer dimers which could form.
Furthermore, not all of the possible bonds between the two primers may be formed,
resulting in the primer dimers migrating through the gel at different molecular weights. All
the possible primer dimers which could be formed by the two primers used to amplify the
PCR product are indicated in Figure 4.22. Two self-primer dimers, “@” and “b” in
Figure 4.22, and two cross dimers, “c” and “d’ in Figure 4.22, could form between the
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forward and reverse primers. AG values for the respective dimers, as well as the most
stable dimers are also indicated. Three possible 3’ dimers, (a), (b) and (c) in Figure 4.22,
could lead to the formation of short products (44 bp — 27 bp) due to extension at the 3’

end.

Figure 4.22: Secondary structures formed by the R614CF and R614CR primers

Self-dimers
R614CF forward primer dimers

5' ttgccacatcttatceccgatgege 3' Dimer
(@ 3 | AG = -10.89 kcal.mol”’
3' cgcgtagccctattctacaccegtt 5! Most stable dimer
5' ttgccacatcttatcecgatgege 3 3’ Dimer
(b) i I AG = -6.00 kcal.mol”

3' cgegtagccctattétacacegtt 5°

Cross dimers
R614CF and R614FR primer dimers

5' ttgccacatcttatcccgatgege 3! 3' Dimer
(©) : S : AG = -6.11 kcal.mol”
3' ggagaacaagacagaaggdaccg 5' 2™ Most stable dimer

5' ttgccacatcttatccecgatgege 3!
11 -
(d) i AG = -5.11 kcal.mol”

3 ggagéééaagacagaaggaccg 5!

Primer sequences are listed in Table 3.3. AG indicates the free energy.

The Arg614Cys mutation was observed in one of the seventeen families investigated in
this study, namely: South African family MH105. RFLP analysis results obtained for the
selected individuals from the seventeen families included in this study are listed in
Table 4.3 (page 128). Initially only the individuals selected for screening in this study were
screened for the mutation. However, after it became apparent that this mutation may be
causative within family MH105 the remaining individuals of whom DNA was available were

also investigated.

Initially, 25 individuals were screened for the presence of the Arg614Cys mutation by
Olckers et al. (1994). Upon confirmation of the results of Olckers et al. (1994) in this study
an additional 14 individuals (see Table 4.1) from family MH105 were investigated for the
presence of this mutation. In total 39 individuals from this family were thus screened for
the presence of the Arg614Cys mutation. The results of the RFLP analysis for family
MH105 are presented in Table 4.1 (page 114). Subsequently the Arg614Cys mutation
was observed in twelve individuals in South African family MH105. Three of these
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individuals, MH105-30, MH105-31 and MH105-60, were not phenotyped with the IVCT and
for two individuals, MH15-30 and MH105-31, this study presented the first opportunity to
identify their MH status. The RFLP result for individual MH105-60 was first reported by
Olckers et al. (1994) and verified in this study. This individual can now be counselled

accordingly.

Table 4.1: RFLP results of the Arg614Cys mutation for South African family

MH105
Family and MH Status vi MH Status vi Discordance
ami Yy an atus via atus via between the IVCT
individual number IVCT RFLP results RFLP and RFLP
diagnoses

105-19 ; 275 bp, 166 bp MHN -
105-20 MHS 275 bp, 166bp MHN NO
105-21* - 275 bp, 166 bp MHN -
105-23 MHN 441 bp, 275 bp, 166 bp MHS YES
105-26 MHS 441 bp. 275 bp. 166 bp MHS NO
105-27 - 275 bp,166 bp MHN -
105-28 MHN 275 bp, 166 bp MHN NO
105-29* - 275 bp, 166 bp MHN )
105-30* ; 441 bp, 275 bp. 166 bp MHS ;
105-31* ; 441 bp. 275 bp, 166 bp MHS -
105-32 MHS 441 bp, 275 bp, 166 bp MHS NO
105-33* ; 275 bp, 166 bp MHN -
105-34 - 275 bp, 166 bp MHN -
105-35 MHS 441 bp, 275 bp, 166 bp MHS NO
105-36 MHS 441 bp, 275 bp, 166 bp MHS NO
105-37 MHN 275 bp, 166 bp MHN NO
105-38 MHS 441 bp, 275 bp, 166 bp MHS NO
105-39 MHN 275 bp, 166 bp MHN NO
105-44 ; 275 bp, 166 bp MHN -
105-45* ] 275 bp, 166 bp MHN -
105-46* . 275 bp, 166 bp MHN ;
105-47* i 275 bp, 166bp MHN ;
105-50 ] 275 bp, 166 bp MHN ;
105-52* MHN 275 bp, 166 bp MHN NO
105-54* ; 275 bp, 166 bp MHN )
105-55* MHS 441 bp, 275 bp, 166 bp MHS NO
105-60 - 441 bp, 275 bp, 166 bp MHS -
105-63 MHS 441 bp, 275 bp, 166 bp MHS NO
105-64 MHS 275 bp, 166 bp MHN YES
105-70* - 275 bp, 166 bp MHN -
105-81* ] 275 bp, 166 bp MHN ;
105-83 MHN 275 bp, 166 bp MHN NO
105-88 MHN 275 bp, 166 bp MHN NO
105-98 MHN 275 bp, 166 bp MHN NO
105-104 MHN 275 bp, 166 bp MHN NO
105-115 - 275 bp. 166 bp MHN -
105-117 MHN 275 bp, 166 bp MHN NO
105-124 MHN 275 bp, 166 bp MHN NO
105-134* - 275 bp, 166 bp MHN -

IVCT = in vitro contracture test; MHN = MH normal; MHS = MH susceptible; RFLP = Restriction fragment iength polymorphism. A dash
indicates that the individual was not phenotyped via the IVCT. An asterisk indicates individual genotyped for the first time in this study.

Individual MH105-30 has two siblings who have been diagnosed via the IVCT as MHN
(MH105-28) and MHS (MH105-32) respectively. This female (MH105-30) has not been

tested via the IVCT to determine her MH status although she was aware of her strong
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family history of MHS. Upon screening the family for the presence of the mutation she
was found to have inherited the Arg614Cys mutation segregating in this family. She has
two young children, individuals MH105-31 (aged 8 years) and MH105-134 (aged 6 years)
of whom the MH status is unknown as these children are too young to undergo the biopsy
for the IVCT analysis. However, identification of the Arg614Cys mutation in this family
allowed for the determination of the MH status of these two children. The daughter
MH105-31 was subsequently found to have inherited the mutation from her mother. Her
brother, individual MH105-134, was negative for the mutation as he inherited the normal
allele from his mother. The Arg614Cys mutation segregating this family was absent in the
father (MH105-29) of the two children. Individuals MH105-30 and MH105-31 both
inherited the causative mutation and are both susceptible to MH. They should now be

counselled accordingly.

Figure 4.23: Excerpt from the pedigree of the South African malignant hyperthermia

family MH105
67 68
1 2 24 25 49 50
NEG
19 20 26 27 34 35 39 44 52 55 60 63 64
NEG POS POS | NEG NEG | POS NEG NEG POS POS POS NEG

21 23 28 29 30 32 36 37 38 \
NEG POS NEG NEG POS POS POS NEG POS

% ﬁ uHs @
31 134

MHN ] O
Nevertested B8 &
POS NEG Obligated carrier ] @&

An explanation of the symbols is provided in the list of abbreviations and symbols.
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Two individuals (MH105-23 and MH105-64) from this family displayed phenotype-
genotype discordance as first reported by Olckers et al. (1994). Individual MH105-64 was
diagnosed as MHS via the IVCT but did not inherit the mutation. In contrast, MHN
individual MH105-23 was identified as harbouring the Arg614Cys mutation. The IVCT
results and the RFLP results of this family are presented in Figure 4.23. The identification
of the Arg614Cys mutation in family MH105 contributes towards establishing a limited
molecular diagnostic service for individuals within this particular MH family.

Selected individuals were sequenced to verify the results obtained via RFLP analysis.
These individuals were the proband MH105-38 that served as positive control, the sibling
of the proband, individual MH105-37, which served as the negative control and the two
discordant individuals MH105-23 and MH105-64. The C to T substitution was present in
both the proband and individual MH105-23 whereas the other two individuals, MH105-37
and MH105-64, did not harbour the mutation as indicated in Figure 4.24.

Figure 4.24: Autoradiographs of chain termination sequencing utilised for detection
of the Arg614Cys mutation in the RYR1 gene

MHS MHN MHN MHS IVCT diagnosis

MH105-38 MH105-37 MH105-23 MH105-64 Individual nur;?{)er
b

ACGT ACGT ACGT A CGT

(#]

Y

(9}

~
o 0

|t cTQ O O crQ ot

o

MHN = MH normal; MHS = MH susceptible; IVCT = in vitro contracture test; A = adenine; C = cytosine; G = guanine and T = thymidine.
The forward primer was selected as the sequencing primer and the samples were labelled with o**P-dCTP. Gels were electrophoresed
for 2 hours at 60 W. An arrowhead indicates nucleotide position 1840 where an additional fragment in the T lane of the sequence of
individuals MH105-38 and MH105-23 indicates the presence of the Arg614Cys mutation.

The Arg614Cys mutation segregated with the IVCT results in this five generation South
African MHS family with the exception of two individuals (MH105-23 and MH105-64). The
possibility that this family might not display linkage to chromosome 19q can be rejected as

linkage analysis in an earlier study by Olckers (1993) clearly indicated that the MH
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phenotype segregating in this large South African family displayed linkage to the 19913.1

region.

