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ABSTRACT 

Malignant Hyperthermia (MH) is an inherited disorder of skeletal muscle in which an abnormality 
in the regulation of calcium release from internal stores can result in a fatal hypermetabolic 
reaction on exposure to general anesthetics. Mutations in the gene encoding the skeletal muscle 
ryanodine receptor/ calcium release channel (R YR 1) have been linked to MHS in 50% of overseas 
families examined, and at least five additional MH susceptibility loci have since been proposed. 
Current diagnosis of MH in New Zealand relies on the in vitro contracture testing ( IVCT) of 
excised muscle bundles with caffeine and halothane. The genetic basis ofMH in NZ families was 
investigated, with the goal of developing genetic tests to replace the muscle biopsy test. 

A search for previously published RYR1 mutations in susceptible members of 33 NZ MH families 
revealed three RYR1 mutations; Arg163Cys, Gly34 1 Arg, and Gly2434Arg, which eo-segregated 
completely with susceptibility to MH (MHS). None of the 1 7  published RYRI mutations were 
detected in a local MHS Maori family in which several anaesthetic deaths have occurred. This is 
the largest characterised MH family in the world. An examination of the segregation of a panel of 
chromosome 1 9q markers with MHS in over 200 members of this family revealed that MHS was 
linked to the RYR1 -flanking markers. This implicated the involvement of a novel RYRI defect . 

The entire 1 5 . 3  kb R YR 1 coding region was combed for mutations by R T-PCR and automatic 
sequence analysis. A novel point mutation was detected that changed threonine 4826 to isoleucine 
in the C-terminal region of the RyR l protein. This mutation was not found in 220 chromosomes 
from the normal population, or in 94 members of the family who had been diagnosed MHN 
(normal) .  A screen for the mutation in 2 1 0  key family members revealed a direct correlation 
between inheritance of the mutation and highly abnormal muscle contracture results in 36 
individuals. 22 MHS individuals lacked the mutation; consequently the false positive rate of the 
IVCT and the possible segregation of at least one additional MHS gene complicated genetic 
linkage analysis. These problems were addressed by investigating increasingly stringent models for 
MH diagnosis .  

Four additional novel R YR 1 mutations were detected in other MHS families investigated by 
sequence analysis of cDNA and genomic DNA, Arg40 1 Cys, Arg2452Trp, Arg2454His and 
His4833Tyr. The detection of the Thr4826IIe and His 4833Tyr mutations established the channel 
domain of the ryanodine receptor as a new MHS domain. Genetic testing for MHS can now be 
applied with caution to predict MH susceptibility in approximately 40 % of at-risk individual in 
NZ, thus reducing the number of patients requiring an expensive and invasive surgical procedure. 
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Chapter 1 Introduction 

1. INTRODUCTIO N  

1.1 OVERVIEW OF THE GENETICS AND BIOCHEMISTRY OF 
MALIGNANT HYPERTHERMIA 

Malignant hyperthermia (MH) is an autosomal dominant skeletal muscle disorder that 
predisposes susceptible individuals to a potentially fatal reaction Juring general anaesthesia 
[ 1 ] .  The reaction apparently results from a defect in the mechanism regulating the release of 
ca+2 from internal stores, leading to a rapid sustained increase in myoplasmic ca+2 [2-4] . 
The reaction is triggered in susceptible individuals upon exposure to commonly used 
inhalational anaesthetics, alone, or in combination with depolarising muscle relaxants. MH 
manifests as a hyper-metabolic crisis, characterised by high fever, sustained muscle 
contracture and metabolic acidosis. Unless the reaction is halted with early treatment (rapid 
cooling, and administration of  the Ca +2 channel blocking agent, dantrolene sodium) the 
patient will invariably die from cardiac arrest [5,6] .  Permanent neurological or kidney 
damage sustained during the MH crisis contributes to the morbidity. An analogous condition 
in swine (porcine stress syndrome) is triggered by anaesthetics and stress factors, including 
overheating, fighting and weaning [7,8] . The possible involvement of stress and other 
environmental factors as triggers of sudden death in human MH is a current area of debate 
[9- 11]. MH has been associated with a number of neuromuscular diseases, in particular, 
central core disease (CCD) a severe myopathy characterised by muscle weakness [ 1 2- 16] .  

Muscle from MHS individuals is hypersensitive to the contracture inducing effects o f  agents 
that stimulate Ca+2 release from the sarcoplasmic reticulum (SR). Current diagnosis relies on 
the meaSured in vitro contracture response of excised muscle bundles to caffeine and 
halothane. Biochemical and electroph�siological studies of MH in swine and humans 
pointed to the skeletal muscle SR Ca + release channel, known as the ryanodine receptor 
(RyRl) as a likely candidate for the molecular defect [ 1 7- 19] .  The name RyR is derived 
from the neutral plant alkaloid, which binds to the receptor with high affinity and has been 
used as a label to purify and study the functional properties of the RyR 1 calcium channel. 
RyRl forms a large tetrameric protein consisting of a C-terminal channel embedded in the 
S R  membrane, and a large cytoplasmic foot domain, which is believed to communicate with 
a voltage-dependent Ca +2 channel in the opposing T -tubule membrane [20] . 

Molecular genetic studies mapped the primary MH susceptibility locus to chromosome 
1 9q13 . 1 ,  in the vicinity of the gene encoding the ryanodine receptor, RYR 1 [2 1 ,22] .  The 
involvement of RYR 1 in MHS has been corroborated by the identification of RYR 1 point 
mutations that eo-segregate with MH susceptibility in swine [23,24] and in a subset of 
human MH susceptible pedigrees [25]. In other pedigrees, susceptibility to MH is not linked 
to the RYR1 gene [26-29] . Five additional MH susceptibility loci have been revealed on 
chromosomes 17q [30] , 7q [29] 3q [3 1 ] ,  1 q  [32,33] and 5p [32] where genes involved in 
muscle ion homeostasis and excitation-contraction coupling have been proposed as 
candidates. A mutation in the CACNLIA3 gene encoding the main subunit of the L-type 
voltage dependent calcium channel has been confirmed for the 1q locus [33] .  Consequently, 
MH has been redefined as a complex syndrome representing the fmal common pathway of  
any number of defects in muscle ion homeostasis [34] . A major objective for MH research 
is the introduction of a general genetic test to replace the invasive skeletal muscle biopsy test 
currently in use. However, the development of a genetic screening test for MH has been 
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Chapter 1 Introduction 

constrained by the emerging genetic and clinical heterogeneity of the MH syndrome and the 
lack of a "gold standard" by which to defme an individual' s true MH status .  

1.2 CLINICAL FEATURES OF MALIGNANT HYPERTHERMIA 

1.2. 1 History and incidence 

Episodes of anaesthetic deaths with unexpected fever and muscle contracture were reported as 
early as 1900, as "ether convulsions" [35]. Denborough et. al. first described a familial 
predisposition to the so-called malignant hyperexia syndrome in a family in which ten related 
individuals had died suddenly with fever and convulsions during general anaesthesia [ 1 ] .  An 
autosomal dominant mode of inheritance was subsequently defined [36,37]. The incidence of 
MH during general anaesthesia varies age dependently from 1 : 1 5 ,000 children to 1 :50,000 adults 
anaesthetised [37-40]. However, these figures underestimate the true prevalence of the genetic 
disposition since susceptible individuals do not always display symptoms when exposed to 
triggering anaesthetic [ 4 1 ]. Estimates of the c linical penetrance of the MHS phenotype vary 
between 3 .3 % and 37 % [42,43]. 

1.2.2 Clinical symptoms 

MH reactions are highly variable and difficult to diagnose. A standardised clinical grading 
scale was recently devised to provide a clinical definition of the MH syndrome and to assist 
diagnosis [44]. A classic MH reaction is characterised by skeletal muscle rigidity and muscle 
hypermetabolism (presenting as tachypnea, tachycardia, metabolic and respiratory acidosis 
and hyperthermia) and rhabdomyolysis [45,46] . About 75% of patients during a crisis 
develop skeletal muscle rigidity [47], and jaw muscle spasms are an early sign of an 
impending MH crisis in 50% of cases [ 10,48]. Unless controlled, a futile hypermetabolic 
cycle ensues, which can lead to death by cardiac arrest or brain oedema. Patients who 
survive the initial MH crisis may later suffer complications ranging from muscle pain and 
weakness to kidney failure and permanent brain damage [5]. 

1.2.3 Triggering agents 

MH may be triggered by: 1 )  volatile non-halogenated anaesthetics (such as ether, and 
cyclopropane); 2) all commonly used halogenated anaesthetics (halothane, isoflurane, ethyl 
chloride, trichloroethylene) and; 3) by depolarising muscle relaxants such as succinylcholine 
[49-5 1 ]. The manifestation of MH is more severe and the onset more abrupt when both 
halothane and succinylcholine are received concomitantly [52]. Conversely, non­
depolarising neuromuscular blockers and barbiturates can delay the onset [53]. 
Succinylcholine may trigger MH via effects on the motor end plate (where it binds 
acetylcholine receptors, causing muscle paralysis). In addition, the preservative in 
succinylcholine solutions ( 4-chloro-m-cresol) is in itself a specific and potent activator of 
Ca+2 release channel [54]. The binding affinity for 4-chloro-m-cresol [55] and the 
contracture inducing effects of this drug are exaggerated in MHS muscle [56] thus it may be 
a trigger of clinical MH [57]. Drugs other than the volatile agents and succinylcholine have 
produced MH-like responses, including ketamine, phencyclidine, some tranquilizers and 
tricyclic antidepressants [58,59]. Elevated body temperatures resulting from infection or 
external environment or physical exertion prior to anaesthesia [60] can aggravate the 
progression of the MH crisis. MH-like episodes triggered in the absence of  anaesthesia have 
been described in susceptible persons in association with overheating [6 1 ,62], exertional 
heatstroke [63-66] alcohol ingestion, viral infection [ 1 1 ] and stress [42,67-70] . A higher 
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incidence of the sudden infant death syndrome (SIDS) has been noted in MHS families, 
compared to controls [70-72] ,  however the link between SIDS and MH is controversial. 

1.2.4 Management of the MHS patient 

The mortality associated with MH episodes has been reduced from 80% [73,74] to 3-4% with 
improved awareness and the therapeutic use of a clinical antidote, sodium dantrolene [75,76] 
however MH is still recognised as the leading cause of preventable anaesthetic deaths. 
Dantrolene is a lipid soluble hydantoin derivative that terminates MH episodes by inhibiting the 
release of Ca +2 from the S R  [77] and thus lowering the sarcoplasmic Ca +2 concentration in MHS 
muscle. Early intervention is the key to MH treatment since the progressive decline in cardiac 
activity restricts the drug's distribution [46] and to be effective, dantrolene must be administered 
before the SR Ca +2 stores are depleted. Further treatment involves discontinuing anaesthesia, 
reducing body temperature through artificial cooling, correcting hypoxia and supporting 
cardiovascular function [78 ] .  Anaesthetic agents considered safe for susceptible individuals 
include local anaesthetics, nitrous oxide, thiopental and other barbiturates, althesin, opiates, 
droperidol and pancuronium [5] . 

1.3 THE PORCINE MODEL OF MALIGNANT HYPERTHERMIA 

A disorder that is homologous to human MH occurring in swine, known porcine stress 
syndrome (PSS) has been used as a model to study the pathophysiology of human MH and 
to identify triggering agents and therapeutic drugs. Animals homozygous for the abnormality 
have a MH-like response to stress, manifesting as muscle rigidity, hypermetabolism, fever, 
flushing of the skin and rapid death followed by instant rigor-mortis [7,8] . The syndrome is 
precipitated by separation, fighting, mating and slaughter, after which the carcass is rendered 
worthless due to a post-mortem deterioration of the meat quality known as soft ,  exudative 
pork [7] . 

Predisposition to PSS is controlled by a recessive gene [79] also associated with beneficial 
effects on muscle mass, lean meat quality and sensitivity to inhalational anaesthetics, which 
manifests as a malignant hyperthermic reaction on exposure to halothane [80] . Affected 
swine can be detected by the "barnyard test" in which susceptible animals develop limb 
rigidity when challenged with halothane [80] . Heterozygotes are identified by a 
simultaneous administration of 1 %  halothane and succinylcholine [8 1 ]  and by skeletal 
muscle in vitro contracture tests [38] . In one breed of swine, homozygotes for the MH gene 
defect are resistant to halothane, suggesting some strain-dependent modulation of the 
response [82,83] . Modifying factors that are thought to influence the onset and severity of 
the syndrome include free fatty acids [83] ,  inositol- 1 ,4,5-triphosphate [84] and the 
antioxidant defence system [85]. 

A mutation in the gene encoding the skeletal muscle sarcoplasmic reticulum Ca +2 release 
channel (RYR 1) is responsible for all known cases of porcine MH [23,24] . Animals 
heterozygous for the Arg61 5Cys mutation are characterised by large muscle mass similar to 
homozygous pigs, and stress resistance. Consequently, DNA tests have since replaced the 
barnyard challenge [86,87] and are applied to selectively breed heterozygous litters. MH­
like syndromes have been reported in a number of other species, most notably dogs [88,89] . 
However, the molecular basis of canine MH has not yet been identified. 
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1.4 DIAGNOSIS OF MALIGNANT HYPERTHERMIA 

Although a significant elevation of serum creatine kinase (CK) is characteristic of MH [90,9 1 ] ,  
measurement o f  serum CK is unsatisfactory as a test in that 30% of carriers are not detected 
[92,93] .  Currently the only accurate and reliable diagnostic test for MH is the in vitro 
caffeine/halothane contracture test (IVCT), which requires the patient to undergo an expensive 
and highly invasive open quadriceps muscle biopsy. The contracture test was based on 
observations that muscle fascicles from MH susceptible (MHS) patients develop contractures on 
exposure to lower concentrations of halothane or caffeine than do specimens from normal, MH 
negative (:MHN) subjects [35 ,94,95] .  

Two alternate protocols for the diagnosis of MH are currently used by the European (IVCT) 
[96,97] and North American (CHCT) [98] MH groups. The European Malignant Hyperthermia 
group (EMHG) IVCT standardised protocol c lassifies patients into three diagnostic categories: 
MHS (susceptible), MHN (normal), and MHE (equivocal) . The MHE group was created to 
reduce the incidence of false positive or false negative diagnoses, and is clinically regarded as 
susceptible to MH [96] . The North American procedure does not include an equivocal category, 
and designates an abnormal contracture response to a single test agent as an MHS result. The 
CHCT thus generates more false positive diagnoses than the IVCT, which has hampered genetic 
investigations of American families [99] .  The NZ IVCT testing centre (Palmerston North 
hospital) is affiliated with the European MH group and adopted the standardised EMHG test 
procedure in 1 985 .  

1.4.1 European MH group 1VCT procedure 

The procedure requires the excision of a segment of quadriceps muscle (5 cm by 2 cm) to 
provide several muscle specimens, 1 5  mm-25 mm in length by 2-3 mm in width. The fresh 
muscle sample is suspended immediately in a bath of carboxygenated Krebs-Ringer (KR) 
solution and transported to the laboratory for testing within 5 hours of the biopsy. The IVCT 
measures the contracture of dissected muscle fascicles (suspended in a 40 rnl bath of KR 
buffer at 37°C) over a background of twitches that ascertain the viability of the fiber. 
Tension is measured by a transducer before and after the addition of the test drug. The 
recorded test parameter in each case is the threshold drug concentration; the lowest drug 
concentration to elicit a sustained increase of 0.2 g in baseline tension. The measurement of 
the caffeine threshold involves a stepwise increase of 0.25, 0.5, 1 .0, 1 .5 ,  2 .0, 3.0 and 4.0 mM 
caffeine in the tissue bath each at 3 minute periods, until a contraction occurs. The static 
halothane test measures the contracture response to 0.5,  1 .0, 2.0, and 3.0 % halothane 
[93 ,96] . Subjects are diagnosed MHS if an "abnormal" threshold tension of 0.2 g or greater 
is obtained, at a threshold caffeine concentration of 2 mM or less, and independently, at a 
threshold halothane concentration of 2% or less. Subjects registering muscle contracture 
responses of� 0.2 g tension in response to only one of the test agents are designated MH 
equivocal (MHE). Subjects with muscle tensions within the normal range ( < 0.2 g) at both 2 
mM caffeine and 2 %  halothane are diagnosed MHN. 

1.4.2 Limitations of the 1VCT 

Although the IVCT is regarded as the "gold standard" for MH diagnosis it has many 
limitations. The test is expensive, highly invasive and technically demanding. Patients may 
take weeks to fully recover and suffer permanent scarring. Children under the age of ten, and 
the elderly can not be diagnosed due to uncertainty of test viability and insufficient tissue 
[96] . Halothane is a volatile anaesthetic with low solubility in water; consequently, actual 
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concentrations of halothane in solution can vary. Temperature, Ca +Z and Mg +2 ion levels in 
the bath influence the magnitude of the induced contractures, causing variability in results 
between laboratories [ 100] . Some pharmaceuticals including dantrolene, verapamil (Ca+2 

channel blocker), propranolol (� blocker) , and procaine can interfere with contracture tests 
and must be discontinued before patients are admitted for muscle biopsy [93] .  Inconclusive 
tests, in most circumstances cannot be repeated. 

In light of these problems, and the availability of non-triggering anaesthetics for susceptible 
individuals, c linicians may elect to assume MHS status for the relatives of a proband rather 
than subjecting them to the muscle biopsy test. However, the number of assumed MHS 
individuals within susceptible families may increase exponentially over two or more 
generations unless negative branches are established. The risks of anaesthesia for patients 
who will have to be managed as MHS are greater, as the range of applicable drugs are 
limited, and the alternatives less safe [ 1 0 1 ] .  This can pose problems for patients with 
difficult airways, asthma, or with full stomachs (as in emergency or obstetrics cases), where 
intubation is difficult and the danger of aspiration (inhalation of vomit) is increased [ 1 0 1 ] .  

1.4.3 The sensitivity and specificity of the IVCT 

The IVCT measures the interaction among many components of a system involving several 
channels, pumps and contractile proteins. Consequently, within the varied population, results 
encompass a wide spectrum of values, and, as with most pharmaco-physiologic tests, do not 
fall  naturally into c lear positive and negative categories. The IVCT diagnostic cut-points 
were set to maximise the sensitivity of the test (to avoid potentially fatal false-negative 
results) , and were arrived at by comparing the IVCT data from a groups of MHS pro bands 
and normal control patients [96,98] .  The compromise of a test with high sensitivity is a 
reduced specificity, in other words, some false IVCT positives will be assigned [98] .  

The European MH group IVCT was found to have 99% sensit ivity and 93.6 % specificity 
[97 , 102], while the equivalent values for the North American CHCT procedure were 97% 
and 78% respectively [ 102] . The retrospective analysis of exposure to triggering anaesthetics 
in subjects diagnosed MHN confirms the rarity of false negative diagnosis and supports the 
confidence placed in an MHN diagnosis [4 1 , 103] . Four patients diagnosed MHN by the 
IVCT at one centre later suffered hypermetabolic reactions during anaesthesia [ 104]. 
However, no other reports of false negative IVCT results have been published by European 
testing centres [ 1 05 ] .  The accuracy of the European protocol has been further validated by 
the discovery of causative mutations in the RYR1 gene that correlate well with positive 
contracture tests [ 1 3 ,  106- 1 1 1 ] .  

The high sensitivity and moderate specificity o f  the IVCT i s  appropriate for the clinical 
diagnosis of a life-threatening condition in which false positive diagnoses do not pose a risk 
for the patient [ 10 1 ] .  However, the significant false positive rate of the IVCT can pose a 
challenge to the genetic studies of MH. The use of  altered (more stringent) IVCT cut-off 
points has, in some cases, revealed linkage between a candidate MHS mutation and MHS 
that was previously obscured when standard cut-off points were applied [99, 105, 1 1 2] . 

Specific activators of the Ca+2 release pathway, including ryanodine [ 1 1 3] and 4-m-chlorocresol 
[56] have been recently proposed as potentially specific tests for malignant hyperthermia (MH) . 
These agents are now used routinely by some groups to supplement the caffeine and halothane 
tests, and can assist the phenotypic categorisation of MHE individuals [56, 114, 1 1 5] .  The 
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sensitivity and specificity of  the ryanodine and 4-chloro-m-cresol tests has not yet been formally 
determined. 

1.5 MOLECULAR COMPONENTS OF SKELETAL MUSCLE 
CONTRACTION 

Skeletal muscle was recognised as the site of the primary abnormality in MH , after isolated 
swine hind-limb preparations were shown to respond to triggering agents in a similar manner to 
intact animals [ 1 1 6] and excised skeletal muscle bundles responded abnormally to triggering 
agents in vitro [35] .  The role of Ca +2 in the progression of the crisis was established by in vivo 
experiments on swine. A sudden rise in intracellular Ca+2 accompanying the onset of an induced 
crisis was measured directly by the use of ion specific electrodes inserted into the myocytes of a 
MHS pig.  A fall  in Ca +2 was observed as dantrolene controlled the syndrome and the muscles 
relaxed [2] . A defect in the regulation of intracellular Ca +2 could theoretically account for the full 
cascade o f  biochemical events observed during the MH crisis since muscle contraction, 
relaxation and energy metabolism are all regulated by Ca+2 [47] . 

1.5. 1 The role of calcium as a second messenger 

A wide range of events essential for life are modulated by Ca+2, including fertilisation, cell 
division differentiation and growth, control of metabolic pathways, endocrine secretion, neuronal 
signal transduction, muscle contraction, and cognitive function [ 1 17,  1 1 8] .  The spatial 
organisation, timing, amplitude and frequency of Ca +2 s ignals are tailored to control the intensity 
and nature of the physiological response [ 1 1 8] .  However, prolonged high concentrations of 
intracellular Ca+2 are toxic, leading to cell death [ 1 1 8] .  Muscle cells thus have complex systems 
of Ca +2 pumps and channels to extrude Ca +2 from the cell and tightly regulate Ca +2 influx. 

1 .5. 1 . 1  Control of calcium efflux 

The resting cell maintains low cytoplasmic free calcium levels ( 10·7 M) compared to the 
extracellular fluid ( 1 o-3 M). This steep gradient is partly achieved by the action of Ca +2 ATPases 
(PMCA) present on the plasma membrane that drive Ca +2 into the extracellular space in return 
for H+. A low affinity Na+/ca+2 exchanger on the plasma membrane also expels Ca+2 by using 
the Na+ gradient established by the Na+-K+ pump and operates when Ca+2 concentrations rise up 
to ten times their normal level (to 1 0-6 M) [ 1 19] .  The Ca+2 ATPase (SERCA) residing in the 
membranes of internal organelles provides the predominant mechanism by which Ca +2 is 
removed from the cytosol.  The Ca +2 ATPase pump has a higher affmity for Ca +2 than the 
N a+ /Ca +2 exchanger and constitutes approximately 90% of the SR membrane protein [ 1 17] . 
During Ca +2 stress mitochondria can transport Ca +2 into the matrix spaces, thereby protecting the 
cell from Ca+2- induced necrosis. In addition to a Na+/ca+2 exchanger that admits Ca+2 down the 
electrical gradient of  the inner mitochondrial membrane, mitochondria have a high capacity Ca +2 

pump that operates under Ca+2 stress ( 1 0-3 M) to take up Ca+2 from the cytosol [ 1 20] . Under 
these conditions, the production of ATP through mitochondrial oxidative phosphorylation is 
arrested [ 1 20] . 

1 .5. 1 .2  Control of calcium influx 

Cellular processes are controlled by Ca +2 ion release from intracellular stores within the 
endoplasmic reticulum, or the sarcoplasmic reticulum (SR) in muscle. Two related families of 
intracellu lar Ca+2 release channels have been characterised that release Ca+2 from these sources: 
the inositol- 1 ,4,5-trisphosphate (IP3) receptors and the ryanodine receptors (RyR) [ 1 2 1 ] .  The 

6 



Chapter 1 Introduction 

RyRs and IP3 receptors are distant relatives, sharing amino acid sequence homology (particularly 
in the channel region) and a similar quaternary structure [ 1 1 7, 122] . Both RyR and IP3R are 
present in the sarcoplasmic reticulum of skeletal muscle fibers. In skeletal muscle, the RyR 1 
Ca+2 release channel isoform plays the major role in muscle contraction, and opens in response to 
neuronal induced depolarisation of the surface membrane. The IP3 receptor of skeletal muscle 
releases Ca +2 upon the binding of IP3 to the cytoplasmic portion of the 1 200 kDa tetramer. The 
role of the IP3 receptor in skeletal muscle Ca +2 mobilisation remains an area of controversy 
[ 1 19] .  Calcium flux is also mediated by the entry of extracellular Ca+2 ions. A voltage­
dependent, dihydropyridine sensitive Ca +2 channel (DHPR) concentrated in the extensions of the 
surface membrane, is activated in response to electrical stimulation. The influx of Ca +2 into the 
cell through this channel triggers the opening of RyR receptors, at least in cardiac muscle, but is 
not in itself sufficient to directly initiate muscle contraction. 

1.5.2 Skeletal muscle morphology at the triad junction 

Skeletal myofibers are elongated multinucleated cells, about 100 �-tm wide and up to 30 cm in 
length. Cylindrical myofibrils composed of thin (actin, troponin) and thick (myosin) 
myofilaments run longitudinally through the fiber. Myofibrils are arranged compartments 
(sarcomeres) that are separated from each other by a layer of dense material known as the Z line. 
The thin myofilaments are anchored to the Z lines and extend inwards from each end of the 
sarcomere to inter-digitate centrally with the thick filaments .  

An elaborate network of membranous Ca+2-filled sacs known as the sarcoplasmic reticulum (SR) 
surrounds the myofibrils. Finger-like extensions of the plasma membrane known as transverse 
tubules (T -tubules) run transversely through the fiber. The T -tubules form small openings on the 
surface of the muscle fiber, and as extensions of the plasma membrane, they are filled with 
extracellular fluid. The T -tubules encircle the myofibrils, and interrupt the longitudinal SR 
channels where they are embraced on either side by dilated sacs of the SR known as terminal 
cisterns (see Figure 1 - 1 ) . Ca+2 ions are concentrated mostly in the terminal c isternae of the SR 
where they are bound to calsequestrin. The T -tubule, together with the segments of SR on either 
side is collectively known as the triad. 

Excitation begins with the arrival of a neurotransmitter (acetylcholine) at the plasma membrane, 
which opens a N a+ channel to establish an action potential. The principal function of the T­
tubules is to conduct electrical impulses from the fiber surface, deep into the interior, and to 
bring about muscle contraction by initiating the release of Ca +2 from the SR, in a process known 
as excitation contraction coupling (ECC). Ca+2 activates the contractile apparatus by binding 
troponin C, thus shifting the troponin-tropomyosin complex and exposing the activated myosin­
binding sites on actin. The myosin cross-bridges move like the oars of a boat on the surface of 
the actin filaments, causing the filaments to slide past each other. At the end of this power stroke, 
the detachment of the cross-bridge from actin requires the binding of a new ATP molecule to 
myosin. The abundant Ca+2 ATPase pumps on the SR actively sequester Ca+2 ions back into the 
SR and restore Ca +2 to resting levels. 

The missing link in the current understanding of the ECC in skeletal muscle is the mechanism by 
which the signal to release Ca+2 from the SR is transmitted from the T-Tubule at the triad 
junction. It is this process that is believed to malfunction in MH, resulting in unregulated SR 
Ca+2 release. The current "mechanical coupling hypothesis" for ECC proposes a direct protein­
protein interaction between two large Ca +2 channel complexes in the T -tubule and SR 
membranes of the triad junction [ 1 23 , 1 24] .  In favour of this model, the DHPR or voltage sensor 
Ca+2 channel of the T-tubule directly opposes the large tetrameric Ca+2 release channel (RyR) 
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embedded in the SR membrane [ 123] . The cytoplasmic domain of the SR channel is broad 
enough to bridge the 1 5  nm gap between the two membranes and constitutes the "foot domain" 
in triad junctions observed spanning junctional gap under light microscopy [ 1 25 ] .  The carboxy 
terminal third of the RyR forms the membrane-spanning base-plate and the Ca +2 pore in the SR 
membrane [ 1 26, 1 27]. Not all RyR 1 s  are located in the triad junctions. Some are positioned in the 
SR membranes between triad junctions, and are probably activated by Ca +2 ions released in their 
neighbourhood, to amplify the signal [ 128] . 

The DHPR on the T -tubule membrane is an L-type (long lasting, high voltage, slow current) 
voltage-operated Ca+2 channel, composed of 5 subunits, designated a1 ( 1 85 k.Da) , a2, ( 143 k.Da), 
� (54kDa), y (30 kDa) and 8 (26 kDa) . The a2 and � subunits are generated by post-translational 
proteolytic processing of a single peptide. The a1 subunit performs both the voltage sensing and 
Ca +2 conduction functions and contains the binding site of the namesake dihydropyridine drugs. 
The remaining subunits are believed to be regulatory. Four DHPR complexes form a diamond 
shaped tetrad array within the T-tubule membrane [ 1 29].  In skeletal muscle, each tetrad is 
aligned with the large RyR tetramer in the SR membrane. Interestingly, only alternate RyR 
tetramers are aligned with DHPR tetrads, in keeping with an average RyR: DHPR ratio of 2: 1 
observed in biochemical studies [ 130] . This forms the basis of a model for the dual mechanism 
for Ca+2 release, involving direct contact and a secondary calcium-induced amplification signal 
[ 128]  (discussed further in section 1 . 10) 
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Figu re 1-1  Ion channels involved in skeletal muscle EC coupling 
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CD Nerve voltage-gated sodium channel ® Skeletal muscle voltage-gated 
sodium channel 

® KCNA voHage-gated potassium channel ® Skeletal muscle voltage-gated 
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I n  the upper portion of the diagram, a nerve axon forms synaptic contact with the muscle fib er (enlarged). 
The contractile apparatus and membrane components of the muscle cell are shown in the lower portion. 
The T- tubule extension of the plasma membrane is surrounded by the terminal cisternae of the SR. The 
junction between the two membranes features two large calcium channel complexes; the voltage gated 
(DHPR) (7) on the T-tubule membrane and the calcium release channel (RyR 1 )  (8) on the SR membrane. 
MH results from defects in RyR I  (8). Muscle diseases associated with MHS result from mutations in ion 
channels upstream of RyR l in ECC including 4,5, 6, 7, and 8. (From reference [ 1 3 1 ]). 
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1.6 THE PATHOPHYSIOLOGY OF MH 

MH results from a defect in SR calcium release, leading to sustained rise in myoplasmic free 
Ca+2 [2] .  This initiates muscle contracture, accelerates both aerobic and anaerobic metabolism 
and can account for the irreversible cascade of biochemical events observed during an MH crisis, 
as summarised in Figure 1 -2. 

Ca +2 promotes glycogenolysis and glycolysis by binding to and activating phosphorylase kinase, 
leading to a build up of lactic acid and C02, an early feature of the MP.: crisis. Ca +2 also activates 
the mitochondrial oxidative cycle, leading to high C02 production (hypercapnia) and oxygen 
consumption (contributing to hypoxemia). Respiratory acidosis ensues, as the increase in 
ventilation (tachypnea) is unable to control the rising C02. Tachycardia (rapid heart rate), 
vasoconstriction and high blood pressure accompany an increase in circulating catecholamines, 
which is triggered by acidosis [5,46, 1 32, 1 33] .  

Unlike normal muscle contraction which is brief, reversible, and initiated by a membrane action 
potential [50] , generalised skeletal muscle contractures associated with MH are prolonged and 
occur when Ca+2 levels exceed the threshold for the initiation of contractile activity (6 x 1 0-7 M) . 
Muscle rigidity can lead to rigor; an irreversible condition that develops when the fiber is deleted 
of ATP and the muscle is unable to relax (as observed in rigor mortis) . Muscle contractile 
activity and a compensatory increase in Ca+2 ion pumping deplete ATP stores. Furthermore, 
when exposed to a high Ca+2 load, mitochondria actively sequester Ca+2 [ 1 34] . The resultant 
depression of the energy transduction pathways in mitochondria by compensatory Ca +2 uptake 
further aggravates the existing energy imbalance [5,47, 1 34] . Factors that contribute to the heat 
produced during the MH episode include: the hydrolysis of ATP during contraction, ion 
pumping to restore ion imbalances, aerobic and anaerobic glycolysis, and buffering of the 
resultant H+ [46, 1 3 3 , 1 35] .  Core body temperature may increase by up to 1°C per 5 min, and can 
exceed 43°C if uncontrolled [38 ] .  

The integrity of  the muscle cell i s  destroyed as calcium-activated proteolytic enzymes degrade 
the fiber scaffolding and enerfy sources required by enzymes that maintain membrane stability 
are depleted. In addition, ea+ -activated phospholipases release fatty acids from the membrane 
[ 1 33] while raised temperature and acidity denature functional proteins and increase membrane 
fluidity [46, 1 34] . A combination of acid inactivation of Ca+2 transport, exhaustion of ATP 
substrate, and increased membrane permeability impair Ca +2 re-uptake, which exacerbates the 
existing calcium stress. The resultant skeletal muscle breakdown (rhabdomyolysis) is indicated 
by elevated serum creatine kinase (> 10,000 IU/L), excessive myoglobin in the urine, and raised 
serum potassium [44] . Potassium efflux from damaged muscle results in plasma hyperkalemia, 
causing hypotension, ventricular fibrillations, arrythmia, and ultimately, cardiac arrest in 
fulminant MH cases [46, 1 36] . Kidney tubules can be blocked with myoglobin, leading to kidney 
damage. In fulminant cases of MH, disseminated intravascular coagulopathy (DIC) may occur 
when humoral factors that activate the coagulation cascade are released during hemolysis and 
tissue breakdown. Fibrin deposits in the kidney tubules cause further damage to the kidneys [6] . 

Early intravenous administration of sodium dantrolene, or a prophylactic oral dose before 
surgery can halt the progression of the MH reaction [ 1 37, 1 38] .  The point at which the 
reaction becomes irreversible may occur when ATP is depleted to half its resting 
concentration, at which point contraction becomes independent of Ca +2, (presenting as rigor) 

1 0  



Chapter 1 Introduction 

and a breakdown of mitochondrial and plasma membranes ensues. Further compl ications 
range from muscle pain to irreversible neurological damage by anoxia, acidosis, 
hyperkalemia, hyperthermia, and ATP depletion [46].  Cerebral oedema and coma may 
proceed to brain death. 

Figure 1 -2 A proposed mechanism for the induction of human and porcine MH 
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In normal muscle, brief depolarisation induced RyR Ca +2 release triggers muscle contraction, and Ca +2 is 
pumped back into the SR by the Ca +2 ATPase pump to allow relaxation . MHS RyR channels are more 
sensitive to agonists (e.g. caffeine, halothane, Ca +2) and insensitive to antagonists. In pigs heterozygous 
for a RYR I mutation, spontaneous Ca+2 release events might lead to muscle hypertrophy and lean muscle 
mass (yellow boxes). In human MHS muscle, RyR l opening is activated in the presence of halothane. 
Ca +2 floods the cell, overpowering the Ca +2 A TPase pump . Ca +2 induces sustained contraction, accelerated 
glycolytic and aerobic metabolism, generating lactic acid, C02, heat (blue boxes) and ATP and oxygen 
depletion (dashed boxes). Muscle tissue breakdown results in leakage of cellular constituents and plasma 
ion imbalances culminating in multiple organ failure and death . (Adapted from refs .  [47] and [ 1 5]) .  
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1. 7 MUSCLE D ISORDERS ASSOCIATED WITH MH 

A predisposition to a classical presentation ofMH has been firmly established for three rare 
myopathies: Central core disease, Evans myopathy and King-Denborough syndrome [40, 1 39] . 
Like true MH, these conditions predispose to a drug-induced increase in myoplasmic Ca+2 that 
leads to life-threatening hyperthermia, hypoxia and acidosis [ 1 3 , 1 40] . Special anaesthetic 
precautions must be taken with all patients with these conditions unless they have been 
diagnosed MHN by IVCT. In fact, MH was recorded as the major cause of death in a review of 
patients afflicted with King-Denborough syndrome [ 1 0, 1 4 1 ]  

1. 7. 1  CCD 

Central core disease (CCD) is a rare, dominantly inherited, clinically variable myopathy that is 
closely associated with MH. CCD is  characterised by muscle weakness, muscle cramps after 
exercise, and neonatal hypotonia (floppy infant syndrome), leading to delayed motor 
development [ 1 42] .  Diagnosis relies on the histological investigation of muscle tissue, for signs 
of muscle atrophy and amorphous central areas (cores) in the muscle fiber that are devoid of 
mitochondria and oxidative enzyme activity [ 1 43 ] .  Other features include a predominance of 
type 1 (slow twitch) fibers and fatty tissue and occasional skeletal deformity [ 1 44] .  Electron 
microscopy has revealed central disintegration of the contractile apparatus, and a proliferation of 
SR and transverse tubules [ 1 43 ] .  A number of RYR1 mutations have been identified in CCD 
pedigrees, which may or may not be associated with MHS diagnosis. 

A mechanism has been proposed by which defects in the RyR Ca+2 release channel could give 
rise to two contrasting phenotypes; muscle hypertrophy in swine, and muscle atrophy in human 
CCD [ 1 3 , 1 5 ,47] (Figure 1 -2). In swine heterozygous for the Arg6 1 5Cys RYR1 mutation, 
transient calcium "leak" is thought to promote spontaneous contraction without causing cell 
damage, leading to muscle hypertrophy and lean muscle traits [23,24] . In contrast, the human 
MHS and CCD mutations sensitise the RyR1 channel to anaesthetic-induced Ca+2 release, 
resulting in excessive Ca +2 efflux from the SR on exposure to triggering substances. 
Mitochondria in the peripheral regions of the muscle fiber could be protected by the action of 
PMCA and Ca+2 exchangers (NCE) that extrude Ca+2 into the extracellular space. However, 
mitochondrial function in the centre of the cell may be impaired, due to the participation of this 
organelle as an emergency Ca+2 sink, leading to diminished ATP synthesis. Uneven Ca+2 

gradients in the cell would lead to differential contraction of the core of the muscle fib er in 
relation to the periphery [ 1 5] ,  giving rise to the disorganisation of the central myofibrils, the 
appearance of central cores, muscle weakness and atrophy. Further histological aspects of CCD, 
including an increased proportion of type I muscle fibers and sarcotubular membrane might 
result from the Ca+2-induced transcription of genes encoding compensatory proteins [ 1 5,40] . 

1. 7. 2 Other muscle disorders 

Variable associations with MHS are recognised for a number of other musculo-skeletal 
disorders, including X-linked Duchennes muscular dystrophy (DMD) and Becker muscular 
dystrophy (BMD) caused by deficiency or defects in dystrophin (respectively) [ 1 45] .  Typical 
MH episodes have been reported in Duchenne muscular dystrophic patients [ 145, 146] and DMD 
patients often [ 1 47](but not always [ 1 45]) register MHS responses in the caffeine-halothane 
contracture test. Mortality (resulting from cardiac arrest) in DMD patients exposed to 
succinylcholine, may be more than 60 % [ 1 0, 148, 149] . The occurrence of MHS in DMD patients 
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is thought to be consequence of elevated myoplasmic C a+2 associated with the general 
disintegration of the muscle cell structure in subjects lacking functional dystrophin [ 1 0] .  

The association between MH and other myopathies including myotonia congenita, syndrome, 
myotonia fluctuans and hyperkalemic periodic paralysis is less clear [ 1 2, 1 50] .  Non-dystrophic 
myotonias and primary periodic paralyses are non-specific disorders, characterised by 
uncontrollable muscle stiffness or myotonia (delayed relaxation) [ 1 3 1 , 1 5 1 - 1 53 ] .  These 
symptoms are attributed to defects in either sodium or chloride channels that lead to membrane 
hyperexcitabil ity (See Figure 1 - 1 ). Anaesthetic-induced myotonic events have been attributed to 
the increased vulnerability of the hyperexcitable fiber membrane to certain drugs. A Gly 1 306 to 
Ala mutation in the adult sodium gene (SCNA4) has been linked to masseter muscle rigidity 
(MMR) and abnormal IVCT results in a family with a very mild form of myotonia, known as 
myotonia fluctuans [ 1 54] . Although MMR is considered to herald a MH crisis, it is a non­
specific genetically heterogeneous event and not all forms progress to the hypermetabolic state. 

1 . 8  THE GENETIC BASIS OF MALIGNANT HYPERTHERMIA 

1. 8. 1  Linkage of the MHS1 locus to R YRl 

The first clue aiding the identification of the MH gene came from the linkage of the porcine 
syndrome (the so-called HAL locus) with the glucose phosphate isomerase (GPI) locus on 
chromosome 6 [79] . Meanwhile, biochemical studies had pointed to the SR Ca +2 release 
channel as the site of the primary MH defect, making it a strong candidate gene. The region 
of porcine chromosome 6 including the GPI and Hal locus was syntenic to the human 
chromosome 1 9q 1 2- 1 3 .2 where the human GPI locus had been previously mapped. The eo­
segregation of human MHS with GPI markers was subsequently demonstrated in Irish MHS 
pedigrees [22] . At the same time, the human and porcine RYRl genes were cloned [ 1 55]  and 
mapped to chromosome 1 9q 1 3 . 1  [ 1 56] and 6 [ 1 57]  respectively . Human MHS was 
subsequently linked to polymorphic RYR1 markers with a lod score of 4.20 in nine 
Canadian families [2 1 ] .  The quest for a genetic test for MH gathered momentum with the 
description ofthe first RYR1 gene mutations in affected swine [23 ] and human [ 1 06] 
subjects. 

1. 8. 2 The involvement of RYRl mutations in MHS 

A single point mutation (C 1 843T) in porcine RYR1 that substituted Arg6 1 5  for Cys 
correlated with MHS in five major breeds of lean, heavily muscled swine [23 ] and was 
l inked to MH with a lod score of 1 02 in 3 3 8  informative meiosis [24] . This finding firmly 
established the role ofRYR1 in MHS.  The Arg6 1 5Cys mutation alone accounts for all 
known cases ofMH in swine suggesting it originated in a single animal and was transmitted 
by the founder effect [24]. The corresponding substitution (Arg6 1 4Cys) was subsequently 
identified in two human MHS pedigrees [ 1 06, 1 58 ] .  Contrary to the porcine MHS, human 
MH is a genetically heterogeneous disorder. In fact, the Arg61 4Cys mutation accounts for 
less than 5 %  of human MHS cases worldwide [25 ] .  Furthermore, while stress-susceptible 
MH pigs are homozygous for the Arg6 1 5Cys gene defect, human MH is associated with 
heterozygosity for RYR1 mutations. In addition, the presence of a variety ofRYR1 
haplotypes of unrelated MHS famil ies identified with the same RYRl mutations suggests 
that recurrent identical mutations have arisen independently in man [ 1 59]. 
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The RYR 1 gene is one of the largest genes in the human genome, coding for 5038 amino 
acid residues [ 1 60] . Screening the 1 5,393 bp coding sequence for candidate mutations in 
MHS probands therefore poses a formidable challenge for the molecular genetic study of 
MH . Nevertheless, 22 candidate mutations have been identified to date in the RYR 1 gene 
[25, 1 6 1 - 1 63] ,  and shown to eo-segregate, to varying degrees with the !VCT MHS phenotype 
in MHS families (listed in Table 1 - 1 ) .  Mutations that cause MHS are also associated with 
more severe CCD phenotype in some families. The search for RYR1 mutations has been 
assisted by the fact that the majority of MHS/CCD mutations are tightly clustered within two 
regions of the RyR 1 polypeptide sequence: the cytoplasmic N-terminal region bracketed by 
residues Arg35 and Arg6 14  and a cytoplasmic central region between residues Arg2 163 and 
Arg2458.  This has considerably narrowed the target region.  An Ile4898Thr mutation was 
recently identified in the C- terminal transmembrane region of the RyR 1 protein, well 
outside the two previously defined mutation regions [ 1 64] . This mutation was associated 
with a severe form of CCD but did not coincide with clinical susceptibility to MH. 

Table 1 - 1  RYR 1 mutations associated with MHS and/or CCD 

Substitution Nucleotide Reference Year Proportion of 
change MHS families 

Cys35Arg T 1 03C [ 165] 1 997 1 family 
Arg 1 63Cys * C487G [ 1 3] 1 993 2 %  
Gly248Arg G742A [ 1 07] 1 992 2 %  
Gly34 1 Arg G 1 02 1A [ 1 09] 1 994 6 %  
Ile403Arg * C 1 209G [ 1 3] 1 993 1 family 
Tyr522Arg * A1 565C [ 1 08] 1 994 1 family 
Arg552Trp C 1 654T [ 1 1 1 ] 1 997 1 family 
Arg6 1 4Cys C 1 840T [ 1 06] 1 99 1  4 %  
Arg6 1 4Leu G 1 84 1 T  [ 1 66] 1 997 2 %  
Arg2 1 63Cys C6487T [25] 1 998 4 %  
Arg2 1 63His G6488A [25] 1 998 1 family 
Arg2 1 63Pro G6488C [ 1 62] 1 999 1 family 
Val2 1 68Met G6502A [25] 1 998 7 %  
Thr2206Met C66 1 7T [25] 1 998 3% 
Thr2206Arg C66 1 7G [ 1 62] 1 999 1 family 
Gly2434Arg G7303A [ 1 10, 1 67] 1 994 4 %  
Arg2435His * G7307A [ 1 68] 1 993 1 family 
Arg2435Leu G7307T [ 1 6 1 ]  1 999 1 family 
Arg2454His G73 6 1 A  [ 1 6 1 ]  1 999 2 families 
Arg2454Cys C7360T [ 1 63] 2000 2 families 
Arg2458Cys C7372T [ 1 69] 1 998 4 %  
Arg2458His G7373A [ 1 69] 1998 4 %  
lle4898Thr * T 1 4693C [ 1 64] 1 999 4 %  
Associated with MHS and/or CCD 

1.8.3 Discrepancies between RYRl mutations and IVCT phenotype 

The IVCT results do not correlate with the results from the genetic analysis of RYR 1 mutations 
in 100 % of cases [99, 1 05, 170, 1 7 1 ] .  Discrepancies between genetic results and IVCT diagnoses 
in families segregating for RYR1 mutations has raised concerns about the causative nature of the 
RYR1 mutations, the accuracy of the IVCT, or the possibility that more than one MHS mutation 
may be segregating in some families [ 1 72] .  In most cases, phenotype/genotype discrepancies 
arise from a MHS diagnosis in subjects who lack the segregating mutation. This pattern is 
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consistent with false positive diagnosis, bearing in mind that the IVCT is highly sensitive and 
results in more false positive than false negative results [97] . For example, the high-incidence 
Gly34 1Arg mutation eo-segregated precisely with the MHS phenotype in a11 48 MHS patients 
from 1 1  families [ 1 09] [ 1 73] .  False positive diagnosis [ 1 05] and segregation of a second MHS 
gene [ 170, 174] has been invoked to reconcile discrepancies between Gly34 1 Arg and the MHS 
phenotype in other studies [ 1 05] [ 170] . Discordance between the segregation of the Arg6 1 4Cys 
mutation and IVCT results has also been reported [99, 175, 1 76] . MHN diagnoses have been 
recorded in subjects identified with the Arg6 14Cys [ 175] and Gly2434Arg mutations [ 1 67] 
suggesting compensatory factors may be operating to negate the effects of the mutations in vitro 
[ 175] .  RYR1 mutations (Gly34 1 Arg, Arg2458His) have been detected in MHE subjects, 
supporting the cautious clinical management of ambiguous MHE patients as MHS [ 109] .  The 
IVCT phenotypes of individuals homozygous for the Arg6 14Cys [ 1 75] and Cys35Arg [ 1 65 ]  
mutations did not differ remarkably from those of  the heterozygous MHS relatives [ 1 65 ] .  

1.8.4 Alternate MHS loci 

In contrast to the porcine disorder, human MH displays both allelic and locus heterogeneity 
[26,27,29,3 1 -33, 1 77, 1 78] and linkage to RYR 1 is found in only 50% of families [38] . The 
human MH syndrome may in fact re�resent the final common pathway of defects in any number 
of proteins involved in ECC and ea+ homeostasis [ 1 72, 1 79] . In view of the association between 
the DHPR and RYR 1 in excitation-contraction coupling, the genes encoding the a1 , �. y and a2/8 
subunits of the DHPR have cone under scrutiny as potential MHS gene candidates in families 
that do not demonstrate linkage to the MHS 1 RYR 1 locus [28 ,29, 1 80- 1 82] .  Other ion channel 
genes that function upstream of RyR 1 in signal transduction and ECC are also potential MHS 
gene candidates (Figure 1 - 1 ) .  

Genetic linkage analyses have proposed five additional MH loci (listed in  Table 1 -2). Using the 
candidate gene approach, MHS was linked to chromosome 17q1 1 -24 [30, 1 77, 1 78] (where the 
adult muscle sodium channel gene, SCNA4 is a candidate) .  The genes encoding the DHPR � and 
y subunits (CACNLB 1 and CACNLG) also map to the chromosome 17  q 1 1 .2-q24 region [ 1 80] 
reported to contain the MHS2 locus, however, these genes were excluded as candidate MHS 
genes in two European studies [28, 1 80] . The third MHS locus was mapped to chromosome 
7q2 1-22 (where the CACNL2A gene encoding the �/8 subunit of the DHPR was a strong 
candidate)[29] . In genome-wide linkage screens, MHS3, MHS4 and MHS5 loci were proposed 
at chromosomes 3 q 1 3 . 1 [3 1 ] ,  and 1q3 1 and 5p respectively [32] .  Gene candidates at 3q 13 . 1 and 
5p have not yet been established. The CACNL 1 A3 gene was a strong candidate at the 1 q3 1 
locus, since it encodes the voltage dependent calcium channel (DHPR a1 subunit) that 
participates with RyR 1 in excitation-contraction coupling. An Arg 1 086 to His mutation in the 
CACNL1 A3 gene was subsequently identified in an MHS pedigree [33] ,  confirming the 1 q3 1  
locus. A second mutation at the same codon, resulting in an Arg 1086Cys mutation was reported 
recently [40] . Mutations have not yet been described for the candidate genes, SCNA4 (MHS2) 
and CACNL2A (MHS3). Since several of the pedigrees examined did not display linkage to the 
MHS 1 -MHS6 loci, the presence of additional MH loci can be inferred [32] . 

Mutations in the voltage sensing regions of the DHPR a1 subunit have been associated with 
hypokalernic periodic paralysis, characterised by episodic muscle weakness with low serum 
potassium levels [ 1 83] .  Similarly, mutations in the SCNA4 gene are linked to other myotonias 
such as periodic paralysis and paramyotonia congenita and masseter muscle rigidity [ 1 54] . As 
anaesthetic related events similar but clinically distinct from MH are common in myotonic 
patients [ 1 84] the involvement of the SCNA4 locus in MHS [ 177] may be secondary to an 
underlying myopathy. 
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Genetic heterogeneity is clearly evident in MH, and has important ramifications for the future 
development of a diagnostic test. Nevertheless, the MHS 1 RYR1 locus remains the predominant 
source of MHS mutations. No MHS-linked mutations have yet been reported for the families that 
demonstrated linkage to alternate loc i  MHS2 and MHS3 and the evidence in favour of linkage to 
the chromosome 1 7q MHS locus was weak [ 177] . 

Loci  

MHS 1 
MHS2 
MHS3 
MHS4 
MHS5 
MHS6 

Gene 

RYR1 
SCN4A 
CACNL2A 
Unknown 
CACNL1 A3 
Unknown 

Table 1-2 Proposed MHS loci 
Protein 

ryanodine receptor (SR) 
adult sodium channel a subunit IV 
DHPR Ca+2 channel az8 subunit 
Unknown 
DHPR Ca+2 channel a1s subunit 
unknown 

1.8. 5  The genetic basis of CCD 

Chromosomal Reference 
osition 

19q l 3 . 1  
17q1 1 .2-q24 
7q2 1 -q22 
3q l3 . 1 
1q32 
5p 

[2 1 ]  
[30, 1 77]  
[29] 
[3 1 ]  
[33] 
[32], 

CCD is often [ 142] (but not always [ 1 85]) associated with MHS. CCD and MH are allelic 
disorders, in that a subset of RYR 1 that give rise to MHS can present as CCD in some 
individuals [ 1 3 ,25, 108] .  However, unknown genetic and/or environmental factors influence the 
expression of the CCD phenotype, as revealed by combinations of CCD/MHS, MHS (only), and 
CCDIMHN phenotypes, even within the same family [ 1 3 , 108 , 1 85 ] .  Consistent with the 
association with MHS and R YR 1 mutations the CCD locus was mapped to chromosome 1 9q 1 3 . 1  
[ 14] . However like MH, CCD exhibits both allelic and locus heterogeneity. Recombination 
between RYR1 and CCD has been described in two recent studies [ 1 85, 1 86] . While the 
recombinant haplotypes presented in the first report [ 1 86] may have been erroneous, 
recombination between CCD and MHS was clearly demonstrated in families in a large family 
presented in the second study [ 1 85 ] .  Alternate CCD loci have not yet been described. 

1 .9 THE RYANODINE RECEPTOR: STRUCTURE AND FUNCTION 

1.9.1 RyR isoforms 

Three different isoforms of mammalian RyRs have been identified: RyR l (skeletal), RyR2 
(cardiac) and RyR3 (brain). They are encoded by different genes,  localised to human 
chromosomes 1 9q 1 2- 1 3 .2 (RYR 1 )  [22], 1 q42. 1 (RYR2) [ 1 87]  and 15q14-q 1 5  (RYR3) [ 1 88] .  
Northern blot and [3H]-ryanodine binding experiments have revealed complex and overlapping 
expression patterns for the three isoforms. RYR1 expression is highest in skeletal muscle [ 1 55 ] ,  
though it is expressed at low levels in other tissues such as the stomach, spleen, and the Purkinje 
cells of the cerebellum [ 1 89, 1 90] . RyRl is also found in human B-lymphocytes where it plays a 
role in the B-cell antigen receptor-stimulated Ca +2 -signalling process [ 1 9 1 ] .  RyR2 is expressed 
principally in the heart, and to a lesser degree in the brain, lung, stomach and kidney but not 
skeletal muscle. RyR3 is ubiquitously distributed throughout various tissues [ 1 92- 1 94], including 
the skeletal muscle where it constitutes less than 1 %  of total RyR protein [ 1 95] .  Although RyR3 
is known as the brain ryanodine receptor, this is misleading since RyR3 comprises, on average, 
only 2% of brain RyR, the major brain isoform being RyR2 [ 1 96, 197] .  RyR3 is expressed in T­
lymphocytes where it may contribute to cell proliferation and activation [ 198 ,  199] . Two RyR 
isoforrns, eo-expressed in the skeletal muscle of fish, birds and amphibians are known as known 
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as a-RyR and �-RyR and are homologues of RyR 1 and RyR3 respectively. In addition, a distinct 
cardiac form is expressed in the chicken heart [200] . 

Although the RyR1 and RyR3 may be eo-expressed in triads of the same muscle fiber [20 1 ] ,  they 
do not appear to form heterotetrarners [ 195] .  RYR3 is not a plausible candidate MHS gene, since 
the Ca+2 sensitivity for activation is about 7 times lower than that of RyR1 [ 1 95] .  RyR3 content 
is minimal in skeletal muscle, and RYR3 deficient mice show no gross abnormality [ 1 95 ,202] ,  
suggesting the functional contribution of RyR3 to skeletal muscle ECC may be negligible. 

Mammalian RYR1 cDNAs have been cloned from man [ 126] , rabbit [ 1 26, 1 55] and pig [23,203] .  
Human RYR 1 cDNA is 1 5 ,393 bp, made up of a 1 30 bp 5 '  untranslated region (UTR), an open 
reading frame of 1 5 , 1 17 bp encodes 5038 amino acids, followed by a 146 bp 3 ' UTR [ 1 60] . The 
genomic structure of human RYR 1 has been recently characterised [ 160] and consists of 106 
exons spanning 1 60 kb of genomic DNA [ 1 60] . Human RYR2 and RYR3 cDNAs encoding the 
cardiac and brain RyR isoforms have slightly shorter open reading frames, coding for 4967 [204] 
and 4870 [205,206] amino acids respectively. The overall sequence identity among RyR 
isoforms is about 66% [204,207,208] . Alternatively spliced transcripts occur for all three RyR 
cDNAs [ 1 68 ,206,209-2 1 1 ] and show tissue-specific and developmentally regulated patterns of 
expression [209] . 

1.9.2 RyR-deficient animal models 

The generation of RyR l -deficient knockout ("dyspedic") mice confirmed the fundamental role 
of RyR 1 in mammalian excitation contraction coupling. Homozygous RYR l -/- mice had gross 
abnormalities of the skeletal muscle and died perinatally of respiratory failure [2 12] .  In contrast, 
homozygous RYR3-/- deficient mice were viable and the only obvious abnormality was an 
increase in locomotor activity [2 1 3] and impaired learning capacity associated with altered 
synaptic plasticity [2 13 ] ,  suggesting a mild effect on certain neurons in the central nervous 
system. The expression of RyR3 in skeletal muscle may be particularly important during the 
post-natal phase of muscle development, since it increased until 3-4 weeks after birth and then 
declined [202,2 14] consistent with improvement of skeletal muscle function in transition from 
the neonate to the adult RyR-/- mouse [202] . Double mutant mice carrying a targeted disruption 
of both the RyR 1 and the RyR3 genes (RyR 1-/-; RyR3-/-) had degenerated myofibrils and 
showed no caffeine or ryanodine response [2 15] .  The junctions between the T -tubule and SR 
membranes were still observed in muscle from these mice, implying that other proteins are 
involved in the association of the two membranes [2 15 ] .  RyR2 plays an essential role in cardiac 
ECC. Mutant mice lacking RyR2 died at embryonic day 10 with morphological abnormalities in 
the heart tube. Homozygous mutant cardiomyocytes displayed structurally abnormal 
mitochondria and large vacuolate SR [2 1 6] .  

1.9.3 RyR 3D structure 

The three RyR isoforms are predicted to share the same basic structure [207] . About 80% of the 
protein is hydrophilic and forms the cytoplasmic foot domain, while the carboxy terminal 20% 
constitutes the transmembrane channel assembly, consisting of between four [ 1 55 ,2 1 7] and � 1 0  
[ 1 26,207] transmembrane helices, according to two alternate models for the membrane topology 
[2 1 8] .  With a molecular mass of 560 kDa, giving rise to a tetrarner of 2.3 million Daltons, the 
RyR is the largest known ion channel [208] .  

Cryoelectron microscopic investigations of frozen, single Ca+2 channels have provided 3D 
images of the RyR 1 tetrarner, at 3 nm resolution [2 1 9-22 1 ]  (Figure 1 -3). They reveal a large 
four-leaf clover-like structure, with a transmembrane domain forming the Ca+2 pore. The 
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cytoplasmic assembly i s  composed of distinct domains and has a very open "scaffolding" type 
structure [ 1 22] . Four bridges connect the cytoplasmic assembly to the transmembrane channel 
[2 1 9] .  In the open state structure, a 1 . 8 nm hole is visible running through the transmembrane 
assembly [2 1 9] .  The transition from the closed to open state is also accompanied by the opening 
of two "clamp" domains in the cytoplasmic assembly (domains 9 and 1 0) [22 1 ,222] and a 4° 
rotation of the cytoplasmic assembly relative to the transmembrane assembly [ 1 22] .  
Cryoelectron microscopy has also provided images ofRyRl bound to channel-modulating 
junctional proteins, FKBP 1 2  and calmodulin [22 1 ,223-226] . These images showed FKBP 1 2  
bound to RyR l  along each ofthe four edges of the cytoplasmic assembly, and calmodulin bound 
in a crevice (below domain 4) of each subunit near the peripheral region of the cytoplasmic 
assembly. 

Figure 1 -3 

a. 

b. 

c. 

Three-dimensional structural reconstruction of RyR from cryoelectron­
micrographs of isolated single channels 

30 reconstruction of RyR1 
a. From T -tubule 
b . From inside S R  
c .  Side-view. 

The cytoplasmic and transmembrane 
assembles are coloured green and 
pink, respectively. Scale bar = 1 0  nm. 
Reproduced from Samso, 1 998 [ 1 22]. 
Numbers refer to arbitrarily labelled 
domains . For an idea of scale : the 
smallest domain (domain 1 0) is the 
size of the globular protein 
ribonuclease [ 1 22] . 

1. 9. 3. 1  Regulation of RyRl calcium release 

The regulation of the RyR channel has been investigated in vitro using four complementary 
techniques. Firstly, muscle fibers were chemical ly or mechanically skinned to remove the plasma 
membrane and provide direct access to the intracellular space, allowing the observation of force 
activation in defined myoplasmic solutions [227 ,228] . Secondly, isolated SR vesicles with the T-
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tubule attached (triads) or detached (the heavy fraction) derived from the junctional membranes 
can be passively or actively loaded with labelled Ca +2 to study the in vitro effects of various 
agonists using rapid mixing or filtration devices [208] .  The neutral plant alkaloid, ryanodine, 
binds preferentially to the open state of the Ca +2 release channel, therefore the analysis of CHJ­
ryanodine binding has been used extensively in these experiments to probe the functional state of 
the channel [229] . Thirdly, direct information has been gained from single channel recordings of 
heavy SR vesicles or detergent-solubilised RyR channels following their incorporation into 
planar lipid bilayers. Fourthly, various mutated rabbit RYR cDNAs have been functionally 
expressed in non-muscle cells to explore the effects of human RYR 1 mutations on Ca+2 release. 

A number of detailed reviews have explored the interaction of a wide range of endogenous and 
pharmacological agonists and antagonists of RyR Ca+2 release [230-236] . Activators of the Ca+2 
channel include Ca+2 (in rnicromolar concentrations), caffeine, halothane, adenine nucleotides, 
inositol-triphosphate, sulf-hydryl reagents and ryanodine (in rnicromolar concentrations). RyR1 
activity is inhibited by Mg+2, calmodulin, ryanodine (in millimolar concentrations), Ca+2 (in 
millimolar concentrations), ruthenium red and local anaesthetics. The following discussion focuses on 
the major endogenous modulators and the pharmacological agonists relevant to the pathophysiology 
of MH. 

1 . 9.3.2 Endogenous soluble modulators 

Cytoplasmic concentrations of Ca+2 regulate the channel in a biphasic manner, producing a 
characteristic bell-shaped Ca+2 response curve [235]. The channel activity is enhanced at 
lower Ca+2 concentrations within the nM to �-tM range, reaching a maximum at 1 00-200 �-tM 
[232],  and is inhibited at higher concentrations (above 200 11-M Ca+2 [237]). In this way both 
the activation and attenuation of Ca +2 release are synchronised, as both are controlled by 
feedback Ca+2 [238] .  The biphasic Ca+2 dependence suggests two classes of Ca+2 regulatory 
sites are involved; a high-affinity activation site and a low-affinity inhibitory site. The high 
affinity binding site has been mapped to a proline-glutamate repeat sequence in the putative 
transmembrane sequence (M2) [239] and a mutation of a glutamate residue in this region 
reduced Ca+2 sensitivity by 1 0,000 fold [240] . A recent study mapped the low-affmity 
calcium inactivating sites to the C-terrninus of RyR 1 [24 1 ] .  Ca+2 alone is not sufficient to 
fully activate the channel. The addition of millimolar ATP in the together with micro molar 
Ca +2 produces a synergetic activation of the channel [242]. 

Mg+2 inhibits the RyR 1 channel and may exert its inhibitory effects by (a) competing with 
Ca +2 for the high affinity Ca +2 activation sites and/or (b) binding to the low affinity 
inhibitory sites [23 1 ,243].  In the resting cell, the inhibitory site is believed to be occupied 
completely by Mg+2, which is present in mM concentrations. Upon depolarisation a 
conformational change displaces Mg +2 from the inhibitory site, allowing partial channel 
opening [234] . According to this model, the released intracellular Ca+2 (>1 0  !1-M) then out­
competes Mg +2 at the high affinity binding site, and initiates maximal opening of the channel 
[238,244,245] .  

1 . 9.3.3 Proteins that modulate RyR1 activity 

Calmodulin interacts with RyR in a Ca +2 -dependent fashion and counteracts the effects that Ca +2 
alone would have on the channel. At Ca+2 concentrations in the optimal range ( 10 - 1 00 !1-M), 4 
molecules of calmodulin bind per tetramer, and inhibit the channel [246,247] .  At low resting 
Ca+2 concentrations up to 1 6  calmodulin molecules bind to the tetramer, and activate the channel 
[246] . Three-dimensional images of the RyR with calmodulin bound suggest the binding sites 
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are c lose together in the folded protein [226] . Calmodulin binding sites have been mapped to two 
regions in the cytoplasmic domain: 2937-3225 (PM l )  and 3546-3655 (PM2) (that bound 
calmodulin under activating (0. 1 !lM) Ca +2 concentrations [248,249] . The inhibitory RyR 
calmodulin site, which specifically bound calmodulin at high Ca+2 concentrations ( 1 00 - 500 
!J.M) was mapped to residues 4534-4552 (PM3) in the transmembrane domain [249] . 

RyR 1 eo-purifies with a 1 2  kDa immunophillin known as FKB P 1 2 .  This small protein is a 
cytoplasmic receptor for immunosuppressant drugs: FK506 and rapamycin [250] . FKB P 1 2  is a 
prolyl-isomerase, and is thought to have a physiological role in protein folding [25 1 ] .  FKB P 1 2  
promotes co-operativity between the RyR subunits to stabilise the channel in the fully closed or 
fully open conductance state. [252,253]. 

Calsequestrin is a highly acidic, high capacity Ca +2 storage membrane in the SR membrane, that 
co-sediments with RyR 1 ,  and increases the open probability of purified RyR l [25 1 ] .  Activation 
of RyR is accompanied by the release of bound Ca +2 from calsequestrin within the SR lumen, 
suggesting a reciprocal coupling mechanism operates between calsequestrin and RyR [254] . 
Other proteins at the triad junction that interact with RyR either directly or indirectly include 
triadin (which may act as a linker between RyR and calsequestrin) [255-258] and junctin (which 
may anchor calsequestrin to the SR membrane) [259], sarcalumenin, calreticulin and a histidine­
rich glycoprotein with unknown function [25 1 ] .  Defects in any of t he proteins involved in the 
elaborate process of muscle Ca +2 homeostasis may be linked to MHS and/or other disease states. 

1 .9 .3 .4 Exogenous modulators 

Caffeine is well known for its ability to initiate muscle contraction and SR Ca +2 release and like 
many other ligands, exerts its effects by influencing the Ca+2 sensitivity of RyR [232] . Caffeine 
operates in two ways. At low concentrations, caffeine acts at the activation sites of the RyR!Ca +2 
release channel, and transfers the receptor to a pre-activated state [245] .  This renders RyR more 
sensitive to the activating effects of depolarisation, Ca +2 and ATP, and less sensitive to the 
inhibitory Mg+2. At higher concentrations (>5 mM) caffeine activates the channel by a direct 
mechanism that is independent of Ca+2 [245] .  The truncated carboxy-terminal RyR 1 channel is 
not activated by caffeine, indicating the caffeine binding site is located in the N-terminal foot 
region [ 1 27] . All RYR 1 MHS mutations increase the sensitivity of SR Ca+2 release for caffeine 
[ 1 6] . 

Halothane (2-bromo-2-chloro- 1 , 1 , 1 -triflouro-ethane) is a widely employed inhalational 
anaesthetic. Until recently the mode of operation of this volatile agent was unknown. Volatile 
anaesthetics promote hydrophobic interactions between Ca+2 regulatory proteins within skeletal 
muscle triads, inducing oligomerization of the RyR, the DHPR, a1 subnnit and calsequestrin 
[260] [26 1 -265] .  A direct interaction between volatile anaesthetics and RyR promotes SR Ca+2 
release [4] . The resultant increase in myoplasmic Ca+2 concentration might be sufficient to 
trigger a MH crisis in susceptible muscle tissue [235,260,266] . 

The ability of dantrolene to halt an MH crisis stems from its action on the SR, where it inhibits 
Ca+2 release. Dantrolene has been shown to act directly and specifically on single purified RyR 
channels where it limits the activation by calmodulin and Ca+2 [267] . At low concentrations 
however, dantrolene activated the RyR [268] .  

Ryanodine is a secondary metabolite purified from the stem and root o f  the South American 
plant Ryania Speciosa. Pharmacologically, the alkaloid first gained attention because of its 
insecticidal properties, causing flaccid paralysis of invertebrate muscle [234] . Ryanodine 

20 



Chapter 1 Introduction 

also induces irreversible contracture of vertebrate skeletal muscle, and cardiac decline in 
mammals [234] . In nanomolar to micromolar concentrations, ryanodine binds specifically to 
the open channel, and locks the RyR channel in a 50% sub-conductance state. Higher 
concentrations of ryanodine permanently close the channel. 

1 .10 EXCITATION-CONTRACTION COUPLING 

Excitation contraction coupling (ECC) describes the process by which the depolarisation of the 
plasma membrane is coupled to the opening of the SR Ca+2 channel (RyR) to initiate Ca+2 release 
and muscle contraction. ECC occurs at the internal triad junctions between the T -tubule and SR 
membranes and involves an interaction between two proteins; the voltage gated calcium channel 
of the T -tubule (the DHPR) and the calcium release channel of the SR membrane (RyR). 
Regarded as the missing link in the current understanding of cardiac and skeletal muscle 
contraction, ECC has been the subject of numerous extensive reviews [ 1 28,208,233,235,269-
275] .  Abnormalities in EC coupling in skeletal muscle somehow uncouple the opening of the SR 
channel to depolarisation of the T -tubule membrane. Deciphering the ECC mechanism of 
skeletal muscle will therefore play a pivotal role in future investigations into the biochemical 
aetiology of MH. 

Normal signal transduction at the triad junction involves: 1) the depolarisation of the T -tubule 
membrane ; 2 )  a depolarisation-induced charge movement in the DHPR voltage sensing L-type 
calcium channel, followed by; 3) an inward calcium current via the DHPR and; 4) the release of 
Ca+2 from internal stores through the RyR!Ca+2 release channel [27 1 ] .  

Two mechanisms for ECC are observed in cardiac and skeletal muscle, respectively. I n  cardiac 
muscle, EC coupling is dependent on a fast inward calcium current through the DHPR calcium 
channel to induce Ca+2 release from RyR2 (calcium induced calcium release, or CICR). In 
skeletal muscle, an influx of Ca+2 ions through the DHPR calcium channel is not essential for 
ECC, since Ca+2 release and muscle force can be induced in the absence of external Ca+2 [233 ] .  
The primary mechanism for basis of  EC coupling in skeletal muscle i s  thought to involve a direct 
molecular interaction between the RyR 1 and the DHPR, whereby a voltage-induced 
conformational change in the DHPR is transmitted directly to the RyR by protein-protein 
interactions [ 1 24] . Although not essential to skeletal muscle EC coupling, CICR functions in 
skeletal muscle in vitro, and may operate as a secondary mechanism in vivo to amplify the 
DHPR-mediated signal [ 1 19] .  

1. 10. 1  DHPR/RyR interactions in skeletal muscle EC coupling 

The molecular basis of  the distinct cardiac and skeletal muscle EC-coupling mechanisms has 
been investigated using myotubes from two mutant mouse lines; dysgenic (a naturally occurring 
mutant lacking the skeletal muscle DHPR a1 subunit [276] , and dyspedic (engineered with a 
mutation to abolish RyR 1 expression) [2 1 2] .  The DHPR a1 -subunit is responsible for both the 
calcium current and voltage sensing functions of the DHPR [276,277] . The protein consists of 
four domains of internal homology, each with six transmembrane helical segments, numbered S 1 
- S6 (see Figure 1 -4) . The four domains are connected by three cytoplasmic linkers (1-11, 11-ill 
and III-IV) that interact with RyR 1 in skeletal-type EC coupling [275] .  

A cytoplasmic loop between DHPR a 1  subunit domains II and Ill has been shown to be a critical 
determinant of skeletal muscle type EC coupling [277,279,280] [278] . The 11-111 loop is 
comprised of both a "trigger" peptide (Thr67 1 -Lue690) involved in the depolarisation-induced 

2 1  



Chapter 1 Introduction 

RyR l  activation and a "blocker" peptide (residues 724-760), believed to replace the trigger 
peptide, thus returning RyR to the original conformation) [244] . A region of the DHPR U t  
subunit C-terminal tail was also shown to inhibit the RyR1 receptor reconstituted into planar 
lipid bilayers [28 1 ] . The peptides implicated so far in DHPR/RyR1 mechanical coupling are 
depicted in Figure 1 -4.  

The cytoplasmic loop between domains Ill and IV contains the first DHPR Ut (Arg l 086His) 
mutation associated with MH [33 ] .  This loop has been shown to interact directly with RyR1 
[282], providing a molecular mechanism for the indistinguishable phenotypes conferred by 
RyRl and DHPR a 1 defects [33] .  The corresponding regions of RyR1 that bind the DHPR 11-111 
and III-IV loops have been mapped to overlapping sites on RyR1 between Lys954 and Asp 1 1 1 2  
[280,282] . A second region of RyR1 that binds DHPR and i s  essential role in E C  coupling 
includes the divergent D2 region (residues 1 303- 1 406) [283] .  In addition to the activating signal 
received from DHPR, RyR1 sends a retrograde signal to the DHPR [284,285] . 

Figure 1 -4 Proposed interactions between the skeletal muscle DHPR a1 subunit and RyR l 

DHPR 1 1  I l l  IV 

RyR1 

Diagram adapted from [25 1 ], to show recently described interactions between DHPR cytoplasmic loops and RyR l  
[275]. The DHPR has four repeat domains ( 1 -IV) each with transmembrane segments S 1 -S6. S4 (black) forms the 
voltage sensor. The I-II intracellular loop interacts with the DHPR p-subunit [33 ] .  Hydrophilic loops on the 
ex1:racellular surface between S5 and S6 within domains I I I  and IV are involved in pore formation. The DHPR I I­
I I I  loop is essential to ECC and contains a peptide (Pa, residues 681 -690) that activates RyRl .  This effect is 
abolished by peptide Pb (residues 724-760). The DHPR II-IV loop is the site of a MHS mutation and interacts with 
RyR peptide 952 - 1 1 1 2 [282 ] .  Residues 1487- 1 506 of the DHPR a1 inhibit the RyR 1  channel. 
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1 . 1 1  M OLECULAR PREDICTIONS FOR MHS MUTATIONS 

The majority of MHS mutations are clustered in two regions, either at the amino terminus or in 
the central regions of RyR 1 (Figure 1 -5). The recent identification of the Ile4898Thr mutation 
suggests a third MHS domain, in the C-terminal region ofthe receptor [ 1 64] . The N-terminal 
MHS mutation domain is homologous to the IP3-binding domain of the IP3 receptor [286], and 
may contain binding sites for regulatory ligands [23 ] .  However, there is no evidence to date that 
MHS and CCD mutations [25 ]  have a direct consequence on known binding sites for RyR 
agonists or antagonists [ 1 5,20,25 1 ,274]. This is perhaps not surprising in view of the sub-clinical 
nature ofMH. Except on exposure to halogenated anaesthetics most MHS individuals are 
asymptomatic, suggesting that a mutation associated with the MHS trait would not dramatically 
alter the essential functions of the receptor. 

Recent evidence suggests that R YR1 mutations may perturb protein-protein interactions between 
RyR monomers, and/or intramolecular interaction between the MHS domain and a regulatory 
domain ofthe RyR1 protein [25 1 ] .  These effects could be further exacerbated by halothane, 
since volatile anaesthetics are known to modify hydrophobic interactions that promote SR Ca +2 
release [235,260] . Some support of a role for a role of the MHS domains in protein-protein 
interactions has been provided by antibody binding studies [287] . An N-terminal region (residues 
1 63 to 522) that encompassed four MHS mutation sites was shown to interact with a central 
calmodulin-binding site (PM 1 )  and with a domain at residues 799- 1 1 72 in l igand overlay 
experiments [287] . 

Although the three MHS domains are widely spaced in terms of the primary sequence, they may 
be closely situated in the folded protein through proposed long-range interactions between the N­
terminal, central and C-terminal domains [287-289], which would account for the similar MHS 
observed for mutations in different regions of the RYR1 gene. In support ofthis hypothesis, two 
domains predicted to be involved in RyR subunit interactions correspond to the N-terminal and 
central MHS domains [287,289] . Four repeat domains identified in the N-terminal region 
(termed MIR) present in the RyR and IP3 receptor [286] encompass residues 97 - 360 of RyR 1 ,  
including three MHS-associated mutations. I n  addition, two internally repeated domains RyR 
and IP3 homology domains (RIH) have been identified, (encompassing residues 466- 643 and 
2 1 86 -2364 of RyR1 )  [286] . A number ofMHS and CCD-associated mutations occurred within 
these RIH domains. Protein binding functions between these regions and C-terminal 
transmembrane regions have been proposed [286] . 
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Figure 1 -5 Location of RyR1 MHS/CCD mutations and regulatory sites 

Cytosol 

Potential 
binding sites 
D, ATP 

<CM> Calmodulin 

� Calcium 

Diagram adapted from references [233] and [245] . 

1 . 1 2  BIOCHE M I CAL CHARACTERISATION OF MHS MUTATIONS 

A large number of biochemical studies of muscle fibers, SR vesicles and purified RyR1  
channels have convincingly shown that the porcine Arg6 1 4Cys mutation i s  directly 
responsible for an alteration in the SR release mechanism. Rates of calcium induced calcium 
release (CICR) were increased by two to three fold in MHS SR vesicles from both porcine 
[ 1 7,290-293] and human muscle fibers [294], SR vesicles [ 1 7] and single RyR 1 channels 
[ 1 8, 1 9]. Ryanodine binding was enhanced in both human [295] and porcine [ 1 7] MHS SR. 
MHS SR vesicles also showed an exaggerated sensitivity to the activating effects of 
calmodul in at low Ca +2 concentrations [296] . There is some disagreement in the literature 
regarding the calcium dependence of calcium release for MHS versus normal RyR 1 [235 ] .  
Single RyR channels purified from MHS muscle of  pig [ 1 8] were resistant to the inhibitory 
effects of high calcium concentrations, but showed unaltered sensitivity to activating 
calcium, suggesting that a defect in a low-affinity calcium binding site was responsible for 
the altered gating of MHS SR channels [ 1 8,297,298] . Resistance to channel inactivation 
was not observed in human MHS RyRl [ 1 9,295], though an abnormally increased 
sensitivity to calcium [295] and caffeine [ 1 9] was observed in human MHS RyR1  single 
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channels. Halothane acted directly on purified human RyR channels and increased the 
sensitivity of calcium release to activating calcium to a higher degree for MHS RyR 1 [3,4] . 
Results from human MHS RyR 1 and SR were variable, probably reflecting the 
heterogeneous genetic background RyR [ 1 9,295].  

Two studies have investigated the functional effects of specific human RyR 1 substitutions 
on muscle cell homeostasis. In the first study, cultured human skeletal myotubes derived 
from MHS individuals with the Arg 1 63Cys mutation were significantly more sensitive to 
halothane-induced SR Ca+2 release compared to cells from MHN individuals [299] . In the 
second study, skeletal muscle SR vesicles prepared from individuals heterozygous for the 
Gly2434Arg mutation demonstrated an increase in affinity for ryanodine at activating Ca+2 
concentration, increased sensitivity to the activating effects of Ca +2 and caffeine and 
resistance to inactivating Ca+2 concentrations [300] . Contrary to the porcine Arg6 1 5Cys 
mutation, the human Gly2434Arg mutation also conferred a distinct resistance to the 
inhibitory effects of calmodulin at activating Ca +2 concentrations, which could be explained 
by the close vicinity of the Gly2434Arg mutation to calmodulin binding sites [249,30 1 ]  (see 
Figure 1 -5) .  

1.12.1 Functional expression of mutated RYR1 

The functional expression of cloned rabbit RYR 1 cDNA has provided a means to assess the 
effects of RYR 1 mutations, and has provided valuable insights into the aetiology of MH and 
CCD. The porcine Arg6 15Cys mutation conferred an increased sensitivity to Ca+2 release 
induced by caffeine, halothane [207] and 4-chloro-m-cresol [302] in transfected myoblast 
(C2C 1 2) [207] and COS-7 [302] cells but had no effect on the resting Ca+2 concentration 
[207,302] . By examining the functional expression of mutant RYR1 in HEK-293 cells 
(kidney origin) , loaded with fluorescent Ca+2 indicator, Tong et al. showed that both the 
caffeine and halothane sensitivity of intracellular Ca+2 release was altered by 1 5  RYR 1 
human MH and/or CCD mutations [ 1 6] .  This provided essential evidence that RYR 1 
mutations are causative of human MH. A spectrum of sensitivity to the test agents was 
conferred by the different mutations, and results correlated well with the IVCT caffeine 
tensions [ 1 6] .  In a further study, higher resting Ca+2 concentrations were observed in HEK-
293 cells expressing CCD-mutant RYR1  compared to those expressing the MHS-mutant 
RYR1 ,  or wild type RYR 1 supporting the theory that SR of CCD muscle is "leaky" [303] .  
Functional expression of the Ile4898Thr mutation in HEK-293 cells revealed that this 
mutation produced the most leaky channels of those investigated, in keeping with the severe 
CCD phenotype associated with this mutation [ 164] . 

In summary, MHS RyR 1 has increased rates of calcium induced calcium release (CICR) and 
is hypersensitive to ligands that stimulate this process, and resistant to the ligands that inhibit 
calcium release. The increase in myocellular Ca+2 in the presence of halothane may be 
tolerated in normal muscle, but in MHS muscle could be sufficient to trigger CICR, leading 
to uncontrolled SR Ca +2 release, muscle contraction and hypermetabolism. The functional 
expression studies provide strong support for the causative role of RYR1 mutations in MH 
[ 16]. In light of this new evidence, the discrepancies often observed between the segregation 
of MHS mutations and MHS IVCT phenotype could be attributed to complex genetic and 
environmental effects that modulate both the in vitro and in vivo manifestation of RYR 1  
mutations. 
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1 . 13 RESEARCH GOALS 

Susceptibility to MH may be secondarily associated with various congenital myopathies 
[ 10] , but in the majority of cases, there are no signs of the disease outside of anaesthesia. 
Affected individuals thus lead normal healthy lives, providing the susceptibility to MH is 
recognised and exposure to triggering anaesthetics is meticulously avoided. Hence, the 
primary motive fuelling MHS research is the development of accurate diagnostic tests to 
detect in advance of anaesthesia the abnormalities that predispose an individual to MH. 

MH in NZ has an estimated national incidence of 1 per 70,000 anaesthetics. However, the 
incidence MH is much higher in Palmerston North, due to a large susceptible Maori family 
residing in the Manawatu region. This family (CH) is of particular interest, being the largest 
and most extensively clinically characterised MHS family worldwide, and contributing to 
approximately 40% of MHS diagnoses at the Palmerston North hospital. On average, one in 
every 1 30 patients presenting for anaesthesia in Palmerston North has suspected 
susceptibility to MH. 

The goal of this project was to determine the genetic basis of  MH in susceptible NZ families 
with a view to the future introduction of DNA based diagnostic tests to replace the highly 
invasive and expensive quadriceps muscle biopsy in vitro contracture test (IVCT) currently 
in use. To this end, four phases of the research project were proposed and carried out as 
follows: 

1 .  MHS subjects from 33 NZ MHS pedigrees were initially screened for the presence of 
published RYR l mutations (Chapter 3). 

2. Members of the large Maori (CH) family were genotyped for chromosome 19q markers 
flanking the RYRl gene (RFLP and microsatellite polymorphisrns). Genotype and IVCT 
phenotype data were then used in genetic linkage analysis to investigate the possible 
involvement of a RYR l defect in the MHS phenotype in this family (Chapter 4). 

3 .  After ruling out the presence of previously published mutations, and ascertaining the 
involvement of a novel RYR l defect, MHS probands of the large Maori family, and 
other NZ MHS families were screened for novel RYR l mutations. RYRl cDNA from 
MHS probands was amplified by PCR and combed systematically for heterozygous 
mutations by automatic DNA sequencing (Chapter 5).  

4. The segregation of candidate mutations with the MHS phenotype was then studied to 
explore the evidence for a causative role of novel RYR l mutations and to investigate the 
sensitivity and specificity of the current diagnostic procedure (Chapter 6). 

In addition to their diagnostic potential, it was envisaged that novel mutations predisposing 
to MH in NZ families would provide valuable insights into the intricate mechanisms that 
regulate skeletal muscle Ca+2 release, just as investigations into the excitation contraction 
coupling process are continuing to unravel the complex aetiology of the MH syndrome. 
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1. 13. 1 Role of Collaborators 

This study has involved collaboration with members of the Department of Anaesthesia and 
Intensive care; Palrnerston North Hospital where the sole IVCT testing centre for MH in NZ 
is situated. Muscle biopsy contracture testing has been conducted in accordance with the 
European protocol since 1 986, primarily by Dr. Ken Couchman (Medical research 
laboratory, Palrnerston North hospital) . Over 380 muscle biopsies have been performed in 
this t ime. A database of all suspected MH reactions in NZ has been created and susceptible 
pedigrees traced by Dr. Neil Pollock (specialist anaesthetist, Palrnerston North Hospital) and 
Dr. Ken Couchrnan, with the assistance of Mr. Rupene Waaka, a representative of the Ngati 
Raukawa ki te Tonga. The collection of blood samples from MHS pro bands and their 
family members was organised by Dr. Neil Pollock. 

1.13.2 Collection and analysis of blood and tissue specimens 

Blood samples from patients admitted for contracture testing, and their relatives have been 
collected and sent to Massey from 1 989. Between 1 989 and August of 1994, 1 30 blood 
samples were processed to extract DNA from white blood cells under the direction of Dr. 
Brian Mansfield, Molecular Genetics Unit, Massey University. DNA extraction from fresh, 
venous blood samples has continued at Massey University in the Department of 
Biochemistry and the Institute of Molecular BioSciences, under the direction of Dr. Kathryn 
Stowell. A registry of 720 DNA samples from NZ MHS families has now been established. 
The extraction of DNA form venous blood samples has largely been the responsibility of 
Ms. Danielle James, who was employed as a research technician from 1997 . In addition, 
fresh muscle tissue samples have been obtained from patients undergoing skeletal muscle 
biopsy, and stored, frozen in liquid nitrogen to enable the extraction of muscle RNA. 

Genomic DNA samples were used in a screen for published MHS mutations in individual 
RYR1 exons and for genotyping of RYR l -linked chromosome 1 9q markers. Skeletal 
muscle RN A was extracted from frozen MHS muscle specimens and used in reverse 
transcriptase (RT)-PCR to synthesise cDNA. Skeletal muscle cDNA was then used as a 
template in PCR to amplify RYR l coding sequence in overlapping segments. These 
segments were screened for the presence of candidate heterozygous MHS mutations by 
automatic DNA sequence analysis. Genomic DNA samples collected from the relatives of 
subjects identified with RYR l mutations were examined to assess the segregation of 
candidate mutations with the MHS phenotype. Procedures employed in the investigation of 
genomic DNA and cDNA for candidate MHS mutations are outlined in the following 
chapter. 
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2. MATER I ALS AN D M ETHODS 

2.1 PURIFICATION OF GENOMIC DNA 

2.1.1 Precautions for the handling of human blood. 

The following precautions were observed to minimise the risk of infection by blood-borne 
pathogens during handling o f  human blood. 

0 All personnel involved in primary processing of human blood were vaccinated against 
Hepatitis B .  

0 Gloves, facemasks, safety eye-goggles and protective clothing were worn at all stages. 
0 Blood processing was performed in a dedicated, labelled bench in the laboratory. 
0 Tubes were capped for all centrifugation steps to minimise the production of aerosols. 
0 Blood waste products and collection tubes were decontaminated in large plastic discard 

jars with a 1 %  Virkon™ solution. Decontaminated tubes were incinerated. 
0 Spills were decontaminated by applying powdered Virkon™ directly to the affected area 

for 5 minutes. The powder was then scraped in a discard container, and the area c leaned 
with 1 %  Virkon™ solution. 

2.1.2 Extraction of genomic DNA from peripheral blood 

Blood samples were obtained with informed consent from members of 33 MH families 
participating in this study. Approximately 1 5  - 30 ml blood were provided per subject, in 6 ml 
Vacutainer™ tubes coated with EDTA to prevent coagulation of the blood and DNA 
degradation. DNA was extracted successfully from blood samples that had been stored for up to 
1 2  days, however yields were significantly diminished for samples stored more than two days at 
4°C. 

Various DNA extraction procedures were employed. All procedures involved red blood cell lysis 
in a hypotonic salt solution followed by preferential harvesting of white blood cells by s low 
centrifugation. After white blood cell nuclei lysis and removal of proteins by precipitation and 
centrifugation, the DNA was precipitated from the supematant with alcohol. A sample of white 
blood cells (approximately one third of the total) was removed for long term storage at -20°C. 

The viscosity of high molecular weight genomic DNA solutions prohibits accurate DNA 
quantitation by spectrophotometric methods [304] . The quantity and integrity of the extracted, 
solubilised DNA was assessed by loading 1 111 of each sample on a 1 %  agarose gel containing 1 0  
mg/ml ethidium bromide alongside DNA concentration standards. Typically, 30-60 11g o f  DNA 
was obtained per ml of blood. DNA samples were diluted to 100-200 ng/111 for use in PCR. 

2. 1 .2. 1 Extraction of human DNAfrom white blood cells using laboratory reagents 

The initial 200 DNA samples were purified from venous blood using laboratory-prepared 
reagents according to the method of Kunkel et al. [305] .  10-25 ml of blood was mixed with three 
volumes of ice-cold red blood cell lysing solution ( 155  mM N�Cl, 1 0  mM KHC03, 0. 1 mM 
EDTA), incubated on ice for 10  minutes and centrifuged at 160X g for 10  minutes. The white 
blood cell pellet was washed in 10  ml 0.83% �CL in 1 0  mM HEPES (pH 7.0) for 1 0  minutes 
at 37°C and recovered by centrifugation at 650X g for 7 minutes. Pellets were washed with 1 0  rnl 
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0.9 % NaCl and collected by centrifugation at 5000 rpm in an SS-34 rotor for 5 minutes. A 1 .5 
rnl s ample of the resuspended pellet was transferred to a micro-centrifuge tube, and the cells 
collected by a 1 minute spin at 5000 rpm, and stored at -20°C. 

2. 1 .2.2 Preparation of DNA from white blood cells 

White blood cells from 1 0- 25 rnl of blood were resuspended in 3 .95 ml of TE (pH 8 .0), and 
vortexed thoroughly to break up any cell clumps. Cells were mixed with 500 Jll 0.5 M EDT A 
(pH 8 .0) , 50 Jll of 40 mg/ml proteinase K and 500 Jll of 1 0% SDS, and incubated with gentle 
mixing at 50°C for 3 hours. The viscous solution was mixed vigorously for 30 seconds with 2.2 
rnl of a saturated solution of NaCl and centrifuged for 10 minutes at 5000 rpm in an SS-34 rotor 
to collect the precipitated protein. DNA was precipitated from the supernatant with the addition 
of two volumes of 95% ethanol and gentle inversion of the tube. DNA appeared as a white 
strand, which was spooled out of solution with a sealed Pasteur pipette, washed in 75% ethanol 
and blotted dry on filter paper. The DNA was transferred to a 1 .5 rnl micro-centrifuge tube and 
dissolved overnight in 1 ml of TE buffer (pH 8 .0) .  Samples were stored at - 20°C. 

2. 1 . 2.3  DNA purification with WizardTM DNA extraction kit. 

DNA was extracted from 3 rnl blood with the Wizard™ DNA extraction (Promega) kit according 
to manufacturers' instructions. A scaled-down version of the protocol was used to prepare DNA 
from 300 Jll blood samples from new-born infants. 

2.1 .3  Extraction of genomic DNA from paraffin-embedded tissue. 

Paraffin-embedded autopsy spleen tissue specimens from members of an MHS family were 
obtained from the Palmerston North Hospital pathology department. DNA was extracted 
according to the method of Goelz et al [306] . 

Approximately 500 mg of the spleen tissue was frozen in liquid nitrogen and pulverised in a steel 
mortar. Crushed tissue was vortexed with 1 0  rnl of a solution containing 1 %  SDS and 1 25 Jll of 
40 mg/ml proteinase K in TE (pH 9.0) and digested for two days at 50° C. The solution was 
forced through an 1 8  gauge needle three times and extracted three times with phenol. The final 
aqueous phase was vortexed with an equal volume of chloroform and centrifuged. DNA was 
precipitated from the fmal aqueous phase with the addition of 0.33X volume of 10 M ammonium 
acetate and 2 .5 volumes of 95% ethanol followed by incubation at -70° C for two hours. The 
DNA precipitate was harvested by centrifugation at 9000X g for one hour, washed in 70 % 
ethanol, and collected with a 5 minute spin at 9000X g. The pellet was air-dried and resuspended 
in 250 Jll of TE (pH 8 .0) . 

2.2 PURIFICATION OF HUMAN SKELETAL MUSCLE RNA 

2.2.1 Collection and storage of human skeletal muscle tissue 

Vastus skeletal muscle tissue samples were obtained with informed consent from patients 
undergoing muscle biopsy at the Palmerston North Hospital for the in vitro contracture test . 
Tissue intended for future RNA extraction was frozen immediately to limit degradation by 
RNases. Approximately 1 50 mg of tissue was immersed in liquid nitrogen immediately after 
excision. Frozen samples were transferred to Massey University where they were stored in liquid 
nitrogen in sterile cryogenic 1 5  ml vials. Samples of skeletal muscle tissue from previous muscle 
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biopsies had been stored at -20° C in glass vials at Palmerston North Hospital. These were 
transferred to Massey University for continued storage at -70° C.  

2.2.2 Maximizing yields of RNA from skeletal muscle 

Skeletal muscle tissue typically contains lower concentrations of RN A compared to other tissues 
due to low cell density and the polynucleate nature of muscle tissue [307] . Furthermore, skeletal 
muscle tissue is difficult to homogenise compared to tissues such as the liver and kidney due to 
the abundance of connective tissue and contractile proteins. Yields of RNA from human skeletal 
muscle tissue (0.35  Jl.gl mg tissue) are also reportedly lower than that from other species 
investigated [307 ,308] .  Maximising yields of RN A from small samples of human skeletal muscle 
tissue was therefore critical. 

Isolation of high yields of pure, biologically intact RNA relies on denaturation of endogenous 
RNase activity and complete tissue homogenisation [309] . RNA is protected from the 
degradative action of RNases in the presence of Trizol™ solution and other organic solvents 
such as chloroform and ethanol [3 1 0] .  Tubes, pipette tips and solutions intended for the transfer 
and storage of aqueous RNA solutions were pre-treated with a 0.05 % solution of 
diethylpyrocarbonate (DEPC), a non-competitive irreversible inhibitor of RNase activity [307] . 
Tris buffers that cannot be treated with DEPC were prepared using DEPC-treated water and 
glassware. Solutions and plastic-ware were then autoclaved repeatedly to remove traces of the 
DEPC, which can inhibit subsequent enzymatic steps [309] . RNasin™ (Promega) recombinant 
ribonuclease inhibitor was used to swab pipettes and apparatus for RNA gel electrophoresis. 
RNase-free barrier pipette tips were used to resuspend RNA or aliquot RNA solutions. 

Total RNA was isolated rapidly with the Trizol™ RNA extraction reagent (Life Technologies) 
after extensive tissue homogenisation of crushed frozen tissue. The RNA extraction procedure is 
based on the single-step acid-guanidinium thiocyanate phenol-chloroform RN A extraction 
method of Chomczynski and Saachi [308] .  During sample homogenisation, the Trizol™ reagent 
maintains the RNA integrity by inactivating RNases, while disrupting cells, disintegrating 
cellular structures and disassociating nucleoprotein complexes. Addition of chloroform and 
centrifugation separates the solution into an aqueous phase and an organic phase, with RN A 
remaining exclusively in the aqueous phase. 

2.2.3 Tissue homogenization 

50- 1 50 mg samples of frozen muscle tissue were immersed in liquid nitrogen, and crushed to a 
fine powder in a cooled steel mortar designed for rock-crushing. The powdered, frozen tissue 
was transferred quickly to a weighed 1 .5 rnl microcentrifuge tube containing 1 rnl of Trizol™. 
The tube was re-weighed, and the mass of the muscle tissue calculated by difference. The 
volume of Trizol™ was adjusted to achieve a ratio of 1 rnl per 50 mg of tissue. The 
tissue/Trizol™ solution was transferred quantitatively to a 1 5  rnl round-bottom centrifuge tube 
and homogenised to a smooth consistency with an ultra-Turrax T25. 

2.2.4 RNA extraction with Trizo[TM 

The homogenised tissue/Trizol™ mixture was transferred evenly to two 1 .5 rnl microcentrifuge 
tubes and RNA extracted according to Trizol™ manufacturers' instructions. The RNA pellet was 
collected by centrifugation at 7500X g for 5 minutes at 4°C and left to air-dry after removal of 
all the supematant . One RNA pellet was re-dissolved in 25-30 rnl of DEPC -treated sterile, 
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distilled water (Superscript™ kit) by heating to 55° C for five minutes. The remaining pellet was 
stored under 95% ethanol at -20 C.  

The pure RNA precipitate dried to a translucent gel-like pellet. The Trizol™ reagent information 
advised against drying the RNA pellet to completion to aid solubilisation. However, the partially 
dried RNA pellet appeared opaque-white, and was insoluble. When re-precipitated in ethanol, 
harvested by centrifugation and dried completely to a translucent form, the pellet dissolved 
readily. Gel e lectrophoresis (see below) revealed the RNA was relatively undegraded and free of 
genomic DNA contamination. 

2.2.4. 1 Inspection of RNA purity 

The concentration and purity of the RN A was assessed spectroscopically in a 100 �1 quartz 

cuvette using 1 �1 of the RNA solution diluted l OO-fold in DEPC-treated HEPES pH 7 .6  ( 10 mM 
HEPES, 0.00 1 mM EDTA). An A26o/A2sonm absorbance ratio approaching 2.0 is expected of 
pure RNA, while ratios of less than 1 .8 are indicative contamination with protein or residual 
phenol [309] . The concentration of the RNA was calculated from the absorbance at 260nm 
assuming a concentration of 40 ug/rnl for a solution with an absorbance of 1 .0 [309] . 

2.2.4.2 Agarose gel electrophoresis for RNA 

The integrity of the RNA preparation was ascertained by denaturing gel electrophoresis. RNA 
sample buffer was prepared fresh by mixing 0. 14 rnl sterile distilled water, 0.5 rnl deionised 
formarnide, 0 . 16  rnl formaldehyde, and 0.2 rn1 5X MOPS running gel buffer ( 1  M MOPS, 250 

mM sodium acetate, 5 mM EDT A, pH 7 .0). 10 - 20 �g of RN A was mixed with 20 �1 of sample 
buffer, denatured at 60°C for 10 minutes, cooled on ice, and mixed with 2 �1 of 10 mg/rnl 

ethidium bromide and 1 �1 of loading buffer (50% glycerol, 0.4% bromophenol blue, 1 mM 
EDTA) . Two blanks were prepared containing 20 �1 of sample buffer and 1 �1 of loading buffer 
(containing 0.4% bromophenol blue and 0.4 % xylene cyanol). 

0.75 g of low EEO agarose was melted in 3 1 .25 rnl of RNase-free water. 10 rnl of hot (55°C) 5X 
MOPS running buffer was added to the agarose solution followed by 8 .8  rnl of formaldehyde. 
The gel was poured into a gel tray pre-treated with RNasin™ RNase inhibitor, allowed to set, 
then submerged in 1 X  MOPS loading buffer (made up with sterile DEPC-treated water). 
Samples were separated by electrophoresis at 100 mA for 3-4 hours in the fume hood. The gel 
was visualised and photographed under UV. 

Successful purification of high quality, intact RNA was indicated by: 
0 A lack of visible high molecular weight DNA near the well. 
0 The presence of an approximate ratio of 2: 1 between discrete ribosomal RN A 28S (- 5 

kb) and the 1 8S (- 2 kb) ribosomal bands. 
0 The presence of high molecular weight mRNA, running as a smear between the 2 

ribosomal RNA (rRNA) bands. 
0 The absence of an abundance of low molecular weight RNA species running below the 

1 8  S rRNA . 

Yields of 0.35 �g of RNA per mg of human skeletal muscle can be expected for extraction 
procedures based on the Chomczynski method [307,308] .  

3 1  



Chapter 2 Materials and methods 

2.3 STANDARD PCR PROCEDURES 

2.3.1 PCR reagents 

PCR primers were obtained from Life Technologies (Gibco BRL) "Custom Primers" service. 
Lyophilised oligonucleotides (- 50 nmol) were dissolved in sterile distilled water to 10 Jlg/Jll (or 

- 1 .6  nmol!Jll) stock solutions. These were diluted 10-fold to 1 Jlg/Jll (or - 1 60 JlM) stocks. The 1 

Jlg/Jll stock solutions were diluted as required, to 100 Jll volumes of 50 ng/Jll ( -8 JlM) or 20 

ng/Jll (-3.2 JlM) working primer solutions. Working 3 mM dNTP solutions were prepared in 1 00 
Jll volumes from stock dNTP solutions containing 25 mM of  each of dTTP, dATP, dCTP and 
dGTP, and stored at -20°C. 

2.3.2 Basic PCR protocol 

PCR reaction conditions were tailored for each primer set and are described within the relevant 

sections. Generally, 5 Jll of genomic DNA ( 100-400 ng) was used as a template in 50 Jll PCR 
reaction volumes containing 1 .5 mM MgCh, 1 X  PCR buffer, 0.3 mM dNTP' s, 250 ng (- 40 
pmol) each primer and 1 .5 U of Taq polymerase. 

A template designed to assist the preparation of standard PCR reactions and the recording of 
relevant details is presented in Table 2- 1 .  Reagents (excluding the genomic DNA template) were 
combined in a PCR reagent master-mix, to ensure uniformity of reactions, and to minimise 
opportunities for contamination. The reagent mixture was dispensed in 45 Jll aliquots into 
appropriately labelled, sterile 0.5 rn1 PCR tubes.  Diluted genomic DNA solutions (20 - 1 00 
ng/Jll) were mixed, centrifuged and dispensed in 5 Jll aliquots into each of the reaction tubes. 5 
Jll of sterile dH20 was added to the negative control tube in place of ON A. Reactions were 

mixed, centrifuged briefly and overlaid with 1 -2 drops (25 Jll - 50 Jll) of sterile nuclease-free 
mineral oil. 

2.3.2. 1 Thermal cycle 

PCR was performed with Hybaid OmnE™ or Corbett™ thermal cyders. Typical PCR thermal 
programs consisted of a 4 minute denaturation at 94°C, followed by 30 cycles of a 3-step 
program consisting of a 30 second denaturation at 94°C, a 30 second annealing step at the 
specified temperature and a 1 minute extension at 72°C. A final extension was performed at 72°C 
for 2 minutes .  Completed reactions were stored at 4°C. 

The initial annealing temperature selected was approximately 5°C below the lower calculated Tm 
for the oligonucleotide pair, as computed with the following formula [304] ; 

Tm = 8 1 .5 + 1 6.6 (log 10 [Na+]) + 0.4 1 (% G + C) - 675/n 
(Where [N a+] = the molar salt concentration of monovalent cations and n = the number of bases 
in the primer.) 
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Table 2-1 Template for Basic PCR protocol 

I PC_R Code: I Date : I I 
Primers: 
Notes: 

PCR Buffer 

MgCh 25 mM X 10 2 M 1 2  

dH20 2 1. 7 pi n+ 1 0  2 1 7  ,ul 3 M 1 3  

% 
Primer (F) 4 M 1 4  

Primer (R) 5 M 1 5  

dNTP's  6 M 1 6  

Taq Poly. 5 7 M 1 7  

DNA 8 M 1 8  

Total volume 9 M 1 9  

Aliquot per reaction 1 0  M 20 

Thermal 
Cycle: 

Example volumes are shown in grey Italics . PCR tubes were labelled with the PCR code number 
followed by the reaction number for unique identification and accurate cross-referencing. 

2.3.3 Detection and prevention of PCR contamination. 

M 

M 

M 

M 

M 

M 

M 

M 

M 

A control reaction containing dH20 in place of DNA was used in all reactions to check for 
contamination ofPCR reagents. The most likely source of contamination ofPCR is  PCR product 
generated from a previous reaction [3 1 1 ] .  The following procedures were adopted to limit the 
chance of cross-contamination. 

0 Separate work areas were assigned for pre and post-amplification steps. Dedicated 
centrifuge and pipettes, tubes and racks and bench areas were assigned for PCR. 

0 Barrier-tips were used for setting up PCR with cDNA, or dispensing PCR primers. 
0 Gloves were worn and changed between handling DNA solutions and PCR reagents. 
0 Buffers and sterile water were discarded frequently . 

PCR contamination was revealed as the presence of a band in the negative control. In the event 
of contamination, PCR reagents including buffers dNTP's and diluted primers were disposed of, 
and reactions repeated under especially sterile conditions. Alternatively, different primer sets 
(with at least one oligonucleotide outside the region encompassed by the contaminating species) 
were chosen such that the original PCR product could not act as a template. 
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2.4 PROCEDURES FOR OPTIMISIMG PCR 

2.4.1 Critical variables 

The free magnesium ion concentration, annealing temperature and DNA are critical variables 
which can be readily modified to influence the PCR specificity. Non-specific PCR priming was 
primarily addressed by increasing the annealing temperature, to favour the annealing of the 
primer to the correct target sequence over the thermodynamically less stable non-specific 
primer/template interactions. 

Excess MgCh concentrations stabilise mismatched primer/template interactions and can reduce 
Taq polymerase fidelity [3 1 2] and concentrations above 10 mM are inhibitory [3 1 3 ,3 14] .  The 
optimal MgCh concentration was empirically defined for each primer set by performing 
magnesium t itrations in the 1 .0 - 2.5 mM range (2 - 5 J!l of 25 mM MgCh per 50 111 reaction) . 
The dNTP concentration in all PCR procedures was 0.3 mM. 

Amplification of very high molecular weight DNA was improved by pippetting and vortexing 
the DNA solutions to shear the DNA into smaller fragments (< 50 kb) to aid template 
denaturation and dispersion [3 1 1 ] .  Excessive amounts of genomic DNA template were found to 
be inhibitory and lead to a high molecular weight smear of DNA extending above the amplified 
target and non-specific amplification. 

Other critical factors that shift the PCR reaction towards the accumulation of non-specific 
product include excess enzyme, excess primers, prolonged extension times and continued 
thermal cycling beyond the PCR plateau stage [3 1 1 ,3 15] .  The plateau lJhase is reached after 
approximately 30 cyc les, as the enzyme becomes self-limiting and self-annealing of synthesised 
DNA surpasses primer annealing [3 1 5] .  Continued cycling beyond the plateau phase was 
avoided where possible to minimise the preferential exponential accumulation of unwanted 
products that have not yet reached saturation. 

2.4.2 Touchdown PCR 

Touchdown PCR is a one-step procedure that can be used to avoid time-consuming optirnisation 
procedures by ensuring a competitive advantage for the target product at annealing temperatures 
below the Tm that would otherwise promote spurious amplification [3 1 6] .  The strategy involves 
incremental decreases in annealing temperature designed to bracket the melting temperature of 
the oligonucleotides [3 17] .  At stringent initial annealing temperature, priming of non-specific 
sequences is de-stabilised, and the solution is enriched for the desired PCR product. Subsequent 
cycles are performed at progressively lower annealing temperatures to increase the efficiency of 
the reaction, during w hich time the specific product is preferentially amplified. 

2.4.3 Hot-start PCR 

Primer-dimers are PCR products resulting from the self-annealing of the 3 '  ends of primers and 
compete effectively w ith the desired product. The amplification of primer-dimers and other 
products formed through mismatched annealing and extension of mixed reactions at ambient 
temperatures is minimised in hot-start PCR by withholding a vital PCR component (either MgCh 
or enzyme) until the reactions have reached the 94°C denaturation temperature. An 
antibody/polymerase preparation (Platinum Taq polymerase™) was utilised to achieve specific 
hot-start amplification of select RYR l cDNA regions. The antibody binds the Taq polymerase 
and prevents extension at ambient temperature but is released at higher temperatures to yield a 
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functional polymerase [3 1 8] .  Most hot-start procedures were performed manually, with standard 
Taq polymerase by mixing the enzyme to the PCR reactions at 94°C. 

2.4. 4  Nested PCR 

Products from an initial PCR reaction were d iluted and used to seed a second PCR reaction in 
which at least one PCR primer is internal to the original primer set to prevent the amplification 
of non-specific products. Best results generally obtained when the primary product was diluted 
111000 - 1 0,000 fold. The use of excess seeding template in the second reaction resulted in 
smeared bands due to a sub-optimal primer template ratio and concatemerisation of PCR 
products [3 1 1 ] .  Amplification o f  very dilute template solutions can result in allele amplification 
bias or amplification of PCR errors, which can give rise to false positive results in mutation 
scanning [3 1 1 ] .  Furthermore, the second round of PCR is extremely sensitive to contamination 
with the products of the first round. For these reasons, the nested PCR strategy was generally 
avoided in applications that were designed to detect novel mutations. 

2.4.5 Primer design 

PCR specificity was improved by observing particular guidelines for primer design to eliminate 
3' mismatch tolerance and primer-dimer artifacts. 

0 T nucleotides at the 3' terminus were avoided since Taq polymerase can extend from T 
mismatches [3 1 9] .  

0 Oligonucleotides with GC-rich sequence at the 3 '  termini were avoided to destabilise the 
extension frorri non-target sequences [3 1 1 ] .  

0 Regions containing polynucleotide stretches or common rnicrosatellite repeat elements were 
also avoided. 

0 Primer pairs with internal complementarily, or between-primer 3' complementarity were 
rejected to limit the formation of primer-dimers. 

0 Oligonucleotides with similar melting temperatures were selected for PCR pairs where 
possible. 

Primer selection was assisted with the use of the "Primer3" program made available by the 
Whitehead institute for Biomedical Research at the URL: http://www-genome.wi.mit.edu/cgi­
bin/primer/primer3.cgi) [320] . Optimal primer pairs within a designatfd sequence were selected 
to conform to guidelines for ideal primer design and to the user-specified criteria including 
product size range, target regions, excluded regions and maximum and minimum primer lengths. 
Potential primers were screened against human repetitive sequence elements within a Primer3 
rnispriming library. 

2.5 METHODS OF MUTATION DETECTION 

2.5.1 Restriction fragment length polymorphism analysis (PCR-RFLP). 

Mutations that destroy or introduce restriction endonuclease (RE) recognition sites for affordable 
enzymes were detected by the presence of undigested or digested DNA fragments respectively 
after RE digestion of PCR-amplified regions of genomic DNA. 

PCR 
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PCR was performed according to standard procedure in 50 J..Ll total reaction volumes. All 
components aside from the DNA template were pre-rnixed in a reagent cocktail (sufficient for 
n+ 1 reactions). PCR conditions were optimised with respect to MgCh and annealing temperature 

to generate adequate yields of discrete PCR products (Table 2-2). 5 jll of each PCR product was 
analysed on a 3% Nusieve™ agarose gel to confirm that a single product of the expected size 
was obtained and that the negative PCR control was free of contamination. 

Table 2-2 MH mutation screening by PCR-RFLP 

Mutation Base Ref. PCR primers Size MgCh T RE 
change (F I R) (bp) (mM) anneal Changed 

RYRl 

R 1 63C C487T [ 1 3] 163F-bio I 1 63R, 76 2.0 58°C -Bst UI 

163F-bio I 1 63I-R 200 2.0 56°C -Bst UI 

I403 C 1 209G [ 1 3] 403Fseq 1403R-bio 75 1 .5 58°C -Mbo i 

R552W C 1 654T [ 1 1 1 ] 552F-biol 522R 202 1 .5 57°C -Sau3A 

R6 1 4C C 1 840T [ 1 06] 614F-bio I 6 1 4R 1 32 1 .5 60°C -Rsa I 

R2 1 63C C6487T [25] 38int I 39intR 33 1 2.0 6 1 °C -Bsr BI 

R2 1 63H G6488A [25] 38int I 39intR 33 1 2.0 6 1 °C -Bsr BI 

G2434R G7297A [ 1 1 0, 1 67] 2434F 12434R-bio 2 1 0  1 .8 60°C +Dde 1 

R2435H G730 1 A  [ 1 68] 2434F I 2434R-bio 2 10 1 . 8  60°C -Hga I 

R2458H G7373A [ 1 69] 45intF I 47exR 348 1 .5 60°C -Bsr BI 

CACNLA3 

R 1 086H G3333A [33] CACNLA3.25iF - 226 1 .5 58°C +Hha i 
CACNLA3.25iR, 

+Cto i 
-bio : 5' biotinylated primer. Primer sequences are given in appendix 1 .  

Restriction endonuclease digestion and concentration of PCR products. 

20 jll of each PCR product was digested with 2-3 jll ( 4 - 9U) of the appropriate enzyme in a 50 
jll total reaction volume. 30 jll aliquots of a cocktail reagent comprising the RE enzyme, RE 1 0X 
buffer and water were dispensed into 1 .5 rnl microcentrifuge tubes containing 20 J..Ll of PCR 
product. Reactions were incubated at the appropriate temperature for · l -2 hours. DNA was 
precipitated with the addition of O. l X  volume of 3 M sodium acetate (pH 5 .2) and 2.5 volumes 
of cold 95% ethanol. Tubes were mixed thoroughly and stored at -70°C for 20 minutes. The 
DNA precipitate was recovered by centrifugation for 1 5  minutes at 4°C, washed in 70 % ethanol, 
centrifuged briefly, drained and dried under vacuum for 5 minutes. 

Gel electrophoresis 
Dried DNA pellets were dissolved in 10 J..Ll of distilled H20 and 2 jll of DNA loading dye (40 % 
sucrose, 0.05 % bromophenol blue, 0.05 % xylene cyanol) .  The entire sample was loaded onto 
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an 3-4% Nusieve™ agarose gel containing 1 X  T AE, adjacent to 8 �1 of undigested PCR product 

and 5 �1 of a DNA size marker (Gibco-BRL 1 Kb ladder). The agarose concentration and 
electrophoresis time was tailored for each RFLP with reference to Nusieve ™ product 
specifications. Electrophoresis was carried out at 80-90 V for 1 - 1 . 5  hours, stained in 0.5 �g/rnl 
ethidium bromide (EtBr) for 1 5  minutes. Gels were destained in 1 X  T AE and photographed 
under UV light. 

2.5.2 Mutation screening by direct sequencing 

2.5.2. 1 Purification of template DNA with strepatavidin-coated Dynabeads™ 

Manual dideoxy sequence analysis was used to screen for MH-linked RYRI mutations that did 
not alter RE sites. PCR was performed with one 5 '  biotinylated primer (Table 2-3) to enable 
purification of single-stranded DNA template for sequencing. PCR specificity was verified by 

analysing 5 �1 of PCR product on 3 %  Nusieve™ agarose gels . 

Dynal Dynabeads-streptavidin (20 �1 per template) were washed in 1 X  washing buffer (5 mM 
Tris.HCl pH 7.5,  0.5 mM EDTA, 1 .0 M NaCl) and resuspended in 2X washing buffer (40 �I per 
template). Dynabeads were recovered out of solution at each stage by use of a magnetic particle 
concentrator (MPC) to collect the beads to one side of the tube, allowing removal of the 
supernatant from the opposing side. 40 �1 aliquots of the prepared dynabeads were mixed with 
40 �I of each PCR reaction for 1 5  minutes to allow the dynabeads-streptavidin complex to 

selectively bind the biotinylated DNA. The beads were washed in 40 �tl of IX washing buffer. 
DNA was denatured by incubation with 0. 1 M NaOH for 10 minutes at room temperature. The 
biotinylated DNA strand was selectively purified by collecting the beads, removing the 

supernatant, and washing sequentially with 50 �I of NaOH, 40 �1 of I X  washing buffer and 50 
�1 o f TE (pH 8 .0) . Finally, the beads were recovered and resuspended in 6 )ll of dH20. 

Table 2-3 RYR 1 mutation screening by PCR/direct sequencing 

Mutation Ref. PCR primers (FIR) Sequenc ing Product [MgCh T 
primer S ize mM Anneal 

(b ) 

C35R T l03C [ 1 65 ]  RYR-C35Fbio I C35-R RYRC35Rseq 1 70 1 .5 58°C 

G248R G742A [ 1 07] 248F-bio I 248R 248Rseq 228 2 .2 60°C 

G34 1 R  G 1 02 1 A  [ 1 09] 34 1F-bio I 34 1R  34 1 R-seq 1 27 1 .5 58°C 

R552W C 1654T [ 1 1 1 ] R YR552F-bio I RYR552Rseq 1 �3 1 .8 56°C 
RYR522R 

R6 1 4L C 1 84 1T [ 1 66] 6 14F-bio I 614R 6 14Rseq 1 34 1 .5 60°C 

V2 1 68M G6502A [25] RYR38intF RYR38intF 33 1 2.0 6 1 °C 
/RYR39intR 

Primer sequences are given in appendix 1 .  
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2.5.2.2 Labelling templates for manual dideoxy sequencing 

Sequence analysis was performed using the Sequenase™ version 2.0 DNA sequencing kit. 7 J.Ll 

of the purified template (dynabead/single-stranded DNA complex) was mixed with 2 J.Ll of  
sequenase buffer and 1 J.L l  of oligonucleotide primer (0.5 pmoVJ.Ll) in  0.5 rnl tubes and heated to 
65°C for 2 minutes in 1 5  rnl test-tubes. Test-tubes were removed from the heating block and 
allowed to cool gradually to < 35°C. Labelling reaction mixture sufficient for eight templates 

was prepared by mixing 8 J.Ll of DTT, 3.2 J.Ll of labelling mix, 14 J.Ll of enzyme dilution buffer, 4 
J.Ll of 35S [dATP] 14 J.Ll of dH20 and 2 J.Ll of undiluted Sequenase version 2.0™ T7 DNA 
polymerase. 5 . 5  J.Ll of the labelling reaction mixture was added to each annealed template/primer 

mixture. Tubes were incubated at room temperature for 3 minutes. 3 .5 J.Ll of this reaction mixture 

was added to 2 .5  J.Ll of each of  four dideoxy NTP's (ddNTP) termination mix solutions, 
dispensed in 32-well microtitre plates. Reactions were incubated at 37°C for 5 minutes and 
terminated by mixing 98 % forrnamide/dye stop solution to each well. Reactions were stored at -
20°C for up to one week. 

2.5.2. 3  Preparation and electrophoresis of DNA sequencing gels 

Matched glass plates were c leaned thoroughly and wiped with ethanol. The shorter plate was 
siliconised on one side with 2% dichloromethylsilane in dichloromethane. Glass plates were 
assembled with matching spacers, and secured with a rubber seal. 80 rnl of acrylamide solution 
(6 % 19: 1 acrylamide:N,N ' -methylenebisacrylamide, 6 M urea, IX TBE ) was mixed with 250 
J.Ll of a freshly prepared 10 % ammonium persulphate solution and 80 J.Ll of TEMED to initiate 
polymerisation .  The gel was poured immediately taking care to avoid the generation of bubbles. 

Sharks-tooth combs were inserted with the flat edge against the gel and secured with bulldog 
clips. Once set, the gel was assembled into the S2 sequencing gel electrophoresis unit (BRL) . 
After pre-running the gel for 30 minutes at 65 W constant power ( 1 500V, 45 mA) in I X  TBE, 
excess urea was flushed from the gel surface and sharks-tooth combs were inserted, so that the 
teeth made small indentations in the gel surface. Labelled templates were heated for 2 minutes 

and 3 .5  J.Ll of each reaction loaded in the order AGCT. Gels were electrophoresed as before for 
1 .5 - 2 .5  hours, fixed in 7 %  acetic acid/ I 5  % methanol for I5 minutes to remove urea, drained 
and transferred to a sheet of Whatman 3 MM chromatography paper. The gel was dried for 40 
minutes at 80°C and autoradiographed overnight (up to 3 days for weak signals). X-ray films 
were developed for 3 - 5 minutes in developing solution (KODAK), rinsed, fixed for 5 minutes 
and washed well with water. 

2.5.3 Amplification created restriction site analysis (ARMS) 

Mismatch oligonucleotides were designed to selectively introduce a new RE site in the PCR 
product derived from the mutant allele to detect the A 1 565C (Tyr522Ser) mutation in preference 
to direct sequence analysis. A forward primer (RYR522F) containing a 1 bp miss-match was 
designed to direct the incorporation of a BsmAI restriction site (and removal of a Mbo II site) in 
the presence of the A I 565C mutation. After Bsm AI digestion of the PCR products (prepared 
with RYR522FIRYR522Rbio primer pair), and high-resolution agarose gel electrophoresis, the 
normal allele is represented by a I 80 bp band, while the mutant allele is cleaved to 1 66 and 24 
bp fragments. An alternate set of primers (522F-wt/RYR-R522R-Pst) was also employed, with a 
miss-match reverse primer to selectively introduce a Pst I site in the 100 bp PCR product derived 
from the mutant allele. 
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2.5. 3. 1  Single-stranded conformation polymorphism analysis (SSCP) of amplified genomic DNA 

SSCP mutation detection exploits the sequence and conformation-dependent mobility of single­
stranded DNA on non-denaturing polyacrylamide gels [32 1 ,322]. Non-radioactive SSCP was 
employed for large scale screening of genomic DNA samples for the presence of 5 novel 
mutations identified in NZ families. The method was based on that described by Orita et al. 
[32 1 ]  and Hongyo et al. [323],  modified by trial and error for each PCR product to facilitate 
discrimination of normal and mutant alleles by ethidium bromide detection. Products amplified 
from PCR reagent mixes with different buffer, MgCh, DNA or oligonucleotide compositions 
could not be reliably compared since these variables effect the stability of intramolecular 
duplexes, and the resultant SSCP profiles [324] . 

2.5.3.2 PCR for SSCP 

0 PCR was performed under standard conditions, in 25 J..Ll reactions, with 50 ng each 
primer, 0. 1 5  J..Ll of Taq polymerase (5U/J..Ll) per reaction, and 1 .5 J..Ll (50 - 1 00  ng) genomic 
DNA. Cocktail reagent mixtures containing all components (aside from the genomic DNA 
template) were prepared for up to 35 reactions at a time (sufficient for two gels) . 23.5 J..Ll of 
the PCR master mix was aliquoted into each tube containing 1 .5 J..Ll of genomic DNA (or 
water in the case of the negative control) . Three positive mutation controls were included. 
PCR conditions optirnised for the SSCP screening for each mutation (see Table 2-4) . 

0 A 3.5 J..Ll sample of each product was analysed on a 3 %  Nusieve gel to assess the 
specificity and of the reaction, leaving sufficient DNA for two 10 J..Ll SSCP analyses. 

2.5. 3.3  Preparation of SSCP gels 

0 40 rnl of 8 %  non-denaturing polyacrylamide gel solution was prepared by mixing 8 rn1 40 
% 39: 1 acrylamide:N,N' -methylenebisacrylamide, 8 ml 5X TBE and dH20 to volume. 
Polymerisation was initiated with the addition of 40 J..Ll of TEMED and 1 60 J..Ll of 1 0% 
ammonium persulphate. 

0 The gel was poured immediately into a 1 6  cm X 1 6  cm gel apparatus (Horizon V 1 5 :  1 7 , 
Life Technologies) . After removal of any bubbles, a 20 well comb was inserted, and the gel 
left to set for 30 minutes. 

0 Gel plates were cleaned to remove any spilled acrylamide, and assembled onto the 
electrophoresis unit in the cold room (4°C) .  Top and bottom reservoirs were filled with 0.5X 
TBE. 

2.5.3.4 Sample preparation and electrophoresis 

0 5 J..Ll of each PCR product was mixed with 20 J..Ll of 0.5 X TBE and 5 J..Ll of 98% 
formamide dye (98% deionised formamide, 0.25% bromophenol blue, 0.25% xylene cyanol) . 
At least 3 samples of a positive control (carrying the mutation) were prepared to be loaded at 
regular intervals across the gel. 

0 Samples were heated at 99°C for 5 minutes and cooled suddenly by plunging 
immediately into an ice/acetone bath. 5 J..Ll of one of the PCR products was mixed with 20 J..Ll 
of the 0.5X TBE and 5 J..Ll of the dye, mixed and left on ice. This sample was not denatured 
and served as a reference marker for double-stranded DNA. 

0 25 J..Ll of each sample, including the double stranded control was loaded immediately onto 
the 8% polyacrylamide gel and electrophoresed at 4°C with power limiting at 3W and voltage 
set to 280 V for approximately 3 hours and twenty minutes .  The current usually decreased 
from 1 3  mA to 9 mA during electrophoresis. 
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D After the bromophenol blue had reached the bottom of the gel, electrophoresis was 
discontinued, and the plates dismantled so that the gel adhered to the smaller glass plate. 

D The gel (adhered to the glass p late) was stained in 1 �g/ml ethidium bromide solution for 
1 0- 1 5  minutes, destained for 1 5  minutes in 0.5X TBE, and viewed under UV light. 

Double-stranded DNA migrated ahead of the single-stranded DNA on the SSCP gels. Generally 
two or more bands corresponding to single-stranded DNA were observed. Sequence 
polymorphisms were revealed by the appearance of additional bands or by the increase or 
reduction of intensity of particular single-stranded DNA bands. 

Table 2-4 PCR and gel conditions: RYRl mutation screening by SSCP 

Mutation PCR Primers size, bp [MgCh] T anneal PA Gel % ,Run 
time 

R2452W, 45iF - 7393 200 1 .5 mM 60°C 8%, 3 hrs 20 
R2454H mm 

T4826IH483 144662 - 1 OOiR 208 1 .6 mM 60°C 8%, 3 hrs 
3 Y  

G34 1 R  34 1 F-34 1 R-bio 1 34 1 .5 mM 59°C 1 2%, 4.5 hrs 

R40 1 C  40 1 iF- 403Rseg 1 85 1 .5 mM 57°C 8.5 %, 3.5 hrs 
Standard PCR programs involved of an initial 4 rnin denaturation at 94°C. followed by 30 
cycles of 20 sec denaturation at 94°C, 30 sec annealing at the specified temperature, and 1 rnin 
extension at 72°C, with a final extension at noc for 3 min. Primer sequences are given in 
appendix 1 .  

2.5.4 Automated DNA sequencing 

Members of NZ MH families identified with published (R 1 63C, G34 1 R, G2434R) and novel 
(R40 1 C ,  R2452W, R2454H, T4826I, H4833Y) RYR 1 mutations were screened for diagnostic 
purposes by direct automatic sequence analysis of PCR-amplified genomic DNA with dye 
terminator chemistry. After verification of the PCR specificity by agarose gel electrophoresis, 
PCR products were purified away from contaminants ,  including primer-dimers and amplification 
primers with Wizard™ PCR DNA purification resin and Wizard™ minicolurnns (according to 
manufacturers' instructions) . DNA was eluted in dH20 and a 1 -2 �1 sample run adjacent to a 
range of quantitation standards ( 10 - 100 ng) on a Nusieve™ agarose gel to ascertain the DNA 
purity and concentration. Primers for sequencing were diluted to 3.2 pmol/�1. Automatic 
sequencing was performed by the Massey University DNA sequencing service on an Applied 
Biosystems 377-36 automatic sequencer. 

2.6 ANALYSIS OF CHROMOSOME 19q MARKERS 

2.6. 1 Restriction fragment length polymorphism analysis (RFLP) 

Genotyping with respect to restriction fragment length polymorphisms was performed as 
described in section 2.3 . 1  for mutation detection by PCR-RFLP. Members of the Maori family 
were typed with respect to three published intragenic RYR 1 RFLP polymorphisms [ 107] (Ile 1 1 5 1 , 
Asp2729, and Ser2862) analysed by digestion of PCR-amplified regions of genomic DNA with 
Taq I, Fok I and Cfo I respectively. Digested PCR products were separated by gel electrophoresis 
using 3 %  Nusieve™ agarose. Primer sequences, optimal PCR conditions, and digest products are 
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. TI� 
presented m Table 2-5. In the case of the Asp polymorphism, a second non-polymorphic Foki 
site served as a useful internal control for enzyme activity. 

Undigested PCR products were recorded as the " 1 "  allele while cleaved fragments are registered 
as the "2" allele. Heterozygous status is indicated by the presence of both the uncut and digested 
fragments, where the intensity of the undigested PCR product representing the " 1 "  allele should 
be approximately equal to the combined intensity of each of the cut fragments derived from the 
''2" allele. Deviation from the expected relative band intensities indicated incomplete digestion 
or PCR cross-contamination. 

Table 2-5 Primers and reaction conditions for RYR 1 PCR-RFLP analysis. 

RFLP RE PCR primers (5 ' -3 ' )  [MgCh] Anneal PCR Fragment sizes 
site mM Temp. Product Allele 1 Allele 2 

Ile l l5 1  Taq I RYR 1 1 5 1 F, 1 .75 58°C 120 bp 120 bp 72, 48 bp 
RYR 1 1 5 1R 

Asp2729 Fok I RYR 2729F, RYR 1 .5 205 bp 205 bp 1 53, 50 bp 
2729RiBio 

Ser2862 Cfo I RYR2862F, 1 .5 
RYR2862R 

250 bp 149, 9 1  
bp 

105, 9 1 , 38 
bp 

Primer sequences are given in appendix 1 .  

2.6.2 Microsatellite analysis 

Members of a large MH Maori family were typed with respect to four chromosome 1 9  
rnicrosatellite repeat markers flanking the RYR1 locus. Informative markers chosen included 
dinucleotide CA-repeat polymorphisrns: D 19S220 [325,326] , RYR 1CA [327] and D 1 9S47 
[ 178,328] and the trinucleotide CAG-repeat polymorphism D 19S 190 [329] . Micro satellite 
markers were amplified by PCR on genomic DNA using 33P-labelled primers and resolved on 
denaturing 5-8% polyacrylamide gels. 

2.6.2. 1  5 /labeling of oligonucleotides with 1J3P[ATP] 

5 �1 of a 20 JlM solution of the forward PCR primer was incubated with 5 Jll of 5X forward 
reaction buffer, 2 .5 Jll of 1 0  U/Jll T4 Polynucleotide kinase and 5 Jll of y3P[ATP] ( 1 0  JlCi/Jll) in 
a total volume of 25 Jll in at 37°C for 45 minutes. The labelled primer solution was heated for 1 0  
minutes at 68°C to heat-inactivate the kinase, cooled o n  ice and stored at -20°C. The final 
concentration of the labelled primer was 4 JlM (4 pmol!Jll). The above reaction provided 
sufficient labelled primer to perform 50 ( 1 OJ.ll) PCR reactions. 

2.6.2 .2 Preparation of reference M13 sequence ladder 
An M 1 3  sequencing ladder served as a size-marker to ascertain rnicrosatellite band size for 
accurate allele assignment. M 1 3  single-stranded DNA template and -40 primer was supplied in 
the Sequenase Version 2.0™ DNA sequencing kit. The protocol was modified as follows to 
provide sufficient sequencing ladder for 10 gels. 

Primer annealing 
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5 �g of the single-stranded M 1 3  template (0.25 �g/ml) was mixed with 4 �1 of the -40 primer 
(0.5 pmol/�1) and 8 �1 of the Sequenase™ buffer in a total volume of 40 �1 in a 0.5 ml tube. The 
annealing mixture was heated for 2 minutes in 1 5  ml test-tubes filled with water at 68°C. The 
primer was annealed to the template by removing the test tubes from the heat block and slowly 
cool ing the mixture to < 35°C. 

Labelling reaction 
22 f.!l of a labelling reaction mix (comprised of 1 .6 �1 of Sequenase™ 5X labelling mix, 4 �1 of 
0. 1 M DTT, 7 �1 of enzyme dilution buffer, 2 �1 of a35S [dATP] and 1 �1 of Sequenase 2.0™) 
was mixed with  the annealed primer/template and incubated at room temperature for 2-5 
minutes. 

Termination. 
10 f.!l of each of  four ddNTP's  were dispensed into four tubes marked A, T, G and C and 
preheated at 37°C for 5 minutes. 14 �1 of the labelling reaction was transferred to each of the 
four tubes, which were mixed and incubated at 37°C for 5 minutes. Reactions were terminated 
with the addition of 16  �1 of stop solution (98% formamide, 0.25% bromophenol blue, 0.25% 
xylene cyanol) to each tube. The reactions were stable for approximately 1 month stored at -
20°C. 

2.6.2.3 Microsatellite PCR 

The protocol was adapted from a published procedure [330] , to accoiTL'Tiodate detection with 
y'3P [ATP] (in preference to y'2P[ATP] detection) . The standard protocol [330] was adjusted to 
permit more economical ( 1 0  �1) PCR volumes. A mixed primer solution containing a 2:3 molar 
ratio of the forward to reverse primer (6 �M F and 8 �M R) was prepared by diluting 3 .75 �1 of 
the forward primer ( 160 �M) and 5 �I of the reverse primer ( 1 60 �M) with 9 1 .25 �1 of sterile 
dH20. The asymmetric primer ratio compensated for the extra labelled forward primer included 
in the PCR. 

Individual PCR components and concentrations are presented in Table 2-6. A cocktail PCR 
mixture including all the PCR reagents, excluding the template genomic DNA was prepared for 
n + 10% reactions ( including the negative control), to allow for pippetting error. Up to 40 PCR 
reactions were prepared at a time. 8 �1 aliquots of the combined reaction mixture were dispensed 
into appropriately labelled 0.5 rnl reaction tubes. 2 �I of each diluted genomic DNA sample was 
added to each tube, or 2 �1 of sterile dH20 in the negative control. Tubes were vortexed, 
centrifuged, and overlaid with sterile mineral o il. 

Thermal cycles typically included a initial 3 minute denaturation at 94°C, followed by 35 rounds 
of a 3-step cycle including denaturation at 94°C for 25 seconds, annealing for 30 seconds (at the 
primer-specific temperature) and extension at 72°C for 45 seconds, followed by a fmal extension 
at 72°C. PCR primers, MgCh and annealing temperatures specific to each microsatellite marker 
are detailed in Table 2-7. Completed reactions were diluted 3-fold with 20 �1 of 98 % formamide 
stop solution (98% deionised formamide, 20 mM EDT A, 0.05 % bromophenol blue, 0.05 % 
xylene cyanol) and stored at -20°C. 
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Table 2-6 Microsatellite PCR. 

ComQonent Concentration Volume Final Concentration 
PCR buffer l OX 1 Jll IX 
MgCh 25 mM 0.7 Jll 1 .75 mM 
Sterile dH20 3 .7 Jll 
dNTP's 3 mM 1 Jll 0.3 JlM 
Combined Primers 6 J.LM F  1 Jll pmoVJll F, 

8 J.LM R  0.8 prnoVJll R 
Labelled F primer 4 JlM e3P labelled) 0.5 Jll 0.2 prnoVJll 
Taq DNA 5 U/Jll 0. 1 Jll 0.05 U/Jll 
Qolymerase 
Genomic DNA 50 - 1 50 ng/!;!1 2 !;!1 1 00- 300 ng/ 10 !;!1 

2.6. 2.4 Polyacrylamide gel electrophoresis ofmicrosatellite PCR products 

Denatured PCR products were separated on large denaturing polyacrylamide sequencing-type 
gels .  5 -8% acrylamide gel solutions (containing 6M Urea) were prepared fresh, in 80 ml 
volumes in a 200 rnl beaker, by mixing the appropriate volume of 40% 19 : 1 acrylamide:N,N' ­
methylenebisacrylamide, 8 ml of  IOX TBE, 38.4 g o f  urea and dH20 to volume. 

Polymerisation of the dissolved acrylamide solution was initiated with the addition of 250 Jll of a 
fresh 1 0  % ammonium persulphate solution and 80 Jll of TEMED. The acrylamide solution was 
poured into a glass plate sandwich (as described in section 2.3 .2 .3) .  Gels were left to set for 30 
minutes, and pre-run in I X  TBE at 65 W constant power for 45 minutes (voltage was set to 2000 
V, and current to 50 rnA). Voltage and current stabilised at 1 700 V and 38 rnA respectively. 

After flushing leached urea from the gel surface, sharks-tooth combs were inserted and clamped 
in p lace with bulldog clips to prevent leakage while loading the gel. PCR tubes (and the M 1 3  
sequence reference ladder were heated to 95°C for 5 minutes in a thermal cycler. 5 Jll of each 
sample was loaded directly off the heating block. Electrophoresis was performed with 65 W 
constant power (referring to tables outlining the migration of s ingle-stranded DNA) at varying 
concentrations of polyacrylamide relative to the dye markers to achieve optimal separation of the 
polymorphic DNA bands [304] . Gels were run for approximately 3 hours or until the 
bromophenol blue dye front had migrated approximately 3/4 the length of the gel (as described 
in Table 2-7) . 

Gels were dismantled, fixed in 5 %  acetic acid and 1 5% methanol, dried on sheets of Whatmann 
3MM blotting paper, exposed to X-ray film for 1 -3 days and developed as described for manual 
sequencing gels in section 2 .3 .2 .3 .  
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Table 2-7 PCR and electrophoretic conditions for microsatellite analysis 

Marker PCR primers Product PCR T PCR PA gel Approx. 
size range anneal [MgCh] % run time 
(b ) 

D 1 9S220 D 19S220-F/ D 19S220-R 265 - 283 57°C 1 .75 mM 5 %  3 '12 hr. 

RYRCA RYRCA-F/ RYRCA-R 266 - 278 58°C 1 .75 mM 6 %  3 hr. 

D 19S 190 D l 9S 1 90-F/ D 1 9S 1 90-R 1 1 1 - 1 17 60°C 1 .4 mM 7.5 % 2 1A hr. 

D 19S47 D 19S47-F/ D l9S47-R 88- 106 55°C 1 .75 mM 7.5 % 2 'A hr. 
Primer sequences are given in appendix 1 .2 

2.7 GENETIC LINKAGE ANALYSIS 

2. 7.1 Installing LINKAGE programs 

Versions of LINKAGE analysis program package [33 1 ,332] are available for DOS, UNIX, OS2 
and Win32 operating systems (Macintosh versions are currently unavailable .) .  The DOS and 
Window's versions of the Linkage program package (LINKAGE 5 . 1 )  were obtained by 
anonymous FTP from Rockerfeller University site (URL: ftp://linkage.rockefeller.edu/soft­
ware/linkage). 

Executable programs including (ILINK, LINKMAP, LODSCORE, LOOPS, MLINK, 
PREPLINK, UNKNOWN) are contained within the compressed gedos.zip (DOS) and gewin.zip 
(Windows platform) files. Additional linkage auxiliary programs (including MAKEPED, 
LINKLODS and the LCP batch program shell) are contained in the supdos.zip file. 