Individual MH105-23 was diagnosed as MHN with the IVCT and inherited the Arg614Cys
mutation (Olckers ef al., 1994). This individual therefore displays phenotype-genotype
discordance. Phenotype-genotype discordance similar to that observed by Olckers et al.
(1994) has also been described by Deufel et al. (1995) for one individual from a German
family and by Fortunato et al. (1999) for an individual from an Italian family. This type of
discordance is of concern. The IVCT has been standardised to ensure that the sensitivity
approaches 100% so that all possible MHS individuals are detected, and the possibility of
false-negative diagnoses are eliminated (@rding et al., 1997). However, the estimated
sensitivity is 99% leaving a remote chance that a false-negative diagnosis will occur
(@rding et al., 1997). Isaacs and Badenhorts (1993) have reported four false-negative
IVCT diagnoses and it is therefore not impossible for the IVCT diagnosis of individual
MH105-23 to be false-negative.

Individual MH105-64 was diagnosed as MHS via the IVCT but did not harbour the
Arg614Cys missense mutation. The specificity of the IVCT is reported to be 93.6%
(@rding et al., 1997) and for this reason false-positive results can be anticipated.
Individual MH105-64 could therefore have been diagnosed as false-positive via the IVCT.
This is not the only case of phenotype-genotype discordance where the individual was
diagnosed as MHS but did not inherit the mutation. Three other authors (Deufel et al,
1995; Serfas et al., 1996; Fagerlund et al., 1997) have subsequently reported cases of
false-positive IVCT results. If it was accepted that the IVCT results of individuals MH105-
23 and MH105-64 are incorrect the Arg614Cys mutation co-segregates with the MHS
phenotype within this family. The results obtained via the RFLP for individuals MH105-23
and MH105-64 were confirmed via sequencing analysis. A likely explanation for the

discordance in these two individuals is therefore incorrect diagnosis with the IVCT.

The discordance may also be due to a modifying gene that might influence the penetrance
of the Arg614Cys mutation in this family. Genetic heterogeneity has already been
described in MH as linkage to six other loci on the human genome has been reported
(Levitt et al., 1992; lles et al., 1994; Sudbrak et al., 1995; Olckers, 1997; Robinson ef al.,
1997). Possible interaction between different genes involved in MH has not yet been
investigated. It may well be that there is interaction between different genes that may

modulate the function and expression of the gene or genes involved. This could result in
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discordance between the MH phenotype and the genotype. However, if this theory is true
more reports of phenotype-genotype discordance are expected, as the Arg614Cys
mutation would then not be causative for MH. This would, however, contradict the current

evidence in favour of this mutation being causative of MH.

A third explanation might be that the Arg614Cys mutation is not the causative mutation in
this family. The discordant individuals are in different branches of the large family and
another causative mutation may be responsible for the MHS phenotype in this particular
family. The grandfathers (MH105-1 and MH105-24) of individual MH105-23 and the
proband, MH105-38, were brothers. Individual MH105-30, the mother of individual
MH105-23, was diagnosed as MHS via the IVCT and she harbours the Arg614Cys
mutation. Individual MH105-23 could have inherited the Arg614Cys mutation from her
mother. However, she most probably inherited the mutation from her father MH105-1 who
is an obligate carrier of the Arg614Cys mutation. It is therefore unlikely that a different
mutation is responsible for the discordance observed in this branch of the family.
Individual MH105-64 and the mother of the proband, individual MH105-35, are first
cousins. The MH status of individual MH105-49, the father of individual MH105-64, is
unknown, as molecular studies could not be performed on him, because no DNA sample
was available as he was deceased. However, he is also an obligated carrier of the
Arg614Cys mutation, as well as individual MH105-24, his brother.

The Arg614Cys mutation is considered a causative MH mutation. This mutation complies
with most of the requirements for a disease causing missense mutation. The requirements

with which the Arg614Cys mutation comply are listed below:

1. The mutation is in the structural region of the RYR1 protein (Sorrentino and Volpe,
1993; Quane et al., 1997).
2. The region is conserved across species and MH in porcine is an animal model for

the Arg614Cys mutation (Fuijii ef al., 1991; Gillard et al., 1991).

3. The Arg614Cys mutation is absent from the normal population (Gillard et al., 1991;
Otsu et al., 1992).

4, Segregation of the Arg614Cys mutation with the MH phenotype has been observed
in several families worldwide (Steinfath et al., 1995; Monori et al., 1995)

5. Transfection studies concluded that the transfected cells containing the Arg614Cys
mutation have abnormal Ca?*-release due to the differences in the gating properties
between the wild type and mutant RYR1 receptors (Otsu ef al., 1994; Treves et al.
1994; Tong et al., 1997).
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This type of result has major implications when patients are counselled. In this family the
Arg614Cys mutation is considered as causative despite the discordance observed
between the IVCT results and RFLP results. Three patients that did not undergo muscle
biopsies were diagnosed here on a molecular level. These three individuals, MH105-30,
MH105-31 and MH105-60 all inherited the Arg614Cys mutation and are considered as MH
positive and should be counselled as such. Counselling of the two individuals that
displayed discordance should be performed with care. Individual MH105-23 has
considered herself as MHN and is now considered as MHS. She should therefore be
counselled that she should consider herself to be positive. On the other hand individual
MH105-64 has been considered as MHS due to the positive IVCT results. Although he
has not inherited the Arg614Cys mutation he will be counselled that he should still
consider himself MH positive since there might be another unidentified mutation that might
be responsible for his positive IVCT result. This is in agreement with the general
worldwide guidelines for counselling of MH patients. It was determined that an individual
should clinically be considered as MHS when a mutation is identified within the individual
or when the individual is diagnosed as MHS via the IVCT regardless of whether the IVCT
and mutation results are in agreement (Healy ef al., 1996; Tong et al., 1997).

4.8 Gly2435Arqg mutation in the skeletal muscle ryanodine receptor
(RYR1) gene

The region encompassing the Gly2435Arg and the Arg2436His mutations could be
amplified using the same set of primers. PCR was performed using the standard PCR
program discussed in paragraph 3.4 with an annealing temperature of 64°C. One percent
formamide was added to the PCR reaction to improve amplification of the 187 bp

fragment.

The Hga | restriction enzyme is expensive, and since the amplified region encompassed
both the Gly2435Arg and the Arg2436His mutations, the detection of both these mutations
simultaneously would be ideal. These mutations are also both caused by the substitution
of a G with an A. Therefore, it was most cost effective and time efficient to examine
individuals from the seventeen families by detecting these mutations via single lane

sequencing of the A lane - the results of which are presented in Table 4.3 (page 128).

Representative results generated via SLS of lane A are presented in Figure 4.25. None of
the individuals investigated exhibited an additional adenine fragment in position 7301. The

Arg2436His mutation was, therefore, not present in the populations investigated in this
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study. However, two individuals from family US2 did have an additional adenine fragment
in position 7297 indicating the presence of the Gly2435Arg mutation.

Figure 4.25: Autoradiograph of single lane sequence analysis generated for
detection of the Gly2435Arg and Arg2436His mutation in the RYR1 gene
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Autoradiograph of single lane sequencing gel where the forward primer was selected to sequence the samples and labelled with
«**P-dCTP utilising 7-deaza-dGTP. Gels were electrophoresed for 2 hours at 60 W. An arrow indicates nucleotide position 7297 where
an additional fragment indicates the presence of the Gly2435Arg mutation in individuals US2-1 and US2-4.

The Gly2435Arg mutation could be detected via RFLP as the mutation created a Dde /
restriction enzyme site. It was more cost effective to screen the five individuals of family
US2 for the Gly2435Arg mutation via RFLP than to repeat the SLS. Therefore, upon
identification of the additional fragment at position 7297 in the two individuals from family
US2, RFLP analysis for the Gly2435Arg mutation was performed on five individuals from
this family. The results obtained for the RFLP analysis performed for family US2 are
presented in Table 4.2.

Table 4.2: RFLP results of the Gly2435Arg mutation investigated in individuals
from MHS families US2

Famlly:::.'l;r::n.'ldual s gt:il::u1§ b Fragments observed RFLP results
us2-1 MHS 128 bp, 93 bp, 59 bp, 35 bp fragments Positive
Us2-2 MHN 128 bp, 59 bp fragments Negative
Us2-3 MHN 128 bp, 59 bp fragments Negative
usS2-4 MHS 128 bp, 93 bp, 59 bp, 35 bp fragments Positive
usS2-5 MHN 128 bp, 59 bp fragments Negative

MHN = MH normal; MHS = MH susceptible; CHCT = caffeine halothane contracture test; RFLP = Restriction fragment length
polymorphism.
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In a normal individual the amplified product is cleaved into two fragments (128 and 59 bp).
The inclusion of a Dde / digestion site in the 187 bp fragment functions as a built-in control
for incomplete digestion. A homozygous MHS individual would display three fragments
(93, 59 and 35 bp) and four fragments (128, 93, 59 and 35 bp) would be observed in a

heterozygous affected individual.

RFLP analyses confirming the results obtained via single lane sequencing of family US2
are presented in Figure 4.26. The two individuals (US2-1 and US2-4) who were
diagnosed as positive with the CHCT were both heterozygous for the Gly2435Arg
mutation. The 128 bp and 59 bp fragments were observed in the rest of the individuals
from this small North American family. This is consistent with the MH negative CHCT
diagnosis for individual US2-2. A fragment that was lighter in intensity than the 128 bp and
59 bp fragments were observed in individuals US2-2, US2-3 and US2-5, indicating
incomplete digestion. Individuals US2-3 and US2-5 have never been tested via the IVCT.
Neither of them harboured the Gly2435Arg mutation and both could, therefore, be
considered to be MH negative with regard to this mutation. The above results
demonstrated that the Gly2435Arg mutation segregated with the MHS phenotype in this

family.