The lines FILES = 20 and DEVICE = ANSI.SYS were inserted into the config.sys file in the root 
directory to enable use of the LCP batch program. The line SET PATH = 
C:\DOS;C :\LINKAGE;%PATH% was inserted into the AUTOEXEC.BAT file in the root 
directory to ensure that the linkage directory is accessible by DOS . 

Linkage analysis requires two input files; the pedigree file, containing pedigree structure, 
genotype and phenotype data and a parameter file, describing the locus types, disease and allele 
frequencies ,  mutation rates and the genetic model. 

2. 7.2 Pedigree files 

The preliminary pedigree file was prepared with a simple text editor capable of producing ASCII 
files. One line is entered per individual consisting of eight or more fields delimited by spaces. 
Data fields were entered according to standard format: Family number, individual ID, Father ID, 
Mother ID, gender ( 1  = male, 2 = female), affection status, liability cl2.ss, allele 1 (marker 1 ) , 
allele 2 (marker 1 ) , allele 1 (marker 2), allele 2 (marker 2) and so forth for all the marker loci. 
Phenotype and marker data were entered in the order stipulated in the associated parameter file. 
Zeros were entered as placeholders for missing phenotype and marker data and in the parental 
fields for founders and unrelated spouses. 

The preliminary pedigree file is processed by the MAKEPED batch program to convert the data 
into a format appropriate for the MLINK or ILINK analysis programs. MAKEPED checks for 
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pedigree structural inconsistencies and adds a proband field and three pointer fields per 
individual indicating the frrst offspring, frrst paternal sibling and frrst maternal sibling. The 
LOOPS program is invoked by MAKEPED to identify any marriage or consanguinity loops 
within the pedigree. Any known loops were specified at the MAKEPED prompt when the 
program is first initiated. 

2. 7.3 Parameter files 

The PREPLINK program was used to generate a parameter file for the linkage analysis. 
Variables specific to the genetic model such as the number of loci and locus types, mutation 
rates, allele frequencies, disease gene frequency and penetrance were entered according to 
published recommendations [333] and are discussed in Chapter 4. 

2. 7.4 Performing linkage analysis with LCP 

The Linkage Control Program (LCP) was used to perform all linkage calculations. This program 
provides a user interface between the user and the linkage programs, and prepares a file to 
conduct multiple analyses non-interactively in batch mode. Required input files are the 
MAKEPED output pedigree file and the parameter file generated by PREPLINK. LCP 
automatically initiates the UNKNOWN program which checks for data inconsistencies such as 
non-Mendelian segregation of alleles, excludes impossible genotypes from inclusion in the 
likelihood calculations for individuals with missing data, and incorporates genotypes of untyped 
individuals that can be inferred with certainty [333] . 

2. 7.4. 1 LINKAGE programs for general Pedigrees 

MLINK was used to calculate 2-point likelihood estimates for two loci under predefmed values 
of e. ILINK was used to compute lod scores at the maximum likelihood estimate of the iterated 
parameter. The LINKMAP program is used in multipoint analysis to place a locus on a fixed 
map with user-defined loci order and e intervals. Liklihoods were calculated as the locus of 
interest was shifted through each map interval. 

2. 7.4.2 Interpreting LINKAGE output files 

Linkage results were viewed directly in the fmal.out file, or alternatively, the stream.out flies 
were converted into tabular format using the Linkage Report Program (LRP). The LINKLODS 
support program was used to manipulate the LINKMAP output file (stream.out) to compute lod 
scores and convert recombination fractions into genetic distance (cM) estimates under the 
Kosambi level of  interference. Multipoint location scores were calculated from the stream. out 
file with the LRP support program. Graphical representations of the multipoint linkage results 
were prepared with the S igmaPlot™ statistical analysis software. 

2. 7.5 Multipoint linkage analysis 

2. 7.5. 1 LINKMAP 

Multipoint analysis was performed initially with the LINKMAP program (LINKAGE 5 . 1 )  using 
the LCP interface. Memory constraints severely limited the computation of multipoint lod scores 
with LINKMAP for highly polymorphic markers [333] and imposed restrictions on the allowable 
number of loci and alleles at each loci. Alleles for the highly polymorphic markers were each 
down-coded to 4 alleles prior to running LINKMAP to conform to the MAXHAP (maximum 
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haplotypes) = 256 program constraint. To achieve this, alleles introduced by unrelated spouses 
were recoded to preserve linkage information and where possible, alleles with similar population 
frequencies were grouped. Allele frequencies for pooled alleles were adjusted accordingly in the 
parameter file. Alleles observed at the highly polymorphic D 19S220 and D 19S47 loci were each 
collapsed into four allele groups.  The integrity of each recoding scheme was checked by 
calculating 2-point lod scores. By convention, the lod scores from the recoded markers should be 
within a range spanning the original score ± 0.30 [330] .  

2. 7.5. 2  FASTLINK 

The F ASTLINK programs are modified versions of the LINKAGE executable programs that 
have improved computational efficiency. The FASTLINK (DOS) version of LINKMAP allows 
for increased alleles at each locus and is free of a number of bugs associated with the LINKAGE 
programs. Versions of FASTLINK for both UNIX and DOS operating systems are distributed by 
Rice University. FASTLINK was obtained via anonymous FTP from the site 
ftp://softlib.cs.rice.edu/pub/fastlink. It transpired that the distributed programs had been 
recompiled with a version 486 PC (DJGPP compiler) and would not run independently on a 
Pentium processor (Prof. Alejandro Schaffer, personal communication). A memory manager 
program (CWSDPMI.EXE) was obtained with the DJGPP software for compiling UNIX 
software to run on the DOS operating system (URL: http://www.delorie.com, Dr. David Duffy, 
personal communication). 

The fixed map order, recombination frequencies and intervals to be tested were defined for the 
LINKMAP and F ASTLINK programs using the LCP interface. Recombination frequencies were 
obtained from the sex-averaged CHLC chromosome 19 linkage map (version 2.0) [330,334] . The 
use of the standard LINKMAP and FASTLINK programs in multipoint analysis is described 
further in Chapter 4. 

2.8 SCREENING FOR NOVEL RYRl MUTATIONS BY RT-PC R  

2.8. 1 Synthesis of cDNA from purified skeletal muscle total RNA 

Synthesis of  cDNA from purified skeletal muscle RNA template was performed with the 
SuperScript™ pre-amplification system. First strand cDNA synthesis reaction was catalysed by 
SuperScript 11 RNase H- Reverse Transcriptase. SuperScript has been engineered from the 
MML V RT to remove the RNase activity that degrades mRNA during the reaction (SuperScript 
product information) . The enzyme has increased thermal stability and can be used at 
temperatures up to 50°C to aid extension of templates with 2° structure. 

Annealing and first-strand synthesis procedures were prepared with RNase-free barrier tips in 
DEPC-treated 0.5 m1 tubes to avoid introduction of RNase activity. Temperature shifts were 
accomplished with the use of a pre-prograrnrned Corbett™ thermal cycler. 

2.8. 1 . 1  First-strand synthesis with random hexamers. 

Random hexamers were used to prime the first-strand synthesis for amplification of the 5 '  half of 
the RYR 1 cDNA. A low ratio of  random hexamers (RH) to template was used to favour the 
synthesis of longer cDNA molecules. Four primer/RNA annealing mixtures were prepared: two 
(reactions 1 and 2) with template RNA derived from the MHS muscle specimen, and two 
(reactions 3 and 4) with RNA extracted from the MHN control muscle specimen. Reactions 2 
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and 4 served as "no enzyme" controls to screen for genomic DNA (or other template) 
contamination in subsequent PCR procedures. 

0 4-5 �g of total RNA (- 1 �g/�l) was mixed with 1 �1 of the random hexamers (50 ng/�1) 
and DEPC-treated dH20 to achieve a 1 2  �I total volume. Annealing mixtures were heated to 
70°C for 10 minutes and chilled on ice for at least 1 minute. 

0 A cocktail reaction mixture was prepared, sufficient for n + 1 (5) reactions; containing 1 0  
� I  o f  l OX PCR buffer, 1 0  �I MgCh (25 mM), 5 � I  o f  a 10  mM dNTP solution and 1 0  �I of 
0. 1 M DDT. 7 �I of this reaction mixture was added to each of the chilled, primer/RNA 
annealing mixtures from (2). Tubes were centrifuged and pre-incubated for 5 min. at 25°C. 

0 SuperScript™ II RT ( 1  �I) was added to one MHS and one MHN reaction (tubes 1 and 
3) .  Enzyme was substituted with 1 �I of sterile DEPC-treated water in the two "no enzyme" 
control tubes (2 and 4). Reactions were pre-incubated for 10  minutes at 25°C to allow primary 
extension of the annealed hexamers before incubating for one hour at 42°C. 

0 First-strand synthesis was terminated by heating reactions to 70°C for 1 5  minutes. 
Reaction mixtures were chilled on ice and collected by brief centrifugation. 

0 1 �I of RNase H (SuperScript kit) was added to each tube to remove the RNA template 
from the cDNA:RNA hybrid molecule. Reactions were incubated at 37°C for 20 minutes to 
allow RNA digestion, cooled to 4°C and stored at -20°C. 

2.8. 1 .2 First-strand synthesis using Oligo(dT) 

Oligo(dT) was also employed to prime synthesis of cDNA by hybridisation and extension from 
3' poly (A) mRNA tails .  The procedure was identical to that described for the random hexamer 
primed cDNA, apart from the following adjustments. l f..Ll of 0.5 f..Lg/f..Ll oligo(dT) t2- t 8  was used in 
place of 1 �I of random hexamers in the annealing step. The 25°C pre-incubation steps were 
omitted. A 48°C extended incubation was selected to promote synthesis through template regions 
rich in secondary structure. 

2.8.2 Amplification of cDNA for mutation screening by PCR (general method) 

2.8.2. 1  Primers for amplification of RYR1 cDNA 

Amplification of the RYR 1 cDNA was accomplished using primers provided from Professor T. 
McCarthy from the University of Cork, together with exon-based primers designed for RYR 1 
mutation analysis and PCR-RFLP. The chosen automatic sequence analysis strategy (in 
preference to SSCP or manual sequence analysis) permitted the use of larger fragments (up to 
1 800 bp) .  

2.8.2.2 Amplification of target cDNA 

The SuperScript™ kit protocol recommends the use of 10% of the first strand reaction (i.e. 2 f..Ll) 
in subsequent amplification of the target cDNA. However, optimal results were obtained using 
less than 0.5 % - 1 %  of the first strand synthesis reaction in each PCR ( 1 - 2 �I of a 1 5  - 20-fold 
dilution of random hexamer (RH)-primed cDNA, or 2�1 of a 10-fold dilution of o ligo-T primed 
cDNA). Barrier tips were used to aliquot all PCR reagents and templates to limit opportunities 
for PCR cross-contamination. 

Hot-start PCR was performed in 50 �I reactions prepared with a cocktail reagent mixture (Table 
2-8). 1 -2 �I of the diluted cDNA template was added to 48 �I of the cocktail mixture. Sterile 
dH20 was added to the negative control tube in place of  cDNA. An identical set of reactions 

47 



Chapter 2 Materials and methods 

were prepared for the "minus RT" controls. Tubes were mixed, overlaid with mineral oil and 
heated to 94°C. 0.5 Jll (2.5 U) of Taq polymerase was mixed with each of heated reactions, 
finishing with the negative controls, and thermal cycles commenced as described below. 

Table 2-8 Reaction components for amplification of cDNA. 

Component Concentration Volume Final Cone. Cocktail 
(3 reactions +) 

PCR buffer 10X 5 Jll 1X 20 Jll 
MgCh 25 mM 3 Jll 1 . 5  mM* l 2 Jll 
Sterile dH20 25.5 Jll 102 Jll 
dNTP's  3 mM 5 Jll 0.3 JlM 20 Jll 
Forward Primers 20 ng/Jll 5 Jll 2 ng/Jll 20 Jll 
Reverse Primer 20 ng/!::!:1 5 !!I 2 ng/!::!:1 20 !!I 
Aliquot per reaction 48 !!I 
cDNA template 1 1 15  dil. RH or 1 .5 Jll 0.5 % RT added to 48 Jll of 

1 1 10  dil.Oligo(dT) reaction cocktail mix 
Taq polymerase 5 U/!::!:1 0.5 !!I 0.05 U/!::!:1 addition @ 94°C 
* MgCh concentration optimised for each primer set 

2 .8.2.3 Thermal cycle 

Touchdown PCR was employed to minimise the trial and error process of PCR optimisation. A 
typical preliminary program would consist of an initial 3 minute denaturation at 94°C, followed 
by 5 amplification cycles at a stringent annealing temperature (94°C X 1 5  seconds, 6 1  oc X 30 
seconds, 72°C X 2 min) then 5 amplification cycles at a lowered annealing temperature (94°C X 
1 5  seconds, 60°C X 30 seconds, 72°C X 2 rnin). This was followed by two or three 5-cycle 
amplifications with progressively lower annealing temperatures, before continuing with 30 
repeats of a low-stringency amplification cycle (94°C X 15 seconds, 57°C X 30 seconds, 72°C X 
2 min), concluding with a final 5 minute 72°C extension and a 4°C hold. 

The negative control was scrutinised for DNA amplification indicative of contamination of one 
or more PCR reagents with template DNA. The "no RT" control was checked for amplification 
products which would indicate genomic DNA contamination of the RNA samples . In most cases, 
the amplification of genomic DNA was prohibited by the use of primers that spanned multiple 
exons. 

2.8.3 Purification of amplified cDNAfor automatic DNA sequencing 

Contaminants such as primer-dimers and amplification primers and unincorporated nucleotides 
were removed from PCR products before sequencing with Wizard™ PCR DNA purification 
resin and Wizard™ minicolurnns (according to manufacturers instructions). DNA was e luted in 
50 - 100 Jll of dH20, and larger products (> 800 bp) concentrated with a SpeedVac to 
approximately 20 Jll volumes. Purified product yields were assessed by running a 1 Jll sample of 
the solution on a standard agarose gels adjacent to a set of quantitation standards (20 - 1 00 ng) . 
Products were either diluted with dH20 or concentrated by SpeedVac to a concentration suitable 
for automatic sequencing. 400 bp - 800 bp fragments were concentrated to 20 - 50 ng/ Jll, while 
800 - 1600 bp products were adjusted to 40 - 80 ng/ Jll) . 
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2. 8. 3. 1  Gel-purification 

Where PCR reactions failed to yield discrete bands after repeated attempts, the fragment of 
interest was isolated away from contaminating PCR products, and primers by gel-purification 
from Nusieve™ agarose gel slices. The PCR product was concentrated by ethanol precipitation 
(with the addition of 0. 1 vol 3 M sodium acetate, pH 5.2 and 2 .5  vol 95% ethanol), dried, 
rehydrated and separated from contaminating products on a low melting point Nusieve™ gel, 
containing 0.5 Jlg/ml EtBr. The desired band was excised quickly from the gel with a sterile 
scalpel under UV light The agarose slice (approximately 300 mg) was melted at 70°C; mixed 
with 1 ml of Wizard™ PCR preps purification resin, and purified using a 3 ml disposable syringe 
and a Wizard™ minicolurnn as directed by the manufacturers' instructions. 

2. 8. 4 Automated DNA sequence-analysis of amplified cDNA 

Purified RYR1 PCR fragments amplified from cDNA ofMHS and :MHN were submitted 
together for automatic cycle sequence analysis with an Applied Biosystems 377-36 automatic 
sequencer with dye terminator chemistry. A 3 . 2  pmol/J..tl (- 20 ng/J..tl) solution of the appropriate 
sequencing primer (PCR primer or internal oligonucleotide) was provided. Sequence strategies 
were designed to favour the use of internal primers where possible. Sequence obtained from the 
MHS sample was compared to that of the control (MHN) and published RYR1 sequence 
(accession number J05200) [ 1 26] using the GCG 'gap' and 'pileup ' programs. 

2.9 REAGENTS AND CHEMICALS 

Speciali sed reagents used in this study are listed below, together with the name of the supplier. 
Unless otherwise stated, chemicals used in the preparation of buffers and other solutions were 
from Sigma™ chemicals, St. Louis, MO. USA 

Wizard™ DNA extraction kits were purchased from Promega Corporation, W.I , USA The 
Genomix™ DNA extraction kit was purchased from Talent, Italy. 
The 1 Kb DNA ladder, oligonucleotide primers for PCR, Trizol™ RNA extraction reagent and 
T4 Polynucleotide kinase were obtained from GibcoBRL/Life Technologies Inc. M.D, USA 
40 % 29: 1 and 1 9: 1 bis-acrylamide was supplied by BDH chemicals Ltd., England. Nusieve™ 
agarose was from FMC Bioproducts, Rockland, Maine, USA 
Dynabeads-streptavidin complex was supplied by Dynal International, Norway. 
Restriction endonucleases were obtained from Life Technologies, New England Biolabs Inc., 
M.A, USA and Promega Corporation, WI, USA 
Taq polymerase and reagents for PCR were purchased from Roche Diagnostics, NZ. and 
Promega Corporation, WI., USA 
RNasin RNAse inhibitor was obtained from Promega Corporation, WI., USA . 
Sequenase™ Version  2.0 sequencing kit was from Amersham, UK. 
X-Ray film and developing reagents were from KODAK, N.Y.  USA. 
Radioisotopes; y33P [ATP], and a35S [dATP], were purchased from Amersharn, UK and New 
England Nuclear, Dupont, USA 
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3. SCREEN ING FOR PU BLIS HED RYR1 MUTATIONS 

3. 1 APPROACH TO THE SEARCH FOR REPORTED MH MUTATIONS 

At the initiation of the project in 1 994, 8 R YR1 mutations had been reported that were linked to 
MH in North American [ 1 06, 1 07, 1 67, 1 68] and European families [ 1 3 , 1 09, 1 10] .  Linkage studies 
had revealed evidence of heterogeneity [26,27] with tentative linkage to a chromosome 1 7q 
MHS2 locus in a South African study [ 1 77 ] .  Candidates at this locus included the adult sodium 
channel SCNA4 gene and genes encoding the P 1 and y-subunits of the human skeletal muscle L­
type voltage-dependent calcium channel [ 1 77] .  However another study did not support linkage to 
the chromosome 1 7q locus [ 1 80] . Mutations had not been identified in any other genes at this 
time. 

3. 1. 1 Preliminary mutation-screening 

Five of the early reported RYR1 mutations listed in Table 3- 1  alter commercially available RE 
recognition sites and could be detected by simple PCR-RFLP analysis. Three mutations did not 
alter recognition sites for commercially available RE and were investigated by manual direct 
sequence analysis of PCR-amplified regions of genomic DNA (Table 3- 1 ). The amplification 
created restriction site (ACRS) method [3 1 1 ,335]  was also used to screen for the Tyr522Ser 
mutation. 

Table 3-1 Early R YR1 mutations and methods of detection 

Substitution Nucleotide 
transition 

Reference Method of detection 

Arg1 63Cys C487T [ 1 3 ]  RFLP (Bst UI) 
Ile403Met C 1 209G [ 1 3 ]  RFLP (Mbo I) 
Arg6 1 4Cys C 1 840T [ 1 06] RFLP (Rsa I) 
Gly2434Arg G7297A [ 1 1 0, 1 67] RFLP (Dde l or A/w NI) 
Arg2435Cys G73 0 1 A  [ 1 68] RFLP (Hga I) 
Gly248Arg G742A [ 1 07] Direct sequence analysis 
Gly34 1 Arg G 1 02 1  A [ 1 09] Direct sequence analysis 
Tyr522Ser A1 565C [1 08] Direct sequence analysis or ACRS 

PCR primer sequences are given in appendix A I .  MHS subjects from 33 NZ MH families were screened 
for 8 mutations in the RYRI gene that were known when the project was initiated. 

3. 1. 2 Screening for mutations in selected families 

Nine additional RYR1 mutations were revealed at the eighth International MH workshop in 
September 1 996 taking the total number to 1 7  at that time. Three were located in the N-terminal 
mutation region while six were clustered in exons 39, 40 and 46 ofthe central RYR1 region, as 
described in Table 3 -2. Conveniently, four of the mutations in the central mutation region 
removed recognition sites for Bsr Bl, facilitating simultaneous PCR-RFLP screening. 
Restriction endonuclease maps of genomic DNA sequence [ 1 67] surrounding each of the new 
reported mutations were generated with the GCG package to investigate opportunities for simple 
RFLP screening methods (as indicated in Table 3 -2).  The nucleotide and amino acid positions and 
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substitutions pertaining to each of the reported RYR1 mutations, and associated exon-based 
primer sequences are marked on the corrected RYR 1  sequence presented in Appendix 2 .  

In view ofthe increasing number ofRYR1 mutations and reports of genetic heterogeneity in MH 
[27,29,32, 1 77] together with the relatively low frequency of other reported mutations in NZ MH 
families, the approach to the RYR1 mutation screening was subsequently revised. Individuals 
were studied from only five relatively well characterized NZ families in which MH events have 
been confirmed by IVCT examination were screened for the new mutations. 

Table 3-2 

Substitution 

Cys35Arg 
Arg61 4Leu 
Arg552Trp 
Arg2 1 63Cys 
Arg2 1 63His 
Arg2458His 
Arg2458Cys 
Val2 1 68Met 
Thr2206Met 

R YR 1 mutations and methods of detection in selected families 

Nucleotide Reference Method of detection 
transition 
T 1 03C [ 1 65 ]  Direct sequence analysis 
G1 84 1 T  [ 1 09] Direct sequence analysis 
C 1 654T [ 1 1 1 ] PCR-RFLP (- Mbo I)  
C6847T [25] PCR-RFLP (- Bsr BI, + Bgl I1 ) 
G6848A [25] PCR-RFLP (- Bsr BI) 
C7372T [ 1 69] PCR-RFLP (- Bsr BI) 
G7373A [ 1 69] PCR-RFLP (- Bsr BI) 
G6502A [25] Direct sequence analysis 
C66 1 7T [25] Direct sequence analysis 

PCR primer sequences are given in appendix A 1 .  Cys35Arg introduced a recognition site for the Aci I 
enzyme, however several nearby non-polymorphic Aci I sites prevented simple RFLP analysis . The 

Arg552Trp mutation removed recognition sites for the enzymes Sau 3 Al, Mbo I, Nde IT, Dpn IT and Dpn 
I .  MHS individuals from 33 MHS families were screened for the Arg552Trp mutation with Mbo I. Only 

five important families were investigated for the remaining mutations. The Val2 1 68Met substitution 

introduces Nla m and Ms/ IT sites and removes a Bsg I site; however the enzyme cost prohibited RFLP 
screening. The presence of the Arg2458Cys/His mutations in 3 1  NZ MH families was later excluded by 

SSCP analysis ofexon 46, as described in Chapter 5, section 5 .6 .2 .  

3. 1.3 Screening for a mutation in the CACNLJA3 gene 

The first mutation in a gene other than R YR 1 was reported in the CACNL 1 A3 gene encoding the 
a1 subunit of the voltage dependent calcium channel [33 ] .  The G3333A transition in exon 25 of 
this gene substitutes Arg1 086 for His and removes a Cfo I (Hha I) cleavage site. Representative 
members of each of the NZ MH families were screened for the presence of the Arg 1 086His 
mutation by PCR-RFLP with Cfo I .  

5 1  



Chapter 3 Screening for published mutations 

3.2 MUTATION SCREENING BY PCR-RFLP ANALYSIS 

Susceptibility to MH has been identified in individuals from 33 NZ families. DNA was extracted 
from fresh blood samples collected from representative individuals in each family, and used in a 
screen for published mutations within the RYR1 gene [ 1 3,25, 1 06- 1 1 1 , 1 65 , 1 67- 1 69] . Several 
reports of discordance between MH and RYR1 mutations have attributed MHE and weak MHS 
phenotypes in individuals with normal genotype to the lack of specificity of the IVCT 
[ 1 0 5, 1 1 2, 1 6  7] .  Consequently, MHS individuals with the strongest muscle contracture responses 
in the IVCT from each family were preferentially selected for mutation screening. 

The genetic and IVCT details for the NZ families investigated for susceptibility to :MH and RYR1 
mutations are summarised in appendix 5 .  

3.2. 1 PCR 

PCR primers were designed to amplifY regions of genomic DNA encompassing each mutation. 
Each initial primer set included one biotinylated oligonucleotide and one internal sequencing 
primer to facilitate confirmation of any mutations by direct sequence analysis. PCR conditions 
were optimised for each primer set by varying annealing temperatures and MgCh concentration. 
Examples of the effects of a MgCh titration and annealing temperature on the yield and specificity 
of PCR reactions is shown in Figure 3- 1 .  PCR primer sequences are detailed in appendix 1 .  

3. 2. 2 RFLP digests 

The Arg1 63Cys [ 1 3] ,  lle403Met [ 1 3] ,  Arg6 1 4Cys [ 1 06], Gly2434Arg [ 1 1 0] and Arg2435Cys 
[ 1 68]  mutations remove recognition sequences for Est UI, Mbo I, Rsa I and Hga I respectively. 
In each case, DNA corresponding to the normal allele was cleaved into two fragments of 
appropriate size that permitted differentiation from any uncut material (indicative of a mutant 
allele) by gel electrophoresis. Expected fragment sizes derived from the digestion ofthe normal 
and mutant alleles for each RYR1 mutation are presented in Table 3-3. The screen for the 
Arg 1 63Cys mutation was refined with the design of a new primer set, made possible with the 
publication ofRYR1 intron sequences [ 1 60] .  PCR with the 1 63Fi-bio and 1 63 iR primers yielded a 
207 bp PCR product and larger Bst UI digest fragments that were more readily resolved by 
agarose gel electrophoresis. 

The chosen strategy for screening for the detection of the Gly2434Arg mutation differed to that 
reported [ 1 1 0, 1 67] .  The region was amplified with primers designed for the screening of the 
adjacent Arg2435Cys mutation [ 1 68] and digested with either Dde I or Alw NI. The PCR product 
encompassed an additional, non-polymorphic Dde I site that served as an internal positive control 
for enzyme activity 
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Figu re 3- 1 Effects of [Mg +2] on PCR amplification yield and specificity 

B. PCR optimisation - 2161 FIR Primer set A. PCR optimisation - 522FIR Primer set 

56°C 5 6°C 60°C T. Anneal 

1 80 

A. Amplification of a 1 80 bp product including the Y522S mutation site at varying [Mg+2] .  M =  

l kb DNA ladder. 50 J..!l reactions include 250 ng 522F and R primers, 0 .3 mM dNTP, �250 

ng genomic DNA. 5 J..!l of each reaction was loaded. E lectrophoresis: 3 %  Nusieve™ gel in I X  

T AE. Gel stained in 0 . 5  J..!g/ml EtBr, and photographed under UV l ight. 
B. Amplification of the 330 bp R2 1 63H/C mutation region with 2 1 6 1  F and 2 1 6 1  R primer set. 

Reaction conditions as for Figure A. A non-specific higher molecular weight product is 

preferentially amplified at higher [Mg+2] and annealing temperatures. 5 J.il of each reaction 

was loaded. E lectrophoresis: 3 %  N usieve™ gel in I X  T AE. Gel stained in 0.5 J.lg/ml EtBr, 
and photographed under UV light. 

Mutation 
[ret] 

R 1 63 C  [ 1 3 ]  
R 1 63 C  [ 1 3] 
I403M [ 1 3] 
R61 4C [ 1 06] 
G2434R 
[ 1 1 0, 1 67] 
R243 5C [3] 

Table 3-3 PCR-RFLP analysis of published RYR1 mutations. 

PCR Primers 

1 63F- bio - 1 63R 
1 63F-bio - 1 63I-R 
403Fseq - 403R-bio 
6 14F-bio - 6 1 4R 
2434F - 2434R-bio 

2434F - 2434R-bio 

RE site altered 

- Est UI 
- Bst UI 
- Mho I 
- Rsa I 
+ Dde I, Alw NI 

- Hga i 

Fragment size 
Normal Mutant 

allele 

76 bp 
207 bp 
80 bp 
1 32 bp 
1 30, 62 bp 

2 1 0  bp 

44, 32 bp 
1 2 1 ,  86 bp 
53 , 27 bp 
86, 44 bp 
95, 24 bp 

1 1 0 ,  90 bp 
Primer sequences are given in appendix 1 .  PCR conditions are outlined in Materials and Methods, section 
2 . 5 .  
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An inherent problem in this type of analysis is incomplete RE digestion of the PCR products.  This 
can be misinterpreted as heterozygous status for mutations that are revealed by the presence of 
undigested DNA. Digest failure was signalled by a lower than expected ratio of uncut to cut 
fragments and residual undigested DNA in the control digests. Various DNA purification 
procedures were investigated unsuccessfully to improve digest efficiency. These included micro­
dialysis, ethanol precipitation, purification with Strataclean™ resin and centricon™ spin columns. 

Substantial quantities ofboth enzyme (2-3 j.!l) and DNA ( 1 5 -25 j.!l PCR product) in 30-40 j.!l 
reaction volumes were required to achieve complete RE digestion and visualisation of small PCR 
products. The inhibitory action of glycerol and PCR reaction components prevented the use of 
small reaction volumes ( 1 5  !-!1). Samples were therefore concentrated by ethanol precipitation to 
remove salt and reduce volumes to 1 0- 1 5  !-!1, convenient for gel electrophoresis. Digest products 
were resolved by PAGE on 1 0- 1 5 % gels in I X  TBE or by agarose gel electrophoresis with 3 . 5 % 
Nusieve™ agarose. 

PCR-RFLP results for two w-IS individuals investigated for the Arg 1 63Cys, Arg6 1 4Cys, 
Ile403Met and Arg2434His mutations are presented in Figure 3-2. Both individuals display the 
digest pattern characteristic ofthe normal genotype (-/-) for the Arg6 1 4Cys, Ile403Met and 
Arg2434His mutations as indicated by complete digestion of the PCR products with Rsa I, Mbo I 
and Hga I respectively. Individual M2 1 8  (family 35)  is heterozygous for the Arg1 63Cys (C487T) 
mutation (+/-) .  This was revealed by the presence ofthe uncut 76 bp band in the Est UI digest of 
DNA derived from the mutant allele in combination with the 44 and 32 bp bands derived from 
cleavage of the normal allele. Individual M230 displays the Est UI digest pattern representative of 
the homozygous normal genotype for Arg 1 63 Cys. 

134 

87 
76 

47 
44 
32 

Figure 3.2 Screening for published RYRl mutations by PCR-RFLP 

Rl63C (BstUI) R614C (Rsal) I403M (Mbol) R2435C (Hgal) 
+I- -1- -1- -1- -1- -1- -1- -/-

U M218 M230 U M218 M230 U M218 M230 U M218 M230 

Regions encompassing RYRl mutations were PCR-amplified from genomic DNA from 

two l\1HS probands and screened for published mutations by RE diegestion. Digest 

products were concentrated by ethanol precipitation, resolved on a 3 .5% Nusieve™ gel 

in IX T AE and stained in 0 .5  J.tg/rnl EtBr. U= undigested DNA. 
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Members of 33  NZ MH families, including four representative MHS members of the large Maori 
CH family were screened for the presence of 5 ofthe early reported RYRI mutations (described 
in Table 3 . 1 )  by PCR-RFLP. The Ile403Met, Arg614Cys and Arg2435Cys mutations were not 
detected in any of the samples examined. Two mutations, Arg 1 63Cys and Gly2434Arg were 
detected in two unrelated NZ families by PCR-RFLP. 

3.2.3 Detection of the Arg 163Cys mutation in family 35 

The C487T transition that substitutes Argl 63 for Cys was detected in the DNA of a single 
proband who had survived an MH reaction upon exposure to isoflurane for repair of the ulnar 
collateral ligament ofthe left thumb. The reaction ranked five on the MH clinical grading scale 
[44] indicating MH was very likely (A clinical case report is given in appendix 6.5). The proband 
and her father were subsequently subjected to a muscle biopsy, and both were diagnosed MHS by 
IVCT with strong abnormal contracture responses to both halothane and caffeine. The 
Arg 1 63Cys mutation was also detected in the DNA from the proband's sister (M2 1 9) and her 
father (M2 1 8) by the loss of the Bst m restriction site (Figure 3-3). The mother (M220) was 
normal with respect to the Arg 1 63 Cys mutation. Both the mother and the sister ofthe proband 
have declined muscle biopsy examination. 

The presence of the C487T transition in the PCR-amplified DNA of the MHS father (M2 1 8) was 
confirmed by direct manual sequence analysis (Figure 3-4 ), and subsequently by automatic 
sequence analysis (Figure 3-5). The mutation was revealed by the presence of bands in adjacent 
lanes (Figure 3-4) and by two overlapping peaks in the automated sequence electropherogram 
(Figure 3-5), demonstrating the efficacy of both methods in the detection ofRYRl point 
mutations. 

M U 

Figure 3.3 

+/-

Detection of the C487T (Arg163Cys) mutation by PCR-RFLP 

+/-

207 bp 

1 2 1  bp 

86 bp 

Agarose gel electrophoresis of PCR 
products before (lane U) and after (lanes 1 -
4) digestion with Est Ul  restriction enzyme. 
(3.5 % Nuiseve™ gel in IXT AE, stained in 

0.5 Jlg/ml EtBr). The C487T mutation is 
revealed by the presence of undigested 207 
bp PCR product. Genomic DNA was 
amplified w ith the amplified with the 1 63 iF 
and 1 63 iR primer pair. 

Lane 1 ;  M2 1 8, MHS, positive 
Lane 2; M 1 42, MHS proband, positive 
Lane 3 ;  M 2 1 9, Not tested, positive 
Lane 4, M 220, Not tested, negative. 
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F igure 3-4 Manual sequence analysis of the C487T (Arg1 63Cys) mutation 

.. 

Mutant Normal The C487T mutation was confirmed in the 

A G C  T A G C T G 
amplified genomic DNA of MHS individual 
M2 1 8  (left) by direct solid-phase sequence 

G 
analysis. The normal sequence is displayed 

G 

c by his spouse, M220 (right). Arrows 

c indicate the position of normal and mutated 
A nucleotides. 
G 

G The biotinylated 207 bp PCR product 
c generated by PCR with the 1 63Fi-bio and 
G 1 63Ri primer pair. Sequencing was 
c performed with the reverse PCR primer 
A 

(antisense strand is shown). Sequencing 
A 

reactions were resolved by 7% denaturing 
c 

c PAGE in l XTBE, at 60W (constant 

c power). 

c 

Figure 3-5 Automated sequence analysis ofthe C487T (Arg1 63Cys) mutation 

G A T G T C A T C C C  C A A C G C fAl G A C C T T T T C T C C T T 
90 '-! 00 1 1 0 A Mutant 

* 

h { �� · � 
'l 

� fl� A I � ·� � 1\A ( 
'\ '.1 .,..., A h -/>. /'. 

G A T G T C A T C C C C A A  C G C G G  A C C T T T T C T C C  T T  
____________ 9_0 ______________ 1 0_0 ______________ 1_1 0 _____ B. Normal 

Direct sequence analysis of the 207 bp PCR product amplified with the 1 63Fi-bio/ 1 63iR primers. 

Sequencing reactions were primed with the reverse 1 63iR PCR primer. PCR products were purified using 
the Wizard™ PCR preps purification system and sequenced with an ABI-377- 1 8  automatic sequencer 
using dye terminator chemistry. The mutation is indicated with an asterisk. A: MHS individual M2 1 8  (+/-). 
B: Individual M220 (-/-). 
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3.2. 4 Segregation analysis of the Arg163Cys mutation in family 35 

The RFLP and sequence analysis indicated that the proband and her sibling had inherited the 
Arg1 63Cys mutation paternally, in keeping with the IVCT diagnosis of MHS in the father. The 
father has one brother (M280) who was normal with respect to the Arg1 63Cys mutation. Both 
paternal grandparents of the proband are deceased and post-mortem DNA samples from these 
individuals were not available. 

In an attempt to identify the origin of the mutation, DNA was isolated from the blood of 32  
extended relatives ofboth paternal grandparents and screened for the mutation by PCR-RFLP as 
described. Individuals from the extended pedigree screened for the Arg1 63Cys mutation are 
indicated in Figure 3-6. One of the paternal grandparents is ofDanish descent, and there may be 
some familial link to a Danish kindred in which the Arg1 63Cys mutation has been reported 
[ 1 3,336] . However, a link between this NZ family and MH families on the Danish MH register 
could not be established (H. Ording, personal communication). The sole surviving sibling of the 
paternal grandfather tested negative for the mutation. Eight fourth-generation offspring of four 
other siblings also tested negative. DNA from descendants of the remaining eight siblings was not 
available. Distant cousins of the paternal grandfather; M358  and M295 were both normal. 

All relatives of the paternal grandmother were also negative with respect to the Arg 1 63Cys 
mutation. Tested individuals included two surviving siblings of the paternal grandmother and eight 
representative offspring of three other third generation siblings. Further analysis was limited by 
the availability of DNA samples, thus the presence of the mutation can not be ruled out in other 
extended family members from either side of the family. 

There is no history ofMH in family 3 5  aside from the single MH reaction in the proband (M l 42). 
The mutation may have occurred de novo in the father of the proband (M2 1 8) or in the previous 
generation. A segregation analysis was performed using a panel of chromosome 19q markers 
flanking the RYRI locus in an attempt to trace the affected RYRI haplotype within the immediate 
family of the proband. DNA samples were genotyped for the RYRI gene rnicrosatellite 
(RYRI CA) [327], three RYR1 intragenic RFLPs (RYR-RFLP3) and RYRI linked rnicrosatellites 
D l 9S220 [325,326], D l 9S 1 90 [329] and D 1 9S47 [328], as described in Chapter 4 (section 4 .6) .  

The identification of a common chromosome 1 9q pattern shared by individuals with and without 
the C487T mutation would support the occurrence of a de novo mutation in the father ofthe 
proband. An analysis ofthe chromosome 1 9q markers indicated that the mutation coincided with 
the inheritance ofthe 7- 1 - 1 - 1 -8 haplotype, which was shared by both the MHS father (M2 1 8) and 
his daughter (M2 19), as presented in Figure 3 .6.  Insufficient DNA from the proband (M1 42) was 
available to include this individual in the analysis. A paternal uncle of the proband (M280) who 
was diagnosed negative for the mutation has also inherited the 7- 1 - 1 - 1 -8 haplotype. The 
occurrence of the putative disease-linked 7- 1 - 1 - 1 -8 haplotype in both the affected (M2 1 8) and 
unaffected (M280) brothers would suggest that the C487T transition has occurred de novo in the 
father of the proband. However, because the haplotypes could not be ascertained for the deceased 
grandparents, the possibility that the two brothers (M2 1 8  and M280) have inherited the same 7- 1 -
1 - 1 -8 pattern from different parents cannot be excluded. Thus, the source of the Arg 1 63Cys 
mutation in this pedigree can not be defined. 
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Fi!wre 3.6 Segregation of the R l 63C mutation in familv 35.  

22 22 22 22 1 2  1 2  22 22 
5 6  

�: 1 1  
1 1  1 

Nonnal genotype, not tested by IVCT I 2 2 2 
4 3 4 

Heterozygous for C487T (RJ63C) Mutation, MHS 

Heterozygous for C487T (Rl63C) Mutation, 
Not tested by I VCT 

7 
1 
1 
1 
8 

0198220 
RYR.RFLP3 
RYRCA 
0198190 
019847 

22 22 

Partial pedigree of family 35 ,  indicating representative famil ies with members tested for the Rl63C  mutation by PCR-RFLP. 
and haplotype analysis with chromsome 1 9q markers. DNA identification numbers are shown within symbols. The proband 
(indicated with an arroW) suffered a fulminant MH crisis and together with her sibling, inherited the mutation ( 12) paternally. 
All tested relatives (22 genotype) and their offspring (22) are normal with respect to the R l 63C mutation. 
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3.2. 5 Detection of the Gly2434Arg mutation in family 5 

A RYRI mutation that substituted Gly2434 for Arg [ 1 1 0, 1 67] was revealed in a single NZ 
pedigree by the introduction of a restriction site for the enzyme Dde I (Figure 3-7). Automatic 
sequence analysis of the region amplified from genomic DNA of an MHS individual confirmed the 
G7297 A mutation was identical to that reported previously (Figure 3 -8). Sequence was compared 
to that from an MHS individual from the CH family who had previously tested negative for the 
Gly2434Arg mutation by PCR-RFLP. Sequence analysis indicated both individuals were normal 
with respect to the adjacent Arg2435 His mutation, confirming the results of earlier Hga I RFLP 
analysis. A silent C to A mutation was detected in intron 45 sequence from the MHS CH family 
member (M22 1 ) . This polymorphism did not alter any recognition sites for any commercially 
available restriction enzymes. 

Figure 3-7 

1 83 bp 

PCR-RFLP detection of the Gly2434Arg mutation in Family 5 

1 1 8 bp (common) 

83 bp (Mutant) 
65 bp (common) 

35 bp (Mutant) 

Detection of the G7297 A (G1y2434Arg) mutation with IVCT phenotype in members of family 5 by the 

introduction of a cleavage site for Dde I .  Normal alleles are cleaved into two 1 1 8 and 65 bp fragments . The 

G730 1 A  mutation is revealed by further digestion ofthe 1 1 8 bp fragment into 83 bp and 35 bp . 

Electrophoresis: 3 .5% Nusieve™ gel in I X  TAE. 20 f.!l of each PCR product was digested with Dde I .  The 

entire volume was concentrated by ethanol precipitation, redissolved in 1 0  f.!l of buffer and loaded onto the gel . 
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Figure 3-8 Confirmation of the Gly2434Arg mutation by automated DNA sequence analysis 

Mutant sequence (M330, Family 5) lntron sequence 

C G R C C T G C T e §) G A C G C T G T G C C C C T G R G C C A G G G C A G G A T G G 

G7297A 

* 

Normal sequence (M22 1 ,  Family CH) 

C G A C C T G C T C @J G H C G C T G T G C C C C T G fl G C C fl G G G � F G G A T G G 

Electropherogram, confirming the presence of the G7297 A mutation (Gly2434Arg) in 
amplified genomic DNA from M HS member of family 5 (M330, top left). The normal 

sequence, shown for comparison was derived from an MHS member of the C H  family 

(M22 1 ,  bottom left). A silent C to A polymorphism located individual 20 bp into intron 
45 sequence was detected nearby in the sequence from this individual (M22 1 ,  bottom 

right) . PCR primers; 2434F/2434R. Sequencing primer: 2434F-seq . Sequencing 
performed using an ABI-377- 1 8  automatic sequencer with dye terminator chemistry. 

3. 2. 6 Segregation of the Gly2434Arg mutation in family 5. 

The proband (M3 1 7) was a 1 5  year -old male who suffered an MH episode whilst undergoing 
emergency surgery for a broken leg. A clinical case report is given in appendix 6 . 3 .  Extended 
family members were screened for the Gly2434Arg mutation by PCR-RFLP with either Dde I or 
Alw NI. The mutation was not detected in the DNA of 8 individuals diagnosed MHN or MHE(h). 
7 MHS family members and one obligate carrier displayed the RFLP pattern indicating 
heterozygous status for the Gly2434Arg mutation. Thus, the mutation segregated with MHS in 
this pedigree, consistent with a causative role in the MH syndrome. 
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The association between the mutation and the MHS phenotype was assessed statistically by 
conducting genetic linkage analysis. LINKAGE 5 . 1  program parameters included a disease and 
mutation allele frequency of 0.000 1 and 0.000 1 respectively, a mutation rate of 0.0000 1 ,  a 
phenocopy rate of 0 .0 1 and 0 .99 penetrance ofthe disease allele. 

Theoretical and practical aspects of genetic linkage analysis are discussed in Chapter 4. A 
pairwise linkage analysis of the pedigree summarised in Figure 3 -9 generated a lod score of 2 .86 
(8 = 0) for linkage of MHS to the RYRI mutation locus, consistent with a causative role for the 
Gly2434Arg mutation in MH in this kindred. MHE(h) individuals who recorded normal (<0.2 g) 
IVCT contracture responses to 2 mM caffeine and contracture responses to 2% halothane in 
excess of the 0.2 g threshold were entered as "status unknown" in the linkage calculations. When 
the affection status of the four individuals with MHE IVCT responses was changed to the 
"normal" ( 1 1 )  phenotype, the support for linkage increased to a maximum lod score of 3 .32  at 
e = o. 

The caffeine test data correlates more closely with the Gly2434Arg genotype than does the 
halothane test data. Of the seven subjects examined by muscle biopsy who were negative for the 
mutation, only one registered a response to the 2 mM caffeine test (0. 1 5  g) . This individual 
(M 1 1 0) was initially diagnosed MHS, and was screened for the presence of the eight early RYR1 
mutations, including the Gly2434Arg mutation before DNA samples from definite MHS family 
members were available. This finding reinforced the importance of selecting individuals with the 
strongest contracture responses from families undergoing mutation analysis .  

Several factors support a causative relationship between the Gly2434Arg mutation and MHS in 
this family. These include: 1) reports ofthe mutation in at least nine other MH families 
[ 1 1 0, 1 6 1 ,  1 67], 2) the strict conservation of the residue across all known sequences of the 
ryanodine receptor gene family (Chapter 6, Figure 6 .7B), 3) evidence from biochemical studies 
supporting a causative relationship with MH [300] and 4) Complete eo-segregation of the 
Gly2434Arg mutation with MHS in the family 5 .  
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3. 2. 7 Screening for further R YRl mutations by PCR-RFLP in key families 

Members of four key NZ families were screened for the Arg552Trp mutation by direct sequence 
analysis and probands from 25 families were examined by PCR-RFLP analysis with Mbo I. None 
of the DNA samples from MHS individuals displayed the expected sequence profile or RFLP 
pattern characteristic of the Arg552Trp mutation. 

Repeated attempts to amplify exon 39 to search for the Arg2 1 63Cys, Arg2 1 63His mutations and 
V al2 1 68Met mutations with the 2 1 6 1  F and 2 1 6 1  R intron-based primers failed to generate discrete 
products. A product of the expected size was eventually amplified with the use of a touchdown 
PCR cycle (annealing temperature varied from 5 6°C to 54°C) under stringent conditions ( 1 .25  
mM MgCh) as  demonstrated in  Figure 3- 1 .  The use of more stringent annealing temperatures 
unexpectedly enriched the reactions for a non-specific, higher molecular weight product. The 
Arg2 1 63Cys mutation introduces a site for Bgl II and removes a BsrBI site. One MHS member of 
the CH family screened for the Arg2 1 63Cys mutation by PCR-RFLP with Bgl II displayed the 
pattern expected of the normal genotype (no Bgl II digestion). A Bgl II digest of a 1 34 bp DNA 
fragment known to contain a Bgl II site was included as a positive control for enzyme activity 
(Figure 3- 1 0  B). 

An alternative set of primers was designed from published intron sequences (3 8int286F and 
39int6 1 6R) [ 1 60] to amplify exon 39 .  A search for the Arg2 1 63Cys or Arg2 1 63His mutations in 
regions of amplified genomic DNA from four key families was accomplished by BsrBI digestion 
of the resultant 3 3 1  bp product. The involvement of the V al2 1 68Met in the large Maori CH 
family was excluded by direct sequence analysis of exon 39, amplified from the DNA of a 
representative MHS individuals with the new primer set. This site was not investigated in other 
MH families due to the difficulties in obtaining pure PCR products, and the expense associated 
with DNA sequencing. 

The Arg2458Cys and Arg2458His mutations in exon 46 were investigated by PCR-RFLP with 
Bsr BI . The initial primer set was designed from intron 45 and 46 sequence (2456F, 2456R) 
submitted to Genbank [ 1 60], (accession number, U48477). Repeated amplification attempts failed 
to yield a discrete product of the expected size. A second primer set designed from intron 45 
(RYR45intF ) and exon 47 sequences (47exR) successfully amplified a product ofthe appropriate 
size. According to the published sequence, the resultant PCR product should have been cleaved 
by Bsr BI into two 1 55 bp and 1 93 bp fragments in the absence of the Arg2458His/Cys 
mutations. However, the Bsr BI digest unexpectedly resulted in three fragments of 1 55 bp, 1 1 5 bp 
and 78 bp, consistent with the presence of an extra BsrBI cleavage site (Figure 3 - 1 0  A). 

Exon 46 oftheRYR1 gene was subsequently amplified from an MHS DNA with the 45int(6 1 6)F 
and 47exR primer set and examined by automated sequence analysis. This revealed a number of 
discrepancies between the submitted sequence [ 1 60] and the actual sequence (Figure 3 - 1 1 ) .  The 
errors in the original sequence encompass the original reverse primer binding site, explaining the 
failure of all PCR attempts employing the 2456R oligonucleotide. In addition, the corrected 
sequence contained an extra, non-polymorphic Bsr BI cleavage site, in agreement with the 
observed RFLP digest results .  The BsrBI digest pattern was consistent for samples investigated 
from five unrelated families. This confirmed that the sequence discrepancy was the result of errors 
in the published intron sequence. The sequence discrepancies may have resulted from a series of 
compressions in the original manual sequencing that are usually resolved by automatic DNA 
sequence analysis [330] .  
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Compression artifacts may have resulted in errors in other published RYRl intron sequences. If 
so, PCR with primers designed to anneal to intron sequences may be particularly problematic. The 
difficulties encountered during the amplification of exons 39 and 40 with intron-based primers 
may have been related to further sequence errors, although this has not yet been confirmed by 
automatic sequence analysis. 

• 

• 

Figure 3-1 0  PCR-RFLP screen for Arg2458His/Cys and Arg2 1 63Cys mutations 

A. PCR-RFLP analysis of Arg2458His/Cys 

mutations with Bsr BI 

BsrBI digests (exon 46) 
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B. PCR-RFLP analysis of Arg2163Cys 

mutation with Bgl 11 

Bgl 11 digest (exon 39) 

1 34 bp 

73 bp 
6 1  bp 

u 

33 1 bp 

A. The 359 bp products were amplified from genomic DNA with RYR45intF and RYR47exR primers, 
digested with BsrBI, concentrated and separated on a 3% Nusieve gel in I X  T AE (stained with 0 .5  
f.Lg/rnl EtBr) . The Arg2458Cys/His mutation would be detected by the removal of a Bsr BI site and 
the appearance of a 274 bp fragment (cleaved in the normal sequence to I 5 6  and I I 8 bp fragments) . 
All four individuals are normal with respect to these mutations. U = uncut DNA. M = I kb DNA 
marker. 

B. RFLP analysis of the Arg2 I63Cys mutation site. Digested PCR p roducts were concentrated and 
separated on a 3 .5% Nusieve™ gel in I X  T AE (stained in 0 .5  f.Lg/ rnl EtBr). The C6487T 
(Arg2 I 63Cys) mutation would be revealed by Bgl I I  digestion of the 33 I bp PCR product into 234 bp 
and 97 bp fragments .  DNA amplified from a MHS individual from the CH family with the 
RYR38intF arid RYR39intR primer set (lane 4) is not cleaved by Bgl II (lan�i' 5), in'(i,icating normal 
Arg2 I 63 genotype. The Bgl ll digestion of a 1 34 bp PCR product (amplified with the 6 I4F and 6 I 4R 
primer pair), into 73 and 6 I  bp fragments served as a positive control for enzyme activity. 
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Published 
Corrected 

Published 
Corrected 

Published 

Corrected 

Published 
Corrected 

Figure 3-1 1  Detection of errors in intron 46 published sequence 

Exon 46 y TCATCAGCCT CCCACTGCAG ATTCCCACCC TGGGCAAAGG 
TCATCAGCCT CCCACTGCAG ATTCCCACCC TGGGCAAAGG 

ATGGAACTTG GCGAAGGAGT GATGCT�G . . [iG.GA. C . GC 
ATGGAACTTG GCGAAGGAGT GATGCTGGGG AGGGAlCGGC 

. GGCATCCCC GAACCCACCC 
GGGCATCCCC GAACCCACCC 

CCAAAGATGT CAGCATCC 
CCAAAGATGT CAGCATCC 

BsrBI 

Exon 4 7  
TCCCTGCCTG CAGAT�GGGC 
TCCCTGCCTG CAGATGGGGC 

Intron 46 

TGCAGA . GGG 1 1 9 8  
TGCAGAGGGG 1 1 9  9 

IG�. TCC�CA 1 2 5 2  
TGGGTCCGCA 12 4 9 

Intron 46 

TCTGGTGCAG 12 9 1  

TCTGGTGCAG 12 9 9  

Published sequence for intron 46 as submitted by Phillips et al., 1 996 (Genbank accession number; 

U48477) . Corrected sequence was determined by automatic sequence analysis of a PCR product generated 

with primers complementary to intron 45 and exon 47 (RYR45intF, RYR47exR). Nucleotides are 

numbered according to the original submitted sequence encompassing exons 44-4 7. The position of the 

RYR47exR reverse PCR primer is underlined with a single line. The location of the original reverse primer 

(2456R), complementary to the published sequence is indicated with double lines . Seven errors in the 
published sequence in this region can account for failure of PCR reactions with the 2456R primer. The 

corrected sequence results in an extra recognition site for Bsr BI (GAGCGG), explaining the unexpected 

fragmentation pattern generated in the Bsr B I  RFLP analysis of the Arg2458Cys/His mutations .  

3.2. 8 Screening for the Tyr522Ser mutation using amplification created restriction sites 

The Tyr522Ser mutation, resulting from an Al 565C transversion in exon 1 4  ofRYR1 was 
detected in a single French MH pedigree in association with central core disease [ 1 08] .  The 
mutation was initially reported at a MH workshop in 1994, and a screen for this mutation in NZ 
families was developed before publication of the mutation [ 1 08] .  The A l 565C mutation did not 
alter any naturally occurring restriction sites, excluding simple RFLP analysis as a method of 
detection. The amplification created restriction sites method (ACRS), as depicted in Figure 3 - 1 2  
was investigated as an alternative t o  manual sequencing. 

A forward primer was designed to anneal immediately upstream of the mutation site with a 
mismatched nucleotide at the 3' end such that amplification of the target sequence would direct 
the incorporation of a Bsm AI recognition site exclusively in the presence of the Al 565C 
mutation. The reverse primer was positioned to yield a 1 00 bp PCR product to enable 
electrophoretic separation from the 76 bp RE digest product that would be generated in the 
presence of the mutation by cleavage at the 3' end of the mismatched oligonucleotide. Primers 
were designed from the RYR1 cDNA sequence (Genbank accession number; J05200)[ 1 26] .  
Exon!intron boundaries were tentatively assigned to the human sequence based on the partial 
structural organization ofthe porcine RYR1 gene [Brenig, 1 992 #1274] . The resultant 1 80 bp 
PCR product encompassing the A1 565C mutation was 80 bp larger than anticipated due to the 
presence of an intron within the target region. This was confirmed by direct, manual sequence 
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analysis of the region amplified with the 522F and R primers and (and subsequently by a published 
report of the Tyr522Ser mutation [ 1 08]). 

To test the efficacy of the ACRS method, a primer set was designed that introduced a Fokl 
recognition site in the amplification of both the normal and mutant alleles. The successful primer­
directed incorporation of a F oki site resulted in cleavage of the 1 80 bp PCR product into 
fragments of 1 47 bp and 3 3  bp. The 1 80 bp fragment was readily resolved from the 147 bp digest 
product by Nusieve™ agarose gel electrophoresis (Figure 3- 1 3  A). Since this method of detection 
was clearly successful, representative DNA samples from 32 NZ families were screened by Bsm 
AI digestion of a 1 80 bp product amplified with the primers designed to incorporate a Bsm AI site 
in the presence of the Tyr522Ser mutation. None of the 3 0  samples investigated displayed the 
pattern expected for the digestion of the amplified mutant sequence. Enzyme activity was assessed 
by the digestion of a 3 00 bp PCR product known to contain a Bsm AI cleavage site (data not 
shown). 

DNA from an individual harboring the Tyr522Ser mutation was not available to act as a positive 
control, to ensure the detection method worked and that the Bsm AI enzyme cleaved the PCR 
product at the introduced recognition site. To guard against the possibility that the Bsm AI ACRS 
procedure was not effective, an alternative mismatch ACRS scheme was devised to provide an 
internal positive control for enzyme activity. A reverse mismatch primer was designed to 
introduce a mutation-specific Pst I site in a 145  bp product, in addition to a forward mismatch 
primer that incorporates a non-polymorphic Pst I site to act as an internal control for Pst I activity 
(Figure 3 - 1 2  C) .  However, the presence of multiple mismatches in both primers was found to 
compromise PCR specificity. Successful amplification required a primary amplification with a 
complementary forward primer (522F-wt) in conjunction with the mutation-specific mismatched 
reverse primer (522R-Pst 1 ), followed by secondary amplification ofthe resultant product with 
both mismatched primers (522Pst and 522R-Pst).  Interpretation of the Pst I digest product was 
complicated by the presence of non-specific PCR products and incomplete digestion. 
Nevertheless, resolution of the digest products by non-denaturing PAGE indicated a Pst I site had 
been successfully introduced by the forward primer Figure 3 - 1 3  B). The absence of a second Pst I 
site in the reverse primer region was consistent with the expected profile for homozygous normal 
genotype. Due to difficulties in obtaining pure PCR products, this approach was restricted 
screening the DNA samples from the Maori CH family (M9 1 ), the CCD pedigree (M1 8 1 ,  family 
94) and one MHN control (M69) . Both MHS and CCD DNA samples exhibited the RFLP pattern 
characteristic of the homozygous normal A1 565 genotype. 
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Figure 3-12 Screening for the A 1 564C (Tyr522Ser) mutation by ACRS 

A. PCR with mismatch 522F primer to introduce mutation-specific BsmAI site 

BsmAI site 
BsmAI Digest 

Mutant product 5 ' GGAAAGAGATTGTGAATCTTGTCT£tgaac ... 1 56 + 24 bp products 

Normal product 5 ' GGAAAGAGATTGTGAATCTTGTCT�tgaac ... 180 bp product 

No BsmAI site 

B.  PCR with RYR522- Fokl primer t o  introduces Fokl site in both products) 

PCR product 5 ' GAAAGAGATTGTGAATCTTCTGGATGaact ........ . Fokl Digest 

Fokl recognition seq (9/ 13)  1 47 + 33 bp product 

C. Secondary PCR with mismatch 522F -Pst and 522R-Pst primers to introduce one common 

Pstl site and a mutation specific Pstl site in the reverse primer 

Mutant PCR product Pstl site Mutation-specific Pstl site Pstl Digest 

5 ' CTCTCCATGGTCCTGAACTGCAGAGACCG ......... cTGCAGTCCTAG_f:r'AGGGGTCCAGTCC 3 ' 1 0 1  + 2 2  
mtron sequence + 2 2  bp 

Normal PCR product 

5 ' CTCTCCATGGTCCTGAACTGCAGAGACCG ......... aTGCAGTCCTAGGTAGGGGTCCAGTCC 3 '  123  + 22 bp 

Pstl site 

RYRR522R-Pst Reverse primer -introduces Pstl site in mutant product 

5 ' GGACTGGACCCCTACCTAGGACTGCA 3 '  

Scheme for detection of Y522S mutation by the mutation-specific incorporation of a site for Bsm AI 
(A) or Pst I (C). The efficacy of this method was demonstrated by the primer mediated introduction 
of a common Fok I site (B). Primer sequences are displayed in large caps with mismatched 
nucleotides in bold. The mutation site is underlined. Expected RFLP digest products for the amplified 
normal and mutant seauences are indicated. 
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Figure 3- 13  A screen for theTyr522Ser mutation using amplification-created restriction sites. 

A. 

1 80 bp 

1 47 bp 

B. 
_.-.._ 

g 
- -o  
00 0 ..... ..... 
:E c. - �  

145 bp 

1 23 bp 

NS 

NS 

A. Separation of Fokl digest products on a 3 .5 % Nusieve™ gel, in I X  TAE (stained in 0 .5  �-tg/ml EtBr). 
M = 1 kb DNA ladder. U = Uncut DNA. The primer-directed introduction of a Fok I site by 
amplification with the 522F-Fok - 522Rbio primer set, followed by Fok I digestion results in the 

cleavage of the 1 80 bp PCR product into fragments of 1 47 bp and 33 bp (not visible) in the presence of 

the normal allele. 

B. Separation of Pst I digest products on a non-denaturing, 1 6  X 1 6  cm 1 4% polyacrylamide gel. The gel 

was electrophoresed in 1 X  TBE for 8 hr, at 1 50 V and stained in 0.5 �-tg/ml EtBr. M (left) = 25 bp 

DNA ladder. M (right) = 1 kb DNA ladder . U = uncut DNA. 
Lanes 1 ,3 and 4:  Pst I digest of PCR products amplified with the 522F-Pst and 522R-Pst primers 

designed to introduce both a common Pst I site with the forward primer and a mutation-specific Pst I 
site with the reverse primer. The generation of a single cleavage product is consistent with normal 
genotype at the Tyr522Ser mutation site in three individuals M l 8 1  (CCD), M9 1 (MHS) and M69 

(MHN). NS = non-specific PCR products. 

Lane 2: Pst I digest of product generated with normal 522F-wt forward primer and the 522R-Pst 

mutation-specific reverse primer. The absence of digestion of the 1 45 bp PCR product by Pst I was 

consistent with the homozygous normal A l 565 (Tyr522) genotype in this individual . 
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3.3 SCREENING FOR PUBLISHED RYRl MUTATIONS BY DIRECT 

SEQUENCE ANALYSIS. 

3.3. 1 Screeningfor the Gly248Arg , Gly341Arg andArg35Cys mutations 

Due to the difficulties encountered with the ACRS detection method, screening for the 
Gly248Arg and Gly34 1  Arg mutations was accomplished by direct sequence analysis of the 
mutation regions amplified from genomic DNA samples from MHS individuals. PCR was 
performed with one 5'-biotinylated primer to facilitate purification of single-stranded templates 
with Dynal™ streptavidin-coated paramagnetic beads. Sequencing reactions were primed with 
internal oligonucleotides and performed with the Sequenase™ Version 2 .0  system, incorporating 
[a-35S]dATP as a label. Reactions were optimised to intensify bands corresponding to sequence 
close to the primer to facilitate analysis of the mutation region. This was achieved by diluting the 
labelling mix 1 :  1 5  (instead of 1 :  5), limiting reaction times to 3 minutes and by the addition of 1 J...Ll 
ofMn buffer (0. 1 5  M Isocitrate, 0 . 1 M MnCh) to the labelling reaction mixture (sufficient four 4 
templates). The addition of Mn+2 reduces the discrimination against incorporation of 
dideoxynucleotides [337], thus reducing the average length ofDNA fragments synthesized in the 
termination step. 

Sequence analysis ofthe Gly34 1 Arg mutation region was impaired by the high GC-content of the 
region, which can promote the formation of secondary structure during electrophoresis and 
compression artifacts. The substitution of dGTP with diTP in the labelling reaction was 
investigated as a means of eliminating the secondary structure. However, sequence generated with 
diTP was of poor quality, characterized by frequent pause sites and low intensity bands. The 
occurrence of compressions in the sequence was reduced by heating to 80°C immediately before 
loading and performing electrophoresis at 70 - 75 W to encourage complete denaturation of the 
DNA during electrophoresis. 

Examples of sequence profiles for the Gly248Arg (G742A) and Gly34 1 Arg (G1 02 1 A) mutation 
regions are shown in Figure 3 - 1 4  (B) and (C). All MHS and MHE representative members of 30  
NZ families investigated by direct manual sequence analysis of  amplified genomic DNA were 
normal with respect to these mutations. 

Selected members of four important families, including the large Maori CH family were screened 
for the presence of the Arg3 5Cys mutation by direct manual sequence analysis as described 
above. All displayed the homozygous normal (T 1 03)  genotype at the mutation site (Figure 3- 1 4  
A). 

3.3.2 Screening for the Thr2206Met mutation 

Primers were designed from intron sequences flanking exon 40 (Genbank accession number = 
U48474) [ 1 60] to screen samples from key families for the Thr2206Met mutation by direct 
sequence analysis. PCR reactions with the RYR1 intron39F and RYR1 intron40R primers failed 
to yield pure products of the correct size despite repeated efforts over a range of magnesium 
concentrations and annealing temperatures with hot start and touchdown PCR programs. A 
secondary PCR approach was required to generate discrete products amenable to sequence 
analysis. PCR was performed with the intron 3 9F and intron40R primer pair using a genomic 
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Fi ore 3-1 4  Direct manual se 
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Biotinylated SS DNA templates for sequencing were prepared from PCR reactions using streptavidin-coated 
paramagnetic beads. Sequence reactions were performed with Sequenase™ and labelled with 35S-a.[ATP] using internal 
reverse primers. 3 .5  J.Ll of each sequence reaction was resolved on a 7% denaturing polyacrylamide gel, containing 5 M 
urea in I X  TBE at 60 W, constant power (until the xylene cyanol dye front had migrated -3/5 the total distance). 
Sequences (A -E) were derived from a genomic DNA sample from an MHS member of the CH family (M60). 

All sequence profiles were normal with respect to the 6 published RYRl mutations. 70 
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DNA sample (M9 1 )  from an MHS member of the CH family. A product of the appropriate size 
was isolated from contaminating species by gel purification. The purified DNA was diluted and 
used as a template in a secondary round ofPCR using the same primer pair. The amplification of 
the desired target region was favoured over the non-specific amplification products in the 
secondary PCR reaction, however contaminating species were still observed .  The desired 
secondary PCR product was excised from a 3% Nusieve™ gel, purified with the Wizard™ PCR 
preps system and subjected to automatic DNA sequence analysis using the forward PCR primer 
(39iF). The sequence derived from the MHS individual contained considerable background noise 
but could be clearly interpreted at the mutation site as negative for the Thr2206Met mutation. 

3.3. 3  Screening for a reported mutation in CACNLJA3 

A search for the reported G3333A (Arg 1 086 for His) mutation in the CACNL1 A3 gene in DNA 
samples from 32  NZ families was achieved by PCR-RFLP with the Cfo I enzyme. Primers were as 
published in the original report [33 ] .  6 MHS members of the large CH Maori family who were 
identified as discordant with respect to a RYR1 haplotype that eo-segregated with the MHS 
phenotype in this family were also screened for the CACNL 1 A3 mutation to investigate the 
possibility of genetic heterogeneity in this pedigree. All samples investigated demonstrated the 
normal, homozygous G3333 genotype, characterised by complete digestion 226 bp product with 
Cfoi into 1 90 bp and 36 bp fragments (data not shown). 

3.3. 4 Continued analysis of published MH mutations in new MHS probands 

In view ofboth the increasing number of rare RYR1 mutations and the ongoing referral of new 
MH families for testing, the search for all the individual MH mutations in amplified genomic 
DNA, while aided by the publication of intron sequences, was no longer economically feasible. 
Although sequence analysis of the 1 5 . 3  kb RYR1 cDNA for each new MH family was also 
outside the scope of the project, the tight clustering of the reported mutations in one of two 
regions of the RYR1 coding region effectively reduced the target region to approximately 2 kb. 
With the introduction of automated DNA sequencing facility at Massey University, amplification 
and automated sequence analysis of amplified cDNA encoding the N-terminal and central "hot­
spot" regions is now the chosen, most efficient method of mutation analysis. Accordingly, the 
project emphasis shifted from a search for published mutations to the identification and 
characterisation of novel mutations. This approach narrowed the focus to key families from whom 
muscle biopsy tissue from the IVCT had been collected and stored appropriately to allow 
extraction of pure, intact RNA 
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4. G E N ETIC L I N KAG E ANALYSIS OF A LARG E M HS 

PEDIGREE 

The establishment of linkage between the MHS phenotype and a candidate locus has been limited 
in overseas studies by small pedigree size and the lack of definitive phenotypic data. A principal 
objective of the genetic study of MH in NZ was to investigate the genetic etiology of the MH 
disorder in a very large Maori MHS kindred from the lower North Island (the CH pedigree) . The 
following factors were considered in the selection of this pedigree for linkage analysis. 

1 .  The CH family includes over 1 400 individuals documented over seven generations, and is 
potentially one of the most extensively characterised MH pedigrees in the world. Over 1 40 
individuals have been investigated by IVCT. This provided a unique opportunity to investigate 
genotype/phenotype relationships for any candidate mutation, and assess the performance of 
the IVCT. 

2. Fifteen fulminant MH events have been documented in the CH family that were highly 
indicative of susceptibility to MH (N. Pollock, personal communication). Several of these 
events scored the maximum value of six on the clinical grading scale, which is interpreted as 
"almost certainly" MH [44] .  Examples of documented MH case reports for members of the 
CH pedigree are presented in appendix 6. 1 ) .  

3 .  The inheritance o f  MH in this pedigree was traced to a marriage between a Maori individual 
and an individual of Scottish descent . It is not known whether the disorder originated in the 
Maori lineage, but if this were so, a novel mutation would be likely to be involved, since no 
previous genetic studies of the MH disorder have included families of Maori descent. 

4. The discovery of a mutation in this family could have significant diagnostic potential, allowing 
many family members to forego a highly invasive surgical procedure. In view of the size of the 
pedigree, an alternate diagnostic test would have a considerable impact on the management 
and diagnosis of MH in NZ, and would yield considerable fmancial savings for the Palmerston 
North Hospital. 

5 .  DNA samples from members of this family were readily available. Most family members reside 
in the Manawatu /Horowhenua region and were generally highly cooperative in the provision 
of blood specimens. Over 350 DNA samples from representative members of this kindred were 
collected, with informed consent during the course of this study. Patient consent forms for the 
supply of blood and tissue specimens are included in appendix 7.  

6 .  Ethical approval for the project was successfully obtained from the Manawatu-Whanganui and 
Massey University ethics committees, under consultation with a Ngati Raukawa Ki te Tonga 
tribal authority. 

4.1 CH PEDIGREE STRUCTURE 

The seven-generation pedigree structure is portrayed in appendix 9. Branches of the family are 
labelled according to the original scheme devised by Dr. Ken Couchman (Palmerston North 
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Hospital), and ID numbers refer to the pedigree identification number assigned by the 
pedigree/draw database. DNA identification numbers are also indicated (M prefix). Only essential 
individuals from whom genotype and phenotype data are available are shown, although over 1 500 
members of the family have been traced. 

The first generation founders are of Maori (individual I-2) and Scottish (I- 1 )  descent. It is not 
known whether MH was introduced by the Maori or Scottish sides of the pedigree, or whether a 
de novo mutation has occurred in one of  the fust generation individuals. Descendants of two male 
and one female offspring of l- 1  and I-2 have been traced. No MH reactions or positive MHS 
diagnoses have been reported in direct descendants of the first son (II-3) (labelled the RO and TH 
branches) including children from a first cousin marriage (EM branch) . MH reactions have 
occurred in descendants of the daughter (II-3 1 )  and one son (II- 1 1) ,  indicating they are obligate 
carriers of the gene defect. The daughter (II-3 1 ), was born in 1 852 and had six children. 
Descendants of four children of II-3 1 gave rise to the EM (III-33), EH (III-35), EA (III-40) and 
ES (III-37) branches of the pedigree. No descendants of the fifth child (EW branch) have been 
investigated by IVCT, and no descendants of the sixth child have been recorded. MHS diagnoses 
have been obtained in members of the EA, ES and EH branches, indicating that at least three of 
the six children from individual II-3 1 had inherited the gene defect. Individual III-33 (CHEM) 
married a first cousin and produced one child (IV- 205). All six fifth generation CHEM 
individuals have been diagnosed either MHE or MHN, which suggests that this is a negative 
branch of the family. 

Individual II- 1 1  had one son (III- 13 )  and one daughter, though descendants of the latter have not 
been investigated. The son (III- 1 3) had eight children from his first marriage. Descendants of four 
out of the eight offspring have been traced (giving rise to the NG, RA, AR and TA branches) . 
MH reactions have been documented and MHS diagnoses have been made for members of the 
NG and RA branches (though in the latter case, the MH defect may have been re-introduced by a 
consanguineous marriage with an obligate MHS carrier from the ES branch) . Two children, a son 
and daughter, were born to individual III- 1 3  in a second marriage. No descendants of the 
daughter (IV-29, RU branch) have been diagnosed MHS.  The son (IV-24) produced 1 5  children 
from four marriages, giving rise to the KW, KM and KC and KH branches of the family tree. 
MHS individuals were identified in the KW, KM and KC branches. At least three consanguineous 
marriages have occurred within the seventh generation in these families. IVCT results were 
equivocal for the representative members of the fourth marriage (KH branch) . 

None of the 1 8  published mutations that had been linked to MHS in overseas studies [25] were 
detected in MHS probands from the large Maori CH family, indicating a novel mutation could 
underlie the MH disorder in this pedigree. While the MHS 1 RYR l locus remains the principal 
candidate for a gene defect, locus heterogeneity in MH has now been firmly established [32,33] . 
Genetic linkage analysis was therefore conducted to investigate the role of the RYR 1 gene in 
MHS in this pedigree (CH) before embarking on a costly and labour intensive screen of the 1 5 .3 
kb RYR 1 coding region. 

4.2 PRINCIPLES OF GENETIC LINKAGE ANALYSIS 

The mapping of genes on chromosomes is made possible by the phenomenon of genetic 
recombination, during which segments of chromosomes undergo homologous exchanges at 
frequencies relative to the chromosome length. The frequency of recombination events between 
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the marker and disease locus is related to the physical distance between the two. Since each 
crossover affects only two of the four chromatids, the recombination fraction between such genes 
approaches 50% for genes far apart on the same chromosome [338] .  In addition, genes on 
different chromosomes segregate independently so that they also recombine with a frequency of 
50%. Thus, the recombination fraction (8) can range between zero (for tightly linked genes) and 
0.5 (for unlinked genes) . 

The unit of measurement of  distance is the map unit, where 1 map unit = 1 centimorgan or cM, 
which corresponds approximately to a recombination fraction of 0.0 1 .  However, the relationship 
between e and the genetic distance is indirect, since the probability of multiple, undetected 
recombination events increases with increasing distance between two loci. The genetic distance is 
estimated from 8 using Haldane or Kosambi mathematical mapping functions that correct for 
interference factors [338,339] . Assuming a total genetic map length of 3,000 cM and 3 x 109 bp 
of DNA in the haploid genome, a genetic distance of 1 cM corresponds to an approximate 
physical distance of 1 million base pairs [338] .  However, the genetic map distance (in cM) does 
not always correlate well with physical distance (in bp) since the recombination intensity and 
interference are not constant throughout the genome. Nevertheless, linkage analysis provides 
estimates o f  recombination fraction and corresponding genetic distances, which are more relevant 
to issues in genetic counselling than physical map distance. 

The positioning of genetic markers across the genome and the development of statistical methods 
for analysing the segregation of markers and genes has paved the way for the positional cloning of 
disease genes without prior biochemical characterisation of the gene defect [340,34 1 ] .  In this 
approach, the probable location of a disease locus is established by testing linkage to a panel of 
markers representing the entire genome at 10 cM intervals [340] . Potential linkage regions are 
then further defmed through the identification of important recombinant events between the 
disease locus and flanking marker loci that defme the proximal and distal boundaries of linkage. 
The candidate gene region may then be physically characterized with Y AC clones and candidate 
genes with functional significance screened for mutations that eo-segregate with the disease. This 
approach has led to the mapping and subsequent cloning of over 100 disease genes including 
cystic fibrosis [342] , neurofibromatosis [343] ,  early [344] and late-onset [345] Alzheimer disease, 
Huntington disease [346] , polycystic kidney disease [347] ,  and familial breast cancer [330,348] .  
Approximately 7 100 human genes had been mapped to  chromosomal locations, and an  additional 
643 "unassigned" genes have been documented whose locations have not yet been determined 
unequivocally (GDB Reports and Statistics, July 1 999 [349]) .  

Methods of  genetic linkage analysis can be divided into two major groups: parametric and non­
parametric . Non-parametric methods such as the sib-pair analysis [350] and the affected pedigree 
member analysis [35 1 ]  rely on the identification of common allele in affected relatives. These 
approaches do not require a thorough understanding of the modes of transmission of the disease, 
and are suitable for diseases with complex genetic etiologies [35 1 ]  but require accurate 
phenotypic assessment as they are extremely sensitive to phenotypic or marker misclassification 
[352] . Non-parametric methods do not attempt to assess linkage by direct detection for 
recombinant events and thus provide no estimate distance between the disease gene and a marker. 

In contrast, parametric analyses require the defmition of the genetic model parameters such as the 
mode of inheritance, penetrance, disease and allele frequencies and mutation rates [33 1 ] .  
Parametric analyses are more powerful, although positive evidence for linkage can be obscured by 
the adoption of an incorrect genetic model [352,353] and false positive evidence for linkage can 
be obtained if incorrect allele or disease frequencies are applied [354] . An autosomal dominant 
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mode of transmission for MH susceptibility has been established [39,355] and other relevant 
parameters for MH linkage analysis have been previously defmed [27] . A parametric approach to 
MH linkage analysis was therefore the preferred strategy, particularly in view of the potential for 
IVCT diagnostic errors. 

The likelihood ratio method or "Lod score analysis" is the primary parametric analysis method in 
use [356] . Lod score analysis measures the likelihood of obtaining a set of data under the 
hypothesis that a disease and marker loci are linked at a particular value of e versus the likelihood 
of obtaining the data assuming the two loci are unlinked (8 = 0.5) .  The reported parameter (z) is 
the log10 of the ratio of these two probabilities, known as a lod score (logarithm of odds ratio) . In 
practice, a range of values of e are tested, and the Smax for which the likelihood estimate (z) is 
maximal is reported as the most probable indicator of the recombination fraction or genetic 
distance between two loci. A maximal lod score at e = 0 is generated when no recombination 
events are observed between the disease phenotype and a genetic marker. A more thorough 
explanation of lod score analysis and working examples are given in section 4.2 .3 .  

4.2. 1 Analysis ofpolymorphisms 

4.2. 1. 1 Strategies for genotype generation 

A genetic marker is defmed as any detectable inheritable variation within the study population 
[357] . A number of genetic markers and their methods of detection are described below. 
Restriction fragments length polymorphisrns (RFLP) occur as a result of single base changes that 
create or eliminate restriction sites, or alternatively by insertions or deletions which alter the 
distance between two restriction sites. RFLP are detected using labelled genomic DNA fragments 
as probes in southern blots of restriction digests [359] or by digestion of the amplified 
polymorphic region. 

Micro satellites are short (2 - 5 bp) tandem nucleotide repeats that are scattered throughout the 
genomes of eukaryotes. The large variation in the number of copies of the repeated unit among 
individuals of a species, make these simple sequence length polymorphisrns (SSLP's) valuable 
sources of detectable molecular variation for genetic linkage studies [328] . Proposed functions for 
the sequence repeats include participation in gene regulation and 'hot-spots' for recombination 
[360] . The evolutionary origins of micro satellites are unclear. The initial development of repeat 
units appears to occur slowly, in stepwise fashion whereby short arrays decrease or increase in the 
repeat number by replication slippage [360] . Loci with fewer than 5 - 8 CA repeat units are 
almost never polymorphic in humans [360] whereas most arrays with more than 20 CA repeats 
have heterozygosities of greater than 80% [36 1 ] .  CA repeats are the most abundant class of 
simple sequence repeats. Trinucleotide and tetranucleotide repeats [362] produce band patterns 
that are more easily distinguished. Arrays of repeated units of 9 to 62 nucleotides are referred to 
as variable number tandem repeats (VNTR) or minisatellites and are highly polymorphic [363] .  

SSLP' s offer several advantages over RFLP markers. They can be typed simply by amplifying the 
polymorphic region and determining the fragment lengths by PAGE, and are amenable to 
multiplex analysis. SSLP's are more likely to be informative for a particular mating due to their 
highly polymorphic potential [36 1 ] .  They are frequent in human genome, occurring at 
approximately every 30-60 kb, and thus have permitted the constructicn of high-resolution human 
genome maps [325,326,364] . Comprehensive chromosome maps, including locations and details 
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of genes, contigs, polymorphic markers and associated primers are available as online resources. 
These are detailed in appendix 3 .  

4.2. 1 .2  Marker selection 

The usefulness of a particular marker for evaluating linkage is a function of the informativeness of 
the marker, its proximity to a candidate gene region, and pedigree structure. For a mating to be 
potentially informative for linkage between two loci, at least one of the parents must be doubly 
heterozygous [338] .  Therefore, a marker's usefulness for linkage analysis depends on the number 
of alleles and their frequencies, since increased polymorphism leads to an increased probability of 
heterozygosity [338] .  The standard measure of polymorphism for a marker is the heterozygosity 
or HET value [330] . HET values for specific markers available from the GDB are calculated from 
allele frequencies obtained from genotyping 80 - 100 individuals [349]. Microsatellite markers 
often have HET values > 70% and are the preferred choice for linkage studies [328]. RFLP 
markers generally have HET values in the 0.25 - 0.5 range [357] .  

4.2. 1 .  3 Specification of allele frequencies 

Unless all individuals can be genotyped or the genotypes inferred directly, allele frequencies must 
be accurately specified in the linkage analysis. Incorrect specification of allele frequencies at 
marker loci can result in extreme biases and false positive evidence for linkage [354,365].  The 
impact of errors in the assigned allele frequencies is more severe when large amounts of data are 
missing [330] . The genome database [349,357] provides estimates of allele frequencies for marker 
loci however, these frequencies may not apply to particular isolated populations [330,366] . Gene 
frequencies can be estimated if necessary, by genotyping representative control individuals or 
unrelated individuals who have married into the family being studied [366] .  

4.2.2 Defining the genetic model 

Before conducting genetic linkage analysis, clinical and epidemiological data are studied to defme 
the mode of transmission (dominant or recessive) and to determine whether the disorder is 
polygenic or has a single gene component. It is also necessary to investigate genotype/phenotype 
relationships to derive estimates of the disease penetrance, expressivity, diagnostic error rates, and 
the incidence of phenocopies. These factors are defined below and discussed with a view to the 
impact they may have on the outcome of linkage analysis of MH families. 

4. 2.2. 1 The mode of inheritance 

The mode of inheritance (recessive, dominant, monogenic, polygenic) of the disease must be 
ascertained before conducting linkage analysis using segregation analysis techniques [367] . 
Formal segregation analyses require strict adherence to guidelines for sequential sampling of 
members of extended pedigrees to be included to avoid ascertainment bias [330,368,369] . 
Ascertainment bias occurs where samples are not representative of the general disease population. 
This can result in inflated estimates of the penetrance of the disorder, or mistaken modes of 
inheritance [330] . Calculating linkage under a correct genetic model usually generates higher lod 
scores compared to analyses performed with an inappropriate model [370] . However, maximising 
the lod score over the genetic model parameters can result in inflated lod scores and an increased 
probability of false positive evidence for linkage [338,37 1 ,372] . 
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4.2.2.2 Penetrance 

Reduced penetrance, in which the disease trait is not observed in genetically susceptible 
individuals, is a feature of a variety of genetic disorders including Huntingtons disease [346] , 
familial Alzheimer disease [345] and retinoblastoma [373] . Penetrance is quantitatively defmed as 
the conditional probability that an individual with a specific genotype will express the predicted 
phenotype. A numerical estimate of the penetrance is incorporated into the genetic model in the 
linkage parameter file. 

Most diseases such as familial hypercholesterolemia [374], or emphysema associated with a1 
antitrypsin deficiency [375] depend on a complex interaction of both genetic and environmental 
factors [376] . Ecogenetic or pharmacogenetic traits are those that do not manifest unless 
accompanied by specific environmental stimuli. MH is an example of a classic pharmacogenetic 
disorder revealed only upon exposure to anaesthesia. 

The clinical penetrance of MH is predicted to be between 0. 1 - 0.33, which represents the 
likelihood that a genetically susceptible individual will suffer an MH reaction on exposure to 
triggering agents [42,43] . While it would be ethically unacceptable to test susceptibility to MH by 
exposing relatives of pro bands to triggering anaesthetics, even if this were possible, many 
genetically predisposed individuals would appear normal. The IVCT is the only currently available 
method by which to identify MHS relatives of a proband. Consequently, for the purpose of 
linkage analysis, the penetrance of the MHS phenotype is equivalent to the probability that a 
genetically susceptible individual will be designated MHS by the IVCT. This is equal to the 
sensitivity of the IVCT test, which is about 99% [97] . Even when incomplete penetrances are 
factored into the calculation, the ambiguity in the genotype/phenotype relationship results in a loss 
of information and lower lod scores. 

4.2.2.3 Phenotypic uncertainty 

Phenotypic rnisclassification in MH arises predominantly from the adoption of diagnostic criteria 
that maintain a high sensitivity at the expense of a significant false positive rate [96] . Misdiagnosis 
of the disease phenotype can lead to an overestimation of the genetic distance between the marker 
and disease locus [377,378] and remains a significant problem in MH genetics [34, 172] . 

The false positive rate of the IVCT is defmed as the probability of a MHS diagnosis in a 
genetically normal individual [ 1 0 1 ] . In many diseases, phenocopies (sporadic cases) occur through 
alternate etiologies, for example by unspecified environmental causes. The probability of 
rnisclassification is a general form of incomplete penetrance [338].  The presence of phenocopies 
and the false positive rate of the IVCT are therefore modelled in MH linkage studies by assigning 
a non-zero penetrance to the normal genotype. For example, a penetrance of 0. 1 for the normal 
genotype incorporates a 1 0% likelihood that an unaffected individual is labelled as susceptible. 
This corrects for both the IVCT error rate and the occurrence of phenocopies. Correcting for 

phenotypic uncertainty in this way protects against an inflated estimate of e. However, it results in 
a loss of power of the data. For example, at e = 0.0 1 ,  and a misclassification rate of 0. 1 ,  twice as 
much data are required to obtain the same power of analysis [338]. 

It  is possible to assign different probabilities for misdiagnosis to different individuals with the use 
of liability classes. Each individual is allocated a number immediately after the affected status field 
in the pedigree file, which assigns them to a particular liability class. The penetrances of the 
normal and disease genes are specified for each liability class in the associated parameter file. For 
example, the probability that an MHS result represents a false positive diagnosis is lower for 
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individuals who have suffered a fuhninant :rvrn: crisis before being examined by IVCT than it is for 
other WIS individuals. Accordingly, these individuals can be assigned to a separate liability class 
for which the penetrance of the normal genotype (false positive or phenocopy rate) is set to zero. 

4. 2.2. 4 Variable expressivity 

Expressivity of a genetic disease describes the severity of a phenotype and can be variable, 
particularly for pleiotropic genes that may affect multiple tissues or organs such as 
neurofibromatosis [379] . In the case ofWI, variable expressivity is apparent in the range of 
responses to the IVCT test agents registered by a group of susceptible individuals harbouring the 
same mutation [ 100] . Individual variation in the IVCT responses may contribute to the false 
positive rate of the IVCT, particularly as diagnoses are made from the maximum contracture 
responses of duplicate tests, and not the average of two or more tests [97] . 

4. 2. 2. 5 Genetic heterogeneity 

Allelic heterogeneity refers to the expression of the same phenotype from alternate genotypes at 
the same locus. Locus heterogeneity refers to disorders that are caused by genetic defects at 
different loci [345] .  :rvrn: demonstrates both allelic and locus heterogeneity, with multiple 
mutations in the RYR1 gene [25] and an unknown number of mutations in up to 5 other genes 
potentially resulting in a similar phenotype [29,3 1 ,32, 1 77] . 

Genetic heterogeneity complicates linkage studies and can obscure evidence of linkage where lod 
scores are summed across a mixture of linked and unlinked pedigrees. Formal tests of 
heterogeneity have been devised including the M test [380] the B test [38 1 ]  and the admixture 
analysis which is applied in the HOMOG program package [365] for assessing genetic 
heterogeneity within a set of pedigrees. If the HOMOG analysis indicates significant evidence for 
genetic heterogeneity, lod scores can be summed for families demonstrating linkage to the locus 
of interest after excluding data from unlinked families. 

4.2.3 Analysis of genetic linkage 

4. 2. 3. 1 Determination of chromosomal phase 

If an individual is heterozygous at both the disease (Mm) and marker ( 12) loci, the disease allele 
(M) could have been inherited from the affected parent in coupling with either the 1 or the 2 
allele. These two possibilities are known as the two phases of the double heterozygote. For a 
mating involving a phase-known doubly heterozygous parent (M1/m2), it is possible to determine 
unequivocally if offspring have inherited non-recombinant (M1 or m2) or recombinant (M2 or 
m1) gametes from the parent, in which case they are referred to as 'informative for linkage'. 

Alleles at two or more loci received by an individual from one parent are referred to as a 
haplotype. Often it is unclear which of the two alleles were received as a haplotype from one 
parent; hence, the phase is unknown. There are two ways in which chromosomal phase can be 
determined. For genotypes with a maximum of one heterozygous gene, the phase can be 
determined directly, since it is clear which alleles were received as haplotype from each parent. 
Alternatively, the phase can be inferred directly from the data from the grandparents. A three­
generation family in which all members are typed consequently provides more information about 
linkage than a two-generation pedigree. 
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The contribution of the third generation to the information content and phase determination for a 
small pedigree is demonstrated in Figure 4- 1 .  This represents a family from the Maori pedigree 
typed for the intragenic RYR l Taq I RFLP. In example A, the phase of the doubly heterozygous 
father can be discerned from the affected grandmother, and the offspring can be uniquely 
categorised as recombinant or non-recombinant. In the absence of data from the grandparent, two 
alternate phases with equal probability are possible for the MHS father shown in B and C. Where 
the phase cannot be determined unequivocally, the probabilities for the alternate phases can be 
determined from the configurations of disease and marker loci in the children, assuming various 

values for e [338] .  

Figure 4-1 Representative three-generation family segregating for MHS showing the effect 
of third eneration data on hase determination. 

A. 

m m  M m  m m  
2 2  2 I  2 2  

c .  

OR 

M m  m m  
2 I 2 2 

NR R 

M m  
I 2 

R 

M m  M m  M m  m m  
2 2 2 2  I 2 2 1  

M m  M m  M m  m m  
2 2 2 2 1 2 2 1  

M m  M m  M m  m m  
2 2 2 2 1 2 2 1  

*Double heterozygote 
Phase known 

* Double heterozygote 
Phase unknown 
Phase 1 

* Double heterozygote 
Phase unknown 
Phase 2 

Genotypes for the Taq 1 RYR I marker are shown. M and m refer MHS and MHN status for the MH 
disorder respectively. NR = non-recombinant. R = Recombinant. In A, the phase of the father (*) can be 
determined. Without the grandparents data, two alternate phases are possible (B and C).  Data are 
derived from the CH pedigree. Alleles for grandparents and the unrelated spouse were deduced from 
extended family data. In this case, the apparent recombinant M 1 haplotype may in fact reflect a false 
MHS diagnosis. 

4.2.3.2 Calculation of 2-point lod scores - theoretical considerations. 

The likelihood ratio approach to the calculation of lod scores was developed by Morton ( 1 955) 
[356] .  This strategy combines the standard probability ratio tests [382] with a method of 
sequential sampling analysis to allow the further addition of data before the decision to accept or 
reject the null hypothesis is made [383] . 

According to likelihood theory, the likelihood of a hypothetical value for a given parameter is a 
function of the probability of that parameter being true for the observed data. In other words, a 
greater degree of belief is placed upon hypotheses that would make the observed outcome more 
likely [384]. By maximising the likelihood of a set of data with respect to a parameter, a 
consistent maximum likelihood estimate (MLE) for that parameter can be obtained. This approach 
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is used in linkage analysis to fmd the value of e at which the probability of a data set is maximised. 
This value of e represents the best estimate of the recombination fraction (emax) between two loci. 

The measure of support for the hypothesis (that e is equal to a particular value) is expressed as 
the ratio of the likelihood of the hypothesis (linkage), versus that of a null hypothesis (no linkage, 
e = 0.5) .  The likelihood of the pedigree data (L) is computed at a chosen value of e, and 

at e =  0.5. The support for linkage is measured by the ratio of these two probabilities. 
Conventionally linkage, or Z (x), is presented as the log10  of the probability ratio where x is some 

value e.  

ill [ L (pedigree given 8 = x) J Z\v) = log10 
L (pedigree given 8 = 0. 5 ) 

The probability of a recombination is equal to e and the probability of a no recombination is equal 

to 1 -9. The likelihood of achieving the observed frequencies of parental and non-parental 

haplotypes in the offspring from an informative mating at a specified recombination fraction (e) is 
therefore given by 

Where "R" and "NR" refer to individuals who are recombinant (disease and marker loci in 
opposite configuration to that of the affected parent) or non-recombinant (disease and marker loci 
in same chromosomal configuration as the affected parent) respectively. The lod score for the 
data is computed with the equation [ eR ( 1 -e)NR J z x = lo ( ) g lO (0.5)R (0.5)NR 

Calculations are performed over a range of e (conventionally, 0.0 1 .  0.05 , 0. 1 ,  0.2, 0.3, 0.4). The 
properties of the likelihood ratio permit additive combination of log10 likelihood ratios from 
different families until a threshold is reached at which linkage is either accepted or rejected [384].  
Lod scores can be summed across families provided they are calculated under the same model and 

at the same value of e [33 1 ] .  

I n  the case o f  the M H  pedigree example presented in Figure 4- 1 A ,  the phase o f  the father 
(marked with an asterisk) can be determined unambiguously as M2/m1 from the genotypes of the 
grandparents, since the affected grandfather is homozygous (22) at the marker locus. Because the 
phase-known father is heterozygous at both the disease and marker loci, the gametes inherited by 
his four offspring can be unambiguously defmed as recombinant or non-recombinant . In this case, 
three of the offspring are non-recombinant while the fourth is recombinant. The lod score for the 

pedigree at e = 0.05 is computed as follows: 
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z(0.05) = log10 
O.QSR ( 1 -0.0S)NR 

(0.5)R (0.5)NR 

z(0.05) = lo [0.05 1 ( 1 -0.05)3 J g iO (0.5) 1 (0.5)3 

z(0.05) = log10 0.686 

z(0.05) = - 0. 1 64 

Genetic linkage analysis 

Linkage is not supported at this level of e. In simple pedigrees, the value of e for which the lod 
score is maximal (emax) is equivalent to the proportion of children carrying a recombinant 
genotype [333] .  Hence, the maximum likelihood estimate for this pedigree (Zmax = 0.23) is 
obtained at e = 0.25. These results were verified by computing the data with the LINKAGE 5 . 1 
program [33 1 ] .  

If the grandparents had not been genotyped, two linkage phases (shown in B and C )  would be 
possible, each with a 50% chance of being correct. Two terms are now included into the 
calculation of the likelihood of the pedigree, representing likelihood of observing the data under 
each of the phases [eR ( 1 -e)NR] each of which has a probability of 0.5 .  

z(O.OS) = log10 [ 1 12 [0.05 1 ( 1 -0.05)3] + 1 12 [0.053 ( 1 -0.05) 1 ] J (O.S)R (0.5) NR 

z(0.05) = log 10 0.344 

z(0.05) = -0.46 

In this case, the loss of phase information has reduced the power of the data, and the negative lod 
score indicates linkage is not supported at this value of e .  

Manual calculation of lod scores is straightforward for small nuclear families. However, in  most 
cases, data sets are incomplete and additional factors such as allele frequencies, disease 
penetrance and misclassification must be incorporated. Calculation of lod scores in complex 
pedigrees demands the application of linkage analysis software such as LIPED, MEND EL [385] ,  
LODLINK, and LINKAGE [33 1 ,332] .  The LINKAGE package is a commonly used and freely 
available program that facilitates calculation of both pairwise and multipoint lod scores [33 1 ] .  The 
LINKAGE program is based on the modified Elston and Stewart logarithm ( 1 97 1 )  [367,386] 
which calculates the probability of the whole pedigree recursively, beginning with the most recent 
generation (later modified to include complex pedigrees [387]) .  The use of this software is 
described in section 4.4.  

4.2.3.3 Interpretation of lad scores 

Positive lod scores indicate evidence for linkage, and negative lod scores indicate absence of 
linkage. However, conclusive demonstration of linkage requires sufficient evidence to reject the 
null hypothesis of no linkage (8 = 0.5) between the marker and disease loci. The data are said to 
convey significant evidence for linkage if a lod score exceeds a critical value. According to the 

8 1  



Chapter 4 Genetic linkage analysis 

critical values originally proposed by Morton ( 1 955) [356], lod scores of greater than 3 .0 provide 
significant evidence in favour of linkage, while scores less than -2.0 exclude linkage. Lod scores in 
the range of - 2.0 to 3 .0 are inconclusive and require collection of additional data. 

The threshold of Znax> 3.0 for accepting linkage is based on the relative probabilities of type 1 
errors (mistakenly accepting linkage) and type 2 errors (failure to accept linkage when it exists) . 
A 1od score of 3 .0  is associated with a likelihood ratio of 1 000 and a significance level (p) of 
0.00 1 .  In other words, the probability of obtaining a lod score or  larger than 3.0 for a truly 
unlinked (8 = 0.5) locus is 0.001 [356,382,383] .  The significance level (a) of 0.00 1 for the 
linkage test may appear much more stringent than the values of a = 0.0 1 and 0.05 that are usually 
applied in statistical tests. This level of significance was chosen in view of the prior probability 
that two random loci will fall within measurable distance of each other, which has been 
approximated at 2% [388] .  Consequently, the conventional lod score of 3 .0 corresponds to a 
(posterior) probability of linkage of 95% ( 100 % - 1000 x 0.02),  and a false positive rate of 5%.  
A thorough account of  the statistical interpretation of  the likelihood ratio test and significance 
levels is reviewed by Ott, 1 99 1  [338] .  

4.2.3.4 Planning the linkage analysis 

Prior to conducting a linkage analysis, the mode of inheritance and estimates of the population 
frequency and penetrance were required. A formal segregation analysis (to avoid ascertainment 
bias) [37,39,389,390] could not be performed on the NZ MH pedigrees since sampling for MH 
testing has occurred in a non-systematic fashion and under the presumption of dominant 
transmission. Visual inspection of the pedigree indicated that the transmission of the disease was 
largely consistent with an autosomal dominant inheritance pattern. Recommendations for the 
definition of other relevant parameters useful in MH linkage analysis including disease frequency 
and penetrance have been reported by the European MH group [ 175] . 

The second consideration in planning the linkage analyses was to consider the method for 
assigning the phenotype. In the case of phenotypes measured with a continuous variable, values 
for affected and normal individuals typically belong to two normal distributions that may overlap 
somewhat. In such cases, the disease locus can be coded as a 'quantitative trait type locus' 
(instead of an 'affection status' type locus) [333] .  This approach requires prior estimation of the 
means and variances of the data distributions from normal and affected groups [333] . 
Alternatively, the more common approach is to defme a threshold by which to classify normal and 
disease phenotypes, so that the disease can be coded as an 'affection status' type locus. According 
to the established EMHG protocol, the clinical diagnosis of MHS is defined by a threshold 
tensions of 0.2 g in response to 2 mM caffeine and 2% halothane [96] . The standardised EMHG 
diagnostic protocol was therefore deemed the most convenient and clinically relevant method to 
defme MH status. 

The third consideration when collating data for linkage analysis was the number of individuals 
from the family required to provide sufficient data to either exclude or prove linkage to the 
c andidate gene. Disproving a candidate gene amounts simply to fmding an obligate recombinant . 
For example, if two loci are truly unlinked (assuming 8 = 0.5),  only seven fully informative 
meiosis are necessary to be 99% certain of encountering at least one recombinant [338] .  To 
disprove linkage between RYR 1 and MHS with a lod score of � -2, at a given value of 8 (e.g. 8 < 
0.0 1 ) , on average only 3 fully informative meiotic events should need to be investigated. Thus, it 
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was anticipated that R YR 1 would be excluded as a candidate relatively quickly if MHS in this 
family was not linked to a RYR1 defect .  

I t  i s  more difficult to  prove linkage to  a candidate gene. Under ideal circumstances (fully 
informative meioses, no recombinants) each offspring thus contributes log2 = 0.30 1 towards the 
total lod score. Accordingly, a minimum of 1 0  non-recombinant informative meiotic events must 
be observed to prove linkage (Z ;:::3 .0) when the true recombination fraction is 0, and 1 6  when the 
true recombination fraction is 0.0 1 [338 ] .  In other words, when investigating a candidate gene, 1 6  
meiotic events provide good power (90%) to prove linkage (that 8 < 0.5) [338] .  However, to 
prove that a locus is a candidate gene requires a much smaller confidence interval for the true 
recombination fraction [338] .  For example, to be 95% sure that 8 lies between 0.0 and 0.05, at 
least 5 9  fully informative meiosis must be investigated (according to the equation, n = log (a)/ log 
( 1  - 8), assuming no recombinants are observed [338]) .  Even higher numbers are required in the 
presence of complicating factors (heterogeneity , misclassification) that reduce the information 
content of the data, and in practice, only a fraction of meioses are fully informative. It is evident 
that linkage analysis in MH requires very large, well-characterised pedigrees in order to prove 
linkage to a new candidate gene. The CH family is the only NZ (and one of few in the world) that 
can meet these criteria. If the results clearly excluded the involvement of RYR 1 ,  (lod score < -2) 
other proposed candidate gene loci on chromosomes 1 (CACLN 1A3 [33]), 7 (CACNL2A, [29], 
3 [3 1 ]  or 17 (SCN4A [39 1 ] ), could then be investigated. 

4.3 DATA COLLECTION 

4.3.1 RFLP analysis with intragenic R YRI markers 

A number of intragenic RFLP markers have been described for the RYR 1 locus. Primers for three 
intragenic RYR1 RFLP Ile 1 1 5 1 (Taq I) Asp2729 (Fok I) and Ser2862 (Cfo I) [ 107] were 
provided by Dr. Andrew Wallace (St. Mary's Hospital, Manchester) . These were typed by RE 
digestion of the amplified polymorphic regions. By convention, alleles which lack the polymorphic 
RE sites are denoted " 1 "  and those with the polymorphic RE site allocated the "2" allele. The 
region encompassing the Asp2729 (Fok I) polymorphism includes a second, non-polymorphic site 
that served as an internal positive control for digestion. 

RFLP analysis of family 94 
RFLP markers were typed initially for NZ descendants of a British family for whom linkage to the 
RYR 1 locus had been established [392 ] .  An example of RFLP analysis of the Asp2729 marker 
with Fok I is presented in Figure 4-2. The position of the common and polymorphic Fok I sites 
and the corresponding fragmentation patterns are indicated in Figure 4-3 . Results were entirely 
consistent with the previously published data for this family [392] . The MHS phenotype was 
associated with the " 1 - 1 -2" haplotype for the Taq I, F ok I and Cfo I markers respectively, as 
shown in Figure 4-2A. 
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Figure 4-2 

A 

2 1 2 2  
2 1 I 2 
1 2 2 1  

Genetic linkage analysis 

Segregation o f RYRl RFLP markers in NZ members of a RYRl -linked family 
(family 94). 

2 2  
1 1  
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2 I 

M HS-linked haplotype 
1 Taq I (Ile i i5 1 )  
1 Fok I (Asp2729) 
2 Cfo I (Se.-2862) 

B 0 I D 
0 6 6 

p 
p 
c 
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A. MHS coincides with " 1 - 1 -2" RYR 1 -RFLP3 haplotype detected in one MHS individual (filled 
symbol). Results are consistent with a published segregation of RYR l RFLP markers with MHS in 
British relatives of this family (family 94) [392]. 

B. RFLP analysis of the Asp2729 polymorphism by PCR-RFLP with Fok I. 25 �I of each PCR 
product was digested with Fok I,  concentrated by precipitation with ethanol and resolved on a 3% 

Nusieve gel, in l X T AE, stained in 0.5 �g/ml EtBr. Allele 1 :  Cleaved at a non-polymorphic Fok I 
site to 1 49 bp and 9 1  bp fragments (C= common bands). Allele 2: The 1 49 bp Fok I fragment is 
cleaved at the polymorphic Fok I site to yield 1 06 bp and 38 bp fragments (P = polymorphic bands, 
a =  PCR artifact). 

RFLP analysis of the CH family 
Individuals from the large Maori CH family were typed for the three RYRl intragenic RFLP 
markers. Two well-characterised branches (CHEH and CHEA, appendix 9) were selected 
principally because of the availability of DNA samples from individuals who had been examined 
by IVCT. RFLP alleles were aligned into probable haplotypes based on the data from key 

homozygous offspring. Examples of RFLP analysis in the CHEH branch of the family are given in 
Figure 4-3A and Figure 4-3B. 

Alleles at the Asp2729 (Fok I) and Ser2862 (Cfo I) RFLP loci were found to be in linkage 
disequilibrium. Where it was possible to assign phase unambiguously, the " 1 "  allele for the Fok I 
marker was consistently observed in conjunction with the "2" allele for the Cfo I marker and vice 

versa. This limited phase pattern applied to all individuals investigated from the CH family, in 
addition to individuals from unrelated pedigrees. These polymorphisrns are very tightly linked 
(separated by approximately 1 .5 kb [ 1 07], thus recombination between the two loci would occur 
at an extremely low frequency (- 1 .5 x1 o-5) .  The Taq I marker "2" allele was observed in 
conjunction with either the " 1 "  and "2" Fok I marker alleles, though the "2-2" and "1 - 1 "  
configurations were disproportionately represented. 
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Assigning single allele numbers to the four observed haplotypes (Table 4- 1 )  reduced the data 
complexity whilst retaining the relevant information. Combining alleles in this way effectively 
compensated for the low polymorphic nature of the RFLP markers [392] and was performed 
under the assumption of zero intragenic recombination between the markers. 

Table 4-1 AJleles assigned to combined R YR-RFLP haplotypes 

Taq I, Fok I, Cjo I Allele 
RYR-RFLP ha lot e 

22 1 1 
1 2 1  2 
2 1 2  3 
1 1 2 4 

The '2-2- 1 '  RYR 1 -RFLP3 haplotype (indicating alleles corresponding to the presence of the 
polymorphic restriction sites at for Taq I, Fok I and Cjo I respectively) was common to 1 4  key 
MHS individuals. This pattern was notably absent from three individuals diagnosed MHN in the 
CHEH family. The putative MHS-linked '2-2- 1 '  RFLP haplotype differed from the ' 1 - 1 -2 '  
pattern that was observed to segregate with MHS in the previously examined NZ/British pedigree 
[392](farnily 94) indicating these two MH pedigrees do not share a common founder. 

Figure 4-3A RFLP analysis of the Ser2862 polymorphism with Cjo I .  

205 bp 

1 53  bp 

50 bp 

not visible 

PCR products encompassing the Ser2862 

polymorphism were digested with Cfo I 

and resolved on a 3% Nusieve gel in l X  

T AE. The gel was stained in 0.5 f.!g/ml 

EtBr and photographed under UV light. 

Genotypes for members of the CHEH 

family are shown. Symbols: Blue = 
MHS, Green = MHE. Yel low = MHN. 

All  MHS individuals from this family 

share the " 1 "  allele. Individuals who are 
informative for this marker are marked 

with arrows. The ' 1 " allele was not 

inherited by an MHN individual. 
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Figure 4-3B PCR-RFLP analysis of RYRl polymorphisms with Taq I and Fok I .  

A. 

B. 

c. 

D. 

106 bp 

149 bp 

"2" Allele 

" 1 "  Allele 

240 bp (U) 
149 bp (P) 
1 06 bp (P) 

9 1  bp (C) 

PCR artifacts 

38 bp (P) 
(not visible) 

A. Segregation of MHS with the "2-2" (Ilel l 5 1 , Asp2729) RYRl -RFLP haplotype in members ofthe 
CHEH pedigree. Symbols: Black = MHS, ? = Not tested, - =  MHN. 

B.  PCR-RFLP analysis ofthe Ile l l 5 I  polymorphism revealed by Taq I digestion of PCR products (3 .5% 
Nusieve gel in IX T AE, stained in 0.5 f.!g/ml EtBr, and visualised under UV light) . 

C .  RFLP analysis of the Asp2729 polymorphism by Fok I digestion of PCR products (3 .5% Nusieve gel in 

IX T AE, stained in 0 .5  f.!g/ml EtBr, photographed under UV light) . C= common bands . P = 
polymorphic bands associated with the "2" allele. 

D. Illustration of RFLP fragments generated by Fok I digestion of the 240 bp PCR product at common and 

polymorphic (Asp2729) Fok I sites . 
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4.3. 2 Analysis of sequence length polymorphisms flanking the RYRl locus 

In order to investigate linkage of MHS to the RYRl locus, members of the Maori pedigree were 
typed for four chromosome 1 9q microsatellite markers that are tightly linked to the RYRl locus: 
D 1 9S220 [325,326], RYRl-CA [32 7],  D 1 9S 190 [329] and D 1 9S47 [328]. These markers were 
selected because of their proximity RYRI (Figure 4-4) and their usage in published linkage 
studies [ 1 80,329,392,393 ] .  Marker loci are indicated in the chromosome 1 9  physical and genetic 
maps shown in Figure 4-4 and Table 4 .2 respectively. 

Figure 4-4 Location of RYRl markers 

19p13.3 
1 9p132 

1Qp13.13 
19p13.12 
19p13.11  

19p12 
19p1 1 
19q1 1 
19q12 

1 9 q13.11  
1 9 q13.12 
1 Q q 13.13 

1 9 q 1 3 .2 
1Qq13.31  
1 9 q 13.32 
1 9 q 13.33 
1 Q q 13.41 
1 9 q13.42 
1 9 q13.43 

D19S220 
RYR.RFLP RYR1 RYR.CA 
D19S190 
D19S47 

(Above) Adapted from current online GOB 
integrated chromosome 19 map (MAPVIEW) 
[349] . 

(Right) CHLC sex-averaged chromosome 1 9  
framework map (version 3 )  [334] . Genetic 
distances are in Kosambi cM. 

Genotyping chromosome 1 9q markers 

Table 4-2 Chromosomel 9q genetic map 

Locus 8 Interval Total 
cM cM 

D 19S247 0.009 1 0.9 0 

D 19S424 0 . 1 346 1 3 .8 0.9 
INSR 0 .0720 7.3 1 4 . 7  
D 1 9S4 1 3  0.03 6 1 3 . 6  22.0 
D 1 9S394 0 .0202 2.0 25 .6 
D 19S22 1 0 .0850 8.6 27.6 
D 1 9S432 0.0342 3.4 36 .2  
D 1 9S4 1 0  0 .043 8  4.4 39.6 
D 1 9S434 0 .0295 3 .0 44.0 
D 19S433 0.0402 4.0 47.0 
D 1 9S43 1 0 .04 10 4. 1 5 1 .0 
D 1 9S248 0.0 1 77 1 .8 55. 1 
D 1 9S l 9 1  0.0 1 99 2.0 56.9 
D 19S220 0.0080 0.8 58.9 
RYRl 0.0073 0.7 59.7 
D19S190 0.0000 0.0 60.4 
D19S47 0.0047 0.5 60.4 
D 1 9S200 0.0057 0.6 60.9 
D 1 9S 1 97 0 .0409 4. 1 6 1 .4 
D 1 9S537 0.0000 0.0 65 .5  
D 1 9S 1 78 0.0 1 84 1 .8 65 .5  
APOC2 0.0084 0.8 67.4 
DM 0.06 2 1  6 .2  68.2 
HRC 0 .0378 3 .8 74.4 
D 1 9S246 0.0354 3 . 5  78.2 
KLK 0.0356 3 .6 8 1 .8 
D l 9S60 1 0.0943 9 .5  85.3 
D l 9S4 1 8  0.0833 8.4 94.9  
D l9S254 103 .  

3 

PCR primers were ordered according to published sequences to amplifY the four chromosome 1 9q 
SSLP markers; D 1 9S220 [325,326], RYRCA CA [327], D l 9 S l 90 [329] and D 1 9S47 [328] .  The 
SSLP's  were amplified by PCR using a single y-33P end-labelled primer, then resolved on 5- 8% 
denaturing polyacrylamide gels. An appropriate method for S SLP analysis ofthe RYR-CA marker 
was developed by trial and error and was used in the analysis of all four SSLP markers. The 
successful protocol was based on published methods [330] with an increased ratio of labelled to 
unlabelled primer to accommodate the use of the y-33P -labelled primer, which is a weaker 13-
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emitter than y-32P. PCR annealing temperatures and gel percentages and run times were tailored 
for each marker, as outlined in Chapter 2, section 2 .6 .2 and Table 2 .7 . 

The interpretation of the SSLP gels was complicated by the presence of multiple bands 
representing each allele, termed "stutter" bands. These appeared as a 2 bp ladder of decreasing 
intensity below the major 'true' band. The stutter effect is thought to be due to slippage of Taq 

polymerase during DNA amplification [328] .  Members of a British family residing in NZ (family 
94) who had previously been investigated for these markers [392] were genotyped first to 
standardize the allocation of the correct allele numbers to the SSLP bands. 

4.3.3 Procedures for maintaining data integrity 

Ideally, genotyping should be performed by individuals who do not have knowledge of the disease 
phenotypes to prevent interpretation bias in the case of ambiguous results in favour of eo­
segregation ofthe disease and marker loci [330] . In this case, the assessment of phenotypic data, 
pedigree analyses, and cataloguing ofDNA samples was performed in conjunction with regular 
consultation with clinicians and it was not possible to avoid prior knowledge of patient MH 
status. 

The following precautions were observed to limit inadvertent interpretation bias and genotyping 
error: 

0 PCR reaction details were recorded on templates (Materials and Methods, Table 2 . 1 )  on 
which a unique PCR code number was assigned to each reaction as the primary field . DNA 
identification numbers were recorded under each PCR code number. In this way, repeated 
analyses of a particular DNA sample with the same primer set could be uniquely identified. 

0 Samples were identified only by their DNA numbers and unique PCR code numbers without 
reference to names or MH status when performing PCR and loading gels. 

0 Bands were compared against previously typed standards that were loaded at regular intervals 
across the gel to ensure consistency in allele assignment. 

0 Data sheets for recording genotypes were prepared in advance of the SSLP interpretation. 
Details included PCR code numbers, gel lane numbers, allele sizes for previously typed 
standards, and the position of M 1 3  sequencing size standards. 

0 A blind interpretation of each autoradiogram was performed in which alleles were assigned 
and recorded with respect to the gel lane and PCR code number before cross-referencing 
results with DNA numbers from the PCR template forms. 

0 DNA samples were organised with parents and children adjacent to each other to aid 
comparison of inherited alleles. Any ambiguities were resolved by re-loading key samples 
adjacent to an array of previously typed samples. 

0 Reference samples from known homozygotes and heterozygotes with alleles that differed by 
one repeat unit were included to assist discrimination between the similar banding patterns 
produced by these alternate genotypes. 

Details assisting interpretation of the four microsatellite markers, including the number of alleles 
observed and size range for each are given in Table 4-3 . The sizes, assigned numbers and 
population frequencies ofthe alleles described for each ofthe markers are outlined in Table 4-4. 
These data were obtained from the genome database [349] and published information [327,329] .  
Examples of SSLP band patterns and allele assignment for members of the CH family typed for 
the D 1 9S220, RYRCA, D 1 9S 1 90 and D 1 9S47 markers are presented in Figure 4-5 to Figure 4-8. 

88 



Chapter 4 Genetic linkage analysis 

Table 4-3 Chromosome 1 9q S SLP marker details 

Marker Allele set Primers Product Repeat No. of alleles, 

{GDB ID ) size (bp) unit [HET] 

D 1 9S220 GDB:62907 D 19S220 FIR 265 - 283 CA 10  [0. 846] 

RYR-CA GDB:6 1 1 84 RYR-CA FIR 266 - 278 CA 7 [0.392] 

D 1 9S 1 90 GDB:6 1 127 D 1 9S 1 90 FIR 1 1 1 - 1 1 7 ACC 3 [0 .625] 

D 1 9S47 GDB:58371  D 19S47 FIR 88- 1 06 CA 9 [0.739] 
Marker primer sequences are given in appendix 1 .2 

Table 4-4 Chromosome 1 9q marker allele frequencies (Taken from the GDB) 

Locus Allele number (fragment size {bp} ,  frequency) 

Ref. 

[325,326] 

[327] 

[329] 

[328] 

D 1 9S220 1 (265, 0 .03) 2(267, 0 .09) 3 (269, 0 . 0 1 )  4(27 1 ,  0.09) 5 (273, 0.27) 6(275, 0 . 1 6) 7(277, 0 . 1 6) 
8(279, 0 . 1 1) 9(28 1 ,  0 .0 1 )  10(283,  0 .0 1 )  

RYR-CA 1 (278 0 .01)  2(276, 0 . 0 1 )  3 (274, 0 . 1 )  4(272, 0 . 77) 5 (270, 0 .03) 6(268, 0 .03) 7(266, 0 .05) 

D 1 9S 1 90 1 ( 1 1 7, 0 . 1 70) 2( 1 1 4, 0 .44) 3( 1 1 1 , 0 .39) 

D 1 9S47 1 ( 1 06, 0.03) 2( 104, 0 .0 1 )  3 ( 102, 0 . 1 1 0) 4(1 00, 0 . 38) 5(98, 0.06) 6(96, 0.04) 7(94, 0 .04) 
8(92, 0 . 3 1 0) 9(88, 0 . 0 1 )  

Combined Allele number (Taq I ,  Fok I ,  Cjo I haplotype, observed frequency) 
RYR-
RFLP 1 (22 1 ,  0 .53)  2( 1 2 1 ,  0 . 1 5) 3 (2 1 2,0 .09) 4( 1 1 2, 0 .23)  
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Figure 4-5 

3 
4 
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Genetic linkage analysis 

Anal sis of the RYR-CA dinucleotide re eat marker in the CHEA edigree 

-w 
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4, 4, 4, 3 , 4, 4, 7, 4, 4, 4, 4, 4, 4, 4, 4, 
4 4 4 4 4 4 7 4 7 4 4 c 7 7 4 4 

Representative gel showing members of the CHEA branch of the large Maori family typed for the RYR-
'3 CA marker. The t P-labelled RYRCA-F/RYRCA-R products were denatured and resolved by 6% 

denaturing PAGE (3 hr. at 60 W in I X  TBE). Blue symbols are MHS; yellow symbols are MHN or MHE.  
Allele sizes were determined by comparison with the M 1 3  sequence ladder (lanes "A "and "C") . The MHS 
phenotype coincides with the occurrence of the common 272 bp "4" allele (marked with an  arrow). The 
RYR-CA marker was not informative for this branch . 

Figure 4-6 Analysis of the D 1 9S220 dinucleotide repeat marker in the CHES pedigree 

' 11:-rD 'a i 0 • [5 � 6 i i  • • 0 • • • •  
7,  6 ,  6, 7 ,  6,  6, 7,  7,  7 ,  6, 6, 6, 6, 6, 4, 8, 7, 6, 7, 6, 6, 

2 3 4 4 3 6 6 6 7 6 6 6 3 4 2 7 6 3 5 6 6 

7 
6 

6 5 
4 
3 
2 

Representative SSLP gel showing members of the CHES branch of the large Maori family typed for 
the D l 9S220 marker. Samples were amplified with the l3P-D l 9S220-F/D l 9S220-R primer pair and 
resolved by 5% denaturing PAGE (3 hr. 40 min at 65 W in 1 X  TBE). MHS individuals are 
represented by blue symbols. MHN and MHE individuals are represented by yellow symbols .  The 
MHS phenotype coincides with the occurrence of the 275 bp "6" allele (marked with an arrow) which 
was not inherited by any of the four MHNIMHE individuals .  One recombinant MHS individual 
(M395, indicated with a cross) has not inherited the "6" allele. Reference samples were loaded in 
adjacent lanes to confirm the 7,5 genotype that was assigned to this recombinant individual in a 
previous analysis. 
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Figure 4-7 Analysis ofthe D 1 9S47 dinucleotide repeat marker in the CHEH pedigree 

3,5 3,5 5,9 3,5 3,5 4,9 3,5 4,8 3,5 3,4 3,4 5,8 3,5 

The l3P-labelled D 1 9S47-F/D 1 9S47-R 
PCR products were denatured and resolved 
by 8% denaturing PAGE (2 hr. 40 min at 65 
W in l X  TBE). Blue symbols are MHS, 
yellow symbols are MHE or MHN, and pale 
blue symbols represent obligate MHS 
subjects . The MHS phenotype coincides with 
the inheritance ofthe 1 02 bp "3" allele, 
which is absent from the three MHN 
individuals. Allele sizes were determined by 
comparison with the M 1 3  sequencing ladder 
("T"). Additional bands migrating � l bp 
above the principle bands in lanes 4, 7 and 9 
are gel artifacts (conformation 
polymorphisms) and were not observed upon 
repeated electrophoresis of the same PCR 
products. 

- -

Figure 4.8 Analysis of the D 1 9S47 CA-repeat marker in the CHES pedigree l wl 2 * �1 2  1 3 � 5 2 3 4 u 6 ik:J  • • •  o� Q �i-ro I ll • i • 0 0 6 0 6 • IV 
3,  3 ,  3 ,  3 ,  3 ,  3 ,  3,  3 ,  3,  3, 4, 4, 4, 3,  4, 4, 4, 4 , 3,  8, 3,  3 ,  3 ,  6, 4, 3, 

G 8 4 8 4 4 8 4 3 4 8 5 8 8 4 8 8 8 8 8 8 4 4 4 8 8 6 

• • • 
3, 3, 3 ,  
8 8 6 

Members of the CHES branch of the pedigree were typed for the D l 9S47 marker 7 .5% denaturing 
PAGE (2 hr. 1 5  min at 65 W in l X  TBE). Blue symbols are MHS; yellow symbols are MHE or MHN . 
The MHS phenotype coincides with the inheritance ofthe "3" allele, which was not detected in five of 
the eight MHEIMHN subjects. However, two MHS siblings are recombinant. Individuals M42 and 
M206 (marked with crosses) were diagnosed MHS before the adoption of the standard lVCT protocol 
and both have the "4,8" genotype. These individuals, together with other members the CHES branch (*) 
appeared to be recombinant with respect to the RYR-RFLP and D l9S220 markers . 
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Figure 4-9 Analysis of the D 1 9S 1 90 trinucleotide repeat marker in the CHEA pedigree 

3, 3 , 1 ,  1 ,  1 , I ,  1 ,  1 ,  1 , 
3 3 2 2 2 1 2 2 1 

0 � � 
1 ,  1 , 2, I ,  I ,  1 ,  3 , I ,  3, 
1 1 3 3 1 3 3 3 3 

0 0 0 0 0 0  
1 , I ,  1 , 1 , 1 ,  2,  1 ,  I ,  
3 2 3 2 3 3 3 1 

Representative gel showing members of the CHEA branch of the large Maori family typed for the 
D 1 9S l 90 marker. The l3P-labelled D 1 9S 1 90-F/D 1 9S 1 90-R PCR products were denatured and 
resolved by 7 .5% denaturing PAGE (2 hr. 1 5 min . at 65 W in l X  TBE) . Blue symbols are MHS; 
yellow symbols are MHE or MHN. Red chequered symbols represent individual M4 1 2, who suffered 
sudden unexplained death. The MHS phenotype coincides with the occurrence of the 1 1 7 bp " 1 "  allele 
(marked with an arrow) which was not observed in three MHN individuals.  

4.3. 4 Resolving data inconsistencies 

Genotype data error is often revealed by apparent non-Mendelian transmission of alleles from 
parents to offspring. The apparent occurrence of multiple crossovers between markers is also 
highly indicative of undetected genotyping error [349]. Non-Mendelian data inconsistencies 
resulting from genotyping error are detected and reported by the LINKAGE program. However 
in some cases errors may pass undetected as recombination events [330,394] that can lead to 
inflated recombination fractions in linkage analysis [3 53,377,3 78] . 

All genetic data inconsistencies were scrutinized by repeated PCR and SSLP analysis of the 
original DNA sample followed by analysis of a second DNA sample extracted from stored 
leukocytes. If inconsistencies persisted, the analysis was repeated on DNA extracted from a new 
blood sample, where possible. Genotyping errors were found to be very infrequent, however three 
cases of mistaken DNA sample identity were identified. DNA was re-extracted from fresh blood 
samples from these subjects. 

Inconsistencies suggestive of errors in the IVCT diagnosis (for example, the apparent inheritance 
of MHS from an MHN parent) were difficult to resolve. Before conducting linkage analysis, the 
raw IVCT data sheets for each patient were obtained from the Palmerston North Hospital, and 
details were entered into a database. The data was reviewed for methodological inconsistencies 
and breaches of standard IVCT protocol, under consultation with Dr. Neil Pollock, and data were 
omitted or substituted where appropriate (as described further in a discussion at the end ofthis 
chapter) . 
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4.4 SEGREGATION OF MHS WITH CHROMOSOME 19q MARKERS IN 
THE CH FAMILY 

4.4. 1 The CHEH branch 

The segregation of chromosome 1 9q markers with the MHS phenotype was investigated in four 
major branches of the CH family (CHEH, CHEA, CHK and CHES, appendix 9). Members of one 
large branch (CHEH) of the Maori pedigree were sampled initially. Haplotypes were constructed 
for the RYR1 intragenic markers (RYR-RFLP3) and the four RYR l linked microsatellites. The 
segregation of chromosome 1 9q 1 3 . 1 - 1 3 .2 markers with the MHS phenotype in members of the 
CHEH branch (descended from individual III-35) is illustrated in Figure 4- 1 0. 

The inheritance of a "high risk" haplotype of alleles 6- 1 -4- 1 -3 for the markers D 1 95220, RFLP3 ,  
RYRCA, D 19S 190 and D 1 9S47, respectively was found to  coincide with the inheritance of MHS 
phenotype in eight MHS individuals in the CHEH branch, one of whom (M 1 0) had suffered a 
fulminant MH reaction. The same haplotype was also observed in two obligate carriers. The 
putative MHS-linked haplotype was not detected in any of the three MHN patients, or in four 
individuals diagnosed MHE, consistent with the involvement of a RYR 1 gene defect in this 
pedigree. 

However, MHS did not segregate completely with the chromosome 1 9q markers. Individuals 
M23 1 and M 1 30 who were both diagnosed MHS according to EMHG diagnostic criteria have 
not inherited the 6- 1 -4- 1 -3 haplotype. This result suggests that MHS in the CH pedigree arose 
from a mutation in gene outside the region bound by the D 1 9S47 and D 1 9S220 markers rather 
than RYR l itself. However, this would require the improbable event of at least two independent 
recombinant events between the disease locus and the panel of markers. 

The MHS diagnosis in individual M 1 30 is particularly problematic, since the father of this 
individual (an expected obligate carrier) was diagnosed MHN. The haplotype data corroborates 
the alleged paternity for both M 1 30 and M23 1 .  The mothers of the recombinant individuals have 
declined a muscle biopsy, so the possibility of genetic heterogeneity and introduction of MH 
susceptibility from an unrelated spouse cannot be ruled out in either case. Another possibility is 
that the father of M 1 30 may have been falsely diagnosed MHN, however this is highly improbable 
in view of the rarity of false negative IVCT diagnoses [97, 1 02] . An alternative explanation is that, 
as the IVCT does not achieve absolute specificity [97] ,  individuals M 1 30 and M23 1 may be false 
positives. In fact, an inspection of the IVCT data revealed that these two discordant MHS 
individuals registered the weakest IVCT tensions of the MHS group. These individuals are 
therefore likely candidates for false positive diagnoses. 
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Chapter 4 Genetic linkage analysis 

4.4.2 The CHEA branch 

The haplotype analysis was extended to the CHEA branch (Figure 4- 1 1 ) as DNA samples became 
available. The inheritance of the MHS phenotype coincided with the 6- 1 -4- 1 -3 haplotype in eight 
MHS individuals (including the sister of individual 337 who had died from a MH reaction), and 
one obligate carrier (M2 1 )  as shown in Figure 4- 1 1 . The 6- 1 -4- 1 -3 haplotype was not observed in 
eight MHN patients or nine MHE patients consistent with linkage to the RYR 1 locus in this 
branch of the family. 

Two families demonstrated incomplete segregation of the RYR1 markers with MHS. In the first 
case, the high-risk haplotype was not observed in individual M408 (Figure 4- 1 1  ), who was 
presumed to be an obligate MHS carrier based on MHS diagnoses in two offspring. Alleles at the 
RYR-RFLP and D 19S47 loci were consistent with the MHS-associated haplotype, however 
individual M408 has the "7 ,2" genotype at the D 1 9S220 locus, and therefore is recombinant at 
this locus. Genotypes were confirmed by repeated analysis and comparison with control samples 
presenting the "6" and "7" D 19S220 alleles. The data could be explained by a genetic 
recombination between the D 1 9S220 locus and the RYR 1 gene in the previous generation (i.e. in 
a parent of M408).  This is difficult to ascertain in the absence of IVCT data from M408 and his 
brother, M352. The situation is further complicated by the apparent non-Mendelian segregation of 
the D 19S 1 90 alleles, since the "3 ,2" and "2,2" genotypes for M 1 75 and M33 at this locus are 
both incompatible with parental alleles. Consistent results were obtained on repeated analysis 
therefore this discrepancy has not been resolved. Non-paternity or sampling errors were not 
excluded, but would seem unlikely given the compatibility of alleles with parental types at other 
loci. 

The second case of discordance involves individual M54 (Figure 4- 1 1 ) who inherited a 2-4-4-( l )-
4 maternal haplotype and a 3 - l -4-(-)-4 paternal haplotype, yet was diagnosed MHS.  This 
discrepancy could not be explained by a single recombination event between RYR 1 and the 
flanking markers because alleles at both the D 1 9S220 and D 1 9S47 loci do not concur with the 6-
1 -4- 1 -3 pattern. An alternate possibility is that MHS in this family arises from a mutation in a 
linked gene other than RYR l .  However, this would require at least two recombinant events distal 
to the D 1 9S220 locus. Other plausible explanations for this discrepancy include false positive 
diagnosis or paternal inheritance of an alternate MH gene defect . The MHE diagnosis for the 
mother (M4 7) of M54 supports the latter hypothesis. In further support, the mother (M4 7) does 
not carry the MHS-linked haplotype, and instead has inherited a normal chromosome 1 9q 
haplotype that was also transmitted to her MHN and MHE half-siblings. This suggests that that 
M47 did not inherit the MHS trait and consequently, could not have transmitted MHS to her son. 
The father of M54 was not available for muscle biopsy examination; therefore, paternal 
inheritance of the MHS defect was not excluded. 

The CHEH and CHEA branches of the Maori family were condensed into a single pedigree file 
for the purpose of genetic linkage analysis and are collectively referred to as the "CH l pedigree". 
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Chapter 4 Genetic linkage analysis 

4.4.3 The CH2 pedigree 

Following the analysis of the CHEH and CHEA branches, descendants of individual II - 1 1  
comprising the "CHK" families were typed for the chromosome 19q markers. These branches of 
the large Maori CH family are collectively referred to as the CH2 pedigree in Figure 4- 12 .  
Consistent with the observations from the CHEH and CHEA branches, the 6- 1 -4- 1 -3 haplotype 
was found to coincide with the MH trait in seven MHS individuals, one patient who had survived 
an MH episode, (M29) and two obligate MHS carriers. The 6- 1 -4- 1 -3 pattern was not observed 
in six patients that were diagnosed MHN or MHE. 

However, segregation is  incomplete in two nuclear families. In the first case, a presumed obligate 
MHS individual (M93) from the CHKM branch lacked the high-risk 6- 1 -4- 1 -3 haplotype. 
Consequently, her two MHS daughters and MHS granddaughter also lacked the haplotype 
characteristic of MHS in the CH family. The grandmother, M93 , registered an abnormal IVCT 
halothane test but recorded a normal response to 2 mM caffeine. She was therefore classified 
MHE. Two MHS daughters (M98, M 1 99) and MHS granddaughter (M99) do not share common 
maternal chromosome 1 9q haplotypes. Four possible explanations were considered in an attempt 
to reconcile these discrepancies. Firstly, the discordance in this branch of the family could be 
attributed to diagnostic error, which would require the acceptance of three false positive 
diagnoses. This is unlikely given the specificity of the IVCT. Secondly, instead of a R YR 1 
mutation, a mutation in a linked gene outside the region defmed by the RYR l flanking markers 
might actually be causative of MH susceptibility. However, if this were true, multiple 
recombination events and a false negative caffeine test (for M93) must be invoked to explain the 
data in this pedigree. Thirdly, it is possible the MHS defect in M98 was inherited paternally. 
However, if this were true, a false positive diagnosis in M 1 99 is still required to reconcile the data 
since M98 and M 1 99 have different fathers. A fourth, and more probable possibility is that M93 
may have inherited or incurred a mutation in a second gene not linked to the R YR 1 region. This 
would account for the abnormal IVCT halothane test result in M93, the MHS diagnoses in four of 
her descendants and the lack of a common chromosome 19q haplotype in these individuals. 

The second discrepancy involves an individual from the CHKW branch (M l 02). This individual 
carries the D 19S220 "6" and D 1 9S4 7 "3" alleles consistent with inheritance of the high-risk 
haplotype, but has the " 1 , 1 " genotype for the single RYR l Taqi RFLP marker. M 1 02 therefore 
could not have inherited the MHS-associated RYR l allele carried by his MHS sibling (MS).  A 
single false positive in M 1 02 could account for this discrepancy. In support of this conclusion, the 
contracture data from seven muscle strips from this individual subjected to the halothane test were 
very inconsistent, with only two of the seven strips registering responses above the 0.2 g 
threshold for MHS diagnosis. Furthermore, out of three muscle strips subjected to the caffeine 
contracture test, the maximum tension recorded was only 0.2 g for this individual. The MHS 
diagnosis for M102 was only the third MHS diagnosis made at the Palmerston North testing 
centre. It has been suggested that these tests performed in early the stages of development of the 
Palmerston North Hospital IVCT laboratory were less reliable than current tests (N. Pollock, 
personal communication) . 
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4.4.4 The CH3 pedigree 

The haplotype analysis was extended to the remaining branches of the CH pedigree, restricting the 
panel of markers to the more informative D 1 9S220 and D 19S47 dinucleotide repeat and 
combined RFLP polymorphisrns. The ES , EM, NG and RA branches were condensed into the 
CH3 pedigree (Figure 4- 1 3) .  One marriage loop and three consanguineous marriages link the 
families in this diagram. Consistent with the results from the other branches, individuals positive 
with respect to the MHS-associated haplotype (6- 1 -3) registered strong positive IVCT results. 

CHEM family 
The high-risk (6- 1 -3 )  haplotype was absent from all members of the CHEM branch of the family. 
A single (weak) MHS diagnosis was recorded in this branch. Interestingly both parents of the 
MHS individual (M86) have been diagnosed MHN, suggesting M86 was falsely diagnosed MHS . 
These data suggest that MH is not present in this branch of the family. 

CHNG family 
The NG branch of the family involves a consanguineous marriage between two distant MHN 
cousins. Both lacked the 6- 1 -3 haplotype as did their two MHN offspring (and four other 
offspring not included in the pedigree diagram). The data indicate that the NG branch is a 
negative line of inheritance for both the MHS defect and the associated RYR l -haplotype. 

CHRA family 
The segregation of the chromosome 1 9q haplotypes with the MHS phenotype in the RA branch of 
the family is entirely consistent with linkage to the R YR 1 locus. The 6- 1 -3 pattern was detected in 
the DNA of six MHS individuals, including individual M74, who had suffered two MHS 
reactions. The mother of this individual had died of a fulminant MH crisis. The 6- 1 -3 haplotype 
was not detected in the DNA of two MHN and two MHE individuals from the RA branch. One 
consanguineous marriage involved a male (ID 20) from the CHRA branch who has a 50% 
likelihood of MHS status and a female second cousin from the CHES branch (ID 1 8) who has 
obligate MHS status (with MHS offspring from a previous marriage) .  The maternal haplotypes 
(ID 1 8) could be deduced as 6- 1 -3/2- 1 -4 from the genotypes of four other offspring, but the 
paternal haplotypes (ID 20) could not be ascertained. Their sole MHS child (M 1 97) therefore has 
a 0. 1 25 probability of homozygosity for the gene defect. Inspection of the haplotype data 
indicated M 1 97 was heterozygous for 6- 1 -3 haplotype and the putative RYR l gene defect. 

CHES family 
The founders of the ES branch are individuals 111-37 and 111-38, whose haplotypes were deduced 
from the genotypes of five offspring. Two of these offspring (M58 and M22) were diagnosed 
MHN and have not inherited the maternal 6- 1 -3 "high-risk" haplotype. Two other offspring (M40 
and M48) were diagnosed MHS and have transmitted the 6- 1 -3 haplotype to four MHS children 
and the non disease-linked haplotypes to two MHN individuals. The segregation of chromosome 
1 9q markers is therefore consistent with linkage to MHS in ten individuals on the left-hand side of 
the CHES pedigree. 

However, MHS does not segregate with the chromosome 1 9q markers in the right hand branch of 
the CHES family. The fifth child of 111-37 and 1 11-38 (ID25 1 )  was diagnosed MHS but neither he 
nor his four MHS children or three MHS grandchildren could possibly have inherited the 6- 1 -3 
haplotype. These eight discordant MHS individuals do not share a single common chromosome 
1 9q haplotype. One individual (M395) does not carry the " 1 "  RYR l -RFLP allele that associates 
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with the MHS in the rest of the family, thus the discrepancies cannot be accounted for by 
recombination between the R YR 1 locus and the flanking markers. 

Genotyping errors were excluded by repeated analysis with fresh DNA samples. The haplotypes 
are also consistent with the alleged paternity. Errors in phenotype classification are harder to 
discern, but eight false positive MHS diagnoses in one small family are highly improbable, based 
on the reported specificity of the IVCT [97] .  The incidence of the MHS phenotype in several 
members of the CH family who have clearly not inherited the 6- 1 -4- 1 -3 haplotype challenges the 
causative role of the RYR 1 gene or other nearby RYR 1 -linked gene under a single gene model. 
Multiple recombination events within the short genetic distance of 1 .5 cM between D 1 9S220 and 
D 1 9S47 would have to be invoked to reconcile the involvement of a gene within or nearby the 
region represented by these markers. The discordance in the CHES branch is more readily 
explained by the introduction of an additional inherited factor that predisposes to abnormal IVCT 
responses and/or MH susceptibility. This may have been introduced by one of the unrelated 
spouses or by de novo mutation. 

4.4.5 Identification of crossovers 

Detecting important recombination events is an essential step in defining the proximal and distal 
boundaries of linkage to a panel of markers. A crossover detected in one individual (M3 1 ,  CHK 
family, Figure 4- 1 3) between the disease locus and the D 1 9S47 locus placed the disease locus 
centromeric to the D 1 9S47 marker, which is 0.7 1 cM from the RYR 1 gene. This individual (M3 1 )  
was diagnosed MHN but has inherited the "3" D 19S4 7 allele derived from the MHS-associated 
haplotype together with the unlinked D 1 9S220 '8 '  allele. Genotypes at RYR-RFLP3 and 
D 1 9S 1 90 loci were not informative in this meiosis; therefore, the position of the crossover 
between could not be further defmed. Genotyping error was excluded by repeating the data 
collection. Furthermore, M3 1 transmitted the recombinant haplotype to two offspring in fully 
informative meioses. This observation indicates that the recombinant haplotype inherited by M3 1 
is the result of genetic crossover rather than genotyping error. 