Figure 4.26: Photographic representations of the Gly2435Arg mutation identified in
North American MHS family US2

us 241
us 2-2
us 2-3
us 2-4
usz-5

M UDUDUDUDUD

<— 187 bp
<—— 128 bp

03 hp

<——59bp
<——Primer dimers

<——35bp

RFLP fragments were separated on a 10% polyacrylamide gel. This gel was electrophoresed at 250 V for two hours and subsequently
stained with SYBRGold for 30 min. "M" indicates the molecular weight marker (pBR322/Hae Ill) used to size the fragments. "U"
indicates the undigested PCR product and "D" the PCR product digested with 10 units of Ddel.
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Additional fragments could be observed in the samples between the 59 bp and 35 bp

fragments, appearing as a smear on the gel.

This is due to the multiple number of

possible primer dimers that could form, indicated in Figure 4.27. The 3' dimers and most

stable primer dimers as determined by their AG values are also indicated in Figure 4.27.

Figure 4.27: Secondary structures formed by the G2435RF and R2436HR primers

(d)

(f)

(9

(h)

()

(k)

Self-dimers

G2435RF forward primer dimers
5' ttcecctgecagetttggtgaggaace 3!

3' ccaaggagtggtttcgacgtccctt 5!

cc 3!

5' ttcccetgecagetttggtgaggaa
1 1 [
3! ccaaggagtégtttcgaégtcéééé 5!

5' ttcecctgecagetttggtgaggaace 3
| I I} LI I |
3! ccaaggéétégtttcgacgtécéét 5
5' ttccctgcagetttggtgaggaace 3!
P

3! ccaaggagééétttcgacgtccctt

R2436HR reverse primer dimers
5' ctgcatgaggcgttcaaag 3'
3' gaaacttgcggagtacgtc 5'
5! ?tgcatgag?cgttcaaag 3!
3! gaaacttgcégagtacgté 5!
5' ctgca???ggcgttcaaag 3!

3' gaaacttgcggagtacgtc S

Cross dimers

G2435RF and R2436HR primer dimers

5' ttceccectgecagetttggtgaggaace 3!
]

3' gaaacttgcggagtacgtc 5

5' ttccectgcagetttggtgaggaace 3!
3! illllttgcggagtacgtc 5!
5' tteccctgcagetttggtgaggaacc 3!
3' gaaacttgcggagtacgtc 5'

5' ttcectgcagetttggtgaggaace 3!
1

3! gaaacttgcgéagtacgtc 5!

AG = -10.24 kcal.mol’
Most stable dimer

AG = -7.58 kcal.mol”

AG = -6.33 kcal.mol’

3 Dimer
AG = -5.41 kcal.mol”

AG = -7.04 kcal.mol

AG = -5.38 kcal.mol”

AG = -4.52 kcal.mol™

AG = -8.64 kcal.mol™
2™ Most stable dimer

3’ Dimer
AG = -8.44 kcal.mol”
3" Most stable dimer
3’ Dimer
AG = -5.86 kcal.mol

3’ Dimer
AG = -4.52 kcal.mol™

Primer sequences are listed in Table 3.3. AG indicates the free energy.
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The RFLP analysis was verified via sequencing of the PCR product amplified from gDNA
of five individuals in family US2. The sequence generated for two of the individuals
(US2-1 and US2-3) in family US2 are presented in Figure 4.28. The two MHS individuals
US2-1 and US2-4 each had an additional fragment in the A lane at nucleotide position
7297 indicating that these individuals are positive for the Gly2435Arg mutation. None of
the other three individuals, including the MHN individual US2-2, displayed an additional
fragment in the A lane of the sequence. Upon analysis of the sequence data no
discrepancies were observed when the sequence was compared with the sequence
deposited in Genbank (accession number U48477).

Figure 4.28: Autoradiographs of chain termination sequencing utilised for the
detection of the Gly2435Arg mutation in RYR1 gene

MHS CHCT diagnosis MHN
Us2-1 Individual number US2-3
ACGT A G T

G—A substitution
at position 7297

Nucleotide -
/a< Pposition 7297 ==

L oD apnog ot w

mﬁuﬂﬁﬂﬂ&?\@ﬁlﬂ@ﬂr‘rw

MHN = MH normal; MHS = MH susceptible; CHCT = Caffeine halothane contracture test; A = adenine; C = cytosine; G = guanine and
T = thymidine. The forward primer was selected as the sequencing primer and the samples were labelled with «*P-dCTP. Gels were
electrophoresed for 2 hours at 80 W. An arrowhead indicates nucleotide position 7297 where an additional fragment in the A lane of the
sequence of individual US2-1 indicates the presence of the Gly2435Arg.

This mutation was reported to have an estimated frequency of 4% in MHS families
(Manning et al., 1998a). Brandt et al. (1999) reported that the Gly2435Arg mutation was
observed in 7% of the German MHS population investigated. Keating et al. (1994)
described the presence of the Gly2435Arg mutation in four MHS individuals from different
MHS populations, which included one Irish and two German MHS families. Phillips et al.
(1994) also identified the Gly2435Arg mutation in four Canadian MHS pedigrees and

Barone et al. (1999) described it in an ltalian family. This is the first report of the
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Gly2435Arg mutation in the Mid-Atlantic North American MH population. The absence of
the mutation from the South African population is most likely due to the fact that only four

South African families were investigated.

This mutation can be considered as the disease causing mutation in this family if no other
mutations or other genetic factors, such as the genetic background of the individuals,
possible epistatic interaction, or modifier genes, contribute to the MH phenotype. This
mutation is thought to be a causative mutation as it was absent from the normal population
(Keating et al., 1994; Phillips et al., 1994) and segregated with the MH phenotype in
several MHS families (Keating et al., 1994; Phillips et al., 1994; Manning ef al., 1998a;
Barone et al., 1999; Brandt et al., 1999). Furthermore, Gly2435 is a functionally important
amino acid conserved across several species. Transfection studies performed by Tong
et al. (1997) provide further evidence that the Gly2435Arg mutation is causative of MH.
Identification of the Gly2435Arg mutation in family US2 contributes towards establishing a

limited molecular diagnostic service for individuals within this particular MH family.

Though no discordance was observed in the North American MHS family which harbours
the Gly2435Arg mutation, discordance has been reported by Phillips ef al. (1994) and
Keating ef al. (1994). Keating et al. first described this mutation in 1994 and noted that the
MHS phenotype co-segregated with all but one MHS pedigree in which one individual did
not harbour the mutation but was diagnosed as MHS. Later that same year Phillips et al.
(1994) also reported the mutation in four MHS families and found discordance in four
individuals from two of the MHS families. One individual presented with a false-negative
diagnosis and the other three individuals were reported to have false-positive diagnoses.
Both authors concluded that the reason for the discordance was most likely the occurrence
of a false-negative IVCT diagnosis and false-positive IVCT diagnoses (Phillip et al., 1994,
Keating et al., 1994). Neither the European IVCT nor the North American CHCT is 100%
sensitive and therefore false-negative diagnoses were to be expected. It is also well
documented that the specificity of the two protocols are not 100% and therefore false-

positive diagnoses are expected (@rding ef al., 1997; Allen et al., 1998).

Haplotype analysis performed by Phillips et al. (1994) indicated that the mutation has
arisen at least twice as two different haplotypes were associated with the mutation and the
MHS phenotype. The time when these different mutational events occurred is unknown.
This mutation is also not population specific as it has been identified in at least five

different populations to date; including the Irish, Canadian, German, lItalian populations
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(Keating et al., 1994; Phillips et al., 1994; Manning et al., 1998a; Barone et al.,, 1999,
Brandt et al., 1999) and now the Mid-Atlantic North American population.

4.9 Arg2436His mutation in the skeletal muscle ryanodine receptor
(RYR1) gene

Zhang et al. (1993) detected the substitution of G to A at position 7301 via RFLP analysis.
This change in nucleotide sequence abolished the Hga / restriction enzyme site, creating
an RFLP which can be used to detect the mutation. Amplified gDNA was cut with Hga /
resulting in the observation of two fragments (106 and 81 bp) in a MHN individual.
However, when the mutation is present either one (187 bp) or three fragments (187, 106
and 81 bp) would be present in homozygous or heterozygous MHS individuals,

respectively.

Members of South African family MH104 were analysed via RFLP to illustrate the RFLP
protocol reported for the Arg2436His mutation as described in paragraph 3.5 and
discussed in the previous paragraph. RFLP results of family MH104 concurred with the
SLS results that are listed in Table 4.3 (page 128).

All the individuals displayed the 106 bp and 81 bp fragments when the PCR products were
digested. However, they also displayed a 187 bp fragment which was lighter in intensity
than the 106 bp and 81 bp fragments indicating possible incomplete digestion. Incomplete
digestion was confirmed since individuals MH104-26 and MH104-27 were sequenced and
no additional A fragment in position 7301 was present in these two individuals as depicted
in Figure 4.30. Samples presented in Figure 4.29 were digested with 1 unit of the Hga /
restriction enzyme. Optimisation of the RFLP protocol was attempted with various units
(1U - 5U or 10U) of enzyme and incomplete digestion was still observed as indicated in
Figure 4.29. The Hga I restriction enzyme is expensive and it was therefore not cost
effective to optimise the RFLP protocol as the Arg2436His mutation can be detected
together with the Gly2435Arg mutation via SLS.