A crossover between the RYR l locus and the D 19S47 marker was detected in a second individual 
(M 147, CHES branch, Figure 4- 1 3). This individual has inherited the 6- 1 -8 haplotype which is 
not compatible with either the maternal (7-2-8 I 6- 1 -6) or paternal (6- 1 -3 I 7-4-4). This 
inconsistency is readily explained by the occurrence of a recombination between the maternal 
chromatids,  telomeric to the RYR l locus. The maternal 7-2-8 haplotype and the associated region 
of the recombinant 6- 1 -8 haplotype are shaded pink in Figure 4- 13 .  The possibility of non­
paternity is excluded by the paternal transmission of both the 6- 1 -3 haplotype and MHS to M l47 . 
This recombination was not informative for linkage because it involved a chromatid from an 
unrelated individual. The centromeric boundary for linkage was not defmed in this study. 
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4.4.6 Haplotype analysis of SIDS victims 

Two distantly related children aged 9 and 24 months born to MHS parents in the CH family died 
sudden unexplained deaths in the absence of any known triggering agents .  These cases of sudden 
death are unique in that febrile seizures were noted before death, and symptoms resembled an 
awake episode of MH with both hyperthermia and muscle rigidity (N. Pollock, personal 
communication). It is noteworthy that the parents of the nine-month-old infant were closely 
related (inbreeding coefficient 0.25), therefore the infant had a 25% probability of homozygosity 
for the putative R YR 1 gene defect .  A possible role of the R YR 1 gene defect in predisposing these 
children to sudden death was investigated by retrospective analysis of DNA extracted from 
paraffm embedded autopsy tissue. 

Autopsy specimens were obtained from the 9-month-old infant and the 24-month-old child to 
determine whether they had inherited the MHS-linked haplotype, and if so, whether they were 
heterozygous or homozygous for the putative RYR1 gene defect. DNA extracted from paraffin 
embedded tissue (PET) is typically of a poor quality, due to damage by fixation in formalin, long 
term storage in paraffm and the shearing that can occur during vigorous extraction processes 
[3 1 1 ] .  Difficulties in the PCR amplification of DNA from PET were therefore anticipated due to 
the fragmentation of the DNA and inhibition by fixatives. 

Extraction and analysis of DNA from paraffin embedded tissue 

Autopsy spleen tissue was obtained from the Palmerston North Hospital. DNA extracts were 
visualized by gel electrophoresis as a smear in the 300 bp - 2 kb size range, indicating significant 
degradation had occurred. 

An inverse relationship between the DNA concentration and amplification yield was observed, 
presumably due to the inhibitory effects of residual tissue fixatives carried over in the DNA 
extraction. PCR amplification of the RYR 1 RFLP sites from a 1 /40 dilution of the templates 
generated bands of the expected size. The primary PCR products were diluted and reamplified in 
order to obtain sufficient DNA for RFLP analysis. Particular care was taken to avoid cross­
contamination of the PCR by the use of barrier tips and the inclusion of several negative PCR 
controls. 

After repeated attempts, the D 1 9S4 7, D 1 9S 1 90 markers were amplified and genotypes 
established for both PET DNA samples. Genotypes for the D 1 9S220 and RYR l -CA markers 
were also determined for the autopsy DNA sample extracted from tissue taken from the 24-
month-old child in 1996 (M4 12,  Figure 4- 1 5) .  The D 1 9S220 and RYRCA PCR products are 
approximately twice the size of the D 1 9S4 7 products. These proved difficult to amplify from the 
older, highly degraded DNA from the 9-month-old infant who had died in 1 962 (M473 ,  Figure 4-
1 5) .  Consequently, PCR failure precluded genotyping the older DNA sample for these markers 
despite repeated attempts. Haplotypes for the deceased children and their families were 
constructed and presented in Figure 4- 1 5 .  
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Examination of the segregation of the panel of chromosome 1 9q markers revealed the inbred child 

was homozygous for the D 1 9S47 "3" allele but was heterozygous for the Taql RFLP marker as 

shown in Figure 4- 1 4. Therefore, we can not attribute this case of sudden death to homozygosity 
for the RYR1 gene defect. 

The haplotype data revealed that both young children who suffered sudden unexplained deaths in 
the absence of any known triggering agents were heterozygous for the MHS-linked haplotype. 
Although this association may be coincidental, the possibility that inheritance of the putative 
RYR1 gene defect may have played a role in the deaths of these two infants could not be 

excluded. 

Figure 4-1 4  Analysis o fthe Taql marker in a family of a SIDS child 

M 1 , 1  2,2 2,2 2 ,2 1 ,2 

1 20 bp 

72 bp 

48 bp 

DNA samples from the CHKW 
family were amplified with the 
RYR1 1 1 5 1 -F/R primer set, 
digested with T aq I and resolved 
on a 3% Nusieve gel in I X  T AE, 
The gel was stained in 0.5 Jlg/ml 
EtBr and photographed under UV 
light. 

Individual M473 died in infancy 
(sudden infant death). DNA was 
extracted from autopsy spleen 
tissue. Both closely related MHS 
parents of this child carry the 
MHS-associated "2" Taq I allele. 
M473 is heterozygous for the Taq 
I RFLP marker and has inherited 
the "2" allele maternally (bold 
type). 

Discordant Individual M l 02 was 
diagnosed MHS according to 
EMHG protocol but has inherited 
the non-disease l inked " 1 "  allele 
(red type) paternally. 
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Figu re 4- 1 5  Association of the MHS-linked haplotype with sudden unexplained death. 

A. CHEA branch 

M60 M343 

6 7 6 8 
1 2 4 1 
4 2 7 4 
1 2 2 1 
3 4 8 8 
+ 

M l 8  M400 M61 

6 6 5 5  6 8 6 8 
1 4 ] 1 1 1 1 1 
4 7 4 4 4 4 4 4 
1 2 2 3 1 1  1 1 
3 8 8 8 3 8 3 8 
+ + + 

M4 1 2  

5 6 
1 1 
4 4 
3 1 
8 3 

+ 

6 6 6 6 
1 4 1 4 
4 7 4 7 
1 2 1 2 
3 8 3 8 
+ + 

6 3  
2 1 

1 2 
3 8  

B. CHKW branch 

6 7  6 3 
2 4 1 1 
7 4 4 4 
1 2 1 3 
3 8 3 4 

+ 
M473 

3 7 6 1 3 6 
4 1 1 1 1 1 2 

4 4 4 4 
3 2 1 1  
4 8 3 8 4 8 3 3 

+ + 

Symbols are as described for F igure 4- 1 1 . Red chequered symbols indicate young children who died sudden 
unexplained deaths. DNA identity numbers are shown. DNA sample M4 1 2  was from a 2 year old girl who 
died in 1 997. DNA sample M473 is from a 9 month-old infant who died in 1 962. DNA was extracted from 
paraffin embedded autopsy spleen tissue specimens. + Signs denote the positive status for an MHS-linked 
RYR1 mutation subsequently identified in the CH family. 

4. 4. 7 Haplotype analysis of other Maori MHS families 

Two other MH families of Maori descent were referred to the Palmerston North Hospital for 
IVCT examination (families 48 and 70). A link between these families and the CH family was not 
established within the branches of the CH family that had been traced (K. Couchman, personal 
communication). Selected individuals from these families and a MHS child of Polynesian descent 
(family 99) were typed for the D 1 9S220 and D 1 9S47 markers to examine the possibility that two 
or more of these families may have common ancestry and share the same RYR1 gene defect. 
None ofthe MHS or MHE individuals examined from the three families shared any alleles in 
common with the 6- 1 -4- 1 -3 high-risk haplotype identified for the CH family at either the 
D 1 9S220 or D 1 9S47 locus (data not shown). It is therefore unlikely that any ofthe four Maori or 
Polynesian families could have inherited the same RYRl defect via a common founder. 
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4.5 TWO-POINT LINKAGE ANALYSIS 

The investigation of the segregation of chromosome 1 9q markers flanking the R YR 1 locus in the 
CH family implicated the involvement of a RYR1 defect in MHS . The inheritance of a unique 6- 1 -
4- 1 -3  haplotype coincided with the MHS phenotype (or obligate MHS status) in 40 individuals 
from four distantly related branches of the family. However, several cases of discordance were 
encountered in which individuals who were diagnosed MHS lacked the RYR1 6- 1 -4- 1 -3 
haplotype. This contradicted the assumption of linkage to the RYR1 locus in the CH pedigree. In  
order to determine the probability of linkage of MHS to the RYR 1 locus, the data were quantified 
statistically by performing genetic linkage analysis. Linkage to the chromosome 1 9q region was 
assessed separately for each of the markers in pairwise (or two-point) analyses. 

4.5.1 Estimation of allele frequencies 

Allele frequencies for the disease and marker loci were stipulated in the parameter file for linkage 
analysis. Allele frequencies for the D l9S220 [325,326], RYR-CA [327] , D l 9S 1 90 [329] and 
D 19S47 [328] markers were taken from published data and online information from the genome 
database [349] . Data from the three RFLP markers were combined and presented as the RYR 1-
RFLP3 locus. Haplotype frequencies for this combined locus were not available. Consequently, 
the frequencies of each of the combine RYR 1-RFLP3 haplotypes were estimated from the 
proportion of each haplotype amongst 38 unrelated spouses in the CH pedigree according to 
recommended procedures [330,395] [396] . The RYR1 -RFLP3 allele frequencies calculated for the 
CH pedigree are given in Table 4-5 .  

Table 4-5 Allele frequencies observed for combined RYR 1-RFLP3 locus 

Allele No. 

1 .  
2 .  
3 .  
4 .  

RFLP haplotype 
(lie 1 1 5 1 , Ser2862, Asp2729) 

22 1 
1 2 1  
2 12 
1 1 2 

Observed 
frequency 

(CH pedigree) 
0.53 
0. 1 5  
0.09 
0.23 

Only four configurations of alleles for the three RFLP marker loci were observed, since the 
Asp2729 and Ser2862 markers appeared to be in linkage disequilibrium. It transpired that the 
MHS-linked 2-2- 1 haplotype (allele 1 )  was the most frequently observed haplotype in the 
population. This reduced the likelihood that the combined RYR-RFLP3 marker would be 
informative for linkage in this family, since individuals are less likely to be heterozygous for 3: 
common allele. 

4.5.2 Organization of pedigrees for linkage analysis 

The CHEH and CHEA branches of the large Maori family shown in Figure 4- 1 0  and Figure 4- 1 1 .  
were combined in one pedigree termed CH 1 ,  for linkage analysis. The CH2 branch, displayed in 
Figure 4- 1 2, comprises descendants of  individual ID24. The remaining branches of the complex 
pedigree were combined in the CH3 pedigree shown in Figure 4- 13 .  This included descendants of 
ID 1 3  (RA and NG branches), ID3 and ID33 (EM branch) and ID 37 (ES branch), who are all 
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linked by consanguineous marriages and other marriage loops. The decision to break the large 
complex family into three groups for linkage analysis was based primarily on the memory 
demands associated with linkage programs. Memory restrictions did not accommodate calculation 
of two-point lod scores for the complex pedigree under a range of genetic models. In addition, the 
impact of subtle changes in the genetic model or diagnostic parameters may have been obscured 
in the analysis of the complex pedigree. Memory restrictions entirely excluded multipoint analysis 
of the complex pedigree using the LINKAGE 5 . 1 program package, under a DOS platform. 

4.5.3 Pedigree and parameter files for linkage analysis 

Two input files are required for linkage analysis with the LINKAGE 5. 1 program: a pedigree file 
and a parameter file. Data were entered in the pedigree file in columns with one line per 
individual. Each line contained the following information in the order shown: Pedigree identifier, . 
IN the phenotype field, MHS individuals were designated "2", MHN individuals were designated 
" 1 "  and untested and MHE individuals were entered as unknown status (0) in the affection status 
field. MHE individuals therefore did not contribute to the lod scores of the pedigrees. While these 
individuals are managed clinically as susceptible, from the geneticist's  perspective, their exclusion 
from the analysis, although reducing the statistical power of the data, significantly improves the 
validity of the assigned phenotypes by improving the specificity of the IVCT [32] . 

The mode of transmission of the disorder was specified in the parameter file by the penetrances 
assigned to each genotype. By convention, a fully penetrant autosomal dominant disorder is 
specified by assigning the " 1 1 "  genotype (normal) a penetrance of O.O, and both the " 1 2" and 
"22" genotypes penetrances of 1 .0 [333] . The penetrance of the normal " 1 1 "  genotype was set to 
a value above zero to accommodate phenocopies and a level of uncertainty in the MHS diagnosis . 
In general, linkage was calculated with a penetrance of 0.0 1 for the " 1 1 "  genotype as described 
elsewhere [27] .  The penetrance of the affected genotypes ( 1 2 and 22) was set to 0.99, to 
accommodate a 1 %  false negative rate for the IVCT [97] . The penetrance of the affected 
genotype in individuals who have suffered MH crises was set to 1 .0, as described in previous 
studies [3 1 ,32] . 

The normal ( 1 )  and disease (2) alleles were defmed by the frequencies assigned to each allele . The 
incidence of the MHS trait was approximated at 1 15000 [3 1 ,  1 80].  This is probably an 
overestimate of the true incidence [70,397],  but conservative in terms of generating false positive 
lod scores [ 1 80] . Moreover, evidence is accumulating that the frequency of MHS IVCT result 
exceeds the incidence of clinical susceptibility [32] . The 1 15000 estimate is therefore appropriate 
for linkage analysis in which the affected phenotype status is based on IVCT diagnoses, and not 
the clinical incidence of MHS .  The frequency of the disease allele (2) was consequently calculated 
as 0.000 1 under the assumption of Hardy-Weinberg equilibrium [330] . The frequency of the 
normal allele ( 1 )  was therefore taken to be 0.9999 and the mutation rate was set to 0.0000 1 .  The 
parameters applied in this study are in accordance with the standard genetic model defined by the 
EMHG genetics section [27 ,28,32]. Pairwise lod scores for linkage of the disease trait to each of 
the markers were computed with the MLINK program, and maximum likelihood estimates for 8 
were calculated for linkage to each marker with the ILINK program [33 1 ,333] .  

4.5.4 Accommodating IVCT false positive diagnoses in the genetic model 

Phenotyping errors can adversely effect linkage analysis. Potential phenotypic inaccuracies were 
accommodated in the genetic model by setting the phenocopy rate above zero. Secondly, the use 
o_f different diagnostic thresholds for the MHS diagnosis was investigated to examine the effect of 
diagnostic stringency on the evidence for linkage. The fabe positive rate of the IVCT 1 06 
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in accordance with EMHG protocol was estimated at 3 . 5 - 1 0. 8% [97] . The parameters for 
genetic linkage analysis as recommended by the EMHG genetics section [27 ,28,3 2, 1 7  5] include a 
phenocopy rate of 0. 0 1 - 0 .02 to allow for potential false positive IVCT diagnoses. 

The effect of the defined phenocopy rate on the calculated support for linkage was investigated by 

calculating 2-point lod scores (at 9 = 0) for the CHI pedigree at increasing phenocopy rates. 
Results are presented graphically in Figure 4- 1 6 . 

Linkage to the RYR1 flanking markers was excluded under the assumption of a zero phenocopy 

rate and standard EMHG diagnostic parameters (Z = -4.69 at 9 = 0 for the D 1 9S220 locus, Z = -

1 . 37 at 9 = 0 at the D 1 9S47 locus). In this case, the five discordant MHS individuals imply 
genetic recombination between the disease locus and the chromosome 1 9q markers. Support for 
linkage increased when the phenocopy rate was raised gradually from 0 to 0 . 1 ,  as the impact of 
the recombinant MHS individuals was reduced by the inclusion of a low level of diagnostic 
uncertainty into the genetic model. When the phenocopy rate was raised above 0. 1 ,  a reduction in 
the power of the non-recombinant data resulted in a decrease in lod scores calculated for most 
loci. 

Figure 4- 16 Influence of the phenocopy parameter on support for linkage to RYR I 
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Two point lod scores were calculated (at 
8 = 0) under various phenocopy rates to 
accommodate the false positive rate of 
the IVCT for the CHI pedigree. 
Phenotype was assigned according to 
conventional EMHG thresholds (0 .2 g at 
2 mM caf. and 2 % hal.) . 

Parameters for linkage analysis included 
a penetrance of 0. 99 for the disease 
allele, a disease allele frequency of 
0. 000 1 ,  and a mutation rate of 0 .  0000 1 .  

A phenocopy rate of 0 .  0 1  was assumed in all subsequent analyses. This i s  more conservative in 
terms of imparting false positive bias in the analysis than the 0 .02 phenocopy rate applied in other 
MH linkage reports [3 1 ,32, 1 80] . 

4. 5. 5 Increasing the stringency of the diagnostic criteria 

The specificity of the IVCT is less than absolute [97], therefore, the five recombinant individuals 
in the CHI pedigree classified MHS by conventional diagnostic thresholds may actually represent 
false positive diagnoses. To test this possibility, linkage was performed under increasingly 
stringent diagnostic criteria. This approach has been applied to other discordant families where 
alteration ofthe IVCT diagnostic cut-off points has permitted investigators to expose linkage of 
MHS families to the RYRl gene that was obscured when the conventional EMHG thresholds 
were applied [99, 1 05 , 1 1 2] .  Pairwise lod scores were recalculated at the standard EMHG 
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thresholds (2 0.2 g tension at 2mM caf and 2 %  hal) and with increasingly stringent criteria, 

where subjects generating a tension 2 0.4, 0 .6, 0 . 8, 1 .0 and 1 . 5 g in response to 2 mM caffeine or 

a tension 2 0.4, 0 .6, 0 .8, 1 .0 or 1 . 5 g in response to 2 %  halothane were classified as MHS. 
Subjects producing responses below the selected thresholds for both tests were classified as 
MHN, while those attaining the threshold response to only one test agent were classed as :MHE . 

Lod scores calculated at various values of8 under the EMHG (0.2 g/ 0 .2  g) thresholds are 
displayed in Table 4-6. Equivalent analyses were performed under more stringent thresholds of 
0 .4  g/ 0 .8  g and 1 .0 g! 1 . 5 g for caffeine/halothane respectively. The lod scores were maximised 

over 8 for each marker using the ll..INK program to estimate the recombination fraction between 
the marker and the disease locus (8max). The relationship between the diagnostic stringency and 
the evidence for linkage to the RYRi locus for the CHI pedigree is summarised in Table 4-7. The 
number of concordant and discordant individuals are shown for each diagnostic scheme together 

with lod scores calculated at 8 = 0, and maximal lod scores for the most informative marker 
(D I 9S47). 

Table 4-6 Pairwise lod scores for linkage of MHS to chromosome I 9q markers in CH I . 

A .  � 0. 2 g_ at 2mM caf and � 0. 2 g_ at 2 % ha/ (EMHG thresholds) 

Z at Recombination fraction ((}) = 

MH v. Smax Z(S)max 0 0.0 1  0 .05 0. 1 0  0.2 0 .3  0 .4  

D l 9S220 0 .092 3 .24 0 .3 1 1 .93 3 .06 3 .23 2.72 1 .76 0.6 1 
RYRRFLP 0.038 3 .97 3 .62 3 . 84 3 .96 3 .75 2.96 1 .94 0 .82 
RYRCA 0 . 1 02 1 .0 1  0 .34 0 . 6 1  0 .94 1 .0 1  0.89 0 .62 0.27 
D l 9S l 90 0 .000 4 .76 4 .76 4 .68  4 .33  3 .88 2.92 1 .90 0.85 
D 1 9S47 0 .04 1 6.45 5 . 9 1  6 .22 6.44 6 . 1 2  4.90 3 .28  1 . 43 

Under the conventional EMHG thresholds of 2 0.2 g tension at 2 mM caffeine and 2 %  halothane, 
five MHS individuals were recombinant at the D I 9S220 locus. Consequently, linkage to the 
D 1 9S220 locus is not supported at 8 = 0 under the EMHG thresholds for the CHI pedigree (Z = 

0 .3 1 at 8  = 0). 

Lod scores in favour of linkage ofMHS to the markers increased with incremental increases in the 
stringency of the diagnostic criteria, concomitant with a reduction in the number ofMHS 
recombinant individuals, as shown in Table 4-7. The lod score for linkage to the D 1 9S220 locus 

increased from 0.3 1  to 5. 76 8 = 0 under the new thresholds. A maximum lod score of 9. 8 1  in 

favour of linkage to the D I 9 S47 locus at 8 = 0.0 1 2  was obtained. Examination ofthe IVCT data 
from the CHEH and CHEA branches revealed that three discordant individuals: M33 (Figure 4-
1 1 ); M130 and M23 1 (Figure 4- 1 0) recorded the weakest contracture responses of the MHS 
group. When the cut-off point for MHS diagnosis was raised to 0.4 g tension at 2 mM caffeine 
and 0.8 g tension at 2 %  halothane (as applied by Healy et al. 1 996), individuals M33, M 1 30 and 
M23 1 were classified MHN, MHE and MHE respectively. In addition, 1 2  :MHE individuals were 
reclassified as MHN, improving overall support for linkage. 

Two discordant individuals (M 1 75 and M54) from the CHEA branch (Figure 4- 1 1 )  remained 
MHS under the intermediate thresholds of 0 .4  g (at 2 mM caf) and 0 .8  g (at 2% hal) . When the 

diagnostic thresholds were raised to 2 1 .  0 g in at 2 mM caffeine and 2 1 .  5 g at 2 % halothane, the 
two remaining discordant individuals were classified MHE while all individuals who were positive 
for the 6- 1 -4- 1 -3 haplotype remained MHS.  Complete concordance between MHS and the 
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genetic data was reflected by the calculation of maximal lod scores at 8 = 0 for all marker loci. As 
the cut-points were raised further to 1 . 5  g for both the caffeine and halothane tests, two MHS 
individuals who were positive for the MHS-linked haplotype (M60, M289, Figure 4- 1 1 ) were 
classified MHE, and the lod scores decreased accordingly. 

These results clearly show that MHS is linked to the RYR1 locus in the CH I pedigree, and 
support the assumption of false positive diagnosis in at least three discordant MHS individuals 
who have relatively weak contracture responses. This suggests that diagnostic errors imposed by 
the adoption of the low EMHG thresholds rather than true genetic recombination resulted in the 
inflated estimates of the genetic distance between the disease locus and the RYR I markers in this 
pedigree. 

Table 4-7 The relationship between diagnostic stringency and evidence for linkage to R YR 1 
in the CH I pedigree. 

Cut-

. point 

Caf/Hal 

0.2/ 0.2 
0.4/ 0.4 

0.4/ 0.8 

0.8/ 0.8 

1 .0/ 1 .0 

1 .01 1 .5 

1 .5/ 1 .5 

I No. of individuals 
Haplotype ( +) Haplotype (-) 

s E N s E N 

Rec Rec 
1 6  0 0 5c-g 1 5  9 
1 6  0 0 3e-g 5 2 1  

1 6  0 0 i·g 3 24 

1 6  0 0 i·g 1 d 26 

1 5  1 "  0 l e 2d,f 26 

1 5  l a  0 0 2d 27 

14  2a.b 0 0 1 f 28 

Lod score at 8 = 0 D 1 9S47 
MHS vs. 
D 1 9- RYR- RYR- D l 9- D 1 9- e Z(8) 
S220 RFLP CA S 1 90 S47 Max Max 
0.3 1 3.62 0.34 4.76 5 .9 1 0.04 1 6.45 
3 .67 5. 1 7  1 .04 4. 19 9 .55 0.0 1 3  9 .67 

5 .76 5.32 2.57 4.3 1 9.72 0.0 1 2  9 .8 1 

5 .93 5 .5 2 .74 4. 19  9.9 0.0 1 1 9 .99 

6.96 6.42 2.73 4.05 10.02 0.00 1 0.0 

7 . 1 3  6.54 2.73 4.04 10 .20 0.00 10.2 

6.83 6.24 2.73 4.03 9.88 0.00 9 .88 

Patients were classified MH S, E,  or N depending on whether threshold tensions were obtained in  response 
to both, one or neither of the IVCT tests respectively. The haplotype (+) or (-) refers to the presence or 
absence of the MHS-associated 6- 1 -4- 1 -3 chromosome 1 9q haplotype. Rec. = recombinant. 
a: M60 (0.9 g at 1 .5 mM caf., 1 .6 g at 1 % ha!.), b: M289 ( 1 .3 g at 2 mM caf, 2 .2 g at 2 %  ha!), 
c :  M33 (0.25 g at 2 mM caf, 0.6 g at 2 %  ha!), d: M 1 30* (0.3 g at 2 mM caf, 1 .2 g at 2 %  hal), 
e: M23 1 * (0.6 g at 2 mM caf, 0.4 g at 2% hal), f: M 1 75 (0.9 g at 2 mM caf, 3 .7 g at 2% ha!), 
g: M54 ( 1 .0 g at 2 mM caf, 1 .4 g at 2 %  hal) 
* Denotes individuals from the CHEH branch (Figure 4- 10) .  All other individuals are from the CHEA 
branch of the pedigree (Figure 4- 1 1 ) .  

4.5. 6 Two-point linkage analysis of the CH2 branch 

Two-point linkage analysis was conducted for the CH2 pedigree branches (Figure 4- 1 2) ,  under 
both the standard EMHG parameters and increasingly stringent diagnostic thresholds. A 
phenocopy rate of 0.0 1 was assumed. The influence of the diagnostic thresholds on the support 
for linkage in the CH2 pedigree is shown in Table 4-8.  Linkage to the RYR 1 locus in the CH2 
pedigree (Figure 4- 1 2) was excluded under the standardized diagnostic criteria of the EMHG 
group (Z = -5.04 at 8 = 0 at the D 19S220 locus) . Support for linkage increased as the diagnostic 
cut-points were raised, concomitant with a reduction in the number of MHS recombinants from 6 
to 1 .  Lod scores decreased as the thresholds were raised above 0.8 g for both caffeine and 
halothane. At these thresholds, individual M5 (who is positive for the MHS-linked haplotype) is 
classified MHN and recombinant with respect to the RYR 1 flanking marker. However, in this 
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case, poor quality muscle may have resulted in the relatively low IVCT responses. An 
unambiguous genetic recombination observed between the disease locus and D l 9S47 marker in 
l\11-IN individual M3 1 (CHKM branch) also reduced the apparent support for linkage to the 
D 1 9S4 7 locus under the raised thresholds. 

Table 4-8 The relationship between the diagnostic stringency and evidence for linkage to 
RYRl in the CH2 pedigree (shown in Figure 4- 1 2) . 

Cut- Haplotype ( +) Haplotype (-) I Lod score at 8 = 0 D l 9S47 I point ! MHS VS. 
Caf!Hal s E N I s E N 0 1 9- RYR- 0 1 9- 8 Z(8) I I I Rec 

i 
Rec S220 RFLP S47 Max Max I 

I o.21 o .2 8 0 0 6 5 4 1 -5 .04 -0 .52 - 1 .85 0 .22 0 .49 
I I I i 0.06 
I 

I o.4/ o.4 8 0 0 l e  9 0.61 - 1 . 1 7 1 .48 ! s I  o.94 I 
8 0 0 I l e  0 0.73 0.59 1 .44 

I 1 0.4/ 0.8 I 1 4 1 2 .50 I 0. 1 1  I 
0 .8/ 0.8 8 0 0 l e  0 1 4  2 . 50 0.73 0.59 0 . 1 1  1 .44 

I ! I I I 
1 .0/ 1 .0 7 0 l a  I l e  0 1 4  2 .26 0.20 0.40 i 0. 1 1  1 . 24 I 

! 
1 .0/ 1 . 5 7 0 l a  I l e  0 1 4  2 .26 0.20 0 .40 I 1 .24 i i 0. 1 1  I 
1 .5/ 1 .5 6 l b l a  I 0 l e  1 5  2 . 73 0.03 0 .86 0.07 1 .4 I I I 

. -

a MS (0 .8  g at 2 mM caf and 1 .0 g at 2 %  hal. Note: early test, poor muscle twitch noted) 
b M365 ( 1 .2 g at 2 mM caf and 3 . 9  g at 2 %  hal) 
c M98 ( 1 g at 2 mM caf and 1 . 8 g at 2 %  hal) 

4. 5. 7 Two-point linkage analysis of the CH3 pedigree 

Linkage to R YR 1 was also investigated for the CH3 pedigree (Figure 4- 1 3 ) under various 
diagnostic schemes. Results are presented in Table 4-9. Eight MHS individuals from the CH3 
pedigree are discordant with respect to the RYRl haplotype. Accordingly, linkage to the RYRI 

region is not supported (Z = - 1 . 34 at 8 = 0 for the D l 9S220 locus) under conventional IVCT 
thresholds. 

IVCT tensions recorded for four discordant MHS individuals from the CHES branch (M2 1 0, 
M394, M395 and M397) were sufficient to secure an MHS diagnosis under the raised thresholds 
of � 0.4 g at 2 mM caf and � 0 .8  g at 2 %  hal . Consequently, linkage to the D 1 9S220 locus was 

not supported at e = 0 (z = - 0.07) even under these stringent thresholds. The analysis was limited 
by the lack of contracture data for four additional discordant individuals (M42, M206, ID25 1 ,  
ID258) who were diagnosed MHS before the Palmerston North Hospital IVCT testing centre was 
established. These individuals were classified MHS under conventional thresholds and "status 
unknown" under the raised diagnostic schemes. When an MHS status was assumed for these four 
individuals at the 0.4g /0 . 8  g threshold tensions the lod score at the D l 9S220 locus decreased to -

2 .0 1  at 8 = 0, and was maximal at a 8 = 0 . 1 43 .  D l 9S220 is tightly linked to the RYRl gene (8 = 

0.008, CHLC sex-average genetic map) . Consequently, this result excludes linkage to the RYRl 
locus under the raised diagnostic parameters recommended in an earlier study [ 1 05] .  

Maximal lod scores were achieved under the highest thresholds of 1 .  5 g tension at both 2 mM 

caffeine and 2 % halothane (Zmax = 4.84, for the D 1 9S220 locus at 8 = 0) . At these thresholds, the 
four discordant CHES individuals (for whom data was available) were classified as MHE . 
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However, two individuals with the high risk 6- 1 -3 haplotype were also re-classified MHE at these 
thresholds, so there is some loss of power in the analysis, due to overlap between the contracture 
responses from the discordant and concordant MHS individuals. 

Table 4-9 The relationship between the diagnostic stringency and evidence for linkage to RYR 1 
in the CH3 pedigree (shown in Figure 4- 1 3) .  

Cut- Haplotype ( +) Haplotype (-) 
point 

Caf/Hal s E N s E 
Rec Rec 

0.2/ 0.2* 1 2  0 0 1 9c- k 6 
0.4/ 0.4 10  2 0 4h-k 7 

0.4/ 0.8* 1 2  0 0 8d-k 0 

0.4/ 0 .8  10 2 0 4h-k 4 

0 .8/ 0.8 10 2 0 2j.k 6 

1 .0/ 1 .0 1 0  2 0 1 k 7 

1 .0/ 1 .5 10  2a.b 0 1 k 6 

1 .5/ 1 .5 1 0  2a,b 0 0 7 

a, b :  M40, M48. IVCT data not available. 
c: M86 (0.4 g, 0.65 g) 

N 

1 5  
1 9  

22 

22 

22 

22 

23 

23 

Lod score at 9 = 0 
MHS vs. 
D 19- RYR- D19-
S220 RFLP S47 
- 1 .34 0.78 1 .72 
-0. 19  0.49 1 .85 

- 2.0 1 0.67 1 .69 

-0.07 0.53 2.09 

2.27 2.22 2. 10 

3 .74 1 .92 3 .39 

4.01 2. 19  3.36 

4 .84 1 .90 4.20 

d - g: M42, M206, ID25 1 ,  ID258.  IVCT data not available. 

D 1 9S220 

e Z(8) 
Max Max 
0.038 0.79 
0.094 2.04 

0. 143 1 . 1 1 

0.075 2.57 

0.000 2.27 

0.000 3 .74 

0.000 4.0 1 

0.000 4.84 

h - k :  M395 (0.5 g, 1 .4 g) M2 10  (0.5 g, 1 .5 g), M397 ( 1 .0. g, 2.6 g), M394 ( 1 .2 g, 1 .7 
g). Tensions at 2 mM caf, and 2% hal respectively). 
* Four MHS individuals for whom data was not available diagnosed MHS (M42, M206, 
ID25 1 ,  ID258) 

4.5.8 Summed 2-point lod scores for the CH family 

Lod scores summed across the three pedigree branches are presented in Table 4- 1 0. Under the 
standard EMGH 0.2 g thresholds, linkage to MHS is not supported for either the D 1 9S47 or 
RYR1 -EFLP3 loci, and was excluded for the D 1 9S220 marker (Z = -6.29) . Under the raised 
diagnostic thresholds of 0.4 g at 2 mM and 0.8 g at 2 %  halothane (described in a previous study 
[ 105] ) ,  conclusive evidence for linkage was obtained, with combined lod scores > 6.0 generated 
for each of the D 19S220, RYR-RFLP3 and D 19S47 markers. The combined 2-point lod scores 
therefore provide convincing support for linkage of MHS to the RYR 1 region in the CH pedigree. 
However, combining the data in this way obscured the observed recombination between the MHS 
and the chromosome 1 9q markers. The evidence of genetic heterogeneity within this pedigree 
advocates the scrutiny of separate branches of large MH pedigrees before combining data. 

A limitation of 2-point linkage analysis is that loci examined individually can appear to be linked 
with a disease, even though an inspection for the haplotypes for the family might strongly suggest 
that the entire region under investigation fails to segregate with the disorder. The distortional 
effects of including incomplete data in linkage calculations have been described [ 1 80,365 ] .  This 
can be overcome by performing multipoint linkage analysis [332], whereby the inclusion of data 
reflecting the observed haplotypes would exclude MHS from the whole interval between 
D l 9S220 and D l9S47 in the CHES family. 
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Table 4-10 Summed 2-point lod scores for linkage of MHS to chromosome 1 9q markers in 
CH 1 CH2 and CH3 pedigree branches 

A.  ;? 0.2  8. at 2mM ea[_ and ;? 0.2 8. at 2 % hal (EMHG thresholds) 

Z at Recombination f!action ( 8) = 

MH v. 0 0.0 1 0.05 0. 10 0 .2 0 .3 0.4 
D 19S220 -6.288 -0.25 - 1 .2 1 . 34 3.24 3 .25 2.46 
RYRRFLP 0.298 4.45 4.35 4.65 4.68 4. 1 8  3 .08 
D 1 9S47 -0. 1 39 6.59 7 . 1 5 7 .86 7.87 6.83 5 .07 

B ;? 0.4 g at 2 mM caf and ;? 0.8 g at 2 % hal (as applied by Healy et al., 1996) 

Z at Recombination f!action ( 8) = 

MHS v. 0 0.0 1 0.05 0. 10  0.2 0.3 0.4 
D 19S220 8 . 1 9  9.04 9.58 9. 1 7  7.23 4 .44 1 .42 
RYRRFLP 6.58 6.79 6.77 6.27 4.81 3 .07 1 .24 
D 1 9S47 12 .4 1 3 .02 1 3 .55 12.9 1  10.34 6.9 2.95 

4.6 MULTIPOINT LINKAGE ANALYSI S  

After the approximate location o f  a disease gene has been mapped with 2-point linkage analysis, 
multipoint linkage analysis is used to map the location of a disease gene accurately to a fixed point 
on an established map of loci. Multipoint analysis effectively evaluates an extended haplotype, and 
maximises the information content of the data set. The multipoint lod score is described by the 
equation 

[ L(x) J Z(x) = log 10 --
L(oo) 

Where x is the location of the disease gene on the fixed map [398] . The denominator assumes the 
disease locus is unlinked to the established map of markers where oo denotes the infinite map 
distance corresponding to 8 = 0.5 .  

4.6. 1 Multipoint analysis with the LINKMAP program 

The LINKMAP program is used for disease mapping of general pedigrees in which there may be 
complex penetrance models [332]. Due to the heavy memory requirements of the LINKMAP 
program, only four loci can be assessed at a time. This limitation is overcome by sliding the group 
of four loci down the map, in one locus increments, placing the disease locus in the middle 
interval of each set of four markers [333] . The disease locus is then moved through each interval 
on the fixed map, beginning at the left of the first marker locus (interval 0) , up to interval 2 
(between markers 2 and 3) .  At least one evaluation is required with the disease fixed at 8 = 0.5 to 
the left of the leftmost marker with each set of four alleles. 
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The three major branches of the CH pedigree (CH I ,  CH2, and CH3) were investigated in separate 
multipoint linkage analyses. This reduced the computational demands and permitted a comparison 
of the influence of genetic heterogeneity in each branch of the pedigree. 

4. 6. 1 . 1 Condensing a/le les 

Linkage program limitations prevented evaluation of more than three highly polymorphic S SLP 
with more than 3 or 4 alleles at each locus in addition to the disease locus (LINKAGE 5. I users 
guide). To accommodate these limitations, the genotypes were receded to a maximum of four at 
each locus. This was achieved by reducing the genotypes to alleles observed in the root family and 
adjusting the alleles of individuals married into the family to preserve all the linkage information, 
according to standard procedure [3 1 ,330,365] . Allele frequencies ofthe informative alleles were 
preserved; while the remaining alleles were pooled into groups of approximately equal frequency, 
where possible. The D 1 9 S 1 90 and RYRCA markers were omitted from the multipoint analysis to 
improve computation efficiency. 

The 2-point lod scores for the receded pedigrees were compared with the lod scores for the 
original pedigrees to check that no linkage information had been erroneously introduced or lost by 
receding the alleles. For each pedigree branch (CH I ,  CH2, CH3) the 2-point lod scores for the 
receded pedigrees fell within the +/- 0 .3  guidelines for maintaining consistency with receded allele 
data [330] .  

4. 6. 2 Multipoint analysis with LINKMAP and F ASTLINK 

The disease phenotype in the pedigree file was defined using the raised IVCT diagnostic 
contracture thresholds of 0.4 g at 2 mM caffeine and 0 .8  g at 2% halothane that were employed 
by Healy et al. [ 1 05] .  The chromosome 1 9q marker map order was fixed as D 1 9S220-RYR 
RFLP-D 1 9 S47, with recombination frequencies of 0 .008 and 0 .007 1 defining the first and second 
map intervals (obtained from the online CHLC sex-averaged chromosome 1 9 linkage map [334]) .  
The WIS locus was moved through each interval, from 0 to 3 with 5 increments in each interval . 
Map distances were calculated from the recombination fractions with the Kosambi mapping 
function using the LINKLODS auxiliary program. The LINKMAP program was used to 
calculate multipoint scores for the CH I pedigree. Multipoint analysis of the CH2 and CH3 
pedigrees was performed with FASTLINK (a faster version ofthe LINKMAP recompiled from 
the UNIX source code to operate under DOS). Multipoint linkage scores obtained for the CH I ,  
CH2 and CH3 pedigrees are represented graphically in Figure 4- 1 7, Figure 4- 1 8  and Figure 4- 1 9  
respectively. 

Linkage to the RYRl region was conclusive for the CHI pedigree, with a maximum multipoint 

lod score of 9.88 obtained at a genetic distance of (8 = 0.008) from the D 1 9S220 marker (Figure 
4- I 7) .  This corresponds to the position ofthe RYRI gene locus (CHLC sex-averaged map). 

A maximum multipoint lod score of 2 .9  in favour of linkage was obtained for the CH2 pedigree at 
the position ofthe D 1 9S220 locus (0 cM) .  This is close to the level at which linkage is accepted 
as conclusive (Z = 3 .0). The lod score dropped to 0 .99 at 1 . 5 cM telomeric to the D 1 9S47 locus, 
corresponding to the D 1 9S47 locus position. This reflects the crossover observed between the 
disease trait and the D 1 9  S4 7 marker in a single individual (M3 1 ,  CHKM branch, Figure 4- 1 2). 
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In contrast to the results from the CHI pedigree branch, multi point analysis of the CH3 pedigree 
branch did not support linkage ofMHS to RYRl (Figure 4- 1 9) .  Allowances for the IVCT false 
positive rate were included in the analysis of all three pedigree branches by the application of 
raised diagnostic thresholds and a 0 .0 1  phenocopy rate in the genetic model. Even with these 
adjustments, a negative multipoint score of -0. 3 3 0  was generated at the RYRI locus position for 
the CH3 pedigree branch. This reflects the significant discordance between the "MHS and the 
RYRI haplotype observed in the CH3 branch (specifically in the CHES family). 

In multipoint analysis, ifthe defined genetic model differs significantly from the true model, 

inflated estimates of e can drive the trait outside of a candidate map region even if it includes the 
trait locus [333 ] .  The haplotype data for the CHES family pointed to the segregation of a second 
genetic defect not linked to RYRI that predisposes the affected individuals to MRS. The possible 
segregation of two MHS genes in the family was not accommodated in the single gene model 
applied. Inconsistencies, possibly attributable to the segregation of a second MHS gene were 
therefore be interpreted by the program as genetic recombination between the MHS trait and the 
RYRl locus, hence the negative multipoint lod score at RYR I .  

Figure 4- 17 Multi point linkage analysis of the CHI pedigree branch. 
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The location map indicates lod scores for MHS at various map positions in a fixed marker map comprising 
markers D l 9S220, RYR-RFLP3 and D l 9S47. Liklihoods were calculated with LINKMAP and converted 
to lod scores with LINKLODS.  The D l9S220 locus is arbitrarily p laced at 0 cM. Markers were positioned 
according to sex-averaged CHLC maps for this region . Genetic distance refers to distance (cM) from the 
D 1 9S220 locus (Kosambi mapping function). The MHS phenotype was established according to raised 
diagnostic criteria (0. 8g at 2 %  Hal . ,  0 .4  g at 2 mM Caf.), with MHE individuals entered as unknown 
status. Z(8)max = 9 .88 at 0 .8  cM telomeric to the D l9S220 locus (corresponding to the RYRl -RFLP3 
locus). Parameters for linkage analysis included a penetrance of 0. 99 for the disease allele, a phenocopy rate 
of 0 .  0 1  and a disease allele frequency of 0 .  000 1 .  

1 14 



Chapter 4 

Figure 4-18 
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Multipoint lod scores for the CH2 pedigree (Figure 4-12) were computed with LINKMAP 

(F ASTLINK). Linkage and diagnostic parameters are as described in Figure 4-1 7. The 

maximum multipoint lod score, Zmax = 2 .9  was generated at 0 cM (the D l9S220 locus). A 
genetic recombination event between JMHS and the D l 9S47 marker placed the disease locus 

centromeric to D l 9S47, consistent with linkage to RYR! in this family. 

Figu re 4- 19 Multipoint analysis of the CH3 pedigree branch 
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Multipoint lod scores were calculated using LINKMAP (F ASTLINK) as described 

for figure 4-1 7 .  Linkage to R YR 1 was not supported; Multipoint lod score = -0.3 3 1 

at the RYRl locus .  This is a reflection of the discordance between MH.S and the 
RYR1 haplotype in the CH3 pedigree, (specifically in the CHES family, Figure 4-
1 3) .  
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4.7 D ISCUSSION OF RESULTS 

4. 7. 1 Troubleshooting SSLP analysis 

S everal difficulties were encountered in the typing of micro satellites. The chosen method was 

developed from standard protocols for typing y-32P-labelled products that recommend a 30-fold 
dilution ofPCR products in 98% formamide loading dye [330,3 6 1 ] .  The lower emission levels of 

the y-33P label necessitated an increased DNNformarnide ratio to visualize bands within a 
practical exposure time-frame. The reduced concentration of formamide in the samples may have 
resulted in incomplete denaturation of the DNA, leading to blurred bands and other artifacts that 
complicated genotype interpretation. The problem was resolved by heating samples to 95°C in 
batches and loading the denatured DNA immediately. The band artifacts and poor resolution were 
attributed to the formation of secondary structure in the single-stranded DNA. 

In addition to the stutter bands that occurred in 2 bp increments, faint bands were also observed in 
1 bp increments above the associated major bands. These extra bands could have resulted from 
the partial non-template directed nucleotide addition of a nucleotide to the 3' end of amplification 
products during PCR ("A tailing") [399] . Approximately 86% ofPCR products generated by Taq 
polymerase have the extra 3' A addition [400] .  Despite the potential problems with PCR of repeat 
sequences, the band patterns were found to be consistent for DNA samples amplified under 
identical PCR conditions. 

The D 1 9S47 marker proved the most informative for the CH family, as the MHS phenotype 
appeared to segregate with a relatively rare allele. A complex highly polymorphic VNTR 
(WUT 1 .9) flanking RYR1 was reported during the data collection phase [40 1 ]  was also 
investigated as a potentially useful RYRl marker. The marker is composed of a 25 bp minisatellite 
sequence, a compound microsatellite (AC)(AT), and an oligo-T stretch [40 1 ] .  The WUT 1 .9 
polymorphism was not informative for the CH family as the MHS phenotype appeared to eo­
segregate with a common allele that was difficult to discern from a complex array of similarly 
sized bands. Analysis of the WUT 1 .  9 marker was therefore not extended to other branches of the 
family. 

4. 7. 2 Eliminating genetic and IVCT data errors 

In view of the significant discordance between phenotypic and genetic data in branches of the CH 
family, the genotypes were verified by repeating microsatellite and RFLP analysis on all 
recombinant samples prior to conducting linkage analysis (with fresh DNA samples where 
possible). It is unlikely that genotyping errors have been made repeatedly for the same samples in 
the collection of marker data at all 5 loci, thus the genetic data for the recombinant individuals 
was taken to be sound. 

Before conducting genetic linkage analysis, the IVCT data from members of the CH family tested 
at the Palmerston North was reviewed and entered into a database. Details recorded included the 
contracture responses at each drug concentration, muscle twitch and results from duplicate 
muscle strips. Any departure from the standard protocol, such as the bolus addition of the test 
agents, or the addition of other drugs to the bath was noted. 
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Some inconsistencies in test procedure were observed that might have contributed to aberrant 
contracture responses in some tests. 

Data from individual muscle strips was void in the following circumstances: Where additional 
agents were added to the bath� where zero or poor twitch response (< 0 .5  g) was noted, and� 
where the test agent was added to the bath as a bolus dose instead of the standard incremental 
addition. The bolus addition of the test reagents is know to induce stronger muscle tensions than 
incremental addition. therefore this procedure might have contributed to abnormal contracture 
responses in some individuals [ 1 00, 1 02] .  A further source of variability was the use of acid­
dissolved caffeine, and the addition of drugs such as suxamethonium, profofol, or diprivan to the 
bath. It is unclear how these agents might have affected the resultant tensions, though 
exaggerated tensions were noted with the addition of suxamethonium (which would be expected 
since this agent is a potent trigger of:MH). Where the maximal tension was achieved in a test that 
departed from the accepted protocol, data was substituted with the next highest tension from 
muscle bundles tested with the correct procedure. All biopsy test results were similarly evaluated 
to avoid positive bias. 

Aberrations in the IVCT procedure were noted for three recombinant :MHS individuals. In the 
first case, (son of discordant individual M98, CHKM branch, Figure 4- 1 2), an abnormal tension of 
0.7 g was induced by acid-dissolved caffeine whereas normal results (< 0.2 g) were obtained with 
standard caffeine solution. It is unclear whether the potency of the acid caffeine solution differs 
from standard caffeine solution used in most tests. The MHS diagnosis in the grandmother of this 
individual (M93, CHKM branch, Figure 4- 12) was also suspect. M93 registered normal caffeine 
responses (< 0.2 g) in all three strips tested according to standard procedure, however, a 
contracture of0.6 g was recorded with a bolus dose of halothane in the fourth. Prior expectation 
of an :MHS result due to the previous :MHS diagnosis in a child of this individual may have 
influenced the test procedure and interpretation. An unknown :MH status was entered for these 
individuals in the linkage analysis .  

Prominent inconsistencies in the results from duplicate muscle strips also suggested the influence 
ofiVCT error. In the case of discordant :MHS individual M 1 02 (CHKW branch, Figure 4- 1 2), 
three caffeine tests were performed, registering normal tensions of O.O, 0 . 1 5  and 0.2 g. Seven 
halothane tests were performed, with tensions ranging from 0 . 1 5  to 1 . 5 g. In a deviation from 
standard procedure, caffeine was added to the halothane bath in three tests, and residual caffeine 
may have influenced a fourth. The remaining three strips registered 0. 1 5, 0.2 and 1 .0 g tension. 
The striking abnormal halothane response in one of the strips warrants clinical suspicion of:MHS 
status. However, for genetic analysis, this ambiguous result was excluded by entering the 
phenotype status as unknown. 

There were no noticeable deviations from the standard IVCT procedure for the 4 discordant :MHS 
individuals from the CH3 pedigree (Figure 4. 1 3 �  M2 1 0, M394, M395, M397), the CH2 pedigree 
(Figure 4- 1 2, M98) or from the CHEA branch of the family (Figure 4- 1 1 �  M54, M1 75, M33) .  
Data from one MHS patient who carried the high-risk haplotype (M5, biopsy 1 8, 0 . 8  g at 2 mM 
caf and 1 .  0 g at 2 % hal) was excluded because of zero twitch response and breach of standard 
protocol (only one muscle strip was tested in each case). Data from a second MHS patient who 
also carried the high-risk haplotype (M60, biopsy 1 3 ,  0 .9  g at 2 mM caf and 1 .6 g at 2 %  ha! . )  
was excluded from statistical analysis of the data because tensions were not recorded at the 
standard IVCT threshold concentrations. 
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4. 7.3 Overview of evidence for linkage of MHS to R YRl 
The analysis of the segregation ofRYRl markers in the CH family supports the existence of a 
RYRl mutation segregating across 4 major branches ofthe family which could account for the 1 5  
clinically observed cases ofMH susceptibility. All members of the family identified with the 
unique 6- 1 -4- 1 -3 haplotype across distantly related branches ofthe family examined by IVCT 
were diagnosed MHS. This strongly implicated the involvement ofthe RYRl locus in this family. 
This assumption was confirmed by conclusive evidence for linkage obtained at the RYR1 -RFLP3, 
D 1 9S 1 90 and D 1 9S47 loci from the two-point analysis ofthe CHI pedigree under the standard 
EMHG thresholds. The analysis was extended to additional branches of the family with a view to 
the future application of the defined :MHS-linked haplotype in indirect diagnosis, as has been 
described in previous studies where the causative mutation was unknown [392,402] . However, 
multiple cases of genotype/phenotype discordance were encountered in which individuals who 
were diagnosed MHS clearly had not inherited the :MHS-linked 6- 1 -4- 1 -3 haplotype. 
Consequently, the negative two-point lod scores excluded linkage to the D 1 9S220 locus in both 
the CH2 and CH3 pedigrees when individuals were diagnosed according to the standard 

diagnostic thresholds (0 .2 g at 2 mM caffeine and 2 %  halothane) and estimates of Smax placed the 
disease locus outside the RYR1 region. This challenged linkage to the RYRl locus in the CH 
pedigree, and cautioned against the use of the chromosome 1 9q markers in any diagnostic 
capacity. 

The following possibilities could be considered to account for the MHS phenotype in discordant 
individuals lacking the 6- 1 -4- 1 -3 haplotype: 1 )  genetic recombination between the RYR1 locus 
and flanking markers; 2) the involvement of a chromosome 1 9q gene positioned outside the 
region defined by the RYR1 flanking markers (thus excluding the involvement of a RYR1 gene 
defect in :MHS in the CH pedigree); 3) false positive IVCT diagnosis; 4) the introduction of 
additional gene defect(s) at a different locus or loci. 

Genetic recombination between the RYR1 locus and the flanking markers used in this study 
would be expected to be rare, since the markers were chosen on the basis of their tight linkage to 
RYR1 (being separated at most, by a genetic distance of 0 .8  cM). The rationale behind the 
selection of tightly linked markers related to the potential application of any defined MHS­
associated haplotypes in indirect diagnosis [392,402] . None of the discordant MHS individuals in 
any of the branches could be explained by a single genetic recombination between RYR1 and a 
flanking marker. In each case, haplotypes were consistent with those of their parents (with the 
exception of M 1 7 5, CHEA branch, Figure 4- 1 1 )  and alleles at two or more loci conflicted with 
the 6- 1 -4- 1 -3 haplotype. 

A crossover between MHS and the D 1 9S4 7 marker in an MHE mapped the disease locus 
centromeric to the D 1 9S47 consistent with the involvement ofRYR 1 .  The centromeric boundary 
for linkage was not defined in this study due to the selection of markers that were tightly linked to 
RYR 1 .  If the true MHS locus was positioned centromeric to D 1 9S220 (i . e  not involving RYR 1 ), 
MHS could have been separated from the 6- 1 -4- 1 -3 haplotype by genetic recombination and 
transmitted together with the recombinant haplotype to :MHS offspring. However, haplotype data 
did not support this conclusion. In the CHES branch of the family (Figure 4- 1 3 )  at least five 
recombination events between Ml-IS and the chromosome 1 9q markers would be required to 
account for the observed data if a gene defect centromeric to D 1 9S220 was causative of MHS in 
this pedigree. Similarly, multiple genetic recombination events would be required to explain the 
transmission of the :MHS phenotype from individual M93 to discordant MHS individuals, M98, 
M 1 99 and M99 in the KM branch (Figure 4- 1 2). This frequency of recombination would position 
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the hypothetical disease locus at some distance from the chromosome 1 9q markers. If this were 
true, an equivalent number of recombinant MHN individuals harbouring the 6- 1 -4- 1 -3 haplotype 
would be expected to result from crossovers between the hypothetical disease locus and the 
chromosome 1 9q markers. A significant observation is that no such MHN recombinants were 
observed. Furthermore, scrutiny ofthe CHLC and GDB chromosome 1 9  maps [334,349] did not 
reveal a strong candidate MHS gene other than RYR1 near the D 1 9S220 or D 19S47 
chromosome 1 9q markers (see appendix 4). Therefore, the genotype/phenotype discordance in 
this family could not be explained by the occurrence of an alternate disease locus on chromosome 
1 9q. 

The potential for false positive diagnosis was accommodated with a 0 .0 1 phenocopy rate in the 
genetic model and by performing the linkage analysis under increasingly stringent diagnostic 
thresholds. In all three branches of the family, the evidence in favour of linkage to the RYR1 
markers increased with incremental increases in the diagnostic stringency. This supported the 
assumption of false positive diagnosis in 1 1  borderline MHS individuals who were discordant 
under the standard diagnostic thresholds. False positive diagnosis can be reasonable invoked to 
account for the discordant MHS individuals with weak MHS results. However, a total of seven 
individuals who lacked the MHS-linked haplotype were still classified MHS under the maximum 
diagnostic cut-off points of0.4g/0. 8 g that were applied in an earlier study to reveal linkage to the 
Gly34 1 Arg mutation [ 1 05] (M1 30, Figure 4- 1 0; M54, Figure 4- 1 1 ;  M98, Figure 4- 12; M2 1 0, 
M395, M394, M397, Figure 4- 1 3) .  The possibility that alternate MHS genes may be segregating 
in these seven individuals was raised. True linkage to a disease gene may be obscured by genetic 
heterogeneity [ 1 80,330,33 8] .  This may have contributed to the negative multipoint lod score 
obtained in multipoint analysis of the CH3 pedigree. Evidence supporting the segregation of 
multiple MHS genes in the CH family is discussed further in chapter 6 . 

In spite of the incomplete segregation of the chromosome 1 9q markers with MHS , sufficient 
evidence in favour of at least one R YR 1 defect in this large family prompted a systematic search 
ofthe RYR1 cDNA for a novel mutation, as outlined in chapter 5 .  
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5. I D E NTIFICATION O F  M UTATIONS BY SEQUENCE 

ANALYSIS OF RYR1 cDNA 

5.1 SEARCH FOR A NOVEL RYRl MUTATION IN THE CH FAMILY 

The screen for published RYR l mutations, together with the demonstration of linkage of MHS to 
the RYR l region pointed to the involvement of a novel RYR l defect in the large Maori CH 
pedigree. Various methods of mutation detection were contemplated before embarking on a 
search for a novel RYR1 mutation in this family. These are summarised below. 

5. 1. 1 Comparison of strategies for screening for novel mutations 

5. 1 . 1 . 1  SSCP 

The majority of RYR1 mutations reported in overseas MH families were detected by the method 
of single-strand conformation polymorphism (SSCP) analysis of amplified RYR 1 cDNA. 
[ 107, 108, 1 10, 1 65 , 1 67] .  SSCP analysis is limited to relatively short, overlapping 250-300 bp DNA 
fragments [32 1 ]  and would therefore necessitate approximately 70 - 80 PCR reactions to cover 
the RYR 1 coding region. SSCP analysis is less sensitive than DNA sequencing and more 
technically demanding [322] . Many factors can influence the sensitivity of SSCP, and its 
optimisation is highly empirical [322] . Moreover, fragments encompassing silent DNA 
polymorphisrns that are detected by SSCP must be further investigated by DNA sequence analysis 
to identify the nucleotide change. SSCP is therefore a high-throughput, low sensitivity method of 
detection, suited to the simultaneous analysis of multiple samples. This was outside the scope of 
the current project, which aimed to identify the causative defect in a small number of well­
characterised families. However, SSCP analysis could be a useful method for screening a large 
number of individuals once a mutation was identified. 

5. 1 . 1 .2 CFLP 

A new method to detect mutations, termed cleavase fragment length polymorphism, or CFLP, 
[405,406] was investigated as an alternative to SSCP. This technique is similar to SSCP in that it 
relies on the detection of sequence-dependent conformational polymorphisrns associated with 
single nucleotide changes. CFLP is based on the action of a structure-specific endonuclease 
Cleavase I [405] that recognizes and cleaves single-stranded DNA at the position of hairpins. 
Mutations are revealed by the differences in fragmentation patterns after electrophoretic 
separation of the cleavase digests by denaturing PAGE. Consequently, CFLP offers an advantage 
over SSCP in that the detection of conformational polymorphisms is not dependent on a defmed 
set of electrophoretic conditions. In addition, larger PCR products (up to 1 kb) may be 
investigated [406] . CFLP with silver staining detection (CFLP-SS) has been described as a rapid 
and cost efficient method of mutation detection [ 406] . However, attempts to use CFLP-SS to 
detect a known R l 63C mutation amplified genomic DNA were unsuccessful. A complex array of 
fragments was generated and there were no differences observed between the fragmentation 
pattern generated for the mutant and control samples (data not shown) . There are relatively few 
reports in the literature of the CFLP technique being used successfully and the sensitivity of CFLP 
is reportedly lower than that of other methods [407] .  
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5. 1. 1 .3  Sequencing strategies 

Previous investigations had employed manual sequencing methods to characterise RYR 1 
mutations detected in MH pedigrees [ 1 1 0, 1 1 1 , 1 64, 1 67, 1 68,408] .  The recent development of an 
automated DNA sequence analysis facility at Massey University offered new opportunities for 
rapid and sensitive mutation detection. While automated DNA sequence analysis is relatively 
expensive at $25 per lane, the cost is partially offset by the larger stretches of sequence that can 
be investigated, compared to SSCP, CFLP or manual sequence analysis. Approximately 500 bp of 
high-resolution sequence is generally obtained from the ABI-377 automatic sequencer. 
Consequently, PCR products of up to 1 kb can be covered, using each of the PCR primers to 
initiate two sequencing reactions. Even longer fragments may be investigated with the use of 
additional internal sequencing primers. 

The recent structural characterisation of the R YR 1 gene and the publication of intron sequences 
[ 1 60] has improved prospects for mutation detection by sequence analysis of RYR 1 exons 
amplified from genomic DNA. However, this approach would have required at least 1 06 PCR 
primer sets to amplify each exon and an equivalent number of sequencing reactions. Moreover, 
intron-based PCR primers were not readily available, and published intron sequences [ 1 60] were 
found to be unreliable during attempts to amplify exons encompassing published RYR 1 mutation 
sites. Several fresh muscle specimens had been salvaged from IVCT muscle biopsies of both MHS 
and MHN members of the CH family. This permitted the extraction of high quality, intact RNA 
and, consequently the sequence analysis of RYR 1 cDNA as an alternative to genomic DNA 

Due to fmancial lirnitations, the cost associated with the design of PCR and sequencing primers 
was an important consideration in the project design. This prompted collaboration with Professor 
Tomrnie McCarthy from the University of Cork, Ireland, who generously provided a set of 
primers designed to amplify the entire RYR 1 coding region from cDNA [ 1 3] .  

While automatic sequence analysis with dye-primer chemistry is promoted as the most sensitive 
method of heterozygote detection [409] , the expense associated with fluorescent-labelled primers 
excluded this approach. This method can be cost effective if the primers are used to sequence a 
large number of samples for a known mutation, but is unfeasible in this project where a range of 
different products were to be sequenced from a small number of individuals. Automatic sequence 
analysis with dye-terminator chemistry was investigated as an alternative and more affordable 
method since it permitted the use of the available standard primers. However, sequence generated 
with dye-terminator chemistry is less clear due to different ease of incorporation of the 
fluorescently labelled ddNTPs. The signal intensity of a particular nucleotide is affected by the 
preceding sequence, for example, "A" is easily incorporated and a characteristic low peak occurs 
if incorporated directly after an "A" [409] . Sequence navigator software can be used to 
compensate for peak height variability. However, this was not available due to financial 
constraints .  

The efficacy of the dye-terminator strategy in the detection of heterozygotes was assured by the 
successful detection of RYR 1 mutations in amplified genomic DNA, as described in Chapter 3 .  
Subsequently, automatic sequence analysis of RYR 1 cDNA with dye terminator chemistry was 
selected as the most sensitive and cost effective strategy to search for a novel RYR 1 mutation in 
the CH family. 
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Chapter 5 

5. 1.2 Selection of muscle tissue specimens 

Subjects chosen for RYR l  sequence were selected on 
the basis of genotype and tissue availability and are 

indicated with arrows in Figure 5- l .  Vastus skeletal 
muscle tissue was obtained from the MHS individual 
(M22 1 )  bearing the paternal MH-linked haplotype and 
from an MHE sibling (M 1 54) who carried the normal 
paternal haplotype. Both siblings share a common 
maternal haplotype, but different paternal haplotypes. 
The phase of new polymorphisms with respect to the 
established RYR 1 haplotypes could therefore be 

immediately defined. This strategy aided the 
distinction of candidate mutations from non disease­
linked polymorphisms, since any sequence variants 
unique to the MHS individual could be attributed to 
the inheritance of the MH-linked haplotype. 

Right: Genomic DNA samples were typed for D 19S220, 
R YR-RFLP3, R YR-CA, Dl9S47 and Dl9Sl90 markers. 
MHS eo-segregates with the 6-1-4-1-3 haplotype. Blue 
symbols represent individuals diagnosed MHS by stringent 

diagnostic criteria (c 0. 4 g caf, and c 0. 8 g ha/.). Half 
and quarter filled symbols are MHS and MHE by EMHG 
diagnostic criteria. Yellow symbols are MHN. Arrows 
indicate individuals selected for cDNA sequence analysis. 

5. 1.3 RNA yields and purity 

Sequence analysis of R YR 1 cDN A 

Figure 5-1 Subjects chosen for 
mutation screen 

22 1 

� 
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4 7  
1 1 
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6 1 
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5 3  
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1 3 
5 

3 8 5 X 
1 3 4 1 
4 4 7 4 
3 3 1 � 
4 4 5 8 

6 3 5 2  
1 1 4 4 
4 4 7 4 
1 3 1 3 
3 4  5 4  

Both the MHS and MHE tissue specimens were stored at -20°C for up to 2 years before being 

transferred to Massey University for continued storage for at -70°C. Both muscle specimens may 
have been left at room temperature for several hours before being frozen. The possibility that the 

RNA may have been degraded during this time by endogenous tissue RNases was considered 
[309] . Trial RNA extractions were performed on other human IVCT muscle specimens that had 
been collected and stored in a similar fashion. Pure, intact RNA was successfully extracted from 
these specimens, although yields were lower than those obtained from tissue that had been frozen 
in liquid N2 immediately after excision. 

RNA was then extracted from the MHS and MHE tissue specimens selected from the CH family. 
Approximately 200 mg of muscle tissue was frozen in liquid N2, crushed to a fine powder and 
homogenized extensively in Trizol™ RNA extraction reagent to a fine slurry ( 1  rnl per 70 mg) 
using an ultra-Turrax T-25 . RNA was purified according to Trizol™ manufacturers' instructions. 
Estimates of the RNA yields and purity based on the spectroscopic analysis are presented in Table 
5- 1 .  Additional organic solvent extraction and ethanol precipitation steps required to remove an 

insoluble white precipitate (presumed to be glycogen) may have reduced the yield from the MHE 
sample. Nevertheless, yields of 500-650 J..Lg/g were still higher than published yields of 350 J..Lg/g 
of human muscle tissue [307] . Spectroscopic analysis [309] indicated the nucleic acid was free of 
protein contamination (A2so/ A26o values approaching 2 .0). 
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Table 5-l Spectroscopic analysis of RN A (diluted 11200) 

Specimen Mass A280 A260 Ratio Cone. Total Yield (J.Lg/g 
Tissue (g) �g/gl gg tissue) 

MHS (M22 1 )  0.233 0. 1 1 1  0.22 1 1 .98 1 .80 144 6 1 8  

MHE (M 1 54) 0.205 0.053 0. 1 05 2 .00 0.84 1 2 1  590 

The integrity and the purity the RNA was verified by examining approximately 1 0  J.Lg of each 
sample by denaturing agarose gel electrophoresis (Figure 5-2). Pure, intact RNA was isolated, as 
revealed the appearance of prominent 28S and 1 8S ribosomal RNA bands, and the absence of low 
molecular weight RNA species [309] . The mRNA appeared as a smear running from the 1 8S band 
to the well. 

5.2. 1 cDNA synthesis 

Figure 5-2 

28S 
rRNA 

1 8S 
rRNA 

RNA gel electrophoresis 

10  )lg of total RNA from MHE individual ( 1 54) was 
resolved on 1 .5 % denaturing agarose gel in I X  MOPS 
buffer, pH 7 .0. Excess ethidium bromide appears as a 
brightly fluorescing region at the top of the gel (this was 
also observed in a lane in which sample buffer alone was 
loaded, and is therefore not likely to be the result of 
genomic DNA contamination). 

5.2 RT-PCR STRATEGY 

The Superscript II TM RT -PCR preamplification system (Life technologies) was chosen to prepare 
cDNA from total skeletal muscle RNA. This system employs the Moloney murine leukernia virus 
(MML V) RN ase H-Minus reverse transcriptase modified to favour the synthesis of longer 
transcripts (> 1 2  kb) [4 10] .  Reverse transcription (RT) reactions can be initiated using oligo-dT, 
random hexamers or gene-specific primers. RT reactions primed with either oligo-dT or gene 
specific oligonucleotides provide a more specific substrate for PCR than those primed with 
random hexamers [309 ,3 1 1 ] .  However, reactions must be optirnised for each gene-specific 
primer, and cDNA synthesised in this way can only be used as a substrate for the amplification of 
regions 5' of the primer site. In view of the length of the R YR 1 transcript and the presence of a 
75% GC-rich stretch in the 1 2600- 1 3400 bp region of the RYR 1 sequence [ 1 26], it was 
anticipated that the reverse transcription of full length RYR 1 cDNA from oligo-dT primers would 
not be feasible. Furthermore, an adenine-rich region between residues 850 1 and 85 1 2  is thought 
to serve as a secondary priming site for cDNA synthesis, which may stop transcription from the 3 '  
end and create a gap in the cDNA [ 1 26] . Therefore, a strategy employing both random hexamers 
and oligo-dT to prime the RT reactions was employed. 
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5.2.2 PCR 
Collaboration was initiated with Professor Tornrnie McCarthy (University of Cork, Ireland) who 
generously provided a set of 50 RYR1 PCR primers. These were designed from the published 
human R YR 1 sequence [ 1 26] to amplify the R YR 1 coding region from - 1 0  to 1 5 1 7  5 bp. A 
strategy was devised to employ the provided primer set in conjunction with existing exon-based 
primers to amplify the entire RYR 1 cDNA in overlapping fragments of 400- 1 600 bp that would 
be amenable to automatic sequence analysis. Additional primers were designed to be used as 
internal sequencing primers .  Primers were also designed from the updated RYR1 sequence [ 1 60] 
to amplify and sequence exon 1 from genomic DNA (from - 1 56 to +20 bp of intron 1 ) .  

The quality of sequence obtained using dye-terminator chemistry can be improved with the use of 
internal sequencing primers in place of the PCR primers, particularly if the PCR products contain 
non-specific contaminating species. Therefore, PCR primer pairs were selected to generate large 
overlapping fragments that would facilitate the use of adjacent PCR primers as internal 
sequencing primers. Where possible, forward and reverse PCR primers with similar melting 
temperatures were selected. The Irish MH group employed SSCP to screen for RYR 1 mutations 
in amplified cDNA. The primer set provided had been used to generate long primary PCR 
products which were used as substrates for secondary PCR reactions to generate shorter 
fragments for SSCP analysis [ 1 3 , 1 08- 1 1 1 ,  1 66] .  While the practice of using PCR products as 
templates in secondary PCR reactions with nested primers can greatly assist the production of 
discrete reaction products, it can increase the chances of PCR contamination and allele 
amplification bias [3 1 1 ] .  A different amplification strategy was devised in order to use the 
additional primers available from our own laboratory and to avoid the reamplification of PCR 
products. 