Additional fragments could also be observed in the 51 bp region where the primer dimers

are expected to migrate. The possible secondary structures formed by the set of primers

used to amplify the 187 bp fragment are depicted in Figure 4.27.
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Figure 4.29: Photographic representation generated for the detection of the
Arg2436His mutation within exon forty-five of the RYR1 gene

H104-24
MH104-25
MH104-26
MH104-27
MH104-35
MH104-40
MH104-41
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267

<—— 187 bp

<—— 106 bp

<—381bp

<—— Primer dimers

RFLP fragments were separated on a 10% polyacrylamide gel. This gel was electrophoresed at 250 V for two hours and subsequently
stained with EtBr for 30 min. "M" indicates the molecular weight marker (pBR322/Hae I/l) used to size the fragments. "U" indicates the
undigested PCR product and "D" the PCR product digested with 1 unit of Hgal.

Single lane sequencing analysis of the A lane for the Arg2436His mutation has been
described in conjunction with the results for the Gly2435Arg mutation, in paragraph 4.8.
Figure 4.25 depict the representative results for mutation Arg2436His obtained for the

families investigated in this study and these results are summarised in Table 4.3
(page 128).

PCR amplified fragments from individuals MH104-26 and MH104-27 were selected for
sequencing to verify the RFLP results obtained for both the Dde | and the Hga [ restriction
enzyme assays as both the restriction sites are located in the 187 bp fragment. Individuals
MH104-26 and MH104-27 are the parents of the proband, MH104-38, who died due to an
MH episode. The father of the proband, individual MH104-26, was diagnosed as MHS and
individual MH104-27 (her mother) was diagnosed as MHN via the IVCT. Both individuals
displayed the normal nucleotide sequence depicted in Figure 4.30, indicating that the
RFLP results are a true reflection of the absence of the two mutations (Gly2435Arg and
Arg2436His) in this family. It was therefore concluded that another mutation is responsible
for the MH phenotype in these MHS individuals. No discrepancies were observed when
the generated sequence was compared with the sequence submitted to Genbank
(accession number U48477).
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Figure 4.30: Autoradiographs of chain termination sequencing utilised for the
detection of the Arg2436His mutation in RYR1 gene

MHS IVCT diagnosis MHN
MH104-26  Individual number MH104-27

AC G T ACGT

Nucleotide g‘g* '
position 7301 > pen.

Nucleotide
position 7301
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I:;:" e
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MHN = MH normal; MHS = MH susceptible; IVCT = in vitro contracture test; A = adenine; C = cytosine; G = guanine and T = thymidine.
The forward primer was selected as the sequencing primer and the samples were labelled with «*?P-dCTP. Gels were electrophoresed
for 2 hours at 60 W. An arrowhead indicates nucleotide position 7301.

The Arg2436His mutation is adjacent to the Gly2435Arg mutation, which have been
associated with 4% of MHS families (Phillip ef al., 1994; Keating et al., 1994). To date the
Arg2436His mutation has only been observed in a single large Canadian family (Zhang
etal., 1993). Seven members from this family have been diagnosed with both CCD and
MH. In addition two members of the family had MH episodes but were not diagnosed with
the IVCT. The role of the Arg2436His mutation in the phenotypic expression of both MH
and CCD remains unclear. It appears to cause both MHS and CCD although the authors
refer to the mutation as potentially leading to CCD (Zhang et al., 1993). The Arg2436His
mutation was identified prior to identification of the Gly2435Arg mutation (Keating et al.,
1994; Phillips et al., 1994) and was the only mutation reported in the central region of the
RYR1 gene. Zhang et al. (1993) suggested that the Arg2436His mutation and possibly
other mutations within the central region may lead to CCD rather than MH as other
mutations (Gly248Arg and Arg163Cys) reported in the N-terminal region of theRYR1 gene
have been associated with MH or CCD or both. However, thirteen other mutations have
since been reported in the central region of the RYR1 gene and these mutations have
been associated with MHS. This mutation may, therefore, most likely cause both CCD
and MH as discussed for the Arg163Cys mutation in paragraph 4.2.

Zhang et al. (1993) suggested that this mutation is family specific. To date, this theory
seems plausible due to the absence of this mutation in multiple MHS and CCD families

investigated worldwide. The mutation could be family specific because the mutation might
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be a recent event that originated in this particular Canadian family. This would explain the
absence of this mutation in other families, and therefore also the families included in this
study. Another explanation for the absence of the Arg2436His mutation in the families
included in this study could be that the mutation is associated with the CCD phenotype
rather than the MHS phenotype. None of the families included in this study had a history
of CCD and the mutation might therefore not be present in the families investigated here.

4.10 Summary of mutation analysis results

The results obtained for all nine of the missense mutations investigated in this study are
listed in Table 4.3. Five of the mutations, Cys35Arg, Arg163Cys, Gly341Arg, lle403Met
and Arg614Cys, were investigated via RFLP analysis. The remaining four mutations,
Gly248Arg, Tyr522Ser, Gly2435Arg and Arg2436His, were investigated via single lane
sequencing. The molecular techniques utilised to detect these mutations have been
standardised and the results are summarised below. The nine mutations investigated are
discussed in detail in the previous sections of this chapter. A mutation screening service
for MHS individuals can now be provided for the nine reported MH mutations investigated
in this study. Individual US9-10 could only be screened for three mutations (Arg163Cys,
Gly341Arg and Arg614Cys), as a limited amount of DNA was available. Similarly, only the
Cys35Arg, Gly341Arg and Arg614Cys mutations could be investigated in individual

US11-4 due to a limited amount of DNA available for investigation.

Table 4.3: Results of the mutation analyses for the MHS families investigated

Family and 2 2 2 2 ° o 2 : %
= & @ Q
individual < 2 3 s = & g 8 3
© =
number o > < 2 % u;; '-§, = ‘§,
(&) < O 1) = - < O <
South African
families
MH101-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH101-10 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH101-12 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-2 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-4 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-11 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-24 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-28 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-39 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-48 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-96 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH102-117 Neg Neg Neg Neg Neg Neg Neg Neg Neg
continued ...
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MH102-125 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-24 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-25 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-26 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-27 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-35 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-40 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH104-41 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-20 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-23 Neg Neg Neg Neg Neg Neg | Positive| Neg Neg
MH105-26 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-28 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-32 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-35 Neg Neg Neg Neg Neg Neg | Positive| Neg Neg
MH105-36 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-37 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-38 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-39 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-55 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-63 Neg Neg Neg Neg Neg Neg | Positive | Neg Neg
MH105-64 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-83 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-88 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-98 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-104 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-117 Neg Neg Neg Neg Neg Neg Neg Neg Neg
MH105-124 Neg Neg Neg Neg Neg Neg Neg Neg Neg

North American
families
Us1-3 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us1-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US1-12 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us1-17 Neg Neg Neg Neg Neg Neg Neg Neg Neg
uUs1-18 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us1-19 Neg Neg Neg Neg Neg Neg Neg Neg Neg
uS2-1 Neg Neg Neg Neg Neg Neg Neg Positive | Neg
UsS2-2 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us2-4 Neg Neg Neg Neg Neg Neg Neg | Positive | Neg
US3-1 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US3-3 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us3-4 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us7-14 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US7-15 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US7-16 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us8-5 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Uss-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us8-11 Neg Neg Neg Neg Neg Neg Neg Neg Neg
continued ...
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Us8-12 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US8-19 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US9-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US9-8 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Usg-10 NA Neg NA Neg NA NA Neg NA NA
US9-11 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us10-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us10-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US10-9 Neg Neg Neg Neg Neg Neg Neg Neg Neg
UsS10-10 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US10-11 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US11-1 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us11-3 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us11-4 Neg NA NA Neg NA NA Neg NA NA
UsS12-2 Neg Neg Neg Neg Neg Neg Neg Neg Neg
UsS12-4 Neg Neg Neg Neg Neg Neg Neg Neg Neg
us12-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US13-5 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US13-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US13-9 Neg Neg Neg Neg Neg Neg Neg Neg Neg
UsS13-10 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US13-11 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US13-12 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US14-2 Neg Neg Neg Neg Neg Neg Neg Neg Neg
UsS14-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US14-8 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US15-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US15-7 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US15-8 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US16-3 Neg Neg Neg Neg Neg Neg Neg Neg Neg
Us16-6 Neg Neg Neg Neg Neg Neg Neg Neg Neg
US16-12 Neg Neg Neg Neg Neg Neg Neg Neg Neg

Neg = Negative, NA = Not available.

Of the nine mutations investigated only two, Arg614Cys and Gly2435Arg, were identified in

the group of families included in this study. The Arg614Cys mutation was identified in a

large family (SA105) from the South African population. The Gly2435Arg mutation was

identified in a family (US2) from the North American population. The MH phenotype of the

selected individuals from these two MH families could be characterised at a molecular

level. These two families can now be counselled appropriately according to their genotype

and IVCT results, as discussed in paragraph 4.7. Moreover, family members not
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previously included in this study can now be investigated for the specific mutation
segregating in their family. This implies that a diagnostic service is available to individuals

related to these two families.

Possible interaction between the nine mutations investigated can be excluded in the
seventeen MH families included in this study. Results from this study do not support the
hypothesis of an epistatic relationship between these MH mutations. However, the
possibility that interaction between these nine mutations exists in other MH families or
populations cannot be excluded. The possibility of interaction between other missense
mutations in the RYR1 gene and the nine mutations investigated here can also not be

excluded in the MH families investigated in this study.
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CHAPTER FIVE
CONCLUSION

Since identification of the first MH mutation, Arg614Cys, in the human RYR1 gene in 1991
twenty-two other missense mutations have been identified. The presence of nine of these
reported missense mutations were investigated in the four South African and thirteen
North American MHS families included in this study. These nine mutations were:
Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, lle403Met, Tyr522Ser, Arg614Cys,
Gly2435Arg and Arg2436His.

Only two of the nine mutations investigated, Arg614Cys and Gly2435Arg, were observed
in the group of families included in this study. Olckers et al. (1994) identified the
Arg614Cys mutation in 25 selected individuals from South African family MH105. As a
result of this observation an additional 14 members from South African family MH105 were
subsequently screened for the presence of this mutation. Twelve individuals, three
(MH105-30, MH105-31 and MH105-60) of whom were never tested via the IVCT, were
identified as harbouring the Arg614Cys mutation. The phenotype-genotype discordance
observed in two individuals from this family (MH105-23 and MH105-64) and reported
earlier by Olckers et al. (1994), was confirmed in this study. One individual (MH105-64)
was diagnosed as MHS via the IVCT but did not inherit the mutation. In contrast, an MHN
individual (MH105-23) was identified as harbouring the Arg614Cys mutation. Identification
of the Arg614Cys mutation in family MH105 contributes towards establishing a molecular

diagnostic service for individuals within this particular MH family.

The Gly2435Arg missense mutation was observed in North American MHS family usS2.
This is the first report of the Gly2435Arg mutation in the U.S.A. MH population.
Identification of this mutation in family US2 now allows for the provision of a molecular

diagnostic service for individuals related to this family.

Haplotype analysis performed by Phillips et al. (1994) indicated that the Gly2435Arg
mutation arose at least twice over time, as this mutation has been observed to segregate
on two distinct haplotypes. It is not known exactly when these different mutational events
occurred. Haplotype analysis was previously performed for North American family US2
(Levit et al., 1991, unpublished data). Unfortunately, the haplotypes of US2 and those

generated earlier for the Canadian families could not be compared, as Phillips et al. (1994)
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did not publish their haplotype data. Haplotype analyses were not performed for the other
families in which the Gly2435Arg mutation was identified (Keating et al., 1994). The
presence of this mutation in the North American population confirms that the mutation is
not population specific as it has been identified in at least five different populations from
three continents. Results from this study contribute towards the accurate estimation of the
global mutation frequency of the Gly2435Arg mutation. The estimated mutation frequency
of this mutation was reported to be 4% in the MH population (Manning et al., 1998Db).

The causative nature of both the Arg614Cys and Gly2435Arg missense mutation
associated with MH have been verified (Treves et al., 1994; Richter ef al., 1997). There is
convincing biochemical evidence to suggest a causative nature for fourteen of the other
missense mutations, with the exception of the Cys35Arg (Tong et al., 1997) mutation and
six mutations (Arg2163Pro, Thr2206Arg, Arg533His, Arg2436Leu, Arg2454Cys and
Arg2454His) identified by Barone et al. (1999) and Brandt et al. (1999).

None of the other seven mutations (Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg,
lle403Met, Tyr522Ser and Arg2436His) were observed in the seventeen MH families
investigated. If the families investigated in this study are truly representative of the South
African and North American populations it is possible that these changes do not contribute
to the MH phenotype segregating in these two populations.

The fact that seven missense mutations were not observed in the selected families
investigated corroborates the suggestion that these mutations are population or even
family specific (Quane et al., 1993; Quane et al., 1994b; Tong ef al., 1997). Five of these
mutations (Cys35Arg, Gly248Arg, lle403Met, Tyr522Ser and Arg2436His) have, to date,
only been identified in a single family worldwide and, therefore, currently appears to be
family specific. The Gly341Arg mutation seems to be restricted to the European continent
as it has only been observed in European families and therefore appears to be population
specific. If this is indeed true and future studies identify all the mutations that contribute to
the MH phenotype, populations need not be screened for all the mutations but only those
specific mutations observed in the population. However, such an assumption is currently
premature and might only be valid when all the mutations contributing to the MH
phenotype have been identified.
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The origin and migration of populations in which MH mutations are present have not yet
been investigated. It is possible that these mutations are recent events and is therefore
population specific. Investigation of the origin and distribution of the mutations within
populations would shed light on whether some of the mutations are indeed population or
even family specific. Haplotype analysis utilising the same markers should be performed
in all the families in which a specific mutation is identified. This type of analysis would
indicate whether the mutation originated due to a single mutation or resulted from multiple

distinct mutational events.

The seventeen families included in this study should also be investigated for the remaining
fourteen reported mutations. Two mutation hotspots have been identified in the skeletal
muscle ryanodine receptor gene (Zhang et al., 1993; Zorzato et al., 1997). These two
regions that are prone to mutations should be investigated for possible novel mutations.
The development of mutation detection techniques that allow for the highest sensitivity and
specificity are essential for the screening of reported and unreported mutations.
Identification of reported and novel mutations in any of these MH families will allow the
establishment of a more comprehensive molecular diagnostic service in both North
America and South Africa.

134



UNIVERSITY OF PRETORIA
Qe VYUNIBESITHI YA PRETORIA

UNIVERSITEIT VAN PRETORIA

¢

Lai F.A., Erickson H.P., Rousseau E., Liu Q. and Meissner G., (1988). Purification and reconstitution of the
calcium release channel from skeletal muscle, Nature, 331, 315-319.

Lai F.A,, Misra M., Xu L., Smith HA. and Meissner G., (1989). The ryanodine receptor-Ca2+ release channel
complex of skeletal muscle sarcoplasmic reticulum, J. Biol. Chem., 264 (28), 16776-16785.

Landers D.F., Becker G.L. and Wong K.C., (1989). Calcium, caimodulin, and anesthesiology, Anesth. Analg., 69,
100-112.

Larach M.G. for the North American Malignant Hyperthermia Group, (1989). Standardization of the caffeine
halothane muscle contracture test, Anesth. Analg., 69, 511-515.

Larach M.G., Landis J.R., Bunn J.S., Diaz M. and The North American malignant hyperthermia registry, (1992).
Prediction of malignant hyperthermia susceptibility in low-risk subjects. An epidemiologic investigation of
caffeine halothane contacture responses, Anesthesiology, 76, 16-27.

Larach M.G., Localio A.R. Allen G.C., Denborough M.A,, Eliis F.R., Gronert G.A., Kaplan R.F., Muldoon SM.,
Nelson T.E., @rding H., Rosenberg H., Waud B.E. and Wedel D.J., (1994). A clinical grading scale to
predict malignant hyperthermia susceptibility, Anesthesiology, 80, 771-779.

Lee M.B., Adragna M.G. and Edwards L., (1985). The use of a platelet nuleotide assay as a possible
diagnostic test for malignant hyperthermia, Anesthesiology, 63, 311-315.

Levitt R.C., Nouri N., Jedlicka A.E., McKusick V.A., Marks A.R., Shutack J.G., Fletcher J.E., Rosenberg H. and
Meyers D.A., (1991). Evidence for genetic heterogeneity in malignant hyperthermia susceptibility,
Genomics, 11, 543-547.

Levitt R.C., Olckers A., Meyers S., Fletcher J.E., Rosenberg H., Isaacs H. and Meyers D.A. (1992). Evidence for
the localization of a malignant hyperthermia susceptibility locus (MHS2) to human chromosome 17q,
Genomics, 14, 562-566.

Lewin B., (1994). Promoters for RNA polymerase Il contain elements consisting of short sequences. In: Genes
V. Oxford: Oxford University Press, 864-869.

Liu G. and Pessah I.N., (1994). Molecular interaction between ryanodine receptor and glycoprotein triadin
involves redox cycling of functionally important hyperreactive sulfhydryls, J. Biol. Chem., 269 (52),
33028-33034.

Loke J. and MacLennan D.H, (1998). Malignant hyperthermia and central core disease: disorders of ca®
release channels, Am. J. Med., 104 (5), 470-486.

Lépez J.R., Alamo L., Caputo C., Wikinski J. and Ledezma D., (1985). Intracellular ionized calcium concentration
in muscles from humans with malignant hyperthermia, Muscle Nerve, 8, 355-358.

Lu X., Xu L. and Meissner G., (1994). Activation of the skeletal muscle calcium release channel by a cytoplasmic
loop of the dihydropyridine receptor, J. Biol. Chem., 269 (9), 6511-6516.

Lusis A.J., Heinzmann C., Sparkes R.S., Scoft J., Knott T.J., Geller R., Sparkes M.C. and Mohandas T., (1986).
Regional mapping of human chromosome 19: Organization of genes for plasma lipid transport (APOCA1,
-C2, and-E and LDLR) and the genes C3, PEPD, and GPI, Proc. Natl. Acad. Sci. U.S.A, 83,
3929-3933.

Lynch P.J., Krivosic-Horber R., Reyford H., Monnier N., Quane K., Adnet P., Haudecoeur G., Krivosic |,
McCarthy T. and Lunardi J., (1997). Identification of heterozygous and homozygous individuals with the
novel RYR1 mutations Cys35Arg in a large kindred, Anesthesiology, 86 (3), 620-626.

MacKenzie A.E., Korneluk R.G., Zorzato F., Fujii J., Phillips M., lles D., Wieringa B., Leblond S., Bailly J., Willard
F., Duff C., Worton R.G. and MacLennan D.H., (1990). The human ryanodine receptor gene: Its
mapping to 19q13.1, placement in a chromosome 19 linkage group and exclusion as the gene causing
myotonic dystrophy, Am. J. Hum. Genet., 46, 1082-1089.

MaclLennan D.H., Brandi C.J., Korczak B. and Green N.M., (1985). Amino-acid sequence of a Ca* +
Mgz"-dependent ATPase from rabbit muscle sarcoplasmic reticulum, deduced from its complementary
DNA sequence, Nature, 316, 696-700.

MacLennan D.H., Duff C., Zorzato F., Fuijii J., Phillips M., Korneluk R.G., Frodis W., Britt B.A. and Worton R.G.,
(1990). Ryanodine receptor gene is a candidate for predisposition to malignant hyperthermia, Nature,
343, 559-561.