In view of the size of the R YR 1 cDNA, it was decided to initially amplify and sequence specific 
areas of interest rather than a systematic analysis of the entire cDNA in the 5 '  to 3 '  direction. At 
the time the sequencing project was initiated, all reported RYR1 MH mutations were clustered 
within two mutation-rich regions in the N-terminal (residues Cys35 to Arg6 14 [ 1 3 , 1 06-
1 09, 1 1 1 , 1 65 , 1 66]) and central (residues Arg2 1 23 to Arg2458 [25, 1 10, 1 67- 1 69]) regions of 
RYR l .  These regions were examined initially as likely sites for a novel RYR 1 mutation in the CH 
family. The chosen amplification strategy is summarised diagrammatically in (Figure 5-3) . Primer 
sequences and annealing sites are detailed in appendices 1 and 2. 
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Figure 5-3 Strategy for the amplification of RYRl cDNA 

RYR l cDNA 

163 341 522 6 1 4  2206 Stop 35 2!18 403 552 2 163 2168 243l l58 (5032 aa) � j I U � ill I 1 75 % GC-rich I '  I \!/ \V I I - · - · - · - · - - -

0 1000 aa 2000 aa 3000 aa 4000 aa 5000 aa 
1 . 17F-- 163R 

409 403R 
163F -- 34 1R 

248F-- 403R 
952 1 75 5  

403F -- 6 14R 
522F- 1 993 

1 927 3065 

14456 ---1 5 137 
13903 -- 14 5 12 

13377 -- 1 3973 
13285 -- 13731  

12575 13356 

2859 4296 

12337 - 1 2753 

1 1725 --- 1 24 18 
1 1 307---1 1 924 

10809 -- 1 1359 3880 4572 
4520 5555 

5285 6763 
5880-- 6426 

6376 = 

10052 1 1 2 1 3  
1 0052 -- 10648 

9442 --- 10109 
47ex R 8525 9485 

736 1 8789 
7361 8582 

2729F --2862R 

The RYR l cDNA sequence is represented as a bold line at the top of the diagram. 1 7  RYR1 mutations reported at the time the sequencing project was 
commenced are indicated with blue arrows .  Amino acids (aa) are numbered according to the updated RYR1 sequence (Phillips et al. ,  1 996). 
Overlapping PCR products amplified from the MHS (c22 1 )  and MHE (c l 54) cDNA samples are indicated below. Primers obtained from Professor 
Tommie McCarthy (University of Cork, Ireland) are labelled according to nucleotide sequence and are shown in black text. Other available primers 
are presented in red text. Bold lines indicate fragments encompassing mutation-rich regions. These fragments were investigated initially as likely sites 
for a novel mutation and were sequenced in both directions. Different PCR primer sets were used to repeat the amplification of the mutation-rich 
regions from c22 1 and from cDNA synthesized from a second MHS individual (c369). These fragments are represented with blue lines . Precise 
primer positions and sequencing primers are shown in appendix Q. Primer sequences are given in appendix Q. 
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F Primer 

RYR1 76F 
RYR 1 . 1 7F 
RYR 1 . 1 7F 
-7 
409 
1 63F 1-' 248F 
952 
403F 
522F 
1 927 
2859 r-= 3016  
3880 
4262 
4520 
5285 
5880 
6376 
736 1  
736 1  
2729F 
8525 
9442 -
1 0052 
1 0052 
1 0809 
1 1307 
1 1 725 

R Primer 

intron 1 R 
163R -
275R 
163R 
403R 
34 1R  
403R 
1755 
6 1 4R 
1 993 
3065 
4296 
4296 
4572 
4800 
5555 
6763 
6426 
47exR 
8789 
8582 
2862R 
9485 
10 109 
10648 
1 1 2 1 3  
1 1 359 
1 1 924 
1 24 1 8  

Table 5-2 

Boundaries (bp) 

5' 3' 

- 1 76 intron 1 
- 1 1 4  53 1 
- 1 1 4 276 
- 1 6  53 1 
409 1 224 
457 1085 
702 1 224 
952 1 775 
1 1 50 1 925 
1 447 20 1 3  
1 927 3085 
2877 43 1 9  
3016  43 1 9  
3880 4595 
4265 4823 
4523 5578 
5288 6786 
5883 6449 
6379 7479 
7364 88 12  
7364 8605 
8068 8640 
8528 9507 
9445 1 0 1 3 1  
1 0055 10686 
1 0055 1 1 250 
1 0827 1 1 377 
1 1 325 1 1 96 1  
1 1 744 1 2456 

PCR primers and reaction conditions for the amplification of RYRl cDNA 

Prod. size 

(bp) 

240 
645 
390 
546 
8 16 
629 
523 
824 
776 
567 
1 1 59 
1 443 
1 304 
7 16  
559 
1 056 
1 499 
567 
1 1 0 1  
1449 
1 242 
573 
980 
687 --
632 
1 1 96 
55 1 -
637 
7 1 3  

PCR: Annealing Temp. (X number of cycles) MgCh 

55°C (X3), 54°C (X3 ), 53°C (X 10), 52°C (X20), 1 . 5 mM 
60°C (X4) , 59°C (X4), 58°C (X38), 1 .6 mM 
58°C (X3) , 57°C (X5), 56°C C-?C30), 1 . 5 mM 
60°C (X43) ,  1 . 5 mM 
59°C (X10) , 58°C (X�5), 1 . 5 mM 
59°C (X42),  1 . 5  mM 
6 1  oc (X35), 1 . 5  mM 
60°C (X35), 1 .8 mM 
60°C (X4), 59°C (X3), 57°C (X33), 1 . 5  mM 
60°C (X45), 1 . 5 mM 
60°C (X45), 1 . 5  mM 
54°C (X45), 1 . 5 mM 
60°C (X45), 1 . 5 mM (E1ongase enzyme) 
62°C (X5), 61 oc (X5), 60°C(X 1 0), 59°C (X30) 1 .6 mM 
6 1°C(X4), 60°C (X4), 59°C (X IO), 58°C (X30) 1 .4 mM 
59°C (X45), 1 .4 mm 
62°C(X5), 6 1 °C(X5), 60. 5°C (X5), 60°C (X30) 1 . 5 mM 
6 1 °C (X5), 60°C (X40) , 1 . 5 mM 
6 1 °C (X20), 60°C (X�4), 1 . 5 mM 
58°C (X5), 57°C (X40), 1 . 5 mM 
59°C (X45), 1 . 5 mM 
57°C (X38), 1 .6 mM 
58. 5°C (X30), 1 . 5 mM 
60.5  _ _L�l 5), 59J�<2_(X35), 1 .5 mM 
54°C (���2_�°C (X5), 52°C (X37), 1 . 8  mM 

_?3°C (X45).!_1 . 5_!�1M 
·-----

60°C (X4), 59°C (X5), 58°C (X20), 57°C (X20), 1 . 5 mM 
59°C (X4), 58°C (X4), 57°C (X IO), 56°C (X30), 1 . 5 mM 
59°C (X4), 57°C (X4), 56°C (X33), 1 . 5 mM 

·-----'--- · - --

Template Sequencing primers 

employed 

Genomic DNA RYR-1 76F 
RH cDNA Not sequenced 
1 . 1 7F/1 63R 275R 
RH cDNA 1 63R-s�g 
RH cDNA 163F,) 204 
RH cDNA 163F 
RH cDNA 1 204R 
RH cDNA 34 1F, 522R 
RH cDNA 403F-seg 
RH cDNA 522F, 1 993 
RH cDNA 1 927, 2447, 2536, 2770 
RH cDNA 3016, 3988, 3277 
OT cDNA 3277 
RH cDNA 4296, 4572 
RH cDNAx 4800 
RH cDNAx 4766, 5430 
OT cDNA 5285, 6426 
RH cDNA 5880, 6 1 63 
RH cDNA 6763, 7039, 47exR, 2434F 
OT cDNA 736 1 , §l.ll, 8332, 2729F 
RH cDNA 736 1 ,  8 1 32, 8332, 2729F 
OT cDNA 2729F 
RH cDNA 2862F, 9022, 9485 
OT cDNA 9696, 9769 �--OT cDNA 1 0052, 105� �--

���g�� 10884 
10809, 1 1 359 

OT cDNA 1 1 307, 1 1 924 
OT cDNAx 1 24 1 8, 1 1 725 

---- ----

-



F Primer R Primer Boundaries (bp) Prod. size PCR: Annealing Temp. (X number of cycles) MgCI2 Template Sequencing primers 

5' 3' (bp) employed 
1 2337 1 2753 1 2357 1 2790 434 60°C (X45) OT cDNA 1 2 753 

1 2575 1 3356 1 2592 1 3394 803 6 1 °C (X3), 60°C (X3), 59°C (X5), 58°C (X32), (3 min OT cDNAx 1 2 892, 1 2974 
@ 72°C), 1 . 5 mM MgC12, 8% DMSO, 7% glycerol 

1 3285 1 373 1 1 3303 1 3 769 467 62°C (X9), 60°C (X 1 0), 59°C (X2 1 ), 1 . 5 mM OT cDNA 1 3285 

1 3377 1 3973 1 3405 1 40 1 1 606 59°C (X45), 1 .75 mM OT cDNA 1 3377, 1 3973 

1 3 903 1 45 1 2  1 392 1 1 4550 630 58°C (X45), 1 .75 mM OT cDNA 1 3903, 145 1 2  

1 4456 1 5 1 3 7  1 4474 1 5 1 75 702 58°C (X45), 1 .75 mM OT cDNA 1 4456, 1 5 1 3 7  --

Fmward (F) and reverse (R) PCR primers, product sizes and reaction conditions are represented for the amplification of RYRl cDNA. Products were purified and 
sequenced using an ABI-377 automatic sequencer. OT cDNA = oligo T-primed cDNA. RH cDNA = random hexamer-primed cDNA. Products were purified before 
sequencing using Wizard™ PCR purification system. X = PCR product s purified from agarose gel using the Wizard™ system. 

Underlined primers were designed from RYRl cDNA sequence for the amplification of specific mutation sites. Other primers were obtained from Professor Tommie 
McCarthy, University of Cork, Ireland. The amplification strategy is shown diagrammatically in Figure 5-3 .  Precise primer positions are indicated on the updated 
RYRl coding sequence in appendix 3 .  Primer sequences are given in appendix 2 .  

PCR 
Reactions were performed in 50 111 volumes. Reaction components were pre-mixed mixed in a cocktail to provide the following final concentrations:  I X  PCR Buffer, 
1 .5 - 1 . 8 mM MgCh, 0 .3  mM dNTP's, 2 ng/Jll of each forward and reverse primer. The reaction mix was aliquoted into 0.5 ml tubes and template DNA added ( 1 -

1 .5 Jll of a 1 /20 dilution of random hexamer-primed cDNA or 2-3 Jll of a 1 / 1 0  dilution ofthe oligo T -primed cDNA). Tubes were overlaid with 50 - l OO Jll of 

mineral oil . Hot-start PCR was performed in each case with the addition of 0 .5  Jll of Taq polymerase (or 2 Jll of 2 U/Jll ElongaseTM) to the reaction mixtures pre­
heated to 94°C . 

Standard PCR cycles consisted of an initial 3 minute denaturation at 94°C followed by repeated cycles of 1 5  seconds at 94°C, 30 seconds at the appropriate 
annealing temperature, and a 1 -3 minute extension at 72°C. Programs were completed with a final 5 minute incubation at 72°C. Touchdown cycles involving 
progressively less stringent annealing temperatures were frequently performed to assist optimisation of reactions. The number of cycles at each annealing 
temperature is indicated in brackets . 
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Chapter 5 Sequence analysis of RYR l cDNA 

5.3 RT -PCR METHODOLOGY 

5.3.1 Sample identification 

First strand cDNA was synthesised from 4 J..Lg of each RNA sample with the Superscript™ 
preamplification system using random hexamers or oligo-dT to prime the reactions. The cDNA 
samples from the MHS and MHE individuals were identified with their respective genomic DNA 
identity numbers (M22 1 and M 1 54) with a "c" prefix used in place of "M". Sequence data was 
labelled with the cDNA codes, together with the PCR reaction number and the sequencing primer. 
This allowed all samples to be traced in case of PCR contamination or detection of any candidate 
mutations. 

5.3.2 Standard PCR methodology 

PCR primers, product sizes and amplification procedures for the amplification of sequenced 
RYR 1 gene segments are detailed in Table 5 .2. A hot-start procedure was used in all PCR 
reactions to reduce the amplification of primer-dimers and contaminating products generated from 
non-specific priming during the reaction preparation at ambient temperatures. Optimal results 
were achieved using hot-start PCR with 0.2 Jll of the oligo-dT primed cDNA template (2 J..Ll of a 
ten-fold dilution) or 0.05 J..Ll of the random hexamer-prirned cDNA template ( 1 Jll of a 20-fold 
dilution) per 50 Jll PCR reaction. A MgCh concentration of 1 .5 mM was used in most reactions. 
To limit opportunities for PCR cross-contamination, dedicated pipettes were used to prepare all 
PCR reactions. These were not used in the downstream purification and handling of PCR 
products. B arrier tips were also used, when available . 

5.3.3 Amplification of a polymorphic region 

Polymorphic RYR 1 regions were amplified and scrutinized to test the sensitivity of the mutation 
detection and also to verify the identity of the cDNA samples in the event of PCR cross 
contamination. A region containing a number of published silent polymorphisrns, including 
Ile2704, Asp2729 and Ser2862 [ 1 07] was amplified from both random hexamer and oligo-dT 
primed cDNA as a 573 bp fragment using the 2739F/2862R primer set. This region was also 
encompassed within a 1428 bp fragment amplified with the 736 118789 primer set or alternatively, 
a 1 242 bp fragment prepared with the 736 118582 primer set. Reaction conditions are given in 
Table 5-2.  

5.3.4 Amplification of the N-terminal and central mutation-rich regions 

The N-terminal mutation-rich region (excluding the Cys35Arg mutation) was amplified in three 
fragments as detailed in Figure 5 . 3  and Table 5-2. The 409/403R primer set was used to amplify 
an 8 1 6 bp fragment, which encompassed amino acid residues 144 to 40 1 including the sites of 
three RYR 1 mutations (Arg 1 63Cys, Gly248Arg and Gly34 1Arg) . Products were purified and 
sequenced in both directions using the 1 63F-bio and 1204 internal primers. An overlapping 824 
bp fragment that included the sites of the Ile403Met, Tyr522Ser and Arg552Trp mutations was 
amplified with the 952- 1 755 primer set and sequenced with the 34 1 F  and 522R internal primers. 
A third overlapping segment was amplified with the 522Fwt/1 993 primer set included amino acid 
residues 493- 664 (spanning the Tyr522Ser, Arg552Trp,Arg6 14Cys and Arg6 14Leu mutations) 
and was sequenced in the reverse direction region using the 1 993 PCR primer. 
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Chapter 5 Sequence analysis of R YR 1 cDNA 

The central mutation-rich region, which covered amino acid residues 2 1 34 to 2486 (including the 
Arg2 1 63Cys, Arg2 1 63His, Val2 1 68Met, Thr2206Met, Gly2434Arg, Arg24535His, Arg2458Cys 
and Arg2458His mutations), was amplified with the 6376/47exR primer set. This segment was 
sequenced with the forward 6376 and 2434F forward primers and the 6763, 7039 and 7393 
internal reverse primers. 

5.3.5 Amplification of the 5' R YRl terminus 

The primer set obtained from the Irish MH group did not encompass the 5' terminus or 5' UTR 
region of the R YR 1 sequence. In order to amplify and sequence the entire R YR 1 transcript, a 
forward 1 . 1 7F primer was designed using Primer 3 software program [320] to anneal 1 14 bp 
upstream of the initiator methionine codon. Repetitive sequence elements and the high GC 
content within the 5 '  UTR region hampered the design of primers to amplify this region. The 5 '  
terminus of  the RYR 1 cDNA was amplified in a 555  bp fragment with the - 1 . 17F/ 1 63R primer 
pair using random hexamer-primed cDNA. The -1 . 1 7F primer was designed from the revised 
RYR 1 sequence [ 1 60] as there were several discrepancies within the 5' UTR between this 
sequence and the original published cDNA sequence [ 126] . Primers were also designed from the 
updated RYR 1 sequence [ 1 60] to amplify and sequence exon 1 from genomic DNA (from - 1 56 to 
+20 bp of intron 1 ) .  

5.3. 6 Amplification of a GC-rich region 

A region of the RYR 1 sequence spanning residues 1 2890 - 1 3360 with 75-8 1 percentage GC 
content is reportedly refractory to amplification from cDNA (Dr. Patrick Lynch, Prof. Tommie 
McCarthy, personal communication) . Amplification of this region was not possible using the 
standard PCR procedure described above, and appropriate conditions were arrived at by trial and 
error. The amplification of an 802 bp GC-rich fragment from oligo-dT primed cDNA was 
performed using 1 25751 1 3356 primer set with the addition of 7% glycerol and 8% DMSO using a 
'touchdown' PCR program. Three cycles were performed at each annealing temperature, which 
was reduced in 1 oc increments from 6 1  oc to 58°C. An extended incubation period (6 minutes at 
95°C) was included at the beginning of the program and denaturation steps within the PCR 
pro gram were increased from the standard time of 15 seconds to 45 seconds to assist denaturation 
of the high GC template [ 4 1 1 ] .  
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Chapter 5 Sequence analysis of RYR l cDNA 

5.4 RESULTS: RT -PCR AND RYRl SEQUENCE ANALYSIS 

Both oligo-dT and random hexamer-primed cDNA were used successfully as substrates in PCR 
reactions, indicating that the extraction of intact RYR 1 mRNA and cDNA synthesis was 
successful. RYR 1 cDNA transcripts of at least 7.5 kb in length were synthesised as inferred from 
the successful amplification of nucleotides 8068 to 8640 from oligo-dT primed cDNA. 

5.4. 1 Detection of heterozygotes 

A cDNA segment encompassing RYR 1 nucleotides 8068 to 8640 including three published 
polymorphisms [ 1  07] was amplified and sequenced initially to test the efficacy of the dye­
terminator chemistry in the detection of heterozygotes. A product of the appropriate size was 
obtained from oligo-dT primed cDNA and the identity of the 575 bp PCR product was confirmed 
by Rsa I digestion into fragments of 360, 192 and 20 bp, as expected (data not shown) . The 
sequence from the MHS individual clearly indicated heterozygosity at positions corresponding to 
the Ile2706, Asp2730 and Ser2863 polymorphisms. This was revealed by the occurrence of 
overlapping signals in conjunction with a commensurate reduction in the relative peak intensity of 
the mutated nucleotide (data not shown). The MHE control individual was homozygous for the 
rare allele for each of these polymorphisms. The sequence profiles for the Asp2729 and Ser2862 
polymorphism were thus consistent with the genotypes determined earlier by RFLP analysis of 
genomic DNA samples (M22 1 and M 1 54) from the same individuals, confirming the identity of 
the muscle tissue specimens used to extract RN A. 

5.4.2 Sequence analysis of the N-terminal and central mutation-rich regions 

After the dye-terminator chemistry was shown to detect points of heterozygous sequence, the N­
terminal and central mutation-rich regions were investigated as the most likely sites for a MH 
mutation in the CH family. These regions were amplified and sequenced in both directions as 
described above. High-resolution sequence (extending up to 400 -450 bp from the primer site) 
was examined for potential mutations and sequence discrepancies by computer-assisted alignment 
of the sequence from the MHS individual with that from the MHE individual and also the 
published RYR 1 sequence [ 1 26] . Sequences were also scrutinized manually for any overlapping 
signals characteristic of heterozygosity. True polymorphisms were distinguished from sequence 
artifacts by careful scrutiny of the corresponding sequence from the control sample, and by 
sequencing the opposite strand of the region of interest. 

None of the published RYR 1 mutations were detected in the sequence analysis of the N-terrninal 
(amino acid residues 1 44 - 664) or central (amino acid residues 2 134 to 2930) RYR 1 mutation­
rich regions amplified from the MHS (c22 1 )  cDNA sample. This was expected from an earlier 
screen for these mutations by RFLP and sequence analysis of genomic DNA from MHS members 
of the CH family (Chapter 3) .  The N-terrninal and central mutation-rich regions were also devoid 
of any candidate disease-linked mutations. This result was unexpected, since the linkage analysis 
strongly implicated the involvement of a RYR 1 defect in this family and all previously reported 
RYR l mutations were confined to these regions. Therefore, the mutation-rich regions were 
amplified from the cDNA of a second MHS individual (c369) and re-sequenced in case a mutation 
had gone undetected in the initial screen. Different primer sets and amplification strategies were 
employed such that, in the event of PCR contamination, the products of previous reactions could 
not act as templates in the amplification of the cDNA from the second MHS individual. For 
example, the 409/403R, 952/ 1 755 and 5221 1993 primer sets were substituted with 1 63F/34 1 R, 
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248F/403R and 34 1 F/6 1 4R primer combinations respectively. The 736 1 /8789 primer pair was 
used in place of the 736 1 /8582 primer set. Sequence analysis of cDNA from the second MHS 
individual revealed a number of silent polymorphisms, however no candidate mutations were 
identified in this individual. In view of the proven sensitivity ofthe chosen sequencing chemistry in 
the detection of silent polymorphisms, it was highly unlikely that a mutation would have been 
overlooked in the repeated analysis. Therefore it was concluded that if a RYR1 mutation was 
involved in the CH family, it must lie outside the mutation "hot-spot" regions where all previously 
reported mutations had been located. 

5.4.3 Analysis of polymorphic region 

After excluding the N-terminal and central regions from containing a causative mutation in the 
CH family, a highly polymorphic region [ 1  07], immediately 3 '  to the central mutation-rich region, 
was investigated next as a potential site for a novel mutation in this family. This region was 
amplified initially with the 736 1 /8789 primer set but the reactions failed to yield discrete products. 
The desired 1 449 bp fragment was consequently excised under UV-light, purified from the 

agarose gel and re-amplified to obtain a pure product. Automatic sequence analysis of this 
fragment revealed an apparent novel Val27 1 5  to Ala substitution resulting from a C8 1 44 to T 
transition, as shown in Figure 5-4. Two overlapping peaks of equivalent intensity were observed 
in the sequence, which was otherwise devoid of any background noise. 

Figure 5-4 Detection of a probable UV -induced mutation 
amplified in secondary PCR 
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Electropherogram obtained from an ABI-377- 1 8  automatic sequencer using dye­
terminator chemistry. Sequence is shown from the MHS (c22 1 )  individual bearing 
an apparent C2744 to T transition (Val 27 1 5  to Ala). The 1 428 bp DNA fragment 
was re-amplified with the 736 1 /8789 primer pair from gel-purified PCR product. 
Sequence was initiated with the 763 1 primer. The bases change was not observed 
when the region was amplified from cDNA and sequenced in both directions. 

To verify the existence of this candidate novel substitution, the region was amplified with an 
alternate 736 1 /8572 primer set directly from the cDNA template and sequenced in both 
directions. The putative mutation was not observed in this repeat sequence. This suggested the 
mutation detected in the gel-purified PCR product might have been induced by UV -light during 
gel-purification and then amplified in the second round ofPCR. Interestingly, the sequence 
derived from the gel-purified DNA indicated homozygous status for the common alleles at the 
I le2704, Asp2729 and Ser2862 polymorphisms. This indicated allele amplification bias might also 
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have occurred, as the genotypes were not consistent with the expected profiles for either the 
MHS or MHE sequences. In light of the problems encountered in this analysis, the secondary 
amplification of gel-purified products commonly used to improve PCR specificity [4 1 1 ] was not 
employed to amplify other products for RYR1 cDNA sequence analysis. 

After excluding the N-terrninal and central regions and adjacent polymorphic region as sites for 
the causative mutation in the CH family, the remaining RYR1 coding sequence was examined. 
The 5 UTR and 5' coding region was investigated initially, followed by the intervening segment 
between the N-terminal and central mutation regions. The remaining 6.4 kb of 3' sequence was 
then examined sequentially in the 5 '  to 3 '  direction. Segments outside the mutation-rich regions 
were generally sequenced in one direction only, except to resolve ambiguities, and to confirm new 
polymorphisms and candidate mutations. Problems encountered during this investigation, included 
evidence of PCR cross-contamination an apparent PCR-induced deletion and complex sequence 
derived from fragments encompassing alternatively spliced regions. 

5.4. 3. 1 Detection of a PCR -induced deletion in the 5 '  untranslated region 

Primers were designed from updated sequence information [ 1 60] to amplify the 5 '  UTR in a 390 
bp product, which included the site of the Cys35Arg mutation [ 1 65] . Repeated attempts to 
amplify the region with this RYR 1 . 17F/275R primer pair failed to generate discrete products. 
Successful amplification of the 390 bp product was achieved using a longer, 645 bp 
RYR 1 . 17F/ 1 63R product as a substrate. It was noted that both products amplified from the 
control cDNA sample appeared as doublets after prolonged electrophoretic separation.  In 
contrast, the equivalent products amplified from the MHS c22 1 cDN A appeared as a single band. 

No candidate point mutations were observed in this sequence. However, sequence derived from 
the MHS sample revealed an apparent 27 bp deletion of nucleotides -89 to -63 in the 5 '  UTR 
when aligned with the published sequence [ 1 60] (Figure 5-5). Such a deletion was unlikely to be 
responsible for MH in the CH family, as all previously reported mutations involved single 
missense point mutations [25] .  Furthermore, the sequence was devoid of any background peaks 
which would have been expected if the deletion was peculiar to one allele. In addition, sequence 
analysis of the equivalent PCR product from the control sample ( c 1 54) also revealed a deletion, 
though in this case a 24 bp section was omitted. After the point of the deletion, the sequence was 
superimposed over background sequence derived from a longer product, in keeping with the 
appearance of the twin bands on the agarose gel. 

To determine whether the apparent deletions existed in the genomic DNA, the region was 
amplified from both MHS (M22 1 )  and control (M 1 54) genomic DNA samples. Sequence from 
nucleotide position - 1 48 to the end of ex on 1 was examined for evidence of deletions or mutations 
that might introduce a cryptic splice site. The sequence obtained from both the MHS and control 
DNA samples was entirely consistent with published data [ 1 60] . The different sized products 
amplified from cDNA were unlikely to represent alternatively spliced transcripts, as the deleted 
sections were not flanked by potential consensus (Cfr)AG acceptor or G(T/C) donor splice site 
sequences [ 1 60] . The apparent deletions in the amplified cDNA were probably PCR-induced 
artifacts resulting from "slippage" during re-amplification of repeated GC-rich Spl and muscle­
specific promotor elements (underlined in Figure 5-5). Although secondary PCR with nested 
primers can greatly improve the specilicity of PCR reactions, this practice reduced the fidelity of 
PCR and was avoided in subsequent analyses. 
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Figure 5-5 PCR-associated deletions in RYR 1 5' UTR amplified from cDNA. 

MHS cDNA 
c22 1 seq. 5 '  GAGGTCTCCGACCCCAGCCCG 27 bp deletion 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  
Published seq. - 1 1 0 GAGGTCTCCGACCCCAGCCCGCCCCCAGCCCTCCCGCCCAGCCCGCAG 

c22 1 seq. CCCCCTCCCTCTGTTCCCCGACCTCAGACCCTGGGCTTCCGACCT . .  3 '  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Published seq. - 6 2  CCCCCTCCCTCTGTTCCCCGACCTCAGACCCTGGGCTTCCGACCT . .  - 8  

Control cDNA 
c l  54 seq. 5 ' GAGGTCTCCGAC 24 bp deletion CCCAGCCCGCAG 

1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1  
Published seq. - 1 1  0 GAGGTCTCCGACCCCAGCCCGCCCCCAGCCCTCCCGCCCAGCCCGCAG 

c l  54 seq. CCCCCTCCCTCTGTTCCCCGACCTCAGACCCTGGGCTTCCGACCT . .  3 '  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Published seq. - 6 2  CCCCCTCCCTCTGTTCCCCGACCTCAGACCCTGGGCTTCCGACCT . .  - 8  

RYR 1 cDNA was amplified with the - 1 . 1 7F/275R primer set. Sequence was generated 
with the 275R reverse primer; reverse complemented and aligned with published exon one 
sequence [ 1 60] (Genbank. accession U48449). Repeated sequence elements containing the 
S p 1 promoter elements [ 1 60] are underlined. 

5.4.4 Detection of RYRJ sequence polymorphisms 

A candidate MH mutation was not detected in the RYR 1 N-terminal or central regions. This was 
confirmed by sequence analysis of cDNA synthesized from a second MHS individual (c369) . 
However, fifteen differences between the MHS (c22 1 )  and control (c 1 54) sequences were 
detected that corresponded to published polymorphisms [ 107, 1 68] proving the chosen sequencing 
strategy enabled the successful detection of heterozygous mutations. The MHS trait coincided 
with the common allele at each of these polymorphisms, corresponding to the published sequence. 
The non disease-linked haplotype inherited by the control individual (c 1 54) included the rarer 
allele for most of the RYR1 polymorphisms. Previously corrected sequence errors at Leu792 
[ 107] and a correction of RGAP 1 368 to QEAPQ 1 369 [ 1 68] were confirmed. 

One new sequence discrepancy was encountered (in both MHS and MHE sequences) resulting 
from the resolution of a probable GCCG compression in the original sequence to GCGC, 
changing valine 2550 to leucine. In addition, seven new silent polymorphisms were encountered 
within the sequence as described in Table 5-3 . Sequence profiles for the Cys2363 and Pro2366 
polymorphism are shown in Figure 5-6. The latter mutation changes RE recognition sites for Bsl I 
and Bsp MI and may be potentially useful for future haplotype analysis. The MHS trait appears to 
be in phase with the normal allele at each of the new silent polymorphisms. 

A novel C to G transversion was detected in the sequence from the MHE individual that changed 
amino acid glutamine 3756 to glutamate (Figure 5-6 B). This conservative substitution was not 
considered to be a candidate MH mutation since the corresponding residue in the rabbit [ 1 55 ]  and 
porcine [203] RYR1 sequences is also glutamate [203] (See Chapter6, Figure 6.8) .  Furthermore, 
the mutation was unique to the MHE(h) individual. 

1 35 



Chapter 5 Sequence analysis of RYR1 cDNA 

Figure 5-6 Detection of novel RYR1 polymorphisms by sequence analysis of cDNA 

A Cys2363, Pro2366 

C G C A G G G C R G G T C C  G R A A C A C T C A G 
c22l * * 

B. Gln3756Glu 

A. Sequence analysis of the 6376/47exR PCR product showing position of two new polymorphisms. The 
control sequence ( c 1 54) is homozygous for the base change in both cases. Sequence was generated 
using an ABI-377- 1 8  automatic sequencer with dye terminator chemistry. Sequence was initiated with 
the 47exR PCR primer. Antisense sequence is shown. 

B. Sequence analysis of the 1 0809/1 1 359 PCR product showing the C to G transversion that substitutes 
glutamine 3 7 56 for glutamate (unique to the c 1 54 control sequence). Sequencing reactions were primed 
with the forward 1 0809 PCR primer (performed as described above). 

Amino Acida 

Cys 2363 

Table 5-3 

Substitution MHS 
c22 1 

TGC>TGT CIT 

Novel silent RYR1 polymorphisms 

MHE Amino acid R E site changed 
c 1 54 change 

TIT None None 

Pro 2366 CCC>CCT CIT TIT None Nla IV, Bsl I loss, Bsp MI gain 

Arg 2403b 

Ala 2427b 

Gin 3756 

Thr 39 1 8  

Ala 4293 

Thr 4752 

CGC>CGT CIC 

GCC>GCT CIC 

CAG>GAG CIC 

ACT>ACA TIT 

GCG>GCC GIG 

ACA>ACC AlA 

CIC None Hha I, Tha I loss 

CIC None Bbv I, T se I gain 

CIG Gin > Glu Scr FI gain 

AIT None None 

GIC None Nla IV, Bs! I gain 

AIT None Hph I gain 

a Amino acids are numbered according to the corrected RYR1 sequence [ 1 60]. 
b Detected in cDNA from MHS individual c479. 
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5.4.5 Detection of a novel Thr4826lle mutation 

No candidate mutations were detected after sequencing almost the entire 1 5 .3 kb coding region of 
the MHS individual from the CH family. Three short gaps of 30 - 50 bp remained where sequence 
was initiated further than anticipated from the sequencing primer. Sequence analysis of the three 
remaining regions exposed a candidate C 14477 to T transition in exon 100 that substituted 
isoleucine for threonine 4826 in the sequence derived from the MHS individual. This candidate 
mutation was detected in a 630 bp fragment amplified with the 1 3903- 145 1 2  primer set and was 
located 52 bp away from the 1 45 1 2  sequencing primer. The C 14477T mutation was not observed 
in the initial attempt to sequence the 1 3903- 145 1 2  product because the sequence was initiated 
approximately 58  bp from the 1 45 12  primer. The candidate C 14477T mutation overlaps with the 
binding site of 14456 forward primer that was used to amplify the adjacent 3 '  cDNA segment. 
Consequently, the mutation was not detected in the sequence analysis of this fmal 3' fragment 
either. The presence of the C 1 4477T polymorphism was confrrmed by sequence analysis of the 
reverse strand and by the analysis of the same regions amplified from cDNA from a second MHS 
individual. Automatic sequence electropherograrns obtained for the MHS and MHE individuals 
are shown in Figure 5-7. 

The MHS and MHE siblings selected for the sequencing project shared the same maternal 
chromosome 1 9  but different paternal chromosomes from their MHS father. The mutation was 
detected only in the cDNA from the MHS sibling thus it coincided with the inheritance of the 
MH-associated paternal haplotype in this individual. The Thr4826Ile substitution was therefore a 
strong candidate for a causative mutation in view of the preliminary study that linked the 
inheritance of this haplotype with the inheritance of MHS in the CH pedigree. In addition, the 
Thr4826Ile mutation was the only disease-linked substitution encountered during the sequencing 
of the entire R YR 1 coding region. Furthermore, the strict conservation of the predicted 
transmembrane loop encompassing threonine 4826 across all published RYR 1 ,  RYR2 and RYR3 
[ 1 26, 1 92,203,204,2 17]  sequences implies functional significance of this residue (As discussed in 
Chapter 6, Figure 6.9).  
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Figure 5-7 Sequence analysis of the T4826I mutation 

Mutant ( c22 1 ,  pedigree CH) Normal (c l 54, pedigree CH) 
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Nucleotide sequence of the RYR I cDNA PCR fragment ( 1 3903- 1 45 1 2) bearing the C 1 4477T 
mutation detected in the CH pedigree. Sequence was obtained an ABI-377- 1 8  automatic 
sequencer with dye-terminator chemistry, using the 1 45 1 2  primer. Antisense sequence is shown. 
The mutation changes the threonine 4826 (ACC) to an isoleucine (ATC). The mutation was 
unique to the sequence from the cDNA from the MHS individual (c22 1 ). 

5.4. 6 SSCP detection of the T48261 mutation in genomic DNA 

As the Thr4826Ile had not previously been reported and was positioned well outside the known 
RYR1 mutation regions, it was important to rule out the possibility that the mutation might 
represent a common, coincidental sequence polymorphism. This necessitated the development of 
a cost-effective and efficient method to detect the mutation in genomic DNA samples from 1 00 
members of the normal population. 

Analysis of exon 1 00 sequence [ 1 60], (Genbank accession number; U484505) indicated the 
C 1 44 77T transition did not alter any restriction sites for an affordable restriction endonuclease 
that would facilitate RFLP detection. Although the mutation removed a recognition site for Sfa 
NI, financial considerations excluded the use of this enzyme in a large-scale RFLP mutation 
screen. A non-radioactive SSCP technique employing ethidium bromide detection was therefore 
developed to screen for the mutation in a 208 bp PCR fragment which was amplified from 
genomic DNA with the 1 4662/1 00iR primer set. The presence of the mutation was revealed by 
the appearance of an additional single-stranded DNA band (or bands) migrating below a band 
corresponding to the normal allele as shown in Figure 5-8 A. While there is a difference in the 
banding pattern produced from normal and mutant alleles, this was not consistently reproducible 
or immediately obvious to the untrained eye. An alternate forward primer ( 1 4486F) was therefore 
designed to amplify a shorter, 1 85 bp product in an attempt to improve the differentiation of the 
mutant and normal SSCP bands. 

The mutation was readily detected in the 1 85 bp product by the appearance oftwo additional 
SSCP bands, as shown in Figure 5-8B, though SSCP analysis of the shorter products prepared 
using the 1 4486/1 OOiR primer set was particularly susceptible to alterations in the buffer 
composition or gel running conditions. 
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Figure 5-8 SSCP detection of the Thr4826lle mutation 
A. 

� � � � � � 
o i i o • •  

B. 

Family CH 61  59 53  55 CH 5 7 1 41 

A. SSCP analysis ofthe T48261 

mutation in members of the CH family. 
The 208 bp fragment was amplified 
with the 1 44462/1  OOiR primer set and 
separated by non-denaturing 9 % 
PAGE in 0 . 5  X TBE for 3 hr, 35  min . 

at 3 -4W (constant power) at 4 °C . The 

gel was stained in 0 .5  f.Lg/ml EtBr, and 
photographed under UV light. The 
mutation-specific band is indicated 
with an arrow. DS = double stranded 
DNA. Black symbols represent MHS 
individuals. Clear symbols represent 
individuals not examined by IVCT. 
The chequered symbol represents a 

DS child (M4 1 2) who suffered sudden 
infant death . MHS individuals M5 1 4  
and M95 are recombinant (X) with 
respect to the T48261 mutation . 

B. SSCP analysis of the T4826I 
mutation in unrelated NZ MHS 
probands. The 1 85 bp fragment was 
amplified with the 1 4486/ I OOiR primer 
set, resolved by non-denaturing 9 % 
PAGE at 4°C for 3 hr 40 min . at 3W, 
constant power (-280 V) . The gel was 

stained in 0 . 5  f.Lg/rnl EtBr and 
visualised under UV light. The 
mutation is revealed by the appearance 
oftwo extra bands (marked with 
arrows) in an MHS member ofthe CH 
family (M74: lanes I and 6). The 
T48261 mutation was not detected in 
representative MHS members of other 
MH pedigrees examined. (lanes 2-5 and 
7-Q) 

5. 4. 6. 1 Screening control DNA samples for the Thr4826Ile mutation 

To investigate whether the Thr4826Ile mutation could be a neutral polymorphism, SSCP analysis 
was employed to screen for the mutation in 220 normal chromosomes from unrelated control 
subjects. Samples were selected from the unaffected parents ofMHS individuals and unrelated 
MHN individuals from other NZ MH families, in addition to spouses married into the CH family. 
The control sample population included individuals of both Maori and Caucasian descent and was 
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therefore representative of the ethnic background of the family in which the mutation was 
identified. The Thr4826Ile mutation was not detected in the DNA from any ofthe 220 normal 
chromosomes investigated, indicating it was not a common polymorphism. The segregation of the 
Thr4826Ile mutation with MHS in members of the CH family and the relationship between 
phenotype and genotype for IVCT tested members of the family is explored in detail in Chapter 6. 

5.5 IDENTFICATION OF RYRl MUTATIONS IN OTHER MHS 

PRO BANDS 

After the acquisition of an automatic sequence facility and primers and methodology for the 
amplification ofRYR1 cDNA, the sequence analysis ofRYRl cDNA became the method of 
choice to search for both published and novel RYRl mutations in MHS probands. Since RT-PCR 
using skeletal muscle RNA proved successful in detecting a number of novel polymorphisrns as 
well as a unique mutation in RYRl in the CH family, this approach was used to investigate 
additional NZ families. Probands from three new MH families referred for genetic analysis were 
selected in a screen for candidate mutations in the N-terminal and central mutation-rich regions of 
RYR1 cDNA. Fresh skeletal muscle tissue specimens ( 1 00 - 500 mg) obtained from individuals 
undergoing muscle biopsy operations for the IVCT were frozen immediately and stored in liquid 
nitrogen. RNA was extracted from approximately 1 00 mg of each tissue sample, and cDNA 
synthesized using random hexamers using the Superscript™ system (as described in the analysis 
of the CH family) . The N-terrninal and central mutation-rich regions were amplified in three 
fragments (as described in Table 5-4 and Figure 5-9) and subjected to automatic DNA sequence 
analysis. Case reports for the three pro bands investigated from families 36, 24 and 70 are 
presented in appendix 6 .  

Table 5-4 Amplification of RYRl mutation-rich regions from cDNA 

nmer Size Amino acid T nmers 

N 1  409 403R 8 1 6  b 144 - 40 1 59°C 1 63F, 34 1 F  1 204 

N2 649 1 993 1 345 b 224 - 634 1 . 5 mM 59°C 952, 522F, 6 1 4R 

Central 6376 47exR 1 1 00 bE 2 1 34 - 2486 1 . 5 mM 6 1°C 6763 , 2434F, 47exR 

Figure 5-9 PCR products encompassing RYR1 mutation-rich regions 

163 34 1 522 6 1 4  
3 5  *8 3JJl l t t k 

0 

409 
13_3F .. ..  403R �48R 1204 

i52 �"2F 649 _;;;;;..._-=---,.- 1993 614R 

1000 aa 

RYRl cDNA 

2 1 63 2206 

I I 'lt.,, 
2000 aa 

24 F 
6376 ...__ .. ___, .. .__-= .. 47ex R 6763 7039 

RYRl } mutations 

I • 

3000 aa to 5032 aa 

} PCR 
products 

RYR l mutation-rich regions were amplified from cDNA of MHS probands and sequenced for novel 
mutations. Sites of previously published mutations are indicated with blue arrows. Forward and reverse 
sequencing primers are indicated with arrows above and below the PCR fragments, respectively. Primer 
details as described for Figure 5-3. Primer sequences are given in appendix 1 .  Primer positions and 
additional sequencing primers are shown in appendix 2 .  
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5. 5. 1 Identification of a novel Arg2452Trp mutation in family 36 

Muscle tissue and DNA from a representative .MHS member of family 36 became available when 
the proband (who had suffered .MH in infancy) presented for IVCT examination at the age of 1 3 . 
This case was of particular interest due to the rarity of MH reactions in infancy and the suspicion 
of sub-clinical CCD in this patient (N. Pollock, personal communication). 

The mutation-rich regions were amplified and sequenced from cDNA as described above. None of 
the nine published mutations [25 ,  1 1  0, 1 6 1 ,  1 67 - 1 69] were detected. However, a novel C73 54 T 
nucleotide transition was identified which resulted in a substitution of arginine 2452 for 
tryptophan. Sequence analysis ofthe reverse strand confirmed the presence ofthe Arg2452Trp 
mutation. 

Figu re 5-10 SSCP detection of the Arg2452Trp mutation in Family 36 

-1- -1-

DS 

Genomic DNA samples were 

amplified with the 45iF/736 1 
primer set, denatured and 

resolved by 8% non-denaturing 
PAGE in 0.5X TBE, 
Electrophoresis was performed at 

3 W  (constant power) at 4°C 
(until the bromophenol blue due 

front had migrated off the bottom 
of the gel). DNA was stained 

with 0 .5 J.!g/rnl EtBr and 
visualised under UV light. 
M utation-specific bands are 

indicated with arrows. DS = 

Double stranded DNA. Filled 
symbols = MHS, ? = Untested. 

The mutation did not alter any recognition sites for restriction endonucleases that would allow the 
implementation of a simple RFLP detection procedure. Therefore, genomic DNA samples of 
relatives were amplified with the 45iF/736 1 primer set and screened for the Arg2452Trp mutation 
by SSCP analysis as shown in Figure 5- 1 0. The presence ofthe mutation was revealed by the 
appearance of three additional S SCP bands. SSCP detection of the Arg2452Trp mutation was 
found to be robust and relatively insensitive to variations in gel buffer and running conditions. 

The Arg2452Trp mutation was not found in 1 00 normal chromosomes examined by SSCP or in 
the DNA of 32 unrelated .MH probands from other NZ families, indicating it is not a common 
polymorphism. The amplified region also includes the site of the Arg2458His and Arg2458Cys 
mutations [ 1 69] . These were not detected in any ofthe NZ probands examined. DNA samples 
were obtained from both parents of the proband and two siblings and screened for the mutation by 
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SSCP and/or DNA sequence analysis. However, further study of the Arg2452Trp mutation in 
family 36 was limited by the small size of the pedigree. 

The father of the proband (family 36) was negative for the mutation. This individual has declined 
muscle biopsy but has normal creatine kinase levels. Both SSCP and DNA sequence analysis 
revealed the mother of the proband to be positive for the Arg2452Trp mutation. Upon 
examination, this individual was found to have elevated creatine kinase and was subsequently 
diagnosed MHS by IVCT (with a 4.3g response to 2% halothane and a 3 .7g response to 2 mM 
caffeine). This confirmed maternal inheritance of MHS in the proband, consistent with the 
occurrence of the Arg2452Trp substitution. The mutation was present in the DNA of one of two 
siblings investigated, but these individuals have not yet been examined by IVCT. Further work 
awaits collection of specimens from the maternal grandparents to determine the origin of the 
mutation in this family and the IVCT examination of additional individuals. The fact that MH was 
unveiled during surgery for cleft palate is noteworthy, since an association between cleft palate 
and susceptibility to MH has been previously noted [4 12,4 1 3] .  

5.5.2  Identification of a novel Arg401 Cys mutation in family 70 

An MHS individual from a Maori family (M479, family 70) was selected for RYR 1 cDNA 
sequence analysis based on the ethnic background, documentation of a fulminant MH crisis in this 
family and the availability of muscle tissue from a recent muscle biopsy. A clinical case report for 
the MHS proband is given in appendix 6 .8 .  The N-terminal and central RYR 1 mutation-rich 
regions were amplified from cDNA and sequenced in both directions. Two novel silent 
polymorphisrns were detected at residues Arg2403 and Ala2437 (as described in Table 5-3), 
however no candidate MH mutations were detected in the central mutation region. Sequence 
analysis of the N-terminal PCR products encompassing residues 1 37 to 4 1 1 revealed a novel 
C 120 1 to T transition that substitutes Arg40 1 for Cys (Figure 5- 1 1 ) .  This mutation is situated 
two residues upstream of an Ile403Met mutation that was associated with MH and CCD in a 
single overseas pedigree [ 1 3] .  

Having identified a mutation by direct sequencing o f  products made by RT -PCR, primers were 
designed to amplify a 195 bp fragment from genomic DNA to screen for the Arg40 1Cys mutation 
in family members by SSCP (Figure 5- l l B) .  

1 42 



Chapter 5 Sequence analysis of RYRI cDNA 

Figure 5-1 1 Identification of the Arg40 1 Cys mutation 

A. Sequence analysis of cDNA B. SSCP analysis of genomic DNA 

T C C C A G G C C G C C � G C A T G A T C C A 
T 

Family 70 64 70 63 6 1  60 59 58 70 

DS 

+ + + 

A. DNA sequence of RYR I cDNA amplified with the 409F/403 R-bio primer pair. The C l 20 1 T  transition 
that substitutes Arg40 1 for Cys was detected in cDNA from individual 479 (family 70) (top). Normal 
cDNA sequence from MHE individual ( 1 54) is shown in the bottom panel. Sequence was obtained using 
an ABI-377-36 automatic sequencer with dye-terminator chemistry, initiated with the 34 1 F  primer. 

B. SSCP analysis of a 1 95 bp fragment amplified with the 403F -seq/40 I iR primer set by 8 % non­
denaturing PAGE in 0.5X TBE. Electrophoresis was carried out at 3W (constant power) for 3hr 20 rnin 
at 4°C. DNA was visualised by staining in 0 .5 f.!g/ml EtBr and photographed under UV light. The 
R40 1 C mutation was detected by a band shift in the SSCP profile for MHS members of family 70 
(M479: lanes 1 and 3, M 542: lane 9). Mutation-specific bands are indicated with arrows. The mutation 

was not detected in DNA from probands of other MHS families examined (lanes 2, 3-8). 

Figu re 5-12 Segregation ofthe Arg40 1 Cys mutation in family 70. 

M565 M562 M566 M564 M576 M563 M479 
+ 1s .s fl.7 1 

M654 M655 
+ + 

The presence ( +) or absence (-) of the Arg40 I Cys mutation is indicated for members of 
family 70 screened by SSCP and automatic DNA sequence analysis. Contracture 
responses to 2% halothane and 2 mM caffeine (respectively) are presented in boxes for 
two individuals diagnosed MHS (black symbols) by IVCT. M479 is the proband. 

1 43 



Chapter 5 Sequence analysis of RYR l cDNA 

5.5.3 Segregation of MHS with the Arg401Cys mutation in family 70 

The segregation of the mutation in members of family 70 screened by SSCP and/or automatic 
DNA sequence analysis is presented in Figure 5- 1 2. The mutation was detected in the mother of 
the proband (M542) who was also diagnosed MHS by IVCT. Two half-sisters of the proband 
were also positive for the Arg40 1 Cys mutation, as determined by automatic sequence analysis of 
amplified genomic DNA. Neither has been investigated by IVCT. Interestingly, both parents of 
M542, and four of her siblings (investigated by DNA sequence analysis) were all negative for the 
Arg40 1 Cys mutation. This would indicate that the Arg40 1 Cys mutation has occurred de novo in 
individual M542, assuming the alleged paternity is valid. 

The novel Arg40 1 Cys mutation was not detected in 46 normal chromosomes from unrelated 
individuals or in the DNA of 32 other NZ MHS pro bands screened by SSCP, indicating it is not a 
common polymorphism. Residue Arg40 1 is strictly conserved across all known sequences from 
the RyR family (Chapter 6, Figure 6.7A). This, together with the proximity of this mutation to a 
previously reported lle403Met mutation [ 1 3] implies functional significance of this residue and 
importance of the region in the MH disorder. However, it is not possible at this point to establish 
a causative role for the Arg40 1 Cys mutation based on the limited IVCT data from this pedigree. 
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5.5.4 Detection ofthe Gly341Arg mutation in family 24 

RNA was extracted from muscle tissue obtained from the MHS father (M445) of the proband 
from family 24. The N-terminal and central mutation-rich regions ofRYRl were amplified from 
cDNA and examined by automatic sequence analysis as described in Table 5 .4. None ofthe 
published RYRl mutations were identified in the second N-terminal (649/ 1 993) or central (6376-
47exR) fragments. Visual inspection ofthe sequence ofthe first N-terminal (409/403R-bio) 
fragment revealed a weak C/T signal overlap as shown in Figure 5- 1 4A. The sequence 
polymorphism corresponded to the site ofthe published G 1 02 1 A  (Gly34 1 Arg) mutation in the 
coding strand [ 1 09] .  The G 1 02 1  A mutation was clearly visible in the forward sequence derived 
from a second PCR product amplified with the 409/403R primer pair (Figure 5- 1 4B). The 
presence ofthe G102 1 A  transition was subsequently confirmed in genomic DNA samples from 
four MHS individuals from family 24 by SSCP analysis (Figure 5 - 1 3) and automatic DNA 
sequence analysis (Figure 5- 1 4) .  

SSCP analysis ofthe Gly34 1 Arg mutation (Figure 5- 1 3) was particularly sensitive to PCR and 
electrophoretic variables, consequently further members of family 24 family were screened for the 
mutation by direct sequence analysis of amplified genomic DNA. The segregation ofthe mutation 
in members of family 24 is displayed in Figure 5- 1 5 . The mutation was also detected in two MHS 
siblings (M475 M537) of the proband but was not detected in the DNA from one MHN uncle 
(M548). MH susceptibility is thought to have been inherited via the paternal grandmother who 
registered an abnormally high creatine kinase levels (N. Pollock, personal communication, data 
not available). 

Figu re 5-1 3  SSCP analysis ofthe G 1 02 1 A  (Gly34 1 Arg) mutation in family 24 

-1- -1- +b�-._+,!-__ [J_-J-_+,_J-_ __,+1- -1- -/-

D D  0 O o o D  

The 1 2 1  bp 341 F/34 1 R  PCR products were amplified from genomic DNA and resolved 
electrophoresis on a 1 5  % non-denaturing 29: 1 bis-acrylamide gel in 1 X TBE. 
Electrophoresis was carried out at 4°C for 5 1 /2 hours at 3W (constant power) and � 325 V. 

Arrows indicate mutation-specific SSCP bands. Symbols: B lue = MHS, = MHN (family 
24 ), Clear = unrelated MHS individuals. 
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Figure 5-14 Detection ofthe G 1 02 1 A  (Gly3 4 1Arg) mutation by automated sequence analysis 
of cDNA 

A. Mutant reverse sequence B. Mutant forward sequence 
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C. Normal reverse sequence D. Normal forward sequence 
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A. Sequence from 409/403R-bio PCR product amplified from cDNA from an MHS individual (445, family 
24) indicating the C 1 02 1  to T mutation in the antisense sequence. Sequence was obtained using an ABI-
377- 1 8  automatic sequencer with dye-terminator chemistry and an internal reverse sequencing primer 
( 1 024). 

B. Sequence from amplified control MHN cDNA (c 1 54), representing the homozygous normal C 1 02 1  
genotype. Sequence was generated, as above, using the reverse 1 024 primer. 

C. Sequence from the 409/403 R-bio PCR product amplified from cDNA (c445) from MHS individual 
indicating the G 1 02 1  A mutation in the coding sequence. Sequence initiated with forward 952 primer. 

D. Sequence from the 409/403 R-bio PCR product from MHN control cDNA, bearing the homozygous, 
normal G 1 02 1 genotype. Sequence initiated with the 34 1 F primer. 
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Figu re 5-1 5  Segregation of the Gly34 1 Arg mutation with MH in Family 24 

M 548 
- /-1 0.3/o.ol 

D-.,.--( JIM 342 M537 
+ 1- + /-, 2.7/1 . 11 l t .9/t .21 

M 5 86 M 5 85 
+ /-* 

H igh CK 

M445 
+ 1- * 1 2.3/2.sl 

M 5 82 
- 1- * 

M583 M584 
- 1- * 

M475 
+ /-

l t .71l .51 

M 5 87 
- 1- * 

Pedigree structure for family 24. Siblings connected by double lines are identical twins. The G 1 02 1  A 

(G34 1 R) mutation (+/-) was detected in the genomic DNA of four individuals diagnosed MHS by JVCT (blue 
symbols). The MHS proband is indicated with an arrow (clinical case report presented in appendix 6.4. The 
mutation was absent (-/-) from the MHN individual (Yellow symbol). Boxed values refer to the JVCT 
contracture responses to 2 %  halothane and 2 mM caffeine respecti vely. Genotype was determ ined by SSCP, 
and/or automatic DNA sequence analysis (*) of the 3 4 1 F/34 1 R-bio PCR product. 

Evidence in favour of linkage between the Gly3 4 1 Arg mutation and MH was investigated 
statistically using Linkage 5 . 1 .  P og am parameters ii1.cluded a dis ase and allel frequency of 
11 1 0000, a mutation rate of 1 X 1 0-6, and penetrance of 0.99 and 0.0 1 for the mutant and normal 

alleles respectively. A maximum lod score o f 0.88 (at 8 = 0) was calculated for the pedigree 
depicted in Figure 5- 1 5 .  Linkage analysis was constrained by insufficient phenotype data for the 
family; thus, the analysis was inconclusive. 
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5.6 IDENTIFICATION OF NOVEL RYRl MUTATIONS IN MHS 

PROBANDS BY SSCP ANALYSIS OF GENOMIC DNA 

The automatic sequence analysis o f RYR1 cDNA revealed three novel candidate :MI-1 mutations 
(Thr4826Ile, Arg2452Trp, and Arg40 1 Cys) and one of the previously published mutations 
(Gly341Arg). In each case, the SSCP technique was employed to detect the mutation in short 
fragments amplified from genomic DNA in order to screen for the mutation in family members 
and normal control subjects. S SCP is more technically demanding and less reliable than other 
methods commonly employed to screen genomic DNA (such as allele specific PCR, ARMS or 
RFLP) but offers several advantages. SSCP with ethidium bromide detection is economical and 
therefore ideal for screening large number of samples simultaneously. Unlike RFLP, SSCP 
analysis can often reveal other mutations in the region of interest. This is particularly applicable to 
the study of:MI-1 in which mutations are tightly clustered in so-called 'hot-spot' regions. S SCP 
was employed to screen the remaining NZ MHS probands for three novel mutations (Arg40 1 Cys, 
Thr4826Ile, and His4833Tyr) that were detected in the cDNA sequence analysis. Any novel 
S SCP variants identified in this screen were then characterised by automatic DNA sequence 
analysis. 

5. 6.1 Identification of a novel His4833Tyr mutation by SSCP analysis 

A 208 bp fragment encompassing the site of the Thr4826Ile mutation was amplified from genomic 
DNA of:MHS individuals from 32 NZ families and subjected to SSCP analysis. Thr4826Ile 
substitution was not detected in any of the individuals examined by SSCP including three of 
Maori descent. In the process of screening other families for the Thr4826Ile mutation, two 
additional SSCP variants were detected in unrelated :MHS pro bands. One variant resulted from an 
T to A transition 28 bp downstream of the start of intron 1 00. This was detected in a single MHE 
individual of Polynesian descent (data not shown). The base-change was not detected in DNA 
from his :MHS daughter and was therefore not likely to be a disease-causing mutation. 

The second SSCP variant was characterised by the appearance of an additional single-stranded 
DNA species that migrated behind the band associated with the Thr4826Ile mutation, as shown in 
Figure 5- 1 6. Sequence analysis ofth 14462/l OOiR PCR product revealed a novel C l 4997T 
transition that substituted histidine 483 3 for tyrosine (Figure 5- 1 7). The Tyr4833His mutation is 
positioned only seven amino acid residues downstream of the Thr482611e mutation, as depicted in 
Figure 5- 1 8 . 
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Figu re 5-16 SSCP detection of the His4833Tyr mutation. 

SSCP analysis of a 208 bp fragment amplified from 
genomic DNA of MHS probands with the 

1 4462/l OOiR primer pair. Denatured PCR products 
were resolved by 8 % non-denaturing PAGE, in 0 .5 

X TBE, at 4°C for 3 hr 20 min. at  3W, constant 

power. DNA was visualised by staining in 0.5 Jlg/rnl 
EtBr, and photographed under UV light. 

Lane I :  SSCP pattern characteristic of the T48261 
mutation (MHS individual M74, CH family). 
Lane 2: SSCP variant resulting from a C l 4497T 
transition that changes H is 4833 to Tyr (MHS 

individual M470, family 1 ). Lane 3 :  Normal SSCP 
pattern from unrelated proband (MHS individual 
M l 69, family 94). 

Figu re 5-17 Characterisation of the Tyr4833His mutation 

Mutant (M4 70, pedigree 1 )  

G T C A C C � A C A A T G G G 

Normal (M2330, pedigree 1 )  

G T C A r· I' C A C A A T G G G  

* 

Nucleotide sequence of the 1 4462/l OOiR fragment amplified from genomic DNA, bearing the C l 4497T 
mutation detected in the family I .  Sequence was obtained an ABI-377- 1 8  automatic sequencer with dye­
terminator chemistry, using the 1 4462 primer. Antisense sequence is shown . The mutation changes the 
tyrosine 4833 to histidine. 
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Figure 5-18 Proximity of C-terminal RyR 1 mutations detected in two MHS Maori families 
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Figure 5-19 Segregation of the His4833Tyr mutation in Family 1 
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Individuals were diagnosed positive ( +) or negative (-) for the His4833Tyr mutation by 
automatic DNA sequence analysis of a 208 bp fragment amplified from genomic DNA with 
the 1 44462/ lOOiR primer set. The mutation was detected in a single MHS individual (M470, 
filled black symbol) who registered strong IVCT tensions . MHN individuals are represented 
by clear symbols with a negative sign. Individuals diagnosed MHE and MHS by EMHG 
criteria are represented with quarter and half-ftlled symbols, respectively. Diagonally shaded 
symbols depict obligate MHS carriers. 

Seven individuals from the family were screened for the His4833Tyr mutation by SSCP and/or 
automatic DNA sequence analysis of amplified genomic DNA. Two fatal MH reactions have been 
documented in this pedigree (Figure 5- 1 9, individuals 115 and 11 6). Case reports are described for 
family 1 in appendix 6.2. 

The His4833Tyr mutation was not present in one MHN (M76) or in four MHE(h) individuals 
(M387, M255,  M 148, and M230) investigated by SSCP. Individual M470 is the only family 
member identified with the His4833Tyr mutation, and is also the only family member examined by 
IVCT who registered a strong contracture response to caffeine (with tensions of 3 .8 g at 2 mM 
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caf. and 3 .2  g at 2 %  hal. ) .  However, the His4833Tyr mutation does not segregate completely 
with the MHS phenotype in family 1 (Figure 5 - 1 9) .  One MHS patient with relatively weak MHS 
contracture responses (M55 1 ;  0.2 g at 2 mM caf, 1 . 1  g at 2 % hal) also displayed the SSCP 
profile characteristic of the normal genotype (subsequently confirmed by DNA sequence analysis). 

The His4833Tyr mutation was not observed in 220 normal chromosomes screened by SSCP, 
indicating it is not a common polymorphism. Jointly with residue threonine 4826, histidine 4833 is 
strictly conserved across all published RYR 1 ,  RYR2, and RYR3 implying functional significance 
of these residues (discussed in Chapter 6, Figure 6.9) .  However, due to the small size of the 
pedigree, it is possible that His4833Tyr represents a rare polymorphism that is not related to 
MHS. IVCT examination and genetic testing of additional family members is required before the 
causative role of this mutation in MH can be investigated further. 

5.6.2 Identification of a novel Arg2454His mutation by SSCP analysis 

The Arg2452Trp mutation was detected in a single MHS family. While screening NZ probands 
for this mutation, a SSCP variant was identified in an MHS proband (M 1 1 9) from family 58 
(Figure 5-20C). The SSCP pattern generated for this individual was distinct from the SSCP 
pattern characteristic of the Arg2452Trp genotype. Sequence analysis of the amplified genomic 
DNA revealed the presence of a G736 1 A  transition that substitutes Arg2454 for His (Figure 5-
20B). This second mutation was identified in a young male who developed a fulminant MH 
reaction during an emergency orthopedic procedure, and was diagnosed MHS with strong 
positive IVCT responses (the case report is documented for family 58 in appendix 6.7) The 
Arg2454His substitution was positioned only two amino acids downstream of the Arg2452Trp 
mutation identified in family 1 and only four residues upstream of published mutations at residue 
Arg2458 as depicted in Figure 5-20D. 

Two family members were investigated for the Arg2454His mutation by automatic DNA 
sequence analysis. Both the mother and sister of the proband tested negative with respect to the 
mutation, but neither has been examined by IVCT. The expected paternal inheritance of MHS has 
not been confirmed, as the father of the proband has not been examined by IVCT. A DNA sample 
from this individual was not available to test for the Arg2454Trp mutation. 

As there is no family history of MH in family 58,  and only one family member was examined by 
IVCT, it was not possible to investigate the relationship between the Arg2454His mutation and 
MHS in this family. Therefore, it is possible that the mutation represents a polymorphism that is 
not causative of MH. However, the Arg2454His mutation was not detected in 1 00 chromosomes 
representative of the normal population, or in any of the 30 other MHS pro bands investigated by 
SSCP thus it is highly unlikely to be a common, coincidental polymorphism. 
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Figure 5-20 Identification of the Arg2454His and Arg2452Trp mutations by SSCP and 
sequence analysis of genomic DNA 

A C 
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A. Identification of a novel RYR l C7354T transition resulting in an Arg2452Trp mutation. The mutation 
was detected in cDNA from individual M535  (family 36) who suffered an M H  crisis in infancy. The 

region was amplified with the 6376/47exR primer pair and sequenced with using an ABI-377- 1 8  
automatic sequencer, using the 47exR primer, with dye-terminator chemistry. Antisense sequence is 
shown. 

B. Identification of a 0736 1 A transition that changes Arg2454 to histidine. The region was amplified from 
genomic DNA from MHS individual M 1 1 9 (family 58) with the 45 iF/7393 primer pair and sequenced 
(as above) using the 47exR primer. Antisense sequence is shown . 

C. SSCP detection ofthe Arg2454His ( lane 1 ,  individual M 1 1 9, family 58) and Arg2452Trp (lane 4, 
individual M 53 5, family 36) mutations. Lanes 2 and 3 represent the normal genotype in two unrelated 
MHS probands. PCR products were amplified from genomic DNA with the 45iF/7393 primer pair. 
Denatured PCR products were resolved by 8 % non-denaturing PAGE, in 0 .5X TBE, Electrophoresis 
was conducted at 3W (constant power), -325V, for 3 hr and 5 min. at 4°C. The gel was stained with 

0.5 jlg/ml EtBr, and photographed under UV light. Mutation-specific bands are indicated with arrows. 

DS = double stranded DNA. 
D. The two novel arginine substitutions (Arg2452Trp and Arg2454His) occur in close proximity to two 

previously described MH mutations at the Arginine 2458 residue. (Arg2458His and Arg2458Cys 

[ 1 69]). 
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5. 7 OVERVIEW OF RYRl MUTATION ANALYSIS 

In view of the genetic heterogeneity of MH and the relatively low incidence of each R YRI 
mutation, a screen for individual reported mutations in new MHS probands by RFLP and 
sequence analysis of genomic DNA (chapter 3) is no longer cost-effective. Unless a commercially 
feasible system for multiplex PCR and simultaneous automated analysis of all RYRI mutations is 
developed for the analysis ofMH mutations, the screening of genomic DNA for individual 
mutations is not likely to be applied in future. 

The sequence analysis ofRYR1 cDNA proved an efficient alternate method to screen probands 
for reported RYRl mutations and also enabled the detection of any novel mutations. Mutations 
were identified in each of the four probands examined in this way. Three were novel (Thr4826Ile, 
Arg40 1Cys, Arg2452Trp) while the fourth (Gly34 1 Arg) has been associated with many MH 
families in overseas studies [ 1 09] . The sequence analysis of cDNA also pinpointed particular 
regions likely to contain mutations in other pro bands. For example, two novel mutations; 
Arg2454His and His4833Tyr were unveiled when regions containing the Arg2452Trp and 
Thr4826Ile mutations were amplified from genomic DNA of other MHS probands and subjected 
to SSCP analysis. 

The N-terminal and C-terrninal mutation-rich regions were sequenced in both directions from two 
MHS individuals as the most probable sites for a causative mutation in the CH family. The 
Thr4826Ile mutation eventually identified was found well outside these recognized mutation 
regions. However, a thorough initial analysis of mutation-rich regions as the most probable sites 
for a mutation should still be viewed as a valid approach to the analysis of this large gene. This 
was reinforced by the identification ofthree novel mutations (Arg40 1Cys, Arg2452Trp, and 
Arg2454His) in the mutation-rich RYR1 regions of other NZ families. Moreover, the detection of 
the Thr4826lle, the His4833Tyr and the recently published Ile4898Thr mutation [ 1 64] has now 
established the RYRI sequecne encoding the C-terminal channel domain ofRyR1 as a third 
mutation "hot-spot" region for analysis in MH. Accordingly, sequence encoding the C-terminal 
domain should be included in addition to the N-terrninal and central hot-spot regions in the 
analysis of MHS pro bands in future. 

5. 7. 1 Quality of the cDNA 

Total RNA was used as a template for the synthesis of cDNA rather than purified mRNA. This 
approach was chosen since relatively low yields ofRNA were obtained from human skeletal 
muscle [307] and additional steps required to isolate mRNA are costly and can result in a further 
reduction in the overall yields. Both oligo-dT primed and RH-primed cDNA preparations were 
subsequently used to generate PCR products for sequencing. Oligo-dT primed cDNA is generally 
a more specific substrate for PCR compared to that synthesised with random hexamers [309,3 1 1 ] . 
However, the synthesis of full-length RYR1 cDNA transcripts with oligo-dT is reportedly 
obstructed by a 75% GC-rich sequence in the 1 2600- 1 3400 bp region [ 1 26], (T. McCarthy, 
personal communication) . Furthermore, an adenine-rich region between residues 8501  and 85 1 2  is 
thought to serve as a secondary priming site that may stop transcription from the 3' end [ 1 26] . It 
was therefore anticipated that amplification of products in the 8000- 1 3000 nucleotide region 
would be difficult using oligo-dT primed cDNA as the substrate. However, the successful 
amplification of the 8068 - 8640 region from the oligo-dT primed cDNA indicated that RYR1 
cDNA transcripts of at least 7 .  5 kb in length had been synthesised. Premature termination of 
oligo-dT cDNA synthesis at either the GC-rich region or the proposed secondary oriming site 
[ 1 26] therefore did not appear to compromise RT-PCR using Superscript™ RT . 1 53 
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This contrasts with results obtained by groups using the Promega reverse transcriptase system, 
which employs an avian myeloblastosis virus RT (T. McCarthy, personal communication) . In 
contrast, the Superscipt™ enzyme is a relatively heat stable, modified Moloney Murine leukernia 
virus RT suited to the synthesis of long templates [ 4 10] . 

In early cDNA c loning experiments, the human RYR l transcription start point was positioned 
105 bp upstream of the initiation methionine codon [ 1 26] . More recently, the transcription start­
point has been assigned to - 1 30 bp [ 1 60] by comparison with the rabbit transcription start-point 
(which was positioned by primer extension analysis [ 1 55]) .  In order to amplify and sequence the 
5' RYR 1 terminus, the forward 1 . 1 7F primer was designed to anneal 1 14 bp upstream of the 
initiator codon. The successful amplification of cDNA using the 1 . 17F primer supports the 
assignment of the human R YR 1 start point to - 1 30 bp [ 1 60] . 