MacLennan D.H., (1992). The genetic basis of malignant hyperthermia, Trends Pharmacol. Sci., 13, 330-334.

MacLennan D.H. and Phillips M.S., (1992). Malignant hyperthermia, Science, 256, 789-794.

MacLennan D.H., (1995). Discordance between phenotype and genotype in malignant hyperthermia, Curr. Opin.
Neurol., 8, 397-401.

Manning B.M., Quane K.A,, Ording H., Urwyler A., Tegazzin V., Lehane M., O'Halloran J., Hartung E., Giblin
L.M., Lynch P.J., Vaughan P., Censier K., Bendixen D., Comi G., Heytens L., Monsieurs K,
Fagerlund T., Wolz W., Heffron J.J., Muller C.R. and McCarthy T.V., (1998a). Identification of novel
mutations in the ryanodine-receptor gene (RYR1) in malignant hyperthermia: genotype-phenotype
correlation, Am. J. Hum. Genet., 62 (3), 599-609.

Manning B.M., Quane K.A., Lynch P.J., Urwyler A., Tegazzin V., Krivosic-Horber R., Censier K., Comi G., Adnet
P., Wolz W, Lunardi J., Muller C.R. and McCarthy T.V., (1998b). Novel mutations at a CpG dinucleotide
in the ryanodine receptor in malignant hyperthermia, Hum. Mut., 11, 45-50.

Marks A.R., (1997). Intracellular calcium-release channels: regulators of cell life and death, Am. J. Physiol., 272,
H597-H605.

139



A
&

W UNIVERSITEIT VAN PRETORIA
Q UNIVERSITY OF PRETORIA
h 4

YUNIBESITHI YA PRETORIA

Marty I., Robert M., Villaz M., De Jongh K.S., Lai Y., Catterall W.A. and Ronjat M., (1994). Biochemical evidence
for a complex involving dihydropyridine receptor and ryanodine receptor in traid junctions of skeletal
muscle, Proc. Natl. Acad. Sci. U.S.A., 91, 2270-2274.

Mauritz W., Hackl W. and Winkler M., (1997). Malignant hyperthermia: state of the art, Act. Anaesthesiol.
Scand., Suppl. 111, 310-312.

McCarthy T.V., Healy J.M.S., Heffron J.J.A., Lehane M., Deufel T., Lehmann-Horn F., Farrall M. and Johnson K.,
(1990). Localization of the malignant hyperthermia susceptibility locus to human chromosome
19q12-13.2, Nature, 343, 562-564.

McLauchlan J., Gaffney D., Whitton J.L. and Clements J.B., (1985). The consensus sequence YGTGTTYY
located downstream from the AATAAA signal is required for efficient formation of mRNA 3’ termini,
Nucleic Acids Res., 13 (4), 1347-1368.

McPherson E. and Campbell K.P., (1993). The ryanodine receptor/Ca2+ release channel, J. Biol. Chem., 268
(19), 13765-13768.

Meissner G. and Henderson J.S., (1987). Rapid calcium release from cardiac sarcoplssmic reticulum
vesicles is dependent on Ca?* and is modulated by Mgz*, adenine nucleotide, and calmodulin, J. Biol.
Chem., 262 (7), 3065-3073.

Meissner G., (1994). Ryanodine receptor/Ca2+ release channels and their regulation by endogenous
effectors, Annu. Rev. Physiol., 56, 485-508.

Meissner G. and Lu X., (1995). Dihydropyridine receptor-ryanodine receptor interactions in skeletal muscle
excitation-contraction coupling, Bioscience Reports, 15 (5), 399-408.

Melton A.T., Martucci RW., Kien N.D. and Gronert G.A., (1989). Malignant hyperthermia in humans -
stadardization of contracture testing protocol, Anesth. Analg., 69, 437-443.

Michalek-Sauberer A., Fricker R., Gradwohl I. and Gilly H., (1997). A case of suspected malignant
hyperthermia during desflurane administration, Anesth. Analg., 85 (2), 461-462.

Mickelson J.R. and Louis C.F., (1996). Malignant hyperthermia: excitation-contraction coupling, Ca”" release
channel, and cell Ca** regulation defects., Physiol. Reviews, 76 (2), 537-592.

Miller R.J., (1992). Voltage-sensitive Ca** channels, J. Biol. Chem., 267 (3), 1403-1406.

Mizusawa S., Nishimura S. and Seela F., (1986). Improvement of the dideoxy chain termination method of
DNA sequencing by use of deoxy-7-deazaguanosine triphosphate in place of dGTP, Nucleic Acids
Res., 14 (3), 1319-1324.

Monnier N., Procaccio V., Stieglitz P. and Lunardi J., (1997). Malignant-hyperthermia susceptibility is
associated with a mutation of the alpha 1-subunit of the human dihydropyridine-sensitive L-type
voltage-dependent calcium-channel receptor in skeletal muscle, Am. J. Hum. Genet., 60 (6),
1316-1325.

Monsieurs K.G., Van Broeckhoven C., Martin J.J., Van Hoof V.O. and Heytens L., (1998). Gly341Arg
mutation indicating malignant hyperthermia susceptibility: specific cause of chronically elevated
serum creatine kinase activity, J. Neurol. Sci., 154 (1), 62-65.

Moochhala S.M., Tan W.T.L. and Lee T.L., (1994). The genetic basis of malignant hyperthermia, Ann. Acad.
Med. Singapore, 23 (4), 475-478.

Moroni L., Gonano E. F., Comi G. P., Tegazzin V., Prelle A., Bordoni A., Bresolin N. and Scarlato G., (1995).
Ryanodine receptor gene point mutation and malignant hyperthermia susceptibility, J. Neurol., 242,
127-133.

Moslehi R., Langlois S., Yam |. and Friedman J.M., (1998). Linkage of malignant hyperthermia and
hyperkalemic periodic paralysis to the adult skeletal muscle sodium channel (SCN4A) gene in a
large pedigree, Am. J. Med. Genet., 76 (1), 21-27.

Muifios P.A., Ortells M.A., Sanchez G. and Carrasco M.S., (1995). Un caso de hipertermia maligna sin
hipertermia (a case of malignant hyperthermia without hyperthermia), Rev. Esp. Anestesiol. Reanim., 42
(10), 436.

Mullis K., Faloona F., Scharf S., Saiki R., Horn G. and Erlich H., (1986). Specific enzymatic amplification of DNA
in vitro: the polymerase chain reaction, Cold Spring Harbor Symp. Quant. Biol., L1, 263-273.

Nagarajan K., Fishbein W.N., Muldoon S.M., Pezeshkpour G., (1987). Calcium uptake in frozen muscle
biopsy sctions compared with other predictors of malignant hypethermia susceptibility,
Anesthesiology, 66, 680-685.

Nelson T.E., (1989). Cell calcium in malignant hyperthermia. In: Fiskum G., editor. Cell calcium metabolism,
physiology, biochemistry, pharmacology, and clinical implications. New York: Plenum Press, 507-511.

Ohnishi S.T., Katagi H., Ohnishi T. and Brownell AKW., (1988). Detection of malignant hyperthermia
susceptibility using a spin label technique on red blood cells, Br. J. Anaesth., 61, 565-568.

Ohtani Y., Miike T. Ishitsu T., MatsuDA |. and Tamari H., (1985). A case of malignant hyperthermia with
mitochondrial dysfunction, Brain Dev., 7 (2), 249.

Olckers A., Meyers D.A., Meyers S., Taylor EW., Fletcher J.E., Rosenberg H., Isaacs H. and Levitt R.C,, (1992).
Adult muscle sodium channel a-subunit is a gene candidate for malignant hyperthermia susceptibility,
Genomics, 14, 829-831.

Olckers A., (1993). Molecular genetic analysis of the malignant hyperthermia susceptibility locus on human
chromosome 19 in the South African malignant hyperthermia population: M.Sc. thesis, University of
Pretoria, South Africa.

140



&t

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe VYUNIBESITHI YA PRETORIA

0,

Olckers A., Vita G.M., Rosenberg H., Fletcher J., Isaacs H. and Levitt R.C., (1994). Exclusion of the reported
Arg®™ and Gly**' ryanodine receptor mutations as being responsible for MHS in two families that map to
chromosome 19q13.1, presented at the Vlith International workshop on malignant hyperthermia,
Hiroshima, Japan.

Olckers A., Vita G.M. and Levitt R.C., (1996). Evidence of phenotype-genotype discordance: polymorphism or
incorrect diagnosis?, presented at the VIiith International workshop on malignant hyperthermia,
Minneapolis, Minnesota, U.S.A.

Olckers A., (1997). Genetic heterogeneity in malignant hyperthermia susceptibility: Ph.D. thesis, University of
Pretoria, South Africa.

Olckers A., Meyers D.A., Taylor E., Havenga Y., Gericke G.S. and Weber J.L, (1999). Malignant
Hyperthemia: A possible novel locus on chromosome 2q suggested via linkage screening of the
human genome, presented at the 8th Biennial Southern African Society of Human Genetics congress,
Gordon’s Bay, South Africa.

Olgin J., Argov Z., Rosenberg H., Tuchler M. and Chance B., (1988). Non-invasive evaluation of malignant
hyperthermia  susceptibility with phosphorous nuclear magnetic resonance spectroscopy,
Anesthesiology, 68, 507-513.

Olgin J., Rosenberg H., Allen G., Seestedt R. and Chance B., (1991). A blind comparison of noninvasive, in
vivo phosphorous nuclear magnetic resonance spectroscopy and the in vitro halothane/caffeine
contracture test in the evaluation of malignant hyperthermia susceptibility, Anesth. Analg., 72, 36-47.

O'Neil K.T. and DeGrado W.F., (1990). How calmodulin binds its targets: sequence independent recognition
of amphiphilic a-helices, Trends Biochem., 15, 59-64.