The quality of the sequence obtained by automatic sequencing was a function of the specificity of 
the PCR and the purity of the template DNA [409]. Sequence derived from impure PCR products 
was ambiguous even when primed with internal oligonucleotides .  Various methods were therefore 
employed to optirnize PCR reactions in order to generate pure PCR products for sequencing, as 
outlined in Chapter 2 

5. 7.2 Strategies employed to improve PCR specificity 

A hot-start procedure was used in all PCR reactions to reduce the amplification primer-dimers 
and contaminating products generated from non-specific priming during the reaction preparation 
at ambient temperatures. Optimal results were achieved using hot-start PCR with 0.05 Jll of the 
random hexamer-primed cDNA template per 50 Jll PCR reaction which was much less than the 2 
Jll volume recommended in the Superscript manufacturers' instructions. However, the addition of 
excess cDNA template was found to produce smeared bands, reduce PCR specificity and inhibit 
some reactions. 

''Touchdown" PCR programs involving successive cycles with gradually decreasing annealing 
temperatures proved the most efficient procedure for optirnizing PCR reactions. When standard 
attempts at PCR optimisation failed to generate discrete bands, the fragment of interest was 
isolated away from contaminating PCR products and primers by gel-purification from agarose gel 
slices. UV light can introduce nicks in the PCR template, introducing stops and noise in the 
sequencing reaction [ 409,4 1 1 ] .  Gel purification was therefore employed only where other 
optirnisation methods had failed since the sequence derived from gel-purified fragments was 
generally of reduced quality, and signal strength tended to fade rapidly. 

The nested-primer secondary PCR approach to obtaining discrete products from non-specific 
PCR reactions was avoided. Secondary amplification of too-few copies of the target sequence can 
result in allele bias and a risk of false negative result [3 1 1 ] .  Alternatively, false-positive signals 
could result from amplification of PCR-errors introduced in the first round of PCR. Furthermore, 
the second PCR reaction is particularly sensitive to contamination from other templates generated 
in the first round of amplification [4 14] .  Re-amplification of gel-purified PCR products using 
nested primers [4 1 1 ] was also avoided due to the risk of amplification of a UV-induced mutation 
[304] .  A single PCR product purified by this approach was found to contain a PCR-induced 
mutation that appeared to substitute Val27 1 5  for Ala. 
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5. 7.3 Identification of PCR contamination by polymorphism analysis 

The possibility of contamination of PCR reactions with the products of previous reactions is a 
common problem in all PCR procedures, particularly those in forensic applications that involve 
low-copy number DNA templates [3 1 1  ,4 1 1 ] .  Minute quantities of PCR product can act as 
extremely efficient templates and rapidly out-compete the amplification of the genomic DNA or 
cDNA substrate. Once established, such contamination can be difficult to eradicate, particularly if 
primers or template DNA solutions are affected. Contamination of this nature could result in 
identical sequence profiles for both the MHS and control sequences and failure to detect a 
mutation. However, evidence that PCR cross-contamination had occurred in the amplification of 
at least one product was revealed by inconsistencies in the sequence profiles for obtained for 
known polymorphisms .  

A segment encompassing amino acid residues 2462 to  2868 including eight published known 
silent RYR l polymorphisms [ 107, 1 68] was amplified with the 736 118752 primer pair to search 
for a novel mutation. Sequence analysis of this region revealed that the cDNA from the MHS and 
MHE individuals displayed identical genotypes for several polymorphisms. This conflicted with 
earlier results from RFLP and sequence analysis of the Asp2729 and Ile2406 polymorphisms. 
The reverse, 8752R PCR primer sequence encompassed the site of the Ser2862 polymorphism. 
The possibility that this may have lead to inefficient priming and allele bias in the amplification of 
the MHS c22 1 sample was excluded by further sequence analysis of the 736 1/8572 product. This 
revealed heterozygosity at the Arg2623 and Arg2620 polymorphisms for both MHS and MHE 
individuals, indicating both alleles were equally represented in the PCR products. 

These inconsistencies were therefore suggestive of contamination of the PCR reaction from the 
MHS individual with DNA derived from the control, MHE individual. However, the negative 
PCR controls, containing water in place of DNA, had not yielded visible products. This pointed to 
contamination of the MHS cDNA template with PCR product or cDNA from the MHE 
individual. Contamination of this nature would not be detected in the negative PCR control. The 
diluted cDNA solutions used in these reactions were subsequently discarded. 

The identity of MHS cDNA samples was investigated by PCR-amplification of concentrated 
cDNA samples followed by RFLP or sequence analysis of established polymorphisms [ 107] .  
Genotype profiles for the Ile 1 1 5 1 ,  Ser2862, Asp2729 and Leu 1 97 polymorphisms were compared 
with those established earlier by RFLP genotyping or sequence analysis of corresponding genomic 
DNA samples. All genotypes were consistent with those previously defined for the MHS 
individual ( c22 1 )  and were distinct from those established for the control individual ( c 1 54) (data 
not shown). This confirmed the cDNA used in the PCR was derived from the MHS individual 
(c22 1 ) ,  as expected. The PCR cross-contamination may therefore been isolated to only one dilute 
solution of the cDNA and a single PCR product .  However to be confident that a mutation in the 
hot-spot regions had not been obscured by sample cross-contamination, the N-terrninal and 
central RYR l regions from 4 10-4600 bp and 6380-8640 were re-amplified from the MHS cDNA 
(c22 1 )  and sequenced again in both directions. Alternate amplification strategies employing 
different primer combinations were used to amplify these regions, such that previously amplified 
products could not act as templates in the event of further PCR cross-contamination. Genotypes 
for the published polymorphisms were compared with results of the RFLP analysis of genomic 
DNA to confirm the identity of the amplified cDNA. The remainder of the RYR l sequence was 
amplified from the new cDNA preparation, using barrier tips in all PCR procedures. 
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5. 7.4 Amplification of a GC-rich region 

DNA Polymerases do not work efficiently on target sequences that have over 65% GC content. 
The amplification of such regions can be assisted with the addition of denaturants to the reaction 
[4 1 1 ] .  A region of the RYR 1 sequence spanning residues 1 2890 - 13360 with 75%-8 1 %  GC 
content is difficult to amplify from cDNA. The formation of secondary structure in the rnRNA 
template is thought to inhibit cDNA synthesis in this region [ 1 26] . This segment is consequently 
often omitted in the screening of RYR1 cDNA for MH mutations (Mark Davies, Dr. Patrick 
Lynch, personal communication) . Other investigators had amplified this difficult region in short 
segments from genomic DNA, using eo-solvents to aid denaturation [ 1 3] .  

The successful amplification of areas downstream o f  the GC-rich sequence from oligo-dT primed 
cDNA indicated that reverse transcription through the GC-rich RYR 1 region was accomplished 
using the Superscript™ RT system. This prompted attempts to amplify the region from cDNA. A 
number of variables (including the addition of  DMSO and glycerol eo-solvents) were modified in 
attempts to improve the stringency of the reaction. DMSO destabilizes or decreases the Tm of the 
duplex and can increase the PCR specificity [4 1 5-4 17] .  DMSO also destabilizes the Taq 
polymerase enzyme, thus concentrations of more than 10% were not used. Glycerol serves as a 
eo solvent in addition to helping to stabilise the enzyme and improve product yields [ 4 17] . After 
trial and error, a 802 bp PCR fragment with 76.2% GC content was successfully amplified from 
oligo-dT primed cDNA with the 1 257511 3356 primer set by including 7% glycerol and 8% 
DMSO in the PCR reaction. 

5. 7.5 Sequence quality and heterozygote detection 

The value of automatic sequence analysis to detect mutations was demonstrated in this study by 
the identification of a number of novel candidate mutations and sequence polymorphisrns. 
Mutations and sequence discrepancies were identified by aligning the sequence from the MHS 
individual with that from the MHE individual and the published RYR 1 sequence [ 1 26]. In some 
cases, polymorphisrns appeared as two overlapping peaks of equal height . These were readily 
detected as "N" signals. However, automatic sequence analysis with dye-terminator chemistry 
produces data with variable peak intensity and some mutations were not detected by sequence 
alignment alone. This necessitated visual comparison of the MHS sequence with the control 
sequence. Although the signal intensity varied for different nucleotides, the electropherogram 
patterns were found to be reproducible for a given template provided the same dye chemistry was 
used. Polymorphisrns were thus revealed by the occurrence of overlapping signals in conjunction 
with a reduction in the relative peak intensity of the mutated nucleotide compared to the control 
sequence. 

A sequencing artifact, termed "bleedthrough", which resulted in the appearance of T sub-peaks 
under principal C signals complicated the interpretation of sequence data. The majority of point 
mutations in human disease involve C to T transitions resulting either from the deamination of 
cytidine to uridine or of dearnination of 5-methylcytidine to thymidine [4 1 8,4 19] .  Therefore, the 
"bleedthrough" sequence artifact significantly hampered the differentiation of candidate mutations 
from sequence noise. Decreasing both the concentration of DNA in the sequencing reactions and 
the volume of reaction applied to the sequencing gel reduced the problem. True polymorphisrns 
were distinguished from sequence artifacts by careful scrutiny of the corresponding sequence from 
the control sample, and by sequencing the region of interest in the opposite direction. 
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Sequence read lengths of up to 700 bp were obtained, however in most cases, sequence beyond 
the 400 bp region was deemed unreliable for heterozygote detection due to loss of signal 
resolution. The length of unambiguous sequence was generally shorter for gel-purified fragments. 
The distance between the position of the sequencing primer and the start of the readable sequence 
varied from 4 to 60 bp. This was a function of the recovery of smaller DNA species after 
purification of the sequencing reactions. The Thr4826Ile mutation was not detected in the initial 
sequence obtained which was initiated at an unusually long distance (52 bp) from the primer. It 
was unfortunate that the mutation happened to be positioned in one of only three such gaps in the 
sequence remaining after the sequence analysis ofthe entire 1 5 .3 kb coding sequence, and well 
outside the mutation-rich regions that were sequenced repeatedly in both directions. 

5. 7. 6 SSCP analysis of mutation regions 

SSCP with non-radioactive detection proved an economical method to simultaneously screen 
genomic DNA samples ofMHS probands for any new mutations. The use of this technique 
required a positive control and adherence to an empirically defined set of conditions to ensure 
sensitivity. SSCP is thus not a reliable method to screen ofRYRl mutations for which positive 
DNA samples are not available. Nevertheless, SSCP variants were identified, which when 
characterised by automatic DNA sequence analysis corresponded to novel candidate MH 
mutations. 

The major drawback to S SCP is that the band patterns can differ significantly from one gel to 
another, and differences between the positive and normal samples may not always be observed. 
The analysis ofthe Arg2452Trp mutation was extremely robust a significant band shift was 
consistently associated with the presence ofthe mutation. In contrast, SSCP analysis of the 
Gly34 1 Arg mutation depicted in (Figure 5 - 1 3) was not reproducible. Similarly, the S SCP analysis 
ofthe Thr4826Ile mutation in the 1 8 5  bp 1 4486/l OOiR product (Figure 5-8) was particularly 
susceptible to alterations in the buffer composition or gel running conditions. For example, an 
alteration in the SSCP patterns that obscured their interpretation was consistently associated with 
the substitution ofBoehringer Manheim Taq polymerase for the Promega enzyme. A 0 .7  
difference in pH and the addition of 1 %Triton 1 00 detergent in  the Promega PCR buffer were the 
only significant differences between the composition of the two buffers. Detergents are known to 
effect the mobility of single-stranded DNA under non-denaturing conditions [3 24] and could 
therefore have a marked influence on the SSCP patterns. PCR reactions for SSCP were thus 
prepared using cocktail reaction mixes to ensure uniformity of the buffer components and MgCh 
concentration. 

SSCP was used to screen "normal" individuals and relatives of probands identified with novel 
mutations. None of the novel candidate mutations were identified in the normal population, 
indicating they were not common polymorphisms. However, in most cases the families were too 
small to demonstrate a causative relationship between the mutation and MHS. In contrast, over 
200 members of the CH family were screened for the Thr4826lle mutation, providing data for a 
thorough study of phenotype/genotype relationships in the CH family. Various statistical methods 
are employed to investigate the association between the mutation and the IVCT responses, as 
described in Chapter 6 .  
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6. GENOTYPE I PHENOTYPE RELATION S H I PS FOR RYR1 

M UTATIONS 

In  the following chapter, genotype/phenotype relationships are investigated for the RYR1 
mutations identified in NZ families. The IVCT data sets for most families involved were too small 
to explore these relationships by genetic linkage analysis and other statistical methods. In contrast, 
the CH family is one of the largest characterized MH families in the world in terms of the number 
of patients examined by both the IVCT and genetic screening. The identification of the novel 
Thr4826Ile mutation in the CH family provided a unique opportunity to investigate a causative 
role for this mutation, to explore the performance of the IVCT and to test assumptions about the 
frequency of MHS in the population. 

6. 1 INVESTIGATING LINKAGE BETWEEN MHS AND T48261 

The Thr4826Ile polymorphism was a strong candidate for the causative MHS defect in the CH 
family, since it occurred in phase with the MHS-linked chromosome 1 9q haplotype and was not 
found in the normal population. The relationship between inheritance of Thr4826lle and 
manifestation of the MHS phenotype was explored further by following the segregation of the 
mutation in key members of the large Maori pedigree. This screen focused initially on 1 3  0 IVCT­
tested individuals and obligate MHS carriers. 

A total of 2 1 2  members of the extended seven-generation Maori pedigree were sampled and 
typed for the C 1 4477T (Thr4826Ile) mutation by SSCP analysis (as described in Chapter 5 ,  
section 5 .4 .6) .  A blind interpretation of the S SCP band patterns was performed without reference 
to the MHS status. The Thr4826Ile genotypes; mutated ( +) or normal (-) were then aligned with 
the corresponding clinical diagnoses; MHS or MHEIMHN respectively via the DNA identification 
numbers. Any discrepancies were verified (or in one case, resolved) by repeating the PCR and 
S SCP analysis. 

The first striking finding was that there was complete concordance between the inheritance of 
Thr4826Ile and the clinical MH episodes in the family. The mutation was detected in the DNA of 
five patients who have survived clinical MH crises, including one individual who suffered two MH 
crises. Immediate relatives of five patients who suffered fatal MH reactions tested positive for 
Thr4826Ile, as did all obligate carriers of the disease in four major branches of the pedigree. 
Details of documented MH episodes in the CH family and relevant DNA results are included with 
clinical case reports in appendix 6. 1 

Patients who had undergone the muscle biopsy test were categorised MHS, MHE(h), MHE(c) or 
MHN based on the standard EMHG thresholds of � 0 .2 g tension at 2 %  halothane and 2 mM 
caffeine. The relationship between Thr4826lle genotype and the IVCT phenotype amongst tested 
members ofthe CH family is summarised in Table 6- 1 .  Of the 1 30 members diagnosed by IVCT in 
the extended pedigree, 94 were negative for the mutation and 36 were positive. All 36 mutation­
positive subjects were diagnosed MHS by IVCT, consistent with a direct involvement of the 
mutation in the MHS phenotype. Of the 94 mutation-negative individuals, 27 were MHN, 43 
were MHE(h), two were MHE(c) and 22 were MHS. The segregation of the mutation with MHS 
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was therefore incomplete. Of the 58 subjects diagnosed MHS by the standard EMHG 
parameters, only 36 (62 %) carried the mutant allele. 

Discrepancies between phenotype and genotype were anticipated from the earlier analysis of 
R YR1 -linked chromosome 1 9q markers (Chapter 4) in which several MHS individuals were 
found to lack the high-risk 6- 1 -4- 1 -3 haplotype. Results of the screen for Thr4826Ile were found 
to be entirely consistent with the segregation ofthe high-risk 6- 1 -4- 1 -3 haplotype. Therefore, the 
discordant MHS(-) individuals who lacked both the Thr4826lle mutation and the associated 6- 1 -
4- 1 -3 haplotype could not be readily accounted for by genotyping error or genetic recombination 
between the RYR 1  mutation and flanking markers. 

Table 6- 1 Phenotypes for CH family members with ( +) and without (-) the Thr4826Ile 
mutation 

Genotype MHS MHE(h), (c) MHN Total 
Positive ( +) 36  0, 0 0 36  
Negative (-) 22 43, 2 27 94 
total 58  45  27  1 30 

Patients registering abnormal (� 0 .2  g) contracture responses to halothane only, or caffeine 
only are classified MHE(h) and MHE(c) respectively E.MHG diagnostic thresholds applied. 
Numbers in bold highlight recombinant .MHS(-) and MHN(+) categories . 

6. 1. 1 Linkage analysis: methodology 

To gauge statistical support for an association between the mutation and MHS, genetic linkage 
analysis was performed on the combined, complex pedigree, presented in appendix 9.  
The pedigree file for linkage analysis included a total of 324 individuals who are linked over eight 
generations to a founding marriage. The complex CH pedigree includes five consanguinity and 
marriage loops (Appendix 9) individuals IDs: 1 3 -4, 33-34, 56-57, 1 26- 1 20 and 1 8-20). Each loop 
in a pedigree file exponentially increases the computer processing requirements for linkage 
analysis hence the linkage program permits a maximum of only three loops. To accommodate 
these constraints, one individual from each consanguinity loop was duplicated. The first was a 
simple marriage loop, which was broken by duplicating one unrelated individual (ID 4). As this 
person is not a disease carrier, this marriage loop has no bearing on the pattern of inheritance of 
the disease allele in the family. A second loop involving individuals 57 and 56 was broken by the 
duplication of individual 57 .  This is a consanguineous partnership between two distant MHN 

cousins who were both negative for the Thr4826lle mutation. Three consanguineous loops each 
involving at least one possible carrier of the disease allele remained (3 3-34, 1 26- 1 20 and 1 8-20). 

The parameters for linkage analysis were set in accordance with agreed EMHG values as 
discussed in Chapter 4 ( section 4 . 5 .3 ) .  The MHS gene and Thr48 1 6 lle gene frequencies were 
fixed at 0 .000 1 .  Two liability classes were used to define the penetrance of the MHS gene. In the 
first case a penetrance of 1 .0 and a zero phenocopy rate was assumed for patients with a 
documented, fulminant MH crisis. In all other cases, the penetrance of the MHS gene was defined 
as 0.99 for MHS individuals, and phenocopy rate of O .Ol  was assumed for homozygous normal 
individuals. An unknown status was assumed for MHE individuals. The mutation rate was taken 
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to be 0 .0000 1 . Pairwise lod scores for were calculated using MLINK and Zmax and 8max values 
were estimated with ILINK [33 3 ] .  

6. 1.2 Linkage results: MHS vs. Thr4826lle. 

Pairwise lod scores for linkage between MHS and the Thr4826Ile mutation are given in Table 6-
2.  Absolute linkage to the Thr4826Ile RYR l  mutation is not supported ( Z= - 1 . 7 1 4  at e =  0) 
under the standard diagnostic parameters that predicate 22 recombinant MHS individuals. 
However, a maximum lod score of Zmax = 1 1 . 1 03 at e = 0 . 1 33 was generated in favour of 
linkage between Thr4826Ile and MHS. This clearly shows that the mutation is linked to MHS in 
the extended pedigree, however the 22 MHS recombinants suggest that the RYR l  mutation is not 
causative ofMHS.  This result could also be explained by phenotyping errors, which can lead to an 
overestimation of the recombination fraction [378] and a loss of power of the linkage test [353 ] .  
The 3 . 5 - 1 1 % false positive rate ofthe IVCT [97] i s  therefore a significant impediment to 
linkage analysis .  

Table 6-2 Two-point lod scores for linkage of the Thr4826lle mutation to the MHS 
phenotype as defined under standard EMHG thresholds 

IVCTMHS MHS vs. Thr4826Ile 
threshold Z at recombination fraction (8) = 

Hal. Caf eMAX ZMAX 0.00 0 . 0 1  0 .05 0. 1 0  0 .20 0.30 0.40 
1 33 1 1 . 1 0 - 1 . 7 1 4  4 . 1 03 9.292 1 0.89 1 0. 52  8 . 1 64 4 . 599 

6.2 THE RELATIONSHIP BETWEEN IVCT THRESHOLDS AND 

EVIDENCE FOR LINKAGE 

In chapter four, evidence for linkage to chromosome 1 9q markers in individual branches of the 
family was unveiled by the application of more stringent diagnostic thresholds. In these studies, 
the evidence for linkage increased with incremental increases in the thresholds together with the 
reclassification of recombinant borderline MHS individuals as MHE or MHN . This result 
suggested that false positive diagnosis was the probable explanation for the majority of MHS(-) 
individuals .  Due to the computational demands associated with the analysis of complex, inbred 
pedigrees, it was not feasible to conduct the linkage analysis under a wide range of diagnostic 
parameters for the entire pedigree. An alternate approach was adopted in which IVCT data was 
scrutinized to determine the numbers of MHS and MHN recombinant individuals that would be 
assigned under increasingly stringent diagnostic schemes. Thresholds for the 2 % halothane test 
ranging systematically from 0 .2  g to 1 .8 g in 0 .2  g increments were applied in combination with 2 
mM caffeine thresholds ranging from 0.2 g to 1 .2 g in 0 .2  g increments. Individuals for whom the 
threshold values were attained in both the caffeine and halothane tests were recorded as MHS, 
while all others were classified MHN . Thus, there was no MHE category in this analysis. 

Results are presented in Table 6-3 . Note that the term "MHS recombinants" refers to individuals 
who have the normal genotype but are classified MHS while "MHN recombinants" correspond to 
mutation-positive individuals who are diagnosed MHN according to the arbitrary thresholds. 
These terms are broadly applied to refer to discrepancies between genotype and MHS phenotype 
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and do not necessarily signify meiotic recombination between the mutation and the disease locus 
per se. 

The concordance between the Thr4826Ile mutation and the MHS phenotype increased with 
systematic increases in the applied diagnostic thresholds, as indicated by a concomitant reduction 
in the number of MHS(-) recombinants. Interestingly, no MHN( +) recombinants appeared until 
the threshold tension at 2 mM caffeine was raised above 1 .2 g, at which point, three individuals 
who were positive for the mutation were re-classified MHN. Cut-off points of 1 .2 g (at 2 mM 
caf.) and 1 .8 g (at 2% hal.) completely distinguished the positive and negative genotype groups. 
Under this arbitrary diagnostic scheme, 35 individuals who were positive for the Thr4826Ile 
mutation were classified MHS whilst all 94 individuals with the normal genotype were classified 
MHN. Clearly, the MHS phenotype of mutation-positive individuals can be distinguished from the 
moderate phenotype of those individuals who are MHS under EMHG thresholds with normal 
genotype for the Thr4826Ile mutation. This result is therefore compatible with the assumption of 
false positive diagnosis in recombinant MHS(-) individuals. 

Table 6-3 Effect of the diagnostic thresholds on the concordance between MHS and the 
Thr4826Ile mutation 

Diagnostic No. of No. of No. of No.  of MHS Sensitivity Specificity 
criteria 2::: tension MHNt MHN MHS 1 recombinant 3 3 
shown at recombinant 2 

2mMcaf I 2%hal 
2 

MHS 0.0/0.2 30 0 1 00 64 100.0 3 1 .9 
MHS 0.2/0.0 70 0 60 24 1 00.0 74.5 
MHS 0.2/0.2 72 0 58  22 1 00.0 76.6 
MHS 0.4/0.4: 84 0 46 1 0  100.0 89.4 
MHS 0.4/0.8:  85 0 45 9 100.0 90.4 
MHS 0.6/0.6: 85 0 45 9 100.0 90.4 
MHS 0.8/0.8 :  89 0 4 1  5 100.0 94.7 
MHS 1 .0/ 1 .0: 9 1  0 39 3 1 00.0 96.8 
MHS 1 .2/ 1 .2 :  93 0 36 1 1 00.0 98.9 
MHS 1 .41 1 .4: 97 3 32 0 9 1 .4 1 00.0 
MHS 1 .2/ 1 . 8 :  94 0 35 0 1 00.0 1 00.0 

MHS diagnosed if tensions � the thresholds shown were generated at both 2 mM caffeine and 2% 
halothane. Subjects for whom the threshold tension is reached for only one or neither of the tests 
were classified as MHN. 

MHN recombinants correspond to the number of MHN individuals who are positive for the 
Thr4826Ile mutation. MHS recombinants correspond to the number of MHS individuals who are 
negative for the mutation. 

Specificity was calculated as the proportion of MHN diagnoses in patients without the Thr4826Ile 
mutation (n = 94) . Sensitivity was calculated as the proportion of MHS diagnoses in patients with 
the Thr4826Ile mutation (n = 36). 

I 

I 
I 
I 

I I 
I 
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To assess the relationship between the diagnostic thresholds and evidence for linkage, genetic 
linkage was calculated under the raised thresholds of 0.4 g at 2 mM caffeine and 0.8 g 2 % 
halothane (as applied by Healy et al. ,  1 996) . Results were compared to those obtained under the 
conventional thresholds in Table 6-4. A lod score of 2 1 .74 at 8 = 0 was generated using the more 
stringent criteria that reduced the number of recombinant MH individuals from 22 to 9 .  A 
maximum lod score of Zmax = 23 .725 was obtained at 8 = 0.024. This result provides 
overwhelming support for linkage between MHS and the Thr4826Ile mutation detected in the CH 
family 

Table 6-4 

IVCT MHS 
threshold 

Hal. Cat 

;::: 0.2 g ;::: 0.2 g 

;::: 0.8 g ;::: 0.4 g 

Linkage of the Thr4826Ile mutation to MHS under conventional and stringent 
diagnostic criteria. 

MHS vs. Thr4826Ile 

Z at recombination f!action (_8) = 

8MAX ZMAX 0.00 0.0 1 0.05 0. 10  0.20 0.30 0.40 

0. 133  1 1 . 10 - 1 .7 14 4. 103 9 .292 1 0.89 10.52 8 . 1 64 4.599 

0.024 23 .73 2 1 .74 23.52 23 .43 22.06 1 8 .03 1 2 .96 6 .97 

6.2. 1 The sensitivity and specificity of the IVCT 

Sensitivity and specificity refer to the ability of a diagnostic test to discriminate between healthy 
individuals and patients at risk of life threatening reactions to anaesthesia. The sensitivity 
measures the proportion of truly susceptible individuals who are correctly identified as MHS in 
the test while the specificity measures the proportion of individuals without the disease who are 
correctly diagnosed MHN [ 1 0 1 ] .  The evaluation of data from patients ranked "almost certainly 
MH" [ 44] and those from control individuals with no history of MH or any muscle disease has 
provided the basis for determination of the IVCT sensitivity and specificity respectively [97, 1 02] .  
For example, an EMHG evaluation o f  202 low-risk individuals and 1 05 high-risk individuals 
yielded a specificity of 93.6% and a sensitivity of 99% [97] .  MHE individuals were included in the 
susceptible category in these estimates. The specificity increased to 98.2% and the sensitivity 
dropped to 85 % when the MHE individuals were included in the non-susceptible category [97] .  

The specificity and sensitivity of the NZ IVCT test has not been formally assessed in this way. 
Inter-lab variation in IVCT results has been well-documented [70, 1 00,420] . Nevertheless, the 
assumption that the European based thresholds achieve the same degree of accuracy when applied 
to data from the Palmerston North IVCT data has never been tested. 

The genetic data can be used in place of the clinical observations as a "gold standard" for 
determining true MH susceptibility, thus providing a fresh means of evaluating the specificity and 
sensitivity of the IVCT [34, 1 62] .  This approach is of course dependent on the assumption that the 
mutation is causative of MHS . In other words, we assume that individuals with the mutation are 
truly susceptible, and those without the mutation are unaffected. On this basis, the sensitivity and 
specificity of the IVCT were calculated from the genetic data as follows; 

Sensitivity 
Specificity 

= 

= 

1 00 X [true positives I (true positives + false negatives)] 
1 00 X [true negatives I (true negatives + false positives)] 
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'True positives' refer to MHS(+) patients who were diagnosed MHS and carry the Thr4826Ile 
mutation. 'False positives' correspond to MHS(-) individuals who were diagnosed MHS but lack 
the Thr4826Ile mutation. 'True negatives' refer to l\.1HN(-) patients who have the normal 
genotype and are diagnosed MHN. 'False negatives' correspond to MHN(+) patients who carry 
the Thr4826Ile mutation but are diagnosed MHN by the chosen diagnostic criteria. An important 
point is that the specificity is calculated under the assumption that the putative false positive test 
results are not associated with an additional unknown mutation. 

Estimates of sensitivity and specificity were calculated for the IVCT with these formulae under 
various diagnostic thresholds with increasing stringency, as shown in Table 6-3 . Maximal 
estimates of sensitivity ( 1 00%) and specificity ( 1 00%) were achieved at caffeine and halothane 
thresholds of 1 .2 g and 1 .  8 g respectively. In contrast, under the standard EMHG thresholds of 
0 .2 g ,  the NZ IVCT achieves a sensitivity of 1 00% and specificity of only 76.6% (95% C. I =  68 
- 85 . 1 %) .  The sensitivity compares favourably with sensitivity estimates of 99% (97] and 98 . 5% 
( 1 62]  from European studies. However, the specificity is considerably lower than the estimate of 
93 .6  % from the European IVCT analysis of control patients (97] and the 8 1 . 8 % estimate from 
another study ( 1 62] .  

The specificity of the NZ test drops even further when the MHE category is taken as  susceptible. 
The European study achieved a high sensitivity only by including the MHE category as MHS 
(97], whereas in the NZ data analysis, MHE results were taken as MHN. When the NZ MHE 
results were included with the MH S  category, the specificity declined to a very low value of 30  
%. This was largely attributable to  the apparent poor specificity of  the halothane test. When 
assessing the tests independently, the 2 %  halothane test achieved a specificity of just 32 % while 
the caffeine test alone conferred 74. 5  % specificity. 

The relationship between the IVCT and genetic data was further investigated by statistical tests 
and graphical representation of the data to assess the performance of the IVCT and the case for 
genetic heterogeneity within the CH family. 

6.3 STATISTICAL ANALYSIS OF THE IVCT DATA 

Linkage results provided evidence for a role of the Thr4826Ile mutation in MHS but were highly 
sensitive to the diagnostic criteria imposed. The classification of the data into discrete groups for 
linkage analysis also concealed differences between the phenotypes of the mutation-positive and 
negative individuals, such as the variation in dose response. Additional statistical tests were 
therefore employed to assess the phenotypes of patients with and without the Thr4826Ile 
mutation. The possibility that the two populations might be more clearly distinguished by different 
test concentrations to those applied in clinical diagnosis was explored. Data were scrutinized for 
evidence of additional MHS genes segregating in the family in patients lacking the Thr4826Ile 
mutation who registered strong abnormal contracture responses 

6. 3. 1 Statistical analysis of the differences between sample means 

Statistical tests of significant differences such as the students T -test examine whether the 
difference between two statistics (such as the mean tensions for mutation positive and negative 
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groups) is significant or merely a chance observation. Most classical statistical techniques assume 
that samples are drawn from populations with normal distributions and allow the estimation of 
population parameters (hence the term "parametric") [ 42 1 ,422] . The degree of confidence in the 
test result is compromised when the assumption ofthe test is violated [423] .  

The distribution of the data from the mutation-positive and negative groups was examined using a 
boxplot (Figure 6- 1 ). Data from the mutation-positive samples was representative of a normally 
distributed population, with coincident mean, median and modes, and a symmetrical distribution 
of data about the mean. Most tensions registered by the mutation-negative group were close to 
zero and negative tensions were rarely recorded. Accordingly, the mutation-negative group data 
are more consistent with an L-type distribution [ 423] .  The non-normal distribution of this data 
imposes restrictions on statistical methods employed. 

Non-parametric tests operate without assumptions about the symmetry of the data distribution 
[ 424] and are appropriate non-normal distributions like the clinically non-susceptible group. A 
simple non-parametric test (the Mann-Whitney U-test) [422,423] was performed to test (at the 
0 .  0000 1 level of significance) whether the average IVCT tensions registered for the mutation­
positive group were higher than the tensions recorded for the negative group. Formulae are given 
in Appendix 8 .2 .  The test yielded a Z score of 8 .6  for both the caffeine and halothane data sets, 
which exceeded the critical value ( 4.27) for rejecting the null hypothesis. Muscle from the 
mutation-positive group is therefore statistically significantly more sensitive to the test agents than 
the mutation-negative group, and that the observed differences cannot possibly be attributed to 
chance. 

Figure 6- 1 
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Distribution of IVCT data for subjects with and without the 
Thr4826Ile mutation. 
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Data distributions for the mutation-positive (blue) and negative (yellow) group are shown at 
2 % halothane and 2 mM caffeine. Black lines indicate the median, 25th and 75th percentiles. 
Red lines indicates data means. Black bars indicate the l Oth and 90th percentiles. Circles 
represent outliers (data points falling outside the l Oth and 90th percentiles). The data from the 
mutation-positive group is approximately normally distributed. 
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6.3.2 Comparison of the discriminatory power of the caffeine and halothane tests 

Visual inspection of the raw IVCT data indicated that muscle contracture response is more 
sensitive to the 2% halothane challenge than the 2 mM caffeine challenge. The higher sensitivity 
of the halothane test is illustrated clearly in the distribution of contracture responses presented 
Figure 6- 1 .  Compared to the halothane test, the caffeine test more effectively distinguished 
patients with theThr4826Ile mutation from those with the normal genotype. A suspicion that the 
NZ test results in unusually high sensitivity to halothane and an unusually high proportion of 
MHE(h) diagnoses under the conventional cut-points has led to the unofficial adoption of a 0.3 g 
halothane threshold in the more recent diagnoses (N. Pollock, personal communication). 

6.3.3 Comparison of the discriminatory power of IVCT threshold drug concentration. 

The 2% halothane test was shown to induce stronger muscle contractures and achieve relatively 
poor discrimination of the patients with and without the mutation, compared to the 2 mM caffeine 
test . A question that has not often been addressed in the MH literature is whether the specificity 
of the IVCT might be improved if the lower threshold concentrations of halothane and/or caffeine 
were used in diagnosis. A further question is whether the affected and unaffected patients might 
be more clearly distinguished by the slope of a dose response curve, rather than a single tension 
recorded at a particular drug concentration. 

6.3.3. 1 Dose response curves 

The IVCT involves measurement of muscle tension with stepwise increases in the concentratio,n 
of each test agent. Halothane is added at concentrations of 0.5%, 1 .0%, 2 % and 3%,  while 
caffeine is added at concentrations of 0.5 mM, 1 .0 mM, 1 ,5 mM, 2.0 mM, 3 .0 mM and 4 mM. 
Maximal muscle tensions recorded at each concentration of drug were transcribed from hospital 
records to construct dose response curves (see Figure 6-2) . The mean drug-induced tension for 
the mutation and mutation negative groups are plotted against the drug concentration (logarithmic 
x-axis scale), with error bars representing one standard error of the mean. The dose response 
curves revealed conspicuous differences in both the maximal tensions and patterns of drug 
sensitivity between the mutation-positive and negative groups. 

Muscle from patients harboring the Thr4826Ile mutation have increased sensitivity to lower 
concentrations of the test agents, as indicated by a shift of dose response curves to the left. Half­
maximal tension-inducing drug concentrations for the mutation positive and negative groups are 
0.57% and 1 .2% respectively for halothane and 1 .55 mM and 3 . 1 mM for caffeine. 

The optimal drug concentration range for diagnostic purposes is that which yields the maximum 
difference between the slopes of the dose response curves of the positive and negative genotype 
groups [425] .  This is observed in the 0.5 - 1 .0 % halothane range and the 1 .5 - 2 mM caffeine 
concentration range. The dose response curve for the positive group begins to plateau at 2% 
halothane while the slope for the mutation negative group is at a maximum in this range. This 
could account for the relatively poor separation of the positive and negative groups achieved at 
the standard 2% halothane concentration. 
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Figure 6-2. Dose response curves for patients with and without the Thr4826Ile mutation 
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CH family with (black circles) and without (clear circles) the T48261 mutation. Values are 
statistically significant between groups at all test levels of caffeine and halothane (P <0.000 1 ;  
paired two-sample t-test). 
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Figure 6-3 Distribution of IVCT data for patients with and without the Thr4826Ile mutation 
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High concentrations ofboth caffeine (4 mM) and halothane (3 %) induce strong tensions in some 
unaffected individuals, and are not useful in diagnosis. For example, the caffeine response for the 
positive group approaches a maximum at 3 - 4 mM caffeine, while the contracture responses for 
the negative group are rising sharply from in this range. Consequently, the 3 and 4 mM test 
concentrations have poor discriminatory power. 

6. 3. 3. 2  The distribution of contracture data 

The distribution of contracture responses induced at each drug concentration is illustrated with 
boxplots in Figure 6-3, which indicate the degree of overlap in contracture responses between the 
two groups at each concentration. A smaller spread of data and a clearer separation of the 
Thr4826Ile positive and negative groups was observed for the caffeine test compared to the 
halothane test. The 1 .  5 mM caffeine challenge completely differentiates the mutation positive 
from the mutation negative group, while a single point of overlap occurred at 2 mM caffeine. This 
corroborates well with the concentration used diagnostically and the observation that 1 .0 - 2 . 0  
mM caffeine solutions are the most discriminating i n  an EMH G  study [70] . A halothane 
concentration of 1 % maximally differentiated the mutation-positive and mutation negative groups 
(seven points of overlap). In contrast, 20 points of overlap occur at the standard diagnostic 2% 
halothane level. 

6. 3. 3. 3 Concordance between genotype and MHS vs. threshold drug concentrations 

The dose response curves and patterns of data distribution suggest that the performance of the 
NZ IVCT would be improved by the use of a 1 . 5 mM caffeine and 0 .5 - 1 . 0% halothane threshold 
concentration in place of the current diagnostic concentrations of 2% halothane 2 mM caffeine. 
This proposal was examined using the genetic data from the CH family to assess the concordance 
between the genetic data and diagnosis ofMHS under a range of threshold concentrations. 
Results are summarised in Table 6-5 . Estimates of the IVCT sensitivity and specificity were 
calculated as in section 6. 2 .  1 .  Alteration of MHS diagnostic criteria with respect to the threshold 
test concentrations required to generate �0.2g tension showed that as the diagnostic 
concentrations were made increasingly stringent (lowered), the number of MHS discordants 
decreased. 

The performance of the IVCT was significantly improved with application of lower drug 
threshold concentrations. The combination of drug threshold concentrations of 1 .  5 mM caffeine 
and 1 . 0 % halothane achieved high specificity (92.6  %) whilst maintaining absolute sensitivity 
( 1 00%). Only those subjects registering threshold contracture responses (� 0 .2 g) to both drugs 
to be classified MHS in the calculation of these estimates. The equivalent EMHG estimates of 
specificity and sensitivity using the standard diagnostic thresholds were 84. 8 % and 98 .5 % 
respectively [97] . 
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Table 6-5 Effect of the threshold drug concentration on the concordance between :MHS and 
the Thr4826Ile mutation in the CH family. 

MHS � 0.2g No. of No. of:MHN No. of No. of MHS Sensitivity Specificity 
tension at MHNI recombinant2 :MHSI recombinant2 (%) (%) 
caflhal cone. 
MHS 0 . 5/0. 5 :  1 1 5 2 1  1 5  0 4 1 . 7% 1 00 
MHS 1 .0/0. 5  94 2 3 8  2 94.4 97.9 
MHS 1 .0/1 .0 :  93 1 3 7  2 97.2 97.9 
MHS 1 . 5/0. 5 :  8 8  1 42 7 97.2 92.6  
MHS 1 . 5/1 .0 :  87 0 43 7 1 00 92.6 
MHS 2.0/1 .0 82 0 48 1 2  1 00 87.2 
MHS 2.0/2.0 72 0 58 22 100 76.5 

Soecificitv was calculated as the proportion of MHN diagnoses in patients without the Thr4826lle mutation 
(n = 94). Sensitivitvwas calculated as the proportion of MHS diagnoses in patients with the Thr4826Ile 

mutation (n = 36). Subjects are classified MHS if � 0 .2 g tension is registered at both the drug 
concentrations shown. Results for standard EMHG diagnostic thresholds are in bold. 

6.4 I DENTIFICATION AND DISCUSSION OF DATA 

INCONSISTENCIES 

Amongst the 130 IVCT tested individuals, 22 subjects had not inherited Thr4826Ile, but were 
diagnosed :MHS according to standard criteria. In  view of the increasing concordance between 
genotype and phenotype observed with each step wise increase in the stringency of the diagnostic 
cut-points, poor IVCT specificity was accepted as a likely source of many ofthe 22 discrepancies. 
However, under the maximum raised diagnostic criteria of 0.4 g and 0 .8g applied by Healy et. al. , 
1 996 [ 1 05], nine CH individuals without the mutation remained :MHS. False positive diagnosis is 
less feasible for these individuals, since their contracture responses exceeded those reported for 
subjects identified with the Gly34 1  Arg mutation [ 1 05 ] .  

Four alternate explanations can be invoked to explain these discrepancies; 1 )  A second :MHS gene 
(non RYRl -linked) was introduced from unrelated spouses or by de novo mutation; 2) 
Environmental factors in combination confer abnormally high sensitivity to the test agents (age, 
metabolic status, influence of drugs, body mass and composition, existing muscle damage, 
previous anesthetic exposure); 3 )  Alternate modes of disease transmission are acting in addition 
to the autosomal dominant inheritance, which might include modifier genes, sub-clinical 
myopathies or imprinting. 4) . IVCT error (random error or procedural error) . 

Individuals with a true genetic predisposition to MH (the Thr4826Ile mutation) demonstrated 
consistently abnormal contracture responses, a strong correlation between the caffeine and 
halothane-induced contracture responses and a distinctive dose response, due to increased 
sensitivity to lower concentrations of the test reagents. Data from the discordant :MHS(-) group 
was scrutinised for inconsistencies that pointed to the involvement of iVCT error or extraneous 
environmental influences rather than an inherent susceptibility to :MI-1. These included: significant 
variation between duplicate tests; poor correlation between the caffeine and halothane 
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contracture responses, and; atypical dose response curves. Statistical methods were explored to 
identify apparent outliers within the MHS group of patients that did not fit a model for the 
MHS(+) data distribution. Such outliers may provide an insight into the involvement of 
extraneous environmental or genetic factors that might be leading to an MHS-like phenotype. A 
multivariate approach was adopted to consider both the caffeine and halothane responses together 
since a linear relationship between these two variables has been described [ 426] . 

The contracture responses to 2% halothane were plotted against the 2 mM caffeine-induced 
tensions for patients identified with (blue) and without (yellow) the Thr4826Ile mutation (Figure 
6-4). A strong linear correlation between the caffeine and halothane data was found (r =0. 83) .  
The IVCT data for the "with" and ''without" mutation groups can be distinguished by the position 
of data points along the diagonal with subjects identified as carrying the mutation producing 
relatively strong tensions to both agents and falling on the upper right quadrant of the graph. The 
majority of the mutation-negative responses fall on the lower left quadrant, and are clearly 
distinguishable from the group harboring the mutation. Among the 43 individuals diagnosed MHS 
according to raised diagnostic cutpoints (indicated by the dotted lines), the nine subjects without 
the mutation produced the weakest responses. While there is some overlap in the halothane­
induced tensions between the two groups, inspection of the caffeine test responses indicated cut­
point of 1 .2 g for 2 mM caffeine would distinguish the mutation positive group from the negative 
group. Accordingly, the discordant individuals classified MHS under the raised diagnostic criteria 
could be considered to be in a different phenotypic category from the MHS( +) patients. 

6 .4. 1  Identification of outliers: Discriminant analysis 

A useful way of detecting multivariate outliers is to measure the distance of each observation 
from the center ofthe data using the Mahanalobis distance statistic (D2) [427] [428,429] . This 
statistic estimates the multivariate equivalent of how many standard deviations a data point is 
from the mean of a normally distributed group of data, and thus gives an indication as to the 
likelihood of the data point belonging to a group. The Mahanalobis distance discriminatory test 
was applied to the caffeine and halothane IVCT data to assess whether or not the phenotypes for 
the discordant MHS(-) subjects are statistically significantly distinct from the mutation-positive 
group. Formulae are described in Appendix 8 . 3 .  Assuming the IVCT data represents a 
multivariate normal distribution (acceptable for the MHS group), the distance (D2) from the 
combined mean should follow a chi-squared distribution with two degrees of freedom (2 
variables) [ 428] .  If an individual does come from that distribution there is a 95 % chance of their 
distance from the mean (D2) being less than 5 .  99 and a 99% chance of the distance from the mean 
being less than 9 .2 1 [428] .  

Of the 94 individuals from the mutation negative group, nine discordant MHS(-) individuals 
scored D2 values indicating a 1 .  5%-8 % chance of belonging to the distribution defined by the 
mutation-positive group ( indicated on Figure 6.4).  Therefore, at the 1 % levels of significance 
there is no statistical justification for dismissing the nine MHS(-) cases on the assumption that 
their responses are "significantly different" to the group harboring the mutation. IVCT data from 
the remaining mutation-negative individuals was representative of less than 1 %  of the positive 
group (D2 > 9.2 1 ) . Further overlap with the mutation negative-group data is anticipated as the 
number of biopsy tests increase. An assessment of the MHS(+) data distribution revealed that 99 
% of the total mutation-positive population would be expected to record IVCT responses >0. 3  g 
(caf. )  and > 0.45 g (hal) at the standard concentrations (assuming a multivariate normal 
distribution) . Therefore, the adoption of clinical diagnostic thresholds below these values could 
result in an unacceptable risk of potentially fatal false negative diagnosis. 
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Figure 6-4 Correlation between IVCT response and the Thr4826Ile substitution 
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6.5 FACTORS CONTRIBUTING TO G ENOTYPE/PHENOTYPE 

DISCREPANCI E S  IN THE CH FAMILY. 

A group of patients who are MHS according to raised diagnostic criteria were identified as having 
an intermediate phenotype, based on the IVCT responses to caffeine and halothane. In some 
cases, the halothane responses fell into the range defined by the mutation positive group, and thus 
they cannot easily be dismissed as false positive diagnoses. According to their statistical measure 
of multivariate distance from the mean IVCT values, the contracture response from this 
intermediate group are not statistically significantly different to the MHS(+) group (P > 0 . 0 1 ) . 
Alternate explanations, including the influence of additional environmental or genetic factors (as 
described at the beginning of section 6 .4) were considered. 

6. 5. 1 External factors 

Extraneous environmental factors may be contributing to false positive diagnosis, however, age 
and fiber type distribution have been found to have no influence on MH diagnosis based on 
EMHG protocol [ 430] .  There were no measurable differences between men and women in the 
average sensitivity of muscle to test agents (data not shown). The discordant MHS(-) group was 
not over-represented by any particular gender or age-group. 

The influence of environmental factors or random error on the MHS IVCT results was explored 
by reviewing the consistency of contracture responses for the duplicate muscle strips. An 
interesting finding is that the Thr4826Ile mutation was completely penetrant in vitro. Of the 1 45 
muscle bundles tested from individuals harbouring the Thr4826Ile mutation, every specimen 
registered a significantly abnormal response. The lowest tension produced by 2% halothane was 
0 .8  g, while the lowest contracture response to 2 mM caffeine was 0.6 g. Stronger tensions were 
registered from additional strips examined, in each case. All of the 145 muscle bundles examined 
from the mutation positive group registered tensions sufficiently strong to secure an MHS 
diagnosis under the raised diagnostic thresholds applied in the second linkage analysis. 

Data from duplicate tests were reviewed for 94 patients who were negative for the Thr4826Tie 
mutation. 72 of these patients failed to yield contracture responses above the 0.2 g threshold in 
any of the strips examined. Amongst the 22 discordant MHS(-) individuals, all but two could be 
distinguished from the mutation positive group by having at least one marginal (< 0 .3  g) or 
normally reacting muscle strip. Only two of the 94 mutation-negative individuals consistently 
registered tensions above the minimum 0 . 8  g (halothane) and 0 .6 g (caffeine) contracture 
responses recorded for the mutation positive group. They were M394 and M397 from the 
discordant ES branch (Figure 6-5) .  This suggests that the inherent variability of the IVCT may 
underlie a significant proportion of the discordant "MHS results. Discordant members of the 
CHES branch are the exception, displaying consistently abnormal results. 

6. 5.2 Genetic heterogeneity: Clustering of discordant results in families 

A suspicion of genetic heterogeneity is particularly compelling where discordant MHS results are 
clustered in family members who do not a share common RYR1 haplotype. Four ofthe nine 
discordant individuals identified with a susceptible phenotype under the stringent diagnostic 
thresholds, and in the multivariate analysis are clustered in the CHES branch of the pedigree. 
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The CHES family pedigree is reproduced in Figure 6-5. Individual M21 0  and his three offspring 
(M394, 395, 397) are all clearly MHS yet lack the Thr4826Ile mutation or any common 
chromosome 1 9q haplotype. The IVCT contracture responses for these individuals are marked 
with squares in Figure 6-5 . The highly abnormal contracture responses and the localization ofthe 
discordant individuals in one family challenged the presumption of false positive diagnosis. 
Furthermore, three siblings of the father (M2 1 0) and the grandfather (individual I1 6, Figure 6-5) 
were diagnosed MHS but lack the mutation and associated chromosome 1 9q haplotype. These 
individuals were tested before the introduction of the standard EMGH test and data is not 
available for comparison. If the MHS results from these earlier tests are accepted as valid, the 
occurrence of eight discordant MHS( -) diagnoses in closely related individuals spanning three 
generations strongly indicates the segregation of a second MHS gene defect, not related to 
RYRl . As Thr4826Ile segregated with MHS in the left-hand side of the pedigree, the inheritance 
of a mutation from one of the first generation individuals (I l or 12) is unlikely. A de novo 
mutation in MHS individual II6 would explain the data. Future work may reveal a mutation in 
one of the other identified candidate genes. Currently, the candidate MH locus of choice for 

linkage studies is the CACNL 1 A3 gene encoding the a1-subunit ofthe skeletal muscle voltage­
dependent calcium channel (DHPR) in which two MH mutations have been identified [33,40] .  
Two discordant members ofthe family (M2 1 0, M395) were negative for the published 
Arg 1 086His mutation in this gene. 

Interestingly, a neurological examination ofMHS( -) individual M2 1 0 revealed evidence of an 
underlying myopathy. Symptoms included definite progressive and generalised muscle weakness 
and impaired muscle reflexes. These observations may or may not be related to MH susceptibility 
(Dr. M. Pollock, Neurologist, personal communication). However, neuromuscular complaints of 
this nature have not been reported in any patients identified with the Thr4826Ile mutation. The 
abnormal contracture responses registered by individual M2 1 0 and his three children may be 
caused by a mild undiagnosed muscle disorder, unrelated to MH. 

In three ofthe five remaining MHS(-) individuals identified as having strong abnormal contracture 
responses (M95,  M98, M 1 7  5) a discordant MHS(-) result in at least one other first degree relative 
raises the possibility of further genetic heterogeneity in the CH family. These cases are 
summarised in Table 6-7 and are represented with diamond symbols in Figure 6-4. 
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Figure 6-5 
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The presence (+) or absence (-) ofthe T48261 mutation is indicated below each symbol. T48261 
failed to segregate with MHS in 8 individuals (marked recombinants) on the right hand side of the 
pedigree. Haplotypes for the D l 9S220, RYR-RFLP and D 1 9S47 markers are indicated. Discordant 
individuals do not share a common chromosome l 9q haplotype, suggesting the introduction of defect 
at a second MHS locus in generation 1 1 .  

Table 6-7 Closely related discordant MHS(-) individuals in the CH family 

MHS(-) Pedigree Relationship MHS(-) Relatives IVCT data 
individual branch 2 mM Caf. 2 % Hal.  

M2 1 0  CI-IES 0.5 g 1 .5 g  
daughter M394 1 .2 g  1 . 7 g 
son M397 0 .95 g 2 .6 g 
Son M 3 95 0 .5  g 1 .4 g 

M95 CHKC 0.7 g 1 . 75g 
son M96 0.25 g 0.5  g 

M98 CHKM 1 .0 g 1 .75 g 
daughter M 99 0.2 g 0 .65 g 
sister M l 99 0.2 g 0.45 g 
son No DNA 0.5 g 0.25 g 

M l 75 CHEA 0.9 g, 3 . 7  g 
brother M33 0 .25 g 1 .3 g 
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6.5.4 Apparent "Generation skipping" 

Prior to the discovery of a genetic determinant of MHS status, a diagnosis of MHS in individuals 
descended from an MHN or MHE parent led to concern about the accuracy of the IVCT MHN 
diagnosis. In the absence of genetic data, explanations invoked to explain the inconsistencies 
included non-paternity and false negative diagnosis in the parent. A further suggestion was that 
the MHS phenotype had "skipped" a generation, through compensatory mechanisms that masked 
true MH susceptibility in the MHN parent. 

The genetic study of the CH family has resolved some cases, and has verified both the alleged 
paternity and the reliability of the MHN diagnosis. An MHS diagnosis in an individual descended 
from an MHN or MHE parent in a family that is clearly negative for the Thr4826Ile mutation 
indicates false positive diagnosis has occurred, or alternatively, that MHS was inherited via the 
parent who was married into the family. 

A striking example is the strong abnormal contracture response recorded for MHS(-) individual 
M54, (CHEA, Figure 4- 1 1 ;  1 .0 g at 2 mM caf. , 1 .4 g at 2 %  hal.). Variable caffeine results, 
ranging from 0. 1 g  to 1 g  tension, distinguish the phenotype of this individual from that associated 
with the Thr4826Ile mutation. Nevertheless, the maximum contracture responses from this 
individual fall well into the distribution of subjects who were positive for the Thr4826Ile 
mutation. The mother of this individual was diagnosed MHE and lacks the mutation. Either M54 
has inherited MHS paternally, has incurred a de novo mutation, or has inherited benign mutations 
from both parents, which only manifest as MHS in combination. Testing of the father of M54 may 
help resolve this discrepancy in the future. 

The same conclusion can be reached for individual M l 30 (CHEH branch, Figure 4- 1 0) who was 
diagnosed MHS (0.25 g at 2 mM Caf, 1 .2 g at 2 %  Hal.) .  Her father (assumed obligate carrier) 
was diagnosed MHN. Neither individual had inherited the Thr4826Ile mutation, and chromosome 
1 9q haplotypes support the alleged paternity. This strongly suggests that the MHN diagnosis in 
the father was valid, corroborating the observed rarity of MHN diagnoses [ 4 1  ,42] . This anomaly 
could be explained by a false-positive halothane response in M l 30 (duplicate hal. test = 0.6 g) . 
Alternatively some factor in the combined genetic background of this individual may confer 
moderately atypical halothane sensitivity. 

A third example of apparent generation skipping occurred in a branch of the family otherwise 
considered to be a non-susceptible (M86, CHEM branch, Figure 4- 1 3 ;  0.4 g caf. , 0.6 g hal. ) .  The 
parents of the boy tested MHN and MHE.  Haplotypes were consistent with alleged paternity. The 
occurrence of an MHS diagnosis in an individual with two MHN parents has been previously 
described in eight families [43 1 ]  and a fatal MH reaction has been documented in a child whose 
parents were both diagnosed MHN [432] . Such cases are indicative of the presence of alternate 
recessive patterns of inheritance, or sub-clinical myopathies. In the case of individual M86, a 
mildly abnormal pattern recorded in an electromyogram supports the latter conclusion (N. Pollock 
personal communication) .  

There were no common chromosome 1 9q haplotypes within or between discordant branches, 
ruling out the likelihood of a putative second RYR 1 mutation segregating throughout the family. 
Key discordant individuals were tested for 1 0  reported RYR l mutations by RFLP (R l 63C, 
I403M, R552W, R6 14C, G2434R, R2435H [25] and the published Arg l 086His CACNLIA3 
mutation [33 ] .  None of these mutations were detected. 
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6.5.4. 1 Abnormal phenotype associated with the Gln3756Glu mutation 

An additional RYR 1 mutation segregating in the CHEH branch (Figure 4- 1 0) may have conferred 
heightened sensitivity to caffeine. A mutation that substituted glutamate for glutamine 3756 
occurred in phase with the 5-7-4- 1 -5 haplotype shared by four MHE individuals. A mother and 
son who both registered abnormal responses to caffeine (0.5g, 0.6g) but were negative for 
Thr4826Ile also share this haplotype (represented by tailed triangles in Figure 6-4). IVCT results 
for the two susceptible carriers of the Gln3756Glu mutation were atypical for an MHS diagnosis 
in that the maximal response to caffeine exceeded the halothane response in both cases. The 
glutamine 3756 to glutamate substitution was not considered to be a candidate MH mutation 
since was first detected in a MHE individual, the residue is not conserved, and the equivalent 
residue is glutamate in all other RyR isoforrns (Figure 6-8). 

Three individuals are compound heterozygotes, having inherited both Thr4826Ile and the 
Gln3756Glu substitution. All three compound heterozygotes registered strong caffeine tensions 
(>3 .4 g) and one individual with both mutations exhibited the highest halothane response of all 36 
members of the mutation-positive group. A one-tailed student T -test was performed to test 
whether the caffeine tensions recorded for the compound heterozygotes were higher than the 
tensions registered by individuals with just the Thr4826Ile mutation. The difference approached 
statistical significance at the 0.05 level (P = 0.06 1 ,  T = 1 .59, df = 32). At present, there is 
insufficient data to attribute the apparent relationship between the Gln3756Glu substitution and 
caffeine sensitivity to more than a chance observation. Since the 5-7-4- 1 -5 haplotype is present in 
other related MHN and borderline MHE(h) patients, any phenotypic manifestation of the 
associated mutation evidently has low penetrance or requires the existence of additional genetic 
factors. 

6.6 COMPARISON OF PHENOTYPES ASSOCIATED WITH 

DIFFERENT RYRl MUTATIONS 

A study of the IVCT data from European MHS families identified with various RYR 1 mutations 
indicated that particular RYR1 mutations were associated with a more pronounced MHS 
phenotype [25] .  For example, a more severe halothane phenotype was tentatively associated with 
mutations in the central portion of the gene compared to those in the N-terrninal region [25 ] .  A 
relatively mild IVCT phenotype has been attributed to patients identified with the Cys35Arg 
mutation [ 1 65 ] .  Calcium photometry assays of cells transfected with wild type and mutated forms 
of the ryanodine receptor had also revealed differences in the sensitivity to caffeine and halothane 
among the ryanodine receptor mutants [ 16 ] .  In contrast to European studies that have reported 
MHE diagnoses in patients with RYR 1 mutations [ 109, 174], no MHE subjects were identified 
with the Thr4826Ile mutation suggesting a more severe phenotype is conferred by the Thr4826Ile 
mutation compared to other RYR1 defects. 

To investigate this hypothesis the IVCT data from each NZ family identified with a RYR 1 defect 
was investigated for evidence of differences in the severity of the phenotype conferred by the 
various mutations. The caffeine and halothane responses for each individual are plotted against 
the position of the RYR 1 mutation in Figure 6-6. While direct examination of the data indicated 
that certain mutations conferred a more sensitive MHS phenotype compared to others, 
considerable variability in the muscle tensions was noted within each group and the sample sizes 
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in most cases were small. Statistical methods were employed to test whether or not the apparent 
differences in the MHS phenotypes were significant. Two mutations (Arg2452Trp, Arg2454His) 
were excluded because the sample sizes were too small (n < 2) . Average contracture responses 
(and SEM) for the remaining mutations are shown in Table 6-8 .  

Table 6-8 Mean contracture responses for patients identified with RYR 1 mutations 

A. 2 mM caffeine 

Mutation N Mean (g) Std Error Median 
Arg 1 63Cys 2 3 .85 1 .45 3 .85 
Thr4826Ile 34 2.906 0. 1 52 2.85 
Gly34 1Arg 4 1 .65 0.393 1 .35 
Gly2434Arg 4 1 .588 0.349 1 .65 
Arg40 1Ci:s 2 1 . 5 1 .2 1 .5 

B.  2% halothane 

Mutation N Mean (g) Std Error Median 
Arg 1 63Cys 2 4.95 2.65 4.95 
Thr4826Ile 35  4.4 0.246 4.5 
Gly34 1Arg 4 2. 1 50 0.22 1 2. 1 
Gly2434Arg 4 3 .625 0.585 4.05 
Arg40 1Cys 2 3 .6 1 .9 3 .6  

Mean muscle tension (g) at 2 mM caffeine (A) and 2 %  halothane for NZ patients identified with RYR l 
mutations . .  
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Comparison of iVCT data associated with RYRl mutations identified in NZ MHS 
families 
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6.6.1 Statistical comparison of phenotypes for RYRl m utations 

Phenotypes associated with each of the mutations were compared using the one-way ANOV A 
test (analysis of variance) [433-436] . The ANOVA test is described in detail in appendix 8 .4.  
Briefly, ANOV A is used to test the equality of three or more population means, assuming data are 
sampled from normal populations. The key idea is that variability among the contracture values 
can be divided into variability among mutation-group means and variability within the groups. If 
phenotypic differences between the mutation groups are discernible over the background of 
random variation occurring within each mutation group, the phenotype appears to be influenced 
by the nature of the RYRl mutation. The result of the AN OVA test is expressed as the F ratio; 
calculated as the ratio of the between-group versus the within-group mean square differences. If 
the difference between the groups is not different, an F value close to 1 .0 is expected. 

The ANOVA test was applied in separate tests to the 2 mM caffeine data and 2% halothane data 
for the Arg4826Ile, Gly2434Arg, Gly34 1 Arg, Arg 163Cys and Arg40 1 Cys mutations (i.e. five 
groups). Results are presented in Table 6-9. The ANOVA analysis was limited by the small 
sample size (n <5), nevertheless, the differences between the caffeine values for the different 
mutations are very significant (P = 0.0038).  In contrast, the differences between the halothane 
values were not statistically significant (P = 0.078 1) ,  due to the inherent variability of the 
halothane-induced tensions. 

After rejecting the hypothesis that the mean caffeine responses associated with the different 
mutations were equal, the Tukey-Kramer multiple comparisons test [ 433 ,435] was performed to 
discover which group means were significantly different. Results approaching statistical 
significance (0.05 > P <0.08) were obtained when the Thr4826Ile group was compared to the 
data from the Gly2434Arg and Gly34 1Arg groups, and when the Arg 1 63Cys group was 
compared with the Gly2434Arg, Gly34 1 Arg and Arg40 1 Cys groups. 

Table 6-9 ANOVA Table : Com12arison of iVCT J2henotypes for RYR l mutations. 

Source of Degrees of Sum of Mean F ratio P value 
variation freedom Sguares sguare 
Halothane 
Between group 4 2 1 . 16 5 .29 
Within grou12 42 98.043 2 .334 
total 46 1 19.2 2.266 0.078 1 
Caffeine 
Between group 4 16 .26 4.065 
Within grou12 4 1  35 .46 0.89 
total 45 52.7 1 6  4.572 0.0038 

The F ratio is calculated as the between-group mean square value divided by the within-group mean square 
value. P values < 0.05 are statistically significant (where the P value represents the probability of obtaining 
the data if there is no difference between the means). ANOVA tests were performed with GraphPad lnStat 
version 3 .00 for Windows 95 [433]. 

Small sample size prohibited comparison of the phenotypes associated with mutations in the N­
terminal, central, and C-terminal regions of RyR 1 .  Nevertheless, the AN OVA test and direct 
examination of the data plotted for individuals identified with each mutation (Figure 6-6) suggests 
that the Gly34 1 Arg and Gly2434Arg mutations might confer a relatively mild phenotype, while 
the Thr4826Ile and Arg 1 63Cys mutations were associated with the strongest contracture 
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responses. The emerging picture is that different mutations have graded influences on the open 
probability of the calcium channel, therefore it is plausible that carriers of the less severe 
mutations can occasionally test MHE or even test MHN in the IVCT [274] . The weaker 
phenotypes recorded for patients with the Gly2434Arg and Gly34 1Arg mutations corroborates 
with reports of MHE diagnoses in patients harbouring the Gly34 1 Arg mutation [ 1 09, 1 74] , MHE 
and MHN results in patients harbouring the Gly2434Arg mutation [ 167], and the expression of 
the severe CCD phenotype in some carriers if the Arg 1 63Cys mutation [ 1 3] .  A similar pattern 
was recorded in calcium photometry assays of mutant channel proteins expressed in HEK-293 
cells [ 1 6] .  In these studies, the Arg 1 63Cys mutant channel was more sensitive to lower 
concentrations of caffeine and halothane than the Gly34 1 Arg, Gly2434Arg and Ile403Met 
mutants [ 1 6] .  

6.6.2 Comparison of the NZ and overseas IVCT tensions for known RYRJ mutations 

The frequency of discordant MHS(-) from the CH family suggests that some feature unique to the 
NZ IVCT might confer heightened sensitivity to the test agents, leading to a high false positive 
rate when the European MH group diagnostic thresholds are applied. IVCT results from subjects 
identified with the previously published mutations; Arg 1 63Cys, Gly34 1 Arg and Gly2434Arg 
mutations were compared to the corresponding published data from the Irish MH group [25] to 
test this hypothesis (using the student pairwise T-test). Differences between the NZ and Irish 
IVCT data were not statistically significant. While direct examination of the data suggested that 
the minimum halothane thresholds required to elicit a 0.2 g response are lower for the NZ test, 
statistical analysis of a larger data set will be necessary to clarify this point. 

6.7 MHS IN ASSOCIATION WITH SUDDEN INFANT DEATH IN THE 
LARGE MAORI FAMILY 

Two distantly related young children from the CHKW and CHEA branches of the large Maori 
family aged 9 and 24 months died sudden unexplained deaths in the absence of any known 
triggering agents. Clinical details are limited, but both deaths were preceded by generalized 
muscle rigidity, masseter spasm and hyperthermia, resembling an awake episode of MH. B ody 
core temperatures at the time of death were not recorded; however, a clinician described "steam" 
rising from one of the deceased children (N. Pollock, personal communication) . The death of the 
9-month-old child was recorded as sudden infant death. In the case of the 24-month-old child, 
analysis of post-mortem eye fluid did not reveal raised CK or lactic acid typically associated with 
MH events .  

These cases of sudden death in young children were of particular interest because anecdotal 
reports have previously implied a link between MHS and sudden infant death. Cases of sudden 
infant death in connection with MH susceptibility has been documented in Australian [7 1 ] ,  
Scandinavian [70] and American [72] studies. A higher incidence of the sudden infant death 
syndrome (SIDS) has been reported in MH families, and a higher than expected frequency of 
MHS in parents of  SIDS children [70-72] .  Denborough reported that in  five out of fifteen cases of 
sudden infant death, malignant hyperthermia susceptibility was present in one of the parents [7 1 ] .  
However, the genetic basis o f  MHS had not been described in these families. 
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The parents of the 9-month-old infant were closely related and were both MHS and positive for 
the Thr4826Ile mutation. Their child thus had a 75% chance of inheriting one copy of the 
mutation and a 25% chance of being homozygous for the defect. This lead to speculation that the 
sudden death phenotype represented a more severe expression ofMHS, manifesting as a result of 
the inheritance of two copies of the disease gene. This hypothesis was prompted by the 
observation that porcine MH, which is inherited as an autosomal recessive disorder, can be 
triggered by stress factors [437] and in particular, overheating [62,438] in the young animaL 

S SCP and sequence analysis of the DNA extracted from paraffin embedded autopsy spleen tissue 
taken from the deceased infants revealed that both had inherited the Thr4826Ile mutation and the 
associated chromosome 1 9q haplotype. However, both children were heterozygous for both the 
mutation and R YR1 RFLP markers, indicating the SIDS did not result from homozygosity for 
Thr4826Ile. Nevertheless, the possible inheritance of multiple MHS genetic factors as a result of 
inbreeding in the case of the 9-month-old infant could be ruled out. 

6. 7. 1  MH episodes in the absence of anaesthesia 

Cases of MH in the absence oftriggering anaesthetic are not unprecedented. So-called "awake" 
MH events in susceptible individuals have been triggered not only by anaesthetics, but by a range 
of mechanisms, including exercise [439,440], overheating in infants [62,44 1 ], infection [440], 
stress [67], gasoline fumes [ 442], alcohol [ 443] and exposure to bromochloro-difluoromethane 
(emitted from fire extinguishers) [ 44 1 ] .  

Overheating has been proposed as a link between MH and SIDS, since overheating alone can 
induce MH in susceptible piglets [62] . Furthermore, overheating is recognized both as an 
important risk factor in sudden infant death [ 444 ], and is a potential trigger in reported awake 
episodes ofMH [ 445] in association with viral infection [ 446-448] and MH and rhabdomyolysis 
in MHS adults exercising in hot conditions [ 443-446] . Dantrolene, (a potent inhibitor of SR 
calcium release) has been used successfully to combat heat stroke [64] and an awake episode of 
MH in an individual with influenza [ 44 7] .  Severe rhabdomyolysis was reported in an MHS family 
in which three men had suffered fatal or near-fatal attacks of rhabdomyolysis while infected with 
influenza [443] .  Interestingly, the 9-month-old infant was feverish and suffering from influenza at 
the time of death. It is possible that the MH-like reaction may have been triggered by fever in this 
infant, and that dantrolene therapy may have been effective, had it been available. 