@rding H., (1985). Incidence of malignant hyperthermia in Denmark, Anesth. Analg., 64, 700-704.

@rding H., (1988). Diagnosis of susceptibility to malignant hyperthermia in man, Br. J. Anaesth., 60, 287-302.

@rding H., Hedengran AM. and Skovgaard L.T., (1991). Evaluation of 119 anaesthetics received after
investigation for susceptibility to malignant hyperthermia, Acta Anaesthesiol. Scand., 35, 711-716.

@rding H., Brancadoro V., Cozzolino S., Ellis F.R., Glauber V., Gonano E.F., Halsall P.J., Hartung E.,
Heffron J.J., Heytens L., Kozak-Ribbens G., Kress H., Krivosic-Horber R., Lehmann-Horn F., Mortier
W., Nivoche Y., Ranklev-Twetman E., Sigurdsson S., Snoeck M., Stieglitz P., Tegazzin V., Urwyler
A. and Wappler F., (1997). In vitro contracture test for diagnosis of malignant hyperthermia following
the protocol of the European MH Group: results of testing patients surviving fulminant MH and
unrelated low-risk subjects. The European Malignant Hyperthermia Group, Acta. Anaesthesiol.
Scand., 41 (8), 955-966.

Otsu K., Phillips M.S., Khanna V.K,, de Leon S. and MacLennan D.H., (1992). Refinement of diagnostic assays
for a probable causal mutation for porcine and human malignant hyperthermia, Genomics, 13, 835-837.

Otsu K., Nishida K., Kimura Y., Kuzuya T., Hori M., Kamada T. and Tada M., (1994). The point mutation
Argm—)Cys in the Ca®" release channel of skeletal sarcoplasmic reticulum is responsible for
hypersensitivity to caffeine and halothane in malignant hyperthermia, J. Biol. Chem., 269 (13),
9413-9415.

Paasuke R.T. and Brownell A.K.W., (1986). Serum creatine kinase level as a screening test for susceptibility to
malignant hyperthermia, J. Am. Med. Assoc., 255 (6), 769-771.

Perez-Reyes E. and Schneider T., (1995). Molecular biology of calcium channels, Kidney Int., 48, 1111-1124.

Pessah I.N., Waterhouse A.L. and Casida J.E., (1985). The calsium-ryanodine receptor complex of skeletal and
cardiac muscle, Biochem. Biophys. Res. Comm., 128 (1), 449-456.

Pessah IN., Lynch C., Gronert G.A., (1996). Complex pharmacology of malignant hyperthermia,
Anesthesiology, 84 (6), 1275-1279.

Petersen W.C. and Crouch E.R Jr., (1995). Anesthesia-induced rigidity, unrelated to succinylcholine,
associated with Smith-Lemli-Opitz syndrome and malignant hyperthermia, Anesth. Analg., 80 (3),
606-608.

Petersen W.C. and Crouch E.R Jr., (1996). Anesthesia-induced rigidity, unrelated to succinylcholine,
associated with Smith-Lemli-Opitz syndrome and malignant hyperthermia, Anesth. Analg., 83, 200.

Phillips M.S., Khanna V.K., De Leon S., Frodis W., Britt B.A. and MacLennan D.H., (1994). The substitution of
Arg for Glym3 in the human skeletal muscle ryanodine receptor is associated with malignant
hyperthermia, Hum. Mol. Genet., 3 (12), 2181-2186.

Phillips M.S., Fujii J., Khanna V.K., DeLeon S., Yokobata K., De Jong P.J. and MacLennan D.H,, (1996). The
structural organisation of the human skeletal muscle ryanodine receptor (RYR1) gene, Genomics, 34,
24-41.

Polisson C. and Morgan R.D., (1990). Aci |, a unique restriction endonuclease from Arthrobacter citreus which
recognizes 5 CCGC 3', Nucleic Acids Res., 18 (19), 5911.

Porsborg P., Astrup G., Bendixen D., Lund A.M. and @rding H., (1996). Osteogenesis imperfecta and malignant
hyperthermia. Is there a relationship?, Anaesthesia, 51 (9), 863-865.

Powers P.A., Liu S., Hogan K. and Gregg R.G., (1992). Skeletal muscle and brain isoforms of a B-subunit of
human voltage-dependent calcium channels are encoded by a single gene, J. Biol. Chem., 267 (32),
22967-22972.

141



gt

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

0,

Powers P.A., Scherer SW., Tsui L-C., Gregg R.G. and Hogan K., (1994). Localization of the gene encoding the
a/® sub-unit (CACNL2A) of the human skeletal muscle voltage-dependent Ca®* channel to
chromosome 7g21-q22 by somatic cell hybrid analysis, Genomics, 19, 192-193.

Proudfoot N.J. and Brownlee G.G., (1976). 3' Non-coding region sequences in eukaryotic messenger RNA,
Nature, 263, 211-214.

Quane KA., Healy JM.S., Keating K.E., Manning B.M., Couch F.J., Paimucci L.M., Doriguzzi C., Fageriund
T.H., Berg K., Ording H., Bendixen D., Mortier W., Linz U., Muller C.R. and McCarthy TV, (1993).
Mutations in the ryanodine receptor gene in central core disease and malignant hyperthermia, Nat.
Genet., 5, 51-55.

Quane KA, Keating K.E., Manning B.M., Healy JM., Monsieurs K., Heffron J.J., Lehane M., Heytens L.,
Krivosic-Horber R., Adnet P., Ellis F.R., Monnier N., Lunardi J. and McCarthy T.V., (1994a). Detection of
a novel common mutation in the ryanodine receptor gene in malignant hyperthermia: implications for
diagnosis and heterogeneity studies, Hum. Mol. Genet., 3 (3), 471-476.

Quane KA., Keating K.E., Healy J.M.S., Manning B.M., Krivosic-Horber R., Krivosic I., Monnier N., Lunardi J.
and McCarthy T.V., (1994b). Mutation screening of the RYR1 gene in malignant hyperthermia: detection
of a novel Tyr to Ser mutation in a pedigree with associated central cores, Genomics, 23, 236-239.

Quane K.A, Ording H., Keating K.E., Manning B.M., Heine R., Bendixen D., Berg K., Krivosic-Horber R.,
Lehmann-Horn F., Fagerlund T. and McCarthy T.V., (1997). Detection of a novel mutation at amino
acid position 814 in the ryanodine receptor in malignant hyperthermia, Br. J. Anaesth., 79 (3),
332-337.

Rampton A.J., Kelly D.A., Shanahan E.C. and Ingram G.S., (1984). Occurrence of malignant hyperpyrexia in a
patient with osteogenesis imperfecta, Br. J. Anaesth., 56, 1443-1446.

Richter M., Schleithoff L., Deufel T., Lehmann-Horn F. and Herrmann-Frank A., (1997). Functional
characterization of a distinct ryanodine receptor mutation in human malignant hyperthermia-
susceptible muscle, J. Biol. Chem., 272 (8), 5256-5260.

Robinson R.L., Monnier N., Wolz W., Jung M., Reis A., Nuernberg G., Curran J.L., Monsieurs K., Stieglitz P.,
Heytens L., Fricker R., Van Broeckhoven C., Deufel T., Hopkins P.M., Lunardi J. and Mueller CR,
(1997). A genome wide search for susceptibility loci in three European malignant hyperthermia
pedigrees, Hum. Mol. Genet., 6 (6), 953-961.

Rosenberg H., (1989). Standards for halothane/ caffeine contracture test, Anesth. Analg., 69, 429-430.

Ryan C.A., Al-Ghamdi A., Gayle M. and Finer N.N., (1989). Osteogenesis imperfecta and hyperthermia,
Anesth. Analg., 68, 811-814.

Ryan J.F. and Tedeschi L.G., (1997). Sudden unexplained death in a patient with a family history of
malignant hyperthermia, J. Clin. Anesth., 9 (1), 66-68.

Sambrook J., Fritsch E.F. and Maniatis T., (1989). In: Plasmid vectors in molecular cloning, a laboratory manual.
New York: Cold Spring Harbor Laboratory Press, 1.42-1.43.

Sanger F., Nicklen S. and Coulson AR, (1977). DNA sequencing with chain-terminating inhibitors, Proc. Natl.
Acad. Sci. U.S.A., 74, 5463-5467.

Sarkar G., Kapelner S. and Sommer S.S., (1990). Formamide can dramatically improve the specificity of PCR,
Nucleic Acids Res., 18 (24), 7465.

Seay AR. and Ziter F.A., (1978). Malignant hyperpyrexia in a patient with Schwartz-Jampel syndrome, J.
Pediatr., 93, 83-84.

Sei Y., Gallagher K., Flora M., Ling G.S.F. and Muldoon S., (1998). Methods to detect the RYR1 G742A and
S1565C mutations associated with malignant hyperthermia using a PCR-modified restriction sites
technique, Clin. Genet., 54, 242-244.

Seiler S., Wegener A.D., Whang D.D., Hathaway D.R. and Jones L.R., (1984). High molecular weight proteins in
cardiac and skeletal muscle junctional sarcoplasmic reticulum vesicles bind calmodulin, are
phosphorylated, and are degraded by Ca’*-activated protease, J. Biol. Chem., 259, 8550-8557.

Serfas K.D., Bose D., Patel L., Wrogemann K., Phillips M.S., MacLennan D.H. and Greenberg C.R., (1996).
Comparison of the segregation of the RYR1 C1840T mutation with segregation of the caffeine/halothane
contracture test results for malignant hyperthermia susceptibility in a large Manitoba Mennonite family,
Anesthesiology, 84, 322-329.

Sessler D.1., (1986). Malignant hyperthermia, J. Pediatr., 109 (1), 9-14.

Sims C., (1992). Masseter spasm after suxamethonium in children, Br. J. Hosp. Med., 47 (2), 139-143.

Sorrentino V. and Volpe P., (1993). Ryanodine receptors: how many, where and why?, Trends Pharmacol. Sci.,
14, 98-103.

Souliere C.R., Weintraub S.J. and Kirschner J.C., (1986). Markedly delayed postoperative malignant
hyperthermia, Arch. Otolaryngol. Head Neck Surg., 112, 564-566.

Steinfath M., Singh S., Scholz J., Becker K., Lenzen C., Wappler F., Kéchiing A, Roewer N. and Schuite J.,
(1995). C1840-T mutation in the human skeletal muscle ryanodine receptor gene: frequency in north
German families susceptible to malignant hyperthermia and the relationship to in vitro contracture
response, J. Mol. Med., 73, 35-40.

Steinmann C.M.L., (1994). A possible role for Inositol 1,4,5-triphosphate (IP3) in malignant hyprethermia, Med.
Hypotheses, 42, 190-192.

142



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA

O

Stewart S.L., Rosenberg H., and Fletcher J.E., (1998). Failure to identify the ryanodine receptor G1021A
mutation in a large North American population with malignant hyperthermia, Clin. Genet., 54, 358-361.

Sudbrak R., Golla A., Hogan K., Powers P., Gregg R., Du Chesne |., Lehmann-Horn F. and Deufel T., (1993).
Exclusion of malignant hyperthermia susceptibility (MHS) from a putative MHS2 locus on chromosome
17q and of the a1, p1, and y subunits of the dihydropyridine receptor calcium channel as candidates for
the molecular defect, Hum. Mol. Genet., 2 (7), 857-862.

Sudbrak R., Procaccio V., Klausnitzer M., Curran J.L., Monsieurs K., Van Broeckhoven C., Ellis R., Heyetens
L., Hartung E.J., Kozak-Ribbens G., Heilinger D., Weissenbach J., Lehmann-Horn F., Mueller C.R.,
Deufel T., Stewart A.D. and Lunardi J., (1995). Mapping of a further malignant hyperthermia
susceptibility locus to chromosome 3q13.1, Am. J. Hum. Genet., 56, 684-691.

Takeshima H., Nishimura S., Matsumoto T., Ishida H., Kangawa K., Minamino N., Matsuo H., Ueda M,, Hanaoka
M., Hirose T. and Numa S., (1989). Primary structure and expression from complementary DNA of
skeletal muscle ryanodine receptor, Nature, 339, 439-445.

Tanabe T., Beam K.G., Powell J.A. and Numa S., (1988). Restoration of excitation-contraction coupling and slow
calcium current in dysgenic muscle by dihydrophyridine receptor complementary DNA, Nature, 336 (10),
134-139.

Tanabe T., Beam K.G., Adams B.A., Niidome T. and Numa S., (1990). Regions of the skeletal muscle
dihydrophyridine receptor critical for excitation-contraction coupling, Nature, 346, 567-569.

Thein S.L. and Wallace R.B., (1986). The use of synthetic oligonucleotides as specific hybridization probes
in the diagnosis of genetic disorders. In: Davies K.E., editor. Human genetic diseases: a practical
approach. Oxford: IRL Press, 33-50.

Timerman A.P., Ogunbumni E., Freund E., Wiederrecht G., Marks A.R. and Fleischer S., (1993). The calcium
release channel of sarcoplasmic reticulum is modulated by FK-506-binding protein, J. Biol. Chem., 268,
22992-22999.

Tong J., Oyamada H., Demaurex N., Grinstein S., McCarthy T.V. and MacLennan D.H., (1997). Caffeine and
halothane sensitivity of intracellular Ca”' release is altered by 15 calcium release channel (ryanodine
receptor) mutations associated with malignant hyperthermia and/or central core disease, J. Biol.
Chem., 272 (42), 26332-26339.

Toyoshima C., Sasabe H. and Stokes D.L., (1993). Three-dimensional cryo-electron microscopy of the calcium
ion pump in the sarcoplasmic reticulum membrane, Nature, 362, 469-471.

Treves S., Larini F., Menegazzi P., Steinberg T.H., Koval M., Vilsen. B., Andersen J.P. and Zorzato F., (1994).
Alteration of intracellular Ca?" transients in COS-7 cells transfected with the cDNA encoding skeletal-
muscle ryanodine receptor carrying a mutation associated with malignant hyperthermia, Biochem. J.,
301, 661-665.

Tsien RW., Ellinor P.T. and Horne W.A,, (1991). Molecular diversity of voltage-dependent Ca* channels,
Trends Pharmacol. Sci., 12, 349-354.

Vaughan P. and McCarthy T.V., (1998). A novel process for mutation detection using uracil DNA-
glycosylase, Nucleic Acids Res., 26, 810-815.

Vita G.M., Olckers A., Jedlicka A.E., George A.L., Heimann-Patterson T., Rosenberg H., Fletcher JW. and Levitt
R.C., (1995). Masseter muscle rigidity associated with glycine 1306 to alanine mutation in the adult
muscle sodium channel o sub-unit gene, Anesthesiology, 82, 1097-1103.

Vita G.M., Olckers A., Jedlicka A.E., Heiman-Patterson T., George A.L., Fletcher J.E., Rosenberg H. and Levitt
R.C., (1996). Chromosome 17 candidate gene analysis in a population referred because of suspected
susceptibility to malignant hyperthermia. In: Morio M., Kikuchi H. and Yuge O., editors. Malignant
Hyperthermia. Tokyo: Springer-Verlag, 87-93.

Wagenknecht T., Grassucci R., Frank J., Saito A., Inui M. and Fleischer S., (1989). Three-dimensional
architecture of the calcium channel/foot structure of sarcoplasmic reticulum, Nature, 338, 167-170.

Wagenknecht T. and Radermacher., (1995). Three-dimensional architecture of the skeletal muscle ryanodine
receptor, FEBS Lett., 369, 43-46.

Wappler F., Roewer N., Kochling A., Braue H., Reissinger T. and Schulte am Esch J., (1996). Fulminant
malignant hyperthermia associated with ketoacidotic diabetic coma, Intensive Care Med., 22 (8),
809-812.

Wedel D.J. and Nelson T.E., (1994). Malignant hyperthermia-diagnostic dilemma: false-negative contracture

responses with halothane and caffeine alone, Anesth. Analg., 78 (4), 787-792.

Wingertzahn M.A. and Ochs R.S., (1998). Control of calcium in skeletal muscle excitation-contraction coupling:
implications for malignant hyperthermia, Mol. Genet. Metabolism., 65, 113-120.

Zhang W., Hu G. and Deisseroth A., (1991). Improvement of PCR sequencing by formamide, Nucleic Acids
Res., 19 (23), 6649.

Zhang Y., Chen H.S., Khanna V.K, De Leon S., Phillips M.S., Schappert K., Britt B.A., Brownell AKW. and
MacLennan D.H., (1993). A mutation in the human ryanodine receptor gene associated with central core
disease, Nat. Genet., 5, 46-49.

Zorzato F., Fujii J., Otsu K., Phillips M., Green N.M., Lai F.A., Meissner G. and MaclLennan D.H., (1990).
Molecular cloning of cDNA encoding human and rabbit forms of the calcium release channel (ryanodine
receptor) of skeletal muscle sarcoplasmic reticulum, J. Biol. Chem., 265 (4), 2244-2256.

143



&
&
UNIVERSITEIT VAN PRETORIA

. UNIVERSITY OF PRETORIA
Quu® VYUNIBESITHI YA PRETORIA

Zorzato F., Ronjat M. and Treves S., (1997). Malignant hyperthermia domain in the regulation of Ca” release
channel (Ryanodine receptor), TCM, 7 (8), 312-316.

144



i
BOE UNIVERSITEIT VAN PRETORIA
4

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

APPENDIX A
FAMILY PEDIGREES OF SOUTH AFRICAN MALIGNANT

HYPERTHERMIA FAMILIES

This appendix contains full pedigrees of South African MH families MH102, MH104 and

MH105, which were not presented in chapter three. The pedigrees were constructed by Dr. A
Olckers (Olckers, 1997).

Definitions of the symbols are as follows:

0~ O
m e
7/ A
B @&

male/female: tested MH normal
male/female: tested MH susceptible
male/female: MH equivocal
male/female: never tested for MH
male/female: deceased

sex unknown

divorced

spontaneous abortion

proband

illegitimate offspring

monozygotic twins
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Figure A.1: Full pedigree of South African malignant hyperthermia family MH102
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Figure A.2: Full pedigree of South African malignant hyperthermia family MH105
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Figure A.3: Full pedigree of South African malignant hyperthermia family MH104
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APPENDIX B

CONFERENCES AND MEETINGS AT WHICH RESEARCH WERE
PRESENTED

Research results contained in this thesis were presented at the following national

meetings. In each case the name of the presenting author is underlined.

B.1 Research presented at national conference

B1.1 Eighth Biennial Southern African Society of Human Genetics Congress:
Gordon’s Bay, South Africa, March 1999.

Havenga Y., Cawood D. and Olckers A. Malignant hyperthermia (MH). Does
an epistatic relationship between different MH mutations contribute to the
phenotype?

B.2 Research presented at national symposium

B2.1 25" Anniversary of the Muscular Dystrophy Foundation of South Africa.
One day symposium on muscular dystrophy in South Africa: Cape Town,
South Africa, March 1999.

Havenga Y., Cawood D. and Olckers A. An investigation of the relationship

between the different malignant hyperthermia (MH) mutations and their
possible epistatic contribution to the phenotype.
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