The involvement of the autonomic nervous system in MHS is unclear. Stress is a recognized 
trigger for MHS in swine, leading to muscle rigidity, hyperthermia and rapid death in susceptible 
animals. Some authors contend that MHS patients are at increased risk of sudden death 
[67,446,449] and the significance of stress as a predisposing factor and the role of adrenergic 
stimulation has been presented [67,70,450,45 1 ] .  For example, in a single MHS family, 3 1  fatal 
and near-fatal MH episodes were recorded, and only 1 1  occurred in association with anaesthesia 
[67]. The remaining episodes occurred outside the hospital and in association with some form of 
stress. The susceptible patients had evidence of hyperactive sympathetic nervous systems 
(tachycardia, profuse sweating cyanosis) with enhanced myotonias and fever during periods of 
emotional stress [67] . Clinical events in MHS individuals are more likely to be associated with 
trauma [67] and 3 8% of reactions in Sweden occurred during emergency surgery, reflecting the 
impact of stress on the probability of a susceptible individual developing MH [70] . Exam stress 
and alcohol consumption may have been precipitating factors in the separate sudden unexplained 
deaths of two brothers, whose father was diagnosed MHS and complained of muscle cramps after 
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exercise [449]. The recent finding that RYRl is widely expressed in the brain has provided a 
possible mechanism for the neurogenic aetiology of malignant hyperthermia (452,453] .  

In view of the strong association between the Thr4826Ile substitution and susceptibility to  MH in 
this family, it is possible that the inheritance of this mutation may have played some role in the 
sudden unexplained deaths of two young children. The circumstances of their deaths involving 
hyperthermia and muscle rigidity in the absence of anaesthesia could pertain to an awake episode 
of MH, however due to the lack of clinical data it is not possible to clinically classify these 
episodes as MH. To our knowledge, this is the first report of an MHS mutation detected in 
association with sudden deaths in any MH pedigree. 

6.8 SUMMARY AND IMPLICATIONS FOR DIAGNOSIS 

An extensive overview of the segregation of the Thr4826Ile substitution and the muscle 
contracture sensitivity in 2 1 2  member of the large Maori family strongly indicated that the 
Thr4826Ile mutation is causative ofMH susceptibility in this family. 

6. 8. 1 Summary of evidence supporting a causal role for Thr4826lle in MHS 

Evidence in favour of a causative role for the Thr4826Ile mutation in the CH family satisfies the 
standard criteria for accepting candidate MHS mutations, as listed below. 

0 Thr4826Ile was the only candidate mutation discovered in the sequence analysis of the 
entire RYRl cDNA. 

0 The Thr4826Ile mutation was absent in the normal population, indicating it is not a 
common coincidental polymorphism. 

0 The mutation was detected in five individuals who had survived clinical MHS episodes 
and in the immediate relatives of five individuals who had suffered fatal episodes. 

0 The inheritance of Thr4826Ile coincided with strong MHS contracture responses in 36  
members ofthe family, dispersed over several distantly related branches of the seven­
generation pedigree. 

0 The Thr4826Ile mutation was not detected in any of 72 MHN or MHE members of the 
family. A lod score of > 3 . 0  was calculated for linkage between Thr4826Iie and MHS 
under the standard EMHG cut-points (2: 0.2 g contracture at 2 %  hal. and 2 mM caf.) .  

0 Residue Thr4826 was conserved over 12  RyR isoforms and in RyRl proteins from 
different species, implying functional significance of the residue. 

0 A nearby His4833 Tyr mutation was discovered n a second MHS Maori family, supporting 
a functionally important role for this region in the calcium channel activity. 

Finally and conclusively, since its discovery in the NZ family, theThr4826Ile mutation has been 
identified in an Australian MH S  family, where it segregated (though incompletely) with MHS 
over three generations (Mark Davis personal communication, Royal Perth Hospital). It is highly 
likely that the Australian family is  related to the large Maori CH family, since a number of CH 
family members now reside in Australia, and several branches of the CH family have not been 
traced. A comparison of R YR 1 haplotypes from MHS members of each family deduced from the 
sequence analysis supported this assumption. In addition, MHS individuals from both families 
carry the rare D 1 9S4 7 "3" allele in phase with Thr4826Ile, consistent with the proposed common 
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ancestry. Independent identification of Thr4826Ile in a second l\11-IS family strongly supports a 
causative role for this substitution in MHS. 

Taken together, this evidence strongly indicates that the Thr4826lle mutation confers abnormal 
sensitivity to the SR calcium channel agonists and susceptibility to malignant hyperthermia. 

6. 8. 2 The frequency of MHS in the population 

In terms of drug sensitivity, and magnitude of muscle contractures induced by caffeine and 
halothane, nine discordant l\11-IS(-) individuals registered an intermediate l\11-IS phenotype. 
Intermediate contracture responses in these discordant individuals is compatible with either false 
positive IVCT diagnosis, or the presence of a defect at a different locus that bestows a milder 
IVCT phenotype. It is difficult to distinguish between these two scenarios since the invasive 

nature of the IVCT precludes re-testing of discordant individuals, and their clinical susceptibility 
can not be put to the test by exposure to triggering anaesthetics. However, strong MHS IVCT 
results in established negative lines of inheritance, and the clustering of :MHS diagnoses in CH 
family members lacking a common R YR1 haplotype signalled the involvement of one or more 
additional MHS genes in the CHES, CHEA and CHKM branches ofthe family. It is possible that 
a second gene defect may have been spuriously introduced into various branches of the pedigree 
by marriage loops, since these occurred frequently in the family. Even so, the occurrence of two 
or more true l\11-I genes in a single pedigree would be unlikely considering the rare incidence of 
l\11-IS (estimated 1/8000 when age, sex and penetrance are taken into account ( 1 70]). 

This study is not the first in which lack of concordance between a RYR1 mutation and MHS 
conflicted with the reported incidence ofMHS. In fact, the genotype/phenotype discrepancies 
encountered in the CH pedigree are comparable to observations from European genetic studies in 
which one discordant MHS individual was observed per six to eight patients subjected to the 
IVCT (99, 1 05 , 170, 1 75, 1 76,454,455] .  The occurrence of l\11-IS/MHS or rvn-IEIMHS marriages in 
one third of families investigated in a European study that examined both parents was also 
unexpected [432], based on the assumed prevalence of MH and the reported specificity of the 
IVCT. The IVCT specificity was measured on a low-risk group with normal histology that was 
over-represented by elderly women presenting for hip replacement [97] . Therefore, spectrum bias 
in the selection of the control group may have underestimated the incidence of .MHS IVCT results 
in the population [ 1 5] .  

6. 8.3 Recommendations for future linkage analysis 

Genome scans have assigned five other MHS loci in addition to RYR1 (l\11-IS-2 to MHS-6) 

[29 ,3 1 -3 3,  1 77] . However, in these studies only two families were conclusively linked to loci other 
than RYR1 [3 1 -33] .  Therefore, results from these studies do not support a second major locus 
explaining the .MH families not linked to RYR l . Instead, the RYR1 locus may have been falsely 
excluded in a number of families [ 40] . In the current study, strong evidence in favour of linkage 

of.MHS to Thr4826lle (Z = 2 1 . 7  at 8 = 0) was unveiled under more stringent thresholds of 0.4 g 
at 2 mM caf and 0 .8  g at 2 5 hal. These results have widespread implications for MH genetics 
and challenge the involvement of major alternate MHS loci that have been proposed [3 1 ,32] ,  yet 
remain elusive [ 456] . Linkage toRYR1 was excluded in about 50% ofl\11-IS families investigated. 
Overseas families in which linkage to the R YR 1 locus was excluded due to one or more 
discordant MHS individuals should therefore be re-evaluated under more stringent diagnostic 
schemes to gauge the actual involvement of RYR1 in MHS. 

183 



Chapter 6 Genotype/Phenotype relationships 

6. 8. 4 Implications and recommendations for future diagnosis of MHS. 

Many anesthesiologists currently opt for non-triggering anesthetics for their patients for whom 
there was sufficient indication of MH to warrant IVCT examination, regardless of an MHN result 
(N. Pollock, personal communication), entering medico-legal, if not scientific, factors in the 
calculation of risk [34]. The absence of the Thr4826lle mutation in any MHN or w-IE individuals 
corroborates with clinical reports of near-absolute IVCT sensitivity [4 1 ,43, 1 02], and validates the 
accuracy of the MHN diagnosis from the NZ testing center. The positive rate of 23% more than 
three times the 6 .4% false positive rate reported for the EMHG IVCT [97] . 

6. 8. 4. 1 Diagnostic criteria 

The accuracy of the halothane test is  compromised by the volatile nature of this drug and the use 
of four halothane test concentrations compared to �ix different concentrations of caffeine [96] . 
Contracture threshold concentration and tension values correlated well for the caffeine test but 
not for the halothane test, as was noted in an earlier study [25] .  It has been suggested that 
halothane elicits a contracture response by an all-or-nothing mechanism, with a higher rate of 
non-specific effects [ 40] . The CH family data supports this notion, since all carriers of the 
mutation registered an abnormal response at a low 0 .5% halothane concentration, average 
tensions actually decreased between 2 % and 3 % halothane in the dose response curves. The 

IVCT test might be improved by including extra halothane challenge at 0 .75 % and 1 . 5%, since 
the 0 .5% - 1 . 5% test concentration range appears the most discerning range, while the 3 % 
challenge is ineffectual in distinguishing MHS from MHN muscle. Scrutiny of dose response 
patterns revealed that threshold concentrations of 1 .  0 % halothane and 1 .  5 mM caffeine would 
more effectively discriminate positive and negative individuals than the conventional diagnostic 
thresholds of 2 % halothane and 2 mM caffeine 

Non-specific reactions of normal muscle to the halothane test have resulted in an unsatisfactory 
level ofMHE(h) classification. MHE diagnoses constitute 3 5 % of all diagnoses from the NZ 
testing center and 96 % of the diagnoses in the MHE category are MHE(h) (reacting to halothane 
only). Additional (and probably unnecessary) muscle biopsy tests are often conducted to ascertain 
the true MH status of branches of a family in which MHE results occur. Consequently, the 
effective cost of each muscle biopsy diagnosis is significantly increased when the equivocal results 
are factored into the equation. 

A modest increase in clinical MHS halothane cut-off point from 2 0.2 g to 2 0.4 g could reduce 
the incidence of indeterminate MHE(h) category from 33% of diagnoses to 1 2 % and markedly 
improve the efficiency of the IVCT.  The use of a 0.4 g halothane cut-point together with the 
conventional 0 .2  g cut-off for the 2 mM caffeine test would continue to maintain the low risk 

(0. 008) of a false negative diagnosis (based on the multivariate normal distribution of iVCT data 
for the population of affected individuals). 

6. 8. 4. 2 Selection for individuals for muscle biopsy examination 

A further area where the IVCT could be improved is in the selection of individuals for muscle 
biopsy. Testing patients in a haphazard way is not only costly, but can lead to wrong assumptions 
about the pattern of segregation ofthe disease in the family. Parents in the large Maori family 
have tended to avoid testing by volunteering their children for examination, in the belief that a 
positive diagnosis sustained by one or more children automatically ascertains their own MHS 
status. When generations are skipped in this way, the pre-test probability of a patient being 
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positive is reduced from 0 . 5  to 0.25.  Consequently the positive predictive value of the muscle 
biopsy test i s  reduced, and the likelihood of an "MHS result being erroneous increases. In fact, if 
several generations are skipped, the probability of an individually being falsely diagnosed 
susceptible exceeds the likelihood that the patient has inherited "MH [ 457] . 

6. 8. 5 The impact of the genetic analysis of NZ MHS families 

The screen for RYRl mutations in NZ .MH probands indicated that the mutations frequent in 
European [ 1 3 , 1 08- 1 1 1 , 1 65, 1 66] and North American families [ 1 06, 1 07, 1 67, 168] are not 
common causes of "MH susceptibility in NZ families. The Arg 1 63Cys, Gly34 1 Arg and 
Gly2434Arg mutations were identified in three NZ families, and were found to segregate with the 
"MHS phenotype in each case. Accordingly, the eight early RYR l  mutations are causative of .MHS 
in only 9% ofNZ "MH families. This was lower than anticipated from the investigation of 
European families in which these mutations accounted collectively for up to 22 % ofMHS cases 
[25,274] . Regional specificity in the frequency and distribution of "MH mutations has documented 
in Danish [ 1 74,336], Swedish [459] and North American studies [460] . 

The search for 9 new mutations in NZ families focused primarily on families that were either well­
characterised (families; 94, CH, 24) or of particular clinical interest (Families 36,70 and 1 ) . None 
ofthe new RYR1 mutations were detected in any of the individuals investigated. 
The project emphasis shifted to sequence analysis ofthe mutation-rich regions of RYR1 cDNA 
from key .MH families, which was highly successful; mutations were detected in four families 
(Family CH, 1 ,  36, 24) investigated in this way. Two additional mutations; His4833Tyr and 
Arg2454His were identified in subsequent S SCP screening ofthe novel mutations regions in the 
remaining .MHS families (summarised in Table 6- 1 2) .  

For the remaining 24 "MHS families, RYRl cDNA analysis could be used to search for both novel 
and published RYRl mutations in "MH S  individuals. However, with the exception of family 4, the 
majority ofNZ MHS families are too small to demonstrate a causative relationships for any 
mutations found, and "MHS skeletal muscle tissue is not available in some cases. 

Assuming the published and novel RYR1 mutations detected in this study are causative of MHS, 
the genetic analysis of RYRl mutations in NZ "MH families has revealed the molecular basis of the 
"MH disorder in approximately 25% ofNZ "MH families. However, the proportion ofNZ 

individuals for which "MHS has been characterised at the molecular level is much higher, bearing 
in mind that the Thr4826Ile, Gly2434Arg, His4833Tyr and Gly341Arg mutations were identified 
in the four largest NZ "MHS families (families CH, 5, 1 and 24). Members of the eight families in 
which R YR 1 mutations were identified accounted for 5 1  % of the 3 3 8 IV CT tests performed at 
the Palmerston North testing centre in the 1 1  year period from May, 1 987 to August 1 998. 
Members ofthe CH family alone comprise 4 1 %  of the tests performed, and 43% ofthe 1 34 .MHS 
diagnoses. It is envisaged that as with the exponential growth in the family that will occur in the 
next generation, the number of individuals requiring MH diagnosis will far exceed the capacity of 
the Palmerston North testing centre. The investigation of genetic analysis of the "MH in NZ 
families has made a substantial contribution to the understanding and future management "MH in 
NZ. 
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Table 6.1 2  Mutations detected in  members ofNZ "MH families diagnosed by IVCT 

Family Mutation 
ID 

Initial method of 
identification 

Ref MH diagnosis and proportion positive 
for mutation 
MHS MBE :MHN 

3 5  Arg 1 63Cys RFLP (Bst UI) [ 1 3 ] 2 (2/2) 0 0 
24 Gly34 1 Arg cDNA sequencing [ 1 09] 4 (4/4) 0 1 (0/ 1 )  
5 Gly2434Arg RFLP (Dde I) [ 1 1 0] 5 (5/5) 4 (0/4) 3 (0/5) 
3 6  Arg2452Trp cDNA sequencing novel 2 (2/2) 0 0 
5 8  Arg2454His SSCP exon 46 novel 1 ( 1 1 1 )  0 0 
20 Arg401 Cys cDNA sequencing novel 2 (2/2) 0 0 
CH Thr48261le cDNA sequencing novel 6 1  (36/58) 26 (0/24) 52 (0/48) 
1 His4833Tyr SSCP exon 1 00 novel 2 ( 1 /2) 4 (0/4) 2 (0/ 1 )  

MHS status was detennined b y  IVCT testing at the Palrnerston North centre according to the EMHG 

thresholds of � 0 . 2  g at 2rnM caffeine and 2 %  halothane. The numbers in brackets refer to the proportion of 

individuals in each category who tested positive for the respective mutation amongst individuals for whom 

D N A  was available. 24 individuals from the CH family and 4 individuals from family 5 who were examined 
by IVCT at other testing centers are not included. 

6. 8. 6 Prospects for future genetic testing of MHS in NZ 

Previously published mutations 
Genetic testing of individuals from select families is now underway at Massey University. 
Examples of forms for DNA test requests and results are given in appendices 7 .3  and 7.4. 
Patients from families 36, 24, and 5 (Figures 3 .6, 3 . 8  and 5 . 1 5) who test positive for the 
Arg1 63Cys, Gly34 1 Arg and Gly2434Arg mutations respectively may now be designated "MHS 
and exempt muscle biopsy. Support for the involvement of these mutations in MHS was provided 
in  the first instance by the segregation of the Arg1 63Cys [ 1 3, 1 6 1 ] [336,454,46 1 ], Gly341 Arg 
[ 1 05, 109, 1 73,300] and Gly2434Arg [ 1 1 0, 1 6 1 , 1 67] mutations in MHS families, and their absence 
form the normal population. Further support was obtained using calcium release assays of 
cultured myotubes from patients with Arg 1 63Cys [299], biochemical studies of RyR purified from 
MHS muscle of patients Gly2434Arg [300] and characterisation of mutated RyR proteins 
expressed in cell culture [ 1 6,303 ] .  These three mutations segregated precisely with MHS in the 
respective NZ families. 

The major impediment to the use of simple genetic testing in "MH diagnosis is that a test for a 
mutation segregating with MHS within a family cannot assume the same high sensitivity of the 
IVCT raising serious medico-legal issues. Although individuals who are negative for the RYR1 
mutations will be assumed to have a risk equivalent to that of any member of the population 
selected at random ( -1/70, 000), in practical terms, patients who have negative genetic tests are 
not classified MHN, and must not be exposed to triggering agents until after their MHN status 
has been verified by IVCT. 

Novel mutations 
Genetic diagnosis in the small families identified with the novel Arg40 1 Cys, Arg2454His 
Arg2452Trp, and His4833Tyr mutations awaits characterisation of family members with the 
IVCT. The recent independent identification of the Arg40 1 Cys in two Australian families (M. 
Davies, Royal Perth Hospital, personal communication) and the Arg2454His [ 1 6 1 ]  and the 
Arg2454Cys mutations [ 1 63]  in European MHS families provides additional support for their 
association with MHS. 
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Proof that the Thr4826Ile mutation is directly causative of MH, and not merely a rare, tightly 
linked polymorphism requires further biochemical characterization. Regardless of causality, the 
presence of the Thr482611e mutation has been shown to be an absolute indicator of MH 
susceptibility. In future, related individuals found positive for the mutation (by DNA sequencing) 
will be assumed at risk of MH without need of confirmation with a highly invasive and costly 
muscle biopsy test for which there is a risk (albeit extremely low) of a false-negative diagnosis. 
Due to the suspected segregation of an additional (and perhaps less penetrant) MHS gene defect 
in the family, borderline MHS individuals who lack the mutation will continue to be managed as 
clinically susceptible until their MHN status is established by muscle biopsy and IVCT. 
Nevertheless, molecular genetic screening will enable more astute selection of key subjects for 
examination, thereby assisting the effective identification of negative branches of the family. 

6.8. 7 Future study of genetic heterogeneity in the CH family 

Evidence supporting the presence of a second MHS mutation segregating within the CH family is 
particularly apparent in the CHES branch (Figure 6-5) .  Inspection of the chromosome 19q­
haplotype data ruled out the possibility of a common RYR 1 mutation segregating within the 
discordant family. The next step in defining the involvement of an alternate mutation in the CHES 
family would be to screen discordant members for known MHS mutations in other genes. 
Members of the family tested negative for the published Arg 1 086His CACNLIA3 mutation, 
however a second mutation has since been reported in this gene [40] . 

Muscle tissue from discordant members of the CHES family has been collected, enabling the 
cDNA sequence analysis of other candidate genes. An important point when selecting candidate 
loci for further analysis is that of the proposed MHS loci on chromosomes 7q2 1 -22[29] ,  
3q 1 3 . 1 [3 1 ] 1 7q l l -24 [30, 1 77] and 5p [32] ,  convincing evidence for linkage (lod score > 3 .0) was 
obtained only for the chromosome 1q3 1  (CACLIA3) [33] and chromosome 3q 1 3 . 1 loci [3 1 ] .  
Before screening any o f  the proposed alternate loci for a candidate mutation it would be 
worthwhile to perform a preliminary linkage exclusion analysis [28] using SSLP markers. After 
RYR 1 ,  the CACNLIA3 gene (which encodes the a1 subunit of the DHPR) is the principal 
candidate gene for MHS .  Highly polymorphic markers for this gene have been described 
[32,33,462] . If linkage to this region was not excluded by genetic recombination, CACNLIA3 
cDNA could then be sequenced for a candidate mutation. If linkage to CACNLIA3 was excluded 
the investigation could be extended to include markers for other candidate loci. The availability of 
automatic fluorescence technology for SSLP genotyping would greatly assist these investigations. 

Since MHS mutations were found in the CACN 1 A3 gene [33] ,  the three remaining genes for the 
regulatory subunits of the DHPR are further candidates for MHS defects. The CACNL2A gene, 
encoding the ale subunit gene maps to chromosome 7q [29] which is in the vicinity of the 
proposed MHS3 locus [29] . The CACNLG gene encoding the gamma subunit [ 1 8 1 ,463] and the 
CACNLB 1 gene for the � 1  subunit of the DHPR [ 1 80,464] both map to the proposed MHS2 
locus on chromosome 17 q 1 1 .2-q24 [ 1 8 1 ] .  The gene for the adult muscle sodium channel 
(SCNA4) has also been proposed as a candidate at the MHS2 locus in North American and South 
African pedigrees [30], however no candidate mutations have yet been described in this gene. 
Genes encoding other proteins at the triad junction that interact with RyR are candidates for 
further study, including 12  kDa FKBP 12  [465] ,  the 8 1 .5 kDa triadin [466] and the 26 kDa junctin 
[259,467].  Owing to their small size, it might prove more economical in the future to amplify and 
sequence their respective cDNA's,  thus avoiding the expense of fluorescent primers for linkage 
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analysis. No candidate genes have yet been identified at proposed MHS4 (3q)[3 1 ]  and MHS5 
(5p) loci [32] .  

A common theme in the genetics of skeletal muscle myopathies is  that mutations within the same 
ion channel gene can give rise to remarkably different phenotypes. Conversely, mutations in 
different ion channels may present with a final common phenotype. For example, mutations in the 
CACNLIA3 gene affecting the S4 voltage-sensing segments give rise to hypokalernic periodic 
paralysis (hypoKPP), characterised by episodic weakness associated with decreased serum 
potassium concentrations [ 1 83] .  In contrast, a CACNLIA3 Arg 1086His mutation affecting the 
domain 11-IV tinker conferred an MHS phenotype, identical to that associated with RYR 1 
mutations [33] . RyR l mutations give rise to both the CCD and MHS phenotypes. HypoKPP 
[ 1 83 ] ,  paramyotonia congenita [468],  potassium activated myotonia and succinylcholine-induced 
masseter muscle rigidity [ 1 54] all result from defects in the sodium channel SCNA4 gene [ 1 3 1 ] , 
while mutations in the pore-forming subunit of the chloride channel (encoded by CLCN 1 )  cause 
Becker' s and Thornsen' s myotonia [ 1 3 1 ] .  MH is a secondary complication in many of these 
myopathies [34] . The fact that a discordant MHS member of the CHES family presented with 
symptoms of muscle weakness (myotonia) and impaired reflexes suggests the MHS IVCT 
phenotype results from an underlying muscle disease. Therefore, it may be productive to explore 
genes that are mutated in well-defmed neuromuscular diseases for a mutation that is unveiled as 
the MHS phenotype in the IVCT. In addition to SCNA4, CACNLIA3, and CLN 1 ,  other 
candidates include the CHRNA 1 gene that encodes the acetylcholine receptor (binding site of 
succinylcholine) mutated in congenital myesthenic syndrome [469], and the gene for carnitine 
palrnitoyl transferase 11. Deficiencies in this enzyme are clinically associated with rhabdomyolysis, 
and palrnitoyl carnitine activates the SR calcium channel [470] , therefore, a physiological link to 
MH is particularly plausible in this case [34] . 

In some instances the expression and/or activity of other proteins involved in calcium flux may be 
altered to compensate for the "leaky" SR calcium channels and modify the in vitro and in vivo 
response of MHS muscle [303] .  For example, a 1 1 5-fold reduction in the transcripts for SkM2, a 
specific sodium channel alpha-subunit was found in biopsy sections of muscle from MHS patients 
[47 1 ] .  In addition, the expression of endogenous sarco(endo)plasrnic reticulum calcium-ATPase 
(SERCA2b), is up-regulated in HEK-293 cells expressing mutated RyR l ,  supporting the view 
that the S R  calcium storage capacity is increased as a compensatory response to an enhanced 
calcium leak [303] .  Genes encoding proteins that modify the MHS phenotype may also be 
candidates for primary MHS mutations. The application of cDNA rnicroarray chips in expression 
screens [472-474] may, in the future enable a comprehensive study of the expression patterns in 
MHS muscle and assist the identification of modifying genes. 
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6.9 I MPLICATIONS FOR THE STRUCTURE AND FUNCTION OF THE 

CALCIUM RELEASE CHANNEL 

An explosion in the interest surrounding the ryanodine receptor family of calcium release channels 
has occurred in the last decade. Numerous approaches to characterisation of the 
structure/function relationships include primary sequence analysis for known calcium binding and 
transmembrane domains [ 1 26, 1 5  5, 1 92,2 1 7] ,  homology searches for conserved folding motifs and 
calcium, nucleotide and protein binding domains [ 126, 1 55,475], calcium overlay experiments 

[30 1 ,476], functional studies of mutated [ 1 6,287,299,302,303] and truncated [ 1 27] proteins, 
antibody binding studies [300,477] and cross-linking experiments [289,478,479] . More recently 
attention has focussed on the molecular interaction between RYR1 and other proteins involved in 
excitation-contraction coupling including the DHPR [269,275,280,480,48 1 ], triadin 
[266,482,483] and calsequestrin [482,484] . Reviews on the structure and functional correlates for 
RyR and other proteins involved in excitation-contraction coupling, can be found in the following 
references; [ 1 5,20,236,25 1 ,274,275] .  

6. 9. 1 RyR sequence conservation 

The average identity of human RYR 1 ,  RYR2 and RYR3 is 65%, excluding two large variable 
regions (VR1 and 2) of low identity equivalent to residues ( 1 298- 1428) and ( 4249- 4626) of 
RYR1 [204,207] . The variable sequence regions may underlie the different regulatory properties 
observed among RyR isoforms. For example, the increased sensitivity to caffeine, calcium and 
caffeine observed for the RyR2 isoform has been attributed to a loss of calcium inactivation sites 
within the variable (VR2) region [24 1 ] .  

Other regions of the ryanodine receptor thought to b e  important in channel structure function and 
activation are highly conserved among the RyR isoforms, particularly in the transmembrane 
domain [274] . The predicted secondary structure for the RyR isoforms is similar, and they have 
similar overall topological maps [ 1 5  5 ,204 ,207] .  The conservation of residues involved in :MHS 
mutations within the RyR super-family suggests functional or structural significance and has been 
interpreted to support a causative role for a number of RYR1 mutations identified to date [25 ] .  

Five novel mutations were identified in  single NZ MHS families; Arg40 1 Cys, Arg2452Trp, 
Arg2454His, Thr4826Ile and His4833Tyr. To examine whether the residues involved were 
conserved within the RyR family, the amino acid sequences surrounding each mutation was 
aligned with the corresponding published RYR 1 ,  RYR2 and RYR3 sequences from various 
species [ 1 55,  1 60, 1 92,203,205,207,2 1 1 ,485-488] (Table 6- 1 0) .  

6.9. 1 . 1 Conservation of re si dues in the N-terminal and central MHS domains 

The Agr40 1 Cys mutation was detected in a single MHS NZ family. Both Arg40 1 and Ile403 [ 1 3 ] 
are completely conserved across all known RyR sequences, although the adjacent upstream region 
is relatively poorly conserved across the RyR2 and RyR3 isoforms (Figure 6-7 A) . 

Arg2452 and Arg2454 were also strictly conserved (Figure 6-7 B). The substitutions at arginine 
2452 and 2454 detected in this stucW occur in close proximity to two previously described :MH 
mutations at arginine 2458 [ 1 69] .  The clustering of four MH mutations within a seven amino acid 
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region, and the conservation of the three affected arginine residues across all RYR1 ,  RYR2 and 

R YR3 sequences implies a critical regulatory role for the positively charged amino acids in this 
domain of the ryanodine receptor. Interestingly, 1 1  of the 1 3  mutations reported in the central 
region of the ryanodine receptor involve the loss or gain of arginine residues [25, 1 62] .  This region 
is thought to constitute a regulatory domain of the RYR1 calcium channel and shares homology 
with the central regulatory region ofthe IP3 calcium channel [ 1 5] .  

A Gln3756Glu substitution was detected in  the sequence analysis of cDNA from an MHE 
member from the CH family. This may have contributed to mildly atypical caffeine responses 
noted in two other individuals and possibly a more severe MHS phenotype in compound 
heterozygotes that had both the Thr48326Ile and Gln3756Glu mutations on different haplotypes. 

A multiple sequence alignment revealed that the Gln3756Glu substitution results in a reversion of 
glutamine 3756 back to the "ancestral" glutamate residue found at this position in all other RyR 
sequences (see Figure 6-8). This would suggest that the Gln3 756Glu substitution is unlikely to 
seriously disrupt RyR1 function, consistent with the presence of this substitution in MHE and 
MHN individuals from the CHEH branch of the family (Figure 4- 1 0). 

Three glutamate-rich regions within the RyR1 are thought to act as low affinity calcium binding 
domains [ 1 26,204] . These encompass residues 1 873 - 1 924, 2025-2092 and residues 3675-3758 
of the RYR1 sequence [ 1 26,204,3 0 1 ] .  Interestingly, residue Gln3 756 is positioned in the third 
glutamate-rich region, which is highly conserved between the RyR's suggesting it, might be a 
common important regulatory site. The Gln3 756Glu substitution also falls within potential 45Ca+2 

and ruthenium red-binding sites assigned to residues 3657-3776 in overlay experiments with 
expressed fragments ofthe skeletal muscle Ca2+ release channel [30 1 ] .  
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F igu re 6-7 

RYRl Human 
RYR2 Human 
RYR2 rabbit 
RYR3 Human 
RYR3 rabbit 
RYR3 mink 
RYR3 chicken 
RYRl b bullfrog 
RYRl Human 
RYRl rabbit 
RYRl pig 
RYRla bullfrog 
RYRl fish 
RYR drosophila 

Genotype/Phenotype relationships 

Conservation of amino acids surrounding published and novel MHS 

mutations 

B. Conservation of sequence surrounding the published and novel (underlined) MHS mutations in the 
central RYRI mutation region. 

RYRl Human 
RYRl Pig 
RYRl Rabbit 
RYRa bullfrog 
RY R l  Fish 
RYR3 chicken 
RYR3 mink 
RYR3 Human 
RYR3 Rabbit 
RYRJ3 Bullfrog 
RYR2 Human 
RYR2 Rabbit 
RYRl Drosophila 

2424 

KEY 

2473 
· SL:VPLJ:DLVGi :I I SLP 
· SLVfLDI).�VG< I I SLP 
· SX.,VPLDDL:VCJ I I �LP 
· SLVP IDDLVQV I SLP 

• Residues that are identical across all RYR types 

Residues that are highly conserved 

Residues that are similar 

Residues that are not conserved 

Novel substitutions identified in NZ families (Arg40 1 Cys, Arg2452Trp and Arg2454His) are underlined. 
Alignments were generated with manually edited BLAST -P [489,490] output aligned with CLUT AL W 
(www/ebi/ac/uk) [49 1 ] . CLUST AL W output was converted to multiple sequence file (mst) format using 
READSEQ (Don Gilbert, www. iubio. indiana.edu) and coloured with MacBoxshade software [492] 
according to residue group. Sequence details are provided in Table 6-10 .  
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Figu re 6-8 Glutamine 3756 in the Human RYRl sequence is not conserved in other RyR 

Human RY R l  

Pig RYR l  

Rabbit RYRl 

Bullfrog RYRa 

Human RYR2 

Rabbit RYR2 

Human RYR3 

Mink RYR3 

Rabbit RYR3 
Chicken R YR3 

Bullfrog RYRJ3 

• Identical 

sequences 

• Conserved Similar D Variable 

The Q3756E substitution was detected in an MHE individual from the CHEH family and does not 
segregate with MHS. The mutation reverts glutamine 3756 to a glutamate residue, which is maintained 
within a glutamate-rich region in all other RyR sequences investigated. Sequences were aligned as 
described in Figure 6-7. For sequence references, see Table 6- 1 0. 

Sequence ID 
RYRl human 
RYR 1 pig 

RYR 1 rabbit 

R YRa bullfrog 
RYR 1 fish 
R YR3 chicken 
RYR3 mink 
RYR3 human 
RYR3 rabbit 

R YRP bullfrog 
RYR2 human 

RYR2 rabbit 
RYR Drosophila 

Table 6-10  RyR sequence details 
Genbank accession number 
0458508 P2 70 , >' 

P 1 6960 
226386 p/1 7 / 6  
A54 1 6 1  c.1t 1 
AAB58 1 1 7, 

"' � 

S66572, (x o.., ' -s-
' .. 

CAA69029 () ":!  5 ...t )/ 
NP 00 1 027 I J 00 c- ) - ' 
S27272 . {, o �0 
854 1 6 1  G r 
AAA93465 X 9J'J ?o 
P30957 / 

BAA4 1471  

Reference: 
[ 1 60] 
[203] 
[ 1 55)  
[485]  
(unpublished) 

[486] 
[2 1 1 ] 

[205] 
[ 1 92] 
[485] 
[487] 
[207) 
[488] 

6. 9. 1 . 2  Conservation of RyR transmembrane sequence 

The C-terminal Thr4826Ile and His483 3 Tyr substitutions identified in two NZ families are 
positioned in the highly conserved calcium channel domain (see Figure 6-9). Flanking 
transmembrane domains (M2 and M3 [ 1 55]) share homology with transmembrane sequences 
from the IP3 receptor, the rat sodium channel and the nicotinic acetylcholine receptor [493] M3 

192 



Chapter 6 Genotype/Phenotype relationships 

and M4 segments also share strong homology with the equivalent regions ofthe IP3 receptor and 
the rat sodium channel [493] .  Threonine 4826 is conserved as a serine residue in the 
corresponding region of both the rat sodium channel and the nAchR [ 1 26,493] .  

Figu re 6-9 Conservation of Thr4826 and His4833 and surrounding transmembrane sequence 
among RyR isoforms 
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Multiple sequence a lignment performed as described for Figure 6-7. Sequence details are provided in Table 
6- 1 0. Models for transmembrane topology are il lustrated in Figure 6- 1 0. 

6. 9.2 Molecular predictions for mutations in the C-terminal MHS domain 

The majority ofRyR1 MHS substitutions are clustered in two regions; in the N-terminal region of 
the protein between residues 35 and 6 1 4  or in the central region between residues 2 1 63 and 2458 .  
Shortly after the Thr4826Ile mutation was detected in  the large Maori family, an isoleucine 4898 
to threonine substitution was published in a Mexican family [ 1 64]. This was the only other 
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mutation known in the C-terminal channel region of the ryanodine receptor at this time [ 1 64] . The 
identification of two novel channel mutations in NZ families together with the recently described 
lle4898Thr mutation [ 1 64] has now firmly establish a third MH domain, in the C-termina1 region 
of the receptor. 

6.9.2. 1 The Ile4898Thr mutation 

The Ile4898Thr mutation was associated with severe central core disease (CCD), a rare myopathy 
characterized by muscle weakness and mitochondrial depletion in the centre of the muscle cell. 
Studies of the expressed protein revealed increased Ca+2 sensitivity, and depleted Ca+2 stores 
consistent with a leaky channel and the proposed pathogenesis of the CCD disorder. Muscle of 
subjects harboring the Ile4898Thr substitution displayed only mildly abnormal sensitivity to these 
drugs in the IVCT, consistent with absence of MH events in the family despite repeated exposure 
to triggering anesthetics [ 1 64] . 

Both models of RYR 1 membrane topology predicted a luminal position for the Ile4898Thr 
mutation [ 1 26, 1 55 ] ,  either at the end of transmembrane helix M9 in the 1 0-helix model [ 1 26] or in 
the luminal loop between transmembrane domains M3 and M4 in the 4-helix model [ 1 55] ,  as 
described in Figure 6- 1 0. Three mechanisms for the observed effects of the Ilr4898Thr mutation 
have been proposed [494] . Firstly, the mutation may perturb regulatory associations between 
RYR 1 and acidic luminal proteins, such as triadin and calsequestrin [255,482,484] . However, 
such an effect would be unlikely to have been observed in the non-muscle expression system used 
by Lynch et al. [494] . A second possibility is that the Ile4898Thr mutation may perturb one of 
two proposed luminal calcium regulatory sites [494,495] .  Thirdly, the M3-M4 loop may be 
inverted to form part of the transmembrane ion pore where the mutations may disrupt pore 
structure and channel ion selectivity [ 494] . A VGYG motif comprises the ion selectivity filter in 
the potassium channel [496]. An equivalent GGIG motif may act as an ion pore in RyR and IP3 
receptors [494] . Interestingly, this putative RyR 1 channel pore motif encompasses Ile4898 . A 
single substitution of alanine for glycine 4824 within the putative pore region of RyR2 reduced up 
ion conductance by 97%, suggesting the region constitutes an essential part of the ion conduction 
pathway and the ryanodine binding site [ 497] .  

The Thr4826Ile and His4833Tyr mutations described in the two Maori families study confer a 
profoundly different phenotype to the CCD phenotype associated with the Ile4898Thr mutation, 
and are the first mutations identified in the C-terminal regions of RyR 1 associated with clinical 
MH susceptibility. There is no evidence of CCD in the Maori families and both mutations confer 
marked and fully penetrant sensitivity to the caffeine and halothane in vitro and susceptibility to 
MH in vivo. In contrast, individuals identified with the Ile4898Thr mutation recorded weak MHS 
IVCT responses and had not developed MH upon exposure to triggering anaesthetics [ 1 64] . 

6. 9.2.2 The Thr4826Ile and His4833Tyr mutations 

The location of the Thr4826Ile and His4833Tyr mutations with respect to ryanodine receptor 
channel structure can not be established without precise definition of the transmembrane 
topology. According to the 4-transmembrane spanning segment model, residues Thr4826 and 
His4833 reside in a 1 70-residue cytosolic loop between transmembrane sequences M2 and M3 
[ 1 55](Figure 6- 1 0  A) whereas the 1 0  transmembrane helix predicts an SR luminal position in a 1 6  
residue loop between transmembrane segments M7 and M8 [ 1 26] (Figure 6- 1 0  B) .  The 
hydropathy indices for predicted transmembrane sequences M7 and M9 are relatively weak [ 1 26] , 
and these sections were not predicted to form transmembrane helices in the Takeshima et al 
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model. A third model predicts six transmembrane helices, in which the Zorzato et al. M9 domain 
is inverted to form a pore-forming segment between transmembrane domains M8 and M 1 0  [497] . 

If residues Thr4826 and His4833 are situated within a loop on the luminal side ofthe membrane 
as predicted by the Zorzato et. al. model [ 1 26] (Figure 6- 1 0  B), Thr4826Ile and His4833Tyr may 
disrupt possible regulatory interactions with luminal proteins as proposed for the lle4898Thr 
mutation [ 1 64].  

6. 9. 2. 3 Current evidence favours a cytoplasmic location for the Thr4826/le mutation 

Images of the RyR tertiary structure from electron microscopy indicated the channel domain was 
large enough to accommodate 1 0  transmembrane helices per monomer [ 498] . However, 
combined evidence from proteolytic digests [288,499], single-channel recordings with tryptic 
fragments [ 500] antibody binding studies [2 1 8] and the formation of a functional channel by the 
carboxyl terminus of RyR cleaved at Arg-4475 [ 1 27,500] favours the 4-transmembrane domain 
model of Takeshima et al [ 1 55 ] .  

Proteolytic enzymes identify likely surface-exposed regions and have been employed to 
investigate RyR1 transmembrane topology. The tryptic cleavage sites at Arg4475 [288,499] and 
Arg4756 [50 1 ]  and Lys-C and Glu-C cleavage sites at 4676 and 4782 [499] occurred within 
cytoplasmic loops according to both models, and therefore so not aid in discriminating the two 
models. A potential N-linked glycosylation site has been identified at asparagine 4864, which is 
luminal according to the Takeshima et al. model and cytoplasmic according to the Zorzato et al. 
model . Glycosylation would be only expected to occur if the residue is located on the luminal side 
of the SR membrane. Glycosylation of the RyR has not been detected in ligand overlay 
experiments with junctional face membrane proteins [257], however his region may be 
inaccessible to the ER glycosylation machinery [2 1 8] .  

The selective binding of antibodies raised to the 4860-4886 region to permeabilised SR vesicles 
indicated the region was exposed to the SR lumen. This was only compatible with the 4-
transmembrane model [2 1 8] .  The 1 0  transmembrane helix model placed the 4860-4886 region 
between a cytoplasmic loop and transmembrane sequence M9. In further support of the 4-
transmembrane domain model, the homologous region from the IP3 receptor is luminal [2 1 8] .  

According to the 4-transmembrane domain model of Takeshima et al [ 1 55] ,  residues Thr4826 and 
His4833 are positioned within a loop between transmembrane domains M2 and M3 on the 
cytoplasmic side of the membrane (Figure 6- 1 0  A) . The large loop encompassing threonine 4826 
and histidine 4833 may therefore contain binding sites for cytosolic modulators of RyR1 activity. 
Alternatively, the mutations in this cytosolic loop may disrupt proposed long-range interactions 

[20,289] between the channel and regulatory regions within the foot domain of RyR1 ,  and/or 
interactions between RyR monomers [25 1 ] .  The intraluminal loops linking transmembrane 
segments M 1 -M2 and M3-M 4 contain a high density of charged residues [ 1 5  5] .  The negative 
surface charge at the luminal mouth of the channel might influence the ion channel and gating 
properties, or assist interactions with charged regions of luminal proteins, such as triadin [502] .  In 
contrast, the M2-M3 loop including residues Thr4826 and His4833 does not include an area of 
concentrated charge density, in keeping a different role for this region on the cytoplasmic side of 
the membrane. The location of Thr4826Ile within the M2-M3 transmembrane loop on the 
opposite side of the SR membrane to the previously described Ile4898Thr mutation could account 
for the different MHS and CCD phenotypes respectively conferred by these mutations. 
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A. 

B. 

Figure 6-10 Relative positions of RYRl channel mutations according to models for RyRl 
transmembrane topology 
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6. 9. 2. 4 Modulator binding sites mapped to the C-terminal RyRJ region 

The C-terminal portion from residue Arg4475 contains structures sufficient to form a functional 
calcium release channel that activated by cytoplasmic calcium and regulated by ryanodine [ 1 27] .  
Both the high and low affinity binding ryanodine binding sites were positioned between Arg4475 
and the C-terminus ofthe RyR1 [50 1 ] .  In addition, three calcium binding and ruthenium red 
binding sites have been mapped to the carboxyl terminus of RyR1 [239,30 1 ,476], one of which 
was mapped to amino acids 4765 - 5038 [30 1 ] , encompassing Thr4826 and His4833 .  

Rather than directly interfering with the modulator binding sites, R YR1 mutations may perturb 
protein-protein interactions, between the channel and cytoplasmic domains or between RyR 
monomers. Alternatively the mutations may perturb interactions with other proteins at the triad 
junction [25 1 ] .  One ofthree calmodulin binding sites have been localized to residues 4534 -
45 52 [249], a few residues upstream of the putative transmembrane segment M5/M l .  A binding 
site for an EF-hand calcium binding protein (S 1 00) [503], overlaps with the putative calmodulin 
binding site spanning residues 4534 to 4552 [249] . FKBP 1 2  binding sites have been mapped to 
the periphery of the type 1 RyR, approximately 1 0 nm distant from the putative channel pore 
[224] . Both calmodulin and FKBP 1 2  interact with a domain that connects directly to a 
cytoplasmic extension ofthe transmembrane assembly of the receptor, and thus might modulate 
channel gating indirectly. A mutation in one of the transmembrane loop regions on the 
cytoplasmic face of the SR membrane may perturb such interactions. 

An existing destabilization of protein interactions caused by RyR channel mutations may be 
potentiated upon exposure to halothane, since halothane increases the fluidity of membranes and 
is known have a direct effect on hydrophobic protein-protein interactions between calcium 
regulatory proteins within skeletal muscle triads [260,504] . Halothane has been shown to induce 
oligomerization and activation of the skeletal muscle RyR [505 ] .  This might trigger abnormal 
calcium homeostasis via oligomerization of the mutated protein causing the RyR channel to open 
for longer than normal channels, resulting in an increase in the cytosolic calcium concentrations 
sufficient to trigger the MH crisis [235,260] . 

In summary, current evidence favours a cytoplasmic position for the loop containing the 
Thr4826Ile and His4833Tyr substitutions. While various functions have been ascribed to the C­
terminal region of the RyR1 protein, it is difficult to predict which ofthese functions, if any, might 
be perturbed by the C-terminal MHS mutations while the true transmembrane architecture of the 
channel region is unknown. There is still considerable debate in the literature as to the locations of 
calmodulin binding sites [249] and calcium activation and inactivation sites [24 1 ] .  The mechanism 
by which triadic proteins; triadin, calsequestrin, junctin and the DHPR) interact with the receptor 
to modulate calcium release is a further area for future investigation [25 1 ] . A better understanding 
of the mechanism by which the novel MHS confer a hypersensitive phenotype also awaits 
biochemical characterisation of the mutant RyR protein. 
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6. 10 FUTURE MOLECULAR CHARACTERISATION OF THE NOVEL 

THR4826ILE MUTATION 

An investigation of the functional consequences of the Thr4826Ile mutation on the calcium 
release properties on the mutated protein at the molecular level is required to conclusively prove 
the mutation is directly causative ofMH. A number of approaches to the molecular 
characterisation ofMHS mutations have been describecL most ofwhich employ radiolabelled 
ryanodine binding assays as a means to assess the open state of the channel [23 5] .  

Biochemical studies of the porcine MHS mutation focussed on the measurement of the kinetics of 
calcium release, calcium inactivation and the [3H]-ryanodine binding properties of heavy SR 
vesicles in response to clinically relevant agonists, including caffeine and halothane 
[ 1 7, 1 8,506,507] . An analogous study of the human condition has been limited by the availability 
of muscle tissue specimens, the quality of muscle and the genetic heterogeneity within the sample 
population. In a single unprecedented experiment, RyR activity was examined in SR vesicles 
prepared from muscle tissue of patients heterozygous for the Gly2434Arg mutation. Using high 
affinity [3H]-ryanodine binding Richter et al. , [300] demonstrated that this mutation enhanced the 
sensitivity of R YRl to activating concentrations of calcium which was enhanced by caffeine 
[300] . Approximately 2 .2  g ofMHS tissue was used in this study [300] . The advantage of this 
method is that it circumvents cloning procedures, and proteins at the triadic junction that are 
associated with RyR are retained in the SR vesicles. Sufficient amounts of frozen tissue (stored at 
-20°C) was collected from .MHS patients undergoing muscle biopsy. However, the SR vesicles 
prepared from this frozen tissue may not be comparable to vesicles prepared from tissue which 
had been frozen immediately in liquid nitrogen [300] . 

Earlier studies had investigated the ryanodine binding of solubilised RyR receptors, purified from 
human MHS muscle and inserted into planar lipid bilayers [295] .  Single channel recordings 
revealed that pooled human .MHS RyR displayed an unusually high sensitivity to calcium 
(doubled) which was augmented by caffeine and halothane [295] .  However single channel 
recordings on human MHS muscle were highly variable due to the different populations of 
tetramers made up ofbetween zero and four mutant subunits [3 , 1 9] .  Furthermore, luminal or 
cytoplasmic components that might mediate the effects of the T 48261 mutation are absent . 

An alternate approach would be to measure cellular calcium homeostasis in cultured human 
muscle cells derived from .MHS muscle tissue. This technique was used successfully to investigate 
muscle cells harbouring the RYR1 Arg 1 63 Cys mutation, which was shown to confer a 2-fold 
increase in halothane sensitivity [299] .  The principal advantage of this method is that large muscle 
tissue specimens are not required, and the experimental system faithfully reproduces the muscle 
cell environment. An important component of the experiment of Censier et al. was the 
demonstration that cultured WIN muscle cells displayed the hypersensitive calcium release 
properties when transfected with RyR cDNA containing the Arg 1 63Cys mutation, thus 
pinpointing RyR as the site of the defect [299] . With recent advances in tissue culture systems for 
primary muscle cells and rapid calcium imaging techniques, this approach promises to be of use in 
future biochemical characterisation of.MHS and diagnosis. 

The functional expression of mutated RyR receptors offers prospects for the molecular 
characterisation of MHS mutations without the requirement of human .MHS muscle specimens. A 
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further advantage is that the effects of the mutation can be explored independently of the 
heterogeneous human genetic background, in which compensatory factors may modify the effects 
of mutations. Rabbit RYR1 ,  cloned and expressed in Chinese hamster ovary cells (CHO) [508-
5 1 0]  COS cells [302,5 1 1 ], and HEK-293 cells [ 1 6, 1 64,303 ,5 1 2-5 14] is modulated by endogenous 
and pharmacological effectors like the native channel. 

A cellular calcium photometry assay, involving fluorescence imaging of fura-2-loaded cells has 
been exploited to measure the caffeine and halothane-induced calcium release in HEK-293 cells 
transfected with various mutated forms of the RYR 1 ,  corresponding to the reported RYR1 
mutations [ 1 6, 1 64,3 03] .  These experiments revealed alterations in the sensitivity to caffeine and 
halothane that were associated with all but one of the mutations investigated. Furthermore, the 
patterns of sensitivity mirrored those observed in the IVCT even though the assay used cells of 

kidney origin. However a potential pitfall with the application of this method is envisaged for 
future characterisation of the T 48261 mutation. T 48261 may be located within the SR lumen 

where it may perturb protein interactions with muscle-specific luminal proteins (e.g. calsequestrin 
or triadin). Functional effects of this nature would not be reproduced in the kidney cell. A 
myogenic cell line (IB5) developed from homozygous RYR 1 -knockout primary fibroblast cell 
lines has been described [ 5 1 5] .  IB5 cells can be induced to form multinucleated myotubes and 
express key triadic proteins, including skeletal triadin, calsequestrin, FKBP 1 2, SERCA1 ,  and 

DHPR. The IB5 cell line might prove a useful alternative to HEK-2993 cells for future functional 
expression of RYR1 mutations [5 1 5], particularly those located within the channel domain. A 
comparison of the properties of normal and mutated channels expressed in HEK-293 and IB5 
cells might clarifY the involvement other skeletal muscle proteins in the expression of the MHS 
phenotype. 

A key objective in the future characterisation of RyR channel mutations is to establish the true 

transmembrane topography of the channel so that the cytoplasmic versus luminal position of the 
mutations can be unambiguously defined. Studies ofthe comparative binding affinities of intact 
and permeabilised SR vesicles to antibodies raised to the loop containing residues T 4826 and 
H4833 mutations may shed light on the location of these mutations and discriminate, once and for 
all between the alternate models for the RyR receptor structure. While the large size and 
membraneous nature of the RyR1 tetramer is obstructive to structural determination at atomic 
detail using of standard X-ray crystallographic techniques, this approach may be feasible if efforts 
to produce ordered two dimensional crystals of individual domains prove successful. Advances in 
the development of cryoelectron microscopy and single-particle image processing techniques have 
allowed major progress to be made in the determination of the receptor's structure over the past 
decade [ 1 22,2 1 9,224-226,5 1 6] .  This technology may soon yield more detailed information about 
the 3-D structure of the RyR channel domain [226] . 
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APPENDICES 

APPENDICES 

A 1  PRIMERS FOR PCR AND DNA SEQUENCING 

RYRl primers listed according to position on RYRl sequence (from 5 ' terminus) 

Primer Forward/ Ex on! Sequence Template, Sou re 
Reverse lntron 5 ' - 3 '  /Function e 

RYRI-176F F E CTTCCTCCCATCTCTGTCCA Genomic seq M 
RYR.intron l R I I CTAACCCAGAGAGACGCACC Genomic seq M 
RYRex l . l 7F F E CTCTGGTGTCTCCAGAGGTCTC cDNA seq M 
- 1 0  F E TTCCGACCTCGACATCATGGGTGACG cDNA seq TVM 
RYRC35Fbio F I B- TGGAGACGCTGCCCCTCGGTT C  Genomic seq M 
RYRC35-R R I GGCCCCTCTTCCTCCTGCACAG Genomic seq M 
RYRC35Rseq F I CTTCCTCCTGCACAGACC Genomic seq M 
RYR275R R I E GGATGACTCCACGCCAGCCTC cDNA seq M 
409 F E CAGGAGGACGCAACAGGAGAG cDNA seq TVM 
1 63F-bio F E B-TCCAAGCAGAGGTCTGAAGGAGAA RFLP M 
1 63R R E AGCGCTCGGAGGAGACACTGACAA RFLP M 
1 63i-R R I CCCATGGTGAGAAGATGGGGAC RFLP M 
1 63Rseq R I GGAGACACTGACAAGGAT RFLP M 
1 63Rseq R E GGAGACACTGACAAGGAT RFLP, seq M 
649 F I CACGTCCTCCGCCTCTTTCAT cDNA seq M 
248F-bio F E B- TGCTGACAGTGATGACCAGCGCAG Genomic seq M 
248R R I E CTGATTCTCAGTGGCTCCAGCCTC Genomic seq M 
248Rseq R E GTGGCTCCAGCCTCCAGA Genomic seq M 
952 F I E TCCAAGGAGAAGCTGGATGT cDNA seq M 
341 F-bio F E B-GAAGCTGGATGTGGCCCCCAAGCG Genomic seq M 
34 1 R  R E TCTGGAGCGGCATAGGTGAG Genomic seq M 
341R-seq R E CATAGGTGAGCCACAGTC Genomic seq M 
403Fseq F E GACGACGCACTGTCGCTGAC RFLP M 
403Rbio R E B-GTTGTATAGGCCATTGGTGCT RFLP M 
RYR40 1 iR R I GTGTGGGGCAACAGAGGTAGAG SSCP, Seq M 
RYR522F F E GGAAAGAGATTGTGAATCTTGTCT ARMS/seq M 
RYR522R-bio R E B-ACCAGCCAGTCCAAGTTTGTGGAG ARMS/seq M 
522F-Pst F E CTCTCCATGGTCCTGAACTGCAGAGACCG ARMS M 
522-F-wt F E CTCTCCATGGTCCTGAATTGCATAGAC ARMS M 
522 Rbio-Pst R E GGACT GGACCCCTACCTAGGACTGCA ARMS M 
RYR522F-Ndel F E GGAAAGAGATTGTGAATCTTCCAT ARMS M 
RYR552F-bio F I TGGATCTGACACCTCTTCCCCC RFLP M 

RYR552R R I GGTGCCCAGAATGAGAGGTG RFLP M 
RYR552R-seq R I GAGAGGTGAAGCGGCCATC RFLP M 
1 755 R E TGCTTGTCCAGGAGGGAGATG cDNA seq TVM 
6 1 4F-bio F E GTCCTGGACGTGCTATGCTCCCTG RFLP M 
6 1 4R R E CTGGTGACATAGTTGATGAGGTTT RFLP M 
6 1 4Rseq R E AGTTGATGAGGTTTGTC RFLP, seq M 
1 927 F E CATCCGCCCCAACATCTTTGTG cDNA seq TVM 

1 1 



APPENDICES 

l RYR 8 1 32R � R  I ATGAGGCATCCACATAGTCG I cDNA seq 

i 8273 1 F  I CGGAGTACACACACGAGAAGT cDNA seq I [8332 R T CAGCTCCTCGTCTATGTTCTC J cDNA seq 
_, --

i 8525 F I CACAAAGTGCCCAGACC TATG j cDNA seq 

I RYR2862F F E GATCCTCGAGAAGGCTACAACCCT RFLP linkage i M 
I I RYR2862R i R  E TTCTGCCAGTTGTTCTGCCATGGC RFLP linkage I M 
fs582 R E GGGACAGGGTAACAGCACTAA cDNA seq TVM 

i R E TAACCGCGTAGCCATTCATCT cDNA seq TVM 
! R GAGGCAGTGGTTGGTGAAGTA 1 cDNA seq 

GCCCCAGCTGTGGTCAACTG 

A ?  



APPENDICES 

1 993 I R I R I AGTCACCTCGTCCACCATCAC I cDNA seq I TVM I 
RYR2536R R I E j GGGCACGAAGTCGGTGTGTGA j cDNA seq ! M I 
2477 F I E J CTCGAGAGCGACTCCATCTTG J cDNA seq I TVM \ 
2770 F I E I TCTGGGGAGACGCTCAAGACT j cDNA seq I TVM I 

I 
2824 R E I GTTGTCCTCCGCCTTCTCATC cDNA seq I TVM I, 

RYR2859 E I ATGAGCAATGGGTACAAGCC cDNA seq I TVM 
3016  1 F I E I TACAGCGCAGTGCAGGACATC I cDNA seq I T� 

TVM l 3065 J R  I E I CTTCATCCAGCAGGCGGTAGG I cDNA seq 
3227 I F I E I GCAGTCACCACAGGCGAGATG cDNA seq 

I 
RYR 1 1 5 ! F- I F I E I CAGCGCTGGCACTTGGGCAGT RFLP linkage 

I I 
RYR ! l 5 !R E I GAGGACCTCGCCA TTGAGGGTGAA I 

RFLP linkage I R _l_ 3360 J R E CGGTGCCCATTGAAGACATAG I cDNA seq 

' TVM  
M 
M 

I TVM 
! 
I TVM 
I TVM 

I TVM 

5555 J R cDNA seq I TVM 
5880 j F cDNA seq J TVM 

I 
I 
I I I 

6082 l R I cDNA seq j TVM 1 

1 6 1 00 1 F j cDNA seq 1 TVM ; 
6 1 63 i R cDNA seq I TVM I 

! 6376 1 F cDNA seq I TVM ) l 6426---------+I!· �R----- -�-------+�����������---------r�cD�N�A�seq---------+I �T�\� 
I ! 

m ! I gen. " seq I '  
I 
'· 

1 RYR int 39 F I F I I GATCTGTAAAGGCGGTCGGT I seq M _I i I 

1 RYR int 40 R  I R I I CCAGCACCTGCCTGGGCC seq ' M  I 6763 ! R I E GCCACTGTTCTCCAGCAGGTA I cDNA seq TVM i ', 6426 R E TCCACGGAGGACGGTGAGATG cDNA seq TVM i ! i 7039 R E rnrrnrr:ACA.TTI.:n.:r\._.1.:>-TTCTC cDNA seq I TVM j j 2434F I F I E CTTTGGTGAGGAACCGCCTGAAG RFLP M I 
i 2434R-bio I R I I B-GAGTGCCTGCATGAGGCGTTCAAAG RFLP j M  I 

I 
I RYR R2453W F I F I CCGGCAAGGGTGAGGCCCTGT SSCP M J / RYR 47exR R I E I GGATGCTGACATCTTTGGCT SSCP, cDNA seq M I 

I I 

i 736 1 J F  E CCATCCTCCGCTCCCTTGTG cDNA seq I TVM i 
! 7393 R E GAGGCTGATGATGCCCACAAG cDNA seq TVM 'I 
I RYR47exR R E GGATGCTGACATCTTTGGCT Gen, cDNA seq j M  I 

I 
l 7642 I F I 

E GCCGTGAACCGCTACCTGTG eDNA seq TVM I 
! 7699 I R E I GTGTTCTGTGCCCGCAAAGAG cDNA seq TVM I I 

I 8025 I AAAGATGCCCCAGAAGAGTTTC I cDNA seq 
RYR 2729F AAATACGACCCGGAGCTGTAC / RFLP linkage 
RYR 2729R R I B-CAGCrGTCAGCAGATGTTGGAG 1 RFLP linkage 



APPENDICES 

' RYR 1 4486 F I CCCTCTTGGGACACTACAACA I SSCP seq 
! RYR 100iR R TTATCCCTTCACCACCCACT SSCP seq 
l 1 45 1 2  I R E I GTAGACGACCACCGCCAGAAG I cDNA seq 

1 5 137 I R E I GGGCT T GCTGTGAGAATAAGG cDNA seq 

I intron based primer, E = Exon based primer 

B =5' b iotinylated 
M Primers purchased by Dept. ofBiochemistry, or IMBS, Massey University. 
TVM = Primers donated by Prof. Tommie McCarthy, University of Cork, Ireland 

A 1 .2 PCR primers for microsatellite m arkers 

Marker Marker Type Primer Sequence (5' -3') 

D l 9S220 CA repeat D l 9S220 F ATGTTCAGAAAGGCCATGTCATTTG 

D l 9S220 2 T C CT CAACGGATACACAGCAACAC 
RYRCA CA repeat RYRCA F GCATCACGGT CTGCAATTCAT 

RYRCA R GCAATGGCATAATCTCAGCT 
D l 9S l 90 CAG repeat D l 9S l 90F C C CATTGGTTGATTTTGC 

D l 9S l 90R TTCTACTTGGAGGAAGAGGAGG 
D l 9S47 CA repeat D l 9S47 F GAT GT CTCCTTGGTAAGTTA 

D 1 9S47 R AATACCTAGGAAGGGGAGGG 

I M 

I M 

i TVM 1 ! TVM 

A 1 . 3 PCR primer pairs for the detection of novel RYRl mutations in genomic 
DNA 

Mutation Method of Primer F, R PCR sequence (5' -3') IIE 
detection 

Arg40 1 Cys S SCP/seq 403 Fseq E 
RYR40 liR GTGTGGGGCAACAGAGGTAGAG I 

Arg2452Trp SSCP RYRR2453WF C CGGCAAGGGTGAGGCCCTGT I 
Arg2454His S SCP RYR 47ex( l 309)R GGATGCTGACATCTTTGGCT E 
Thr4826Ile S SCP RYR 1 4462 F ACCTGGGCTGGTATATGGTG I 
His4833Arg S SCP/seq RYR 1 4486 F (seq) C CCTCTTGGGACACTACAACA I 

RYR lOOi R TTAT CCCTTCACCACCCACT I 

A4 



A 2  

5'UTR 

-2 7 0  

- 1 8 0  

- 90 

RYRl cDNA SEQUENCE AND POL Y MORPHISMS 

gcaaacctccagccaagatttggggt atg t gggcagggctccggcgaagggga gtggccggggagtcctggtillggggcccgg�p;cg 
+-- - -- -- - - +- - - - - - - - - +- - - - - --- -+-- --- ----+ -- - - - - - - -+--- -- - - - - +-- - ------+ ---+---------
cgtttggaggtcggt t c taaaccccatacacccgtcccgaggc c g c t tcccctcaccggcccc tcaggacc ccccgggccccgc 

�-!CB *RYR1-176F (genomic DNA) •cap site 
• -130 Transcription start *RYRex1.17F 

gggacttcctcccatctctqtccag catgcgtgtactcc tcgcag ttccaTCTACCTCGCGGGTGCCTCTGGTGTCTCCAGAGGTCTCCG 
+----- - - - - +- - - - - - - - - +-?- - - - - --+------ - - - + - - - - - - - - - + - - - - - - - - - + - - - --- -+- -+ 
ccctgaaggagggtagagacaggtcgtacgcacatgaggagcgtcaaggtAGATGGAGCGCCCACGGAGACCACAGAGGTCTCCAGAGGC 

MSPE � __ 
ACCCCAGCCCGCCCCCAGCCCTCCCGCCCAGCCCGCAGCCCCCTCCCTCTGTTCCCCGACCTCAGACCCTGGGCTTCCGACCTCGACATC 
+- -- -- - - - - +-- - - - - - - - +- - - -- -- - - +------- - - +- - - - -- --- +--- -- - - - - +-- - - ----- +--- - - - - - -+--- - - - - - -
TGGGGTCGGGCGGGGGTCGGGAGGGCGGGTCGGGCGTCGGGGGAGGGAGACAAGGGGCTGGAGTCTGGGACCCGAAGGCTGGAGCTGTAG 

- 1 8 1  

- 9 1  

- 1 

TRANSLATION START 

TM - 1 0  � �GCAGAAGGCGAAGACGAGGTCCAGTTCCTGCGGACGGACGATGAGGTGGTCCTGCAGTGCAGCGCTACCGTGCTCAAGGAG 
---------+--- ------+--- - - - - - - + ------- - - + - - - - - - - - - + - - - - - - - - - + - - - - -----+- - - - - - - - - + - - - - - - - - - +  9 0  
TACCCACTGCGTCTTCCGCTTCTGCTCCAGGTCAAGGACGCCTGCCTGCTACTCCACCAGGACGTCACGTCGCGATGGCACGAGTTCCTC 
MetGlyAspAlaGluGlyluAspGluValGln PheLeuArgThrAspAspGluValValLeuGlnCysSerAlaThrValLeuLysGlu 3 0  

ra Cys35Arg T 
CAGCTCAAGCT�CTGGCCGCCGAGGGCTTCGGCAACCGCCTGTGCTTCCTGGAGCCCACTAGCAACGCGCAGAATGTGCCCCCCGAT 

91 - - - - - - - - - + - - -------+--- - - -- - - +--------- + - - - - - - - - - +----- - - - - + - - - - -----+- - - - - - - - - + - - - - - - - - - +  1 8 0  
GTCGAGTTCGAGACGGACCGGCGGCTCCCGAAGCCGTTGGCGGACACGAAGGACCTCGGGTGATCGTTGCGCGTCTTACACGGGGGGCTA 

31 GlnLeuLysLeuCysLeuAlaAlaGluGlyPheGlyAs nArgLeuCysPheLeuGlu ProTh r SerAsnAlaGl nAsnVa l Pro ProAsp 60 
*RYR 275RT 

CTGGCCATCTGTTGCTTCGTCCTGGAGCAGTCCCTGTCTGTGCGAGCCCTGCAGGAGATGCTGGCTAACACGGTGGAGGCTGGCGTGGAG 

1 8 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +------- - - + - - - - - - - - - + - - - - - - - - - + - - - - - ----+---- - - - - - + - - - - - - - - - +  2 7 0  
GACCGGTAGACAACGAAGCAGGACCTCGTCAGGGACAGACACGCTCGGGACGTCCTCTACGACCGATTGTGCCACCTCCGACCGCACCTC 

61 LeuAla i leCysCys PheValLeuGluGlnSerLeuSerValArgAlaLeuGlnGluMetLeuAlaAsnThrValGluAlaGlyValGlu 90 
T 

TCATCCCAGGGCGGGGGACACAGGACGCTCCTGTATGGCCATGCCATCCTGCTCCGGCATGCACACAGCCGCATGTATCTGAGCTGCCTC 
2 7 1  ---------+----- - ---+-- - - - - -- -+---------+---------+------ - - -+---- ----- +---------+---------+ 360 

AGTAGGGTCCCGCCCCCTGTGTCCTGCGAGGACATACCGGTACGGTAGGACGAGGCCGTACGTGTGTCGGCGTACATAGACTCGACGGAG 
91 SerSerGlnGlyGlyGlyHi sArgThrLeuLeuTyrGlyHisAlai leLeuLeuArgHisAlaHisSerArgMetTyrLeuSerCysLeu 1 2 0  

Exon 5 T M  409 T 
ACCACCTCCCGCTCCATGACTGACAAGCTGGCCTTCGATGTGGGACTGCAGGAGGAC�TTGCTGGTGGACCATGCAC 

3 6 1  ---------+---------+----- - - - - +--------- + - - - - - - - - - + - - - - - - - - - + - - - - ---�+- - - - - - - - - + - - - - - - - - - +  4 5 0  
TGGTGGAGGGCGAGGTACTGACTGTTCGACCGGAAGCTACACCCTGACGTCCTCCTGCGTTGTCCTCTCCGAACGACCACCTGGTACGTG 

1 2 1  ThrThrSerArgSerMetThrAspLysLeuAlaPheAspValGlyLeuGlnGluAspAlaThrGlyGluAlaCysTrpTrpThrMetHis 1 50 
* 1 63F-bio r! Are1 63Cys * 1 63R-seq * 163R T 

CCAGCCTCCAAGCAGAGGTCTGAAGGAGAGGT�GTTGGGGATGACATCATCCTTGTCAGTGTCTCCTCCGAGCGCTACCTGCAC 
4 5 1  - - - - - - - - - + - - -------+-- - - - - - - - +------- --+---------+----2��= -+- - - - -----+- - - - - - - - - + - - - - - - - - - +  5 4 0  

GGTCGGAGGTTCGTCTCCAGACTTCCTCTTTTCCAGGCGCAACCCCTACTGTAGTAGGAACAGTCACAGAGGAGGCTCGCGATGGACGTG 

1 5 1  ProAlaSer LysGlnArgserGluGlyGl uLysValArgValGlyAspAsp i l e i leLeuValS erValSerSerGluArgTyrLeuHi s 1 8 0  
[AI Leu198 � 

CTGTCGACCGCCAGTGGGGAGCTCCAGGTTGACGCTTCCTTCATGCAGACAC�GGAACATGAACCCCATCTGCTCCCGCTGCGAAGAG 
5 4 1  - - - - - - - - - + - - -------+---- - - - - - + - --------+---------+---------+--- --- ---+---- - - -- - + - - - - - - - - - +  6 3 0  

GACAGCTGGCGGTCACCCCTCGAGGTCCAACTGCGAAGGAAGTACGTCTGTGACACCTTGTACTTGGGGTAGACGAGGGCGACGCTTCTC 

1 8 1  LeuSerThrAlaSerGlyGluLeuGlnValAspAlaSer PheMetGlnThrLeuTrpAs nMetAsnPro i l eCysSerAr gCysGluGlu 2 1 0  

6 3 1  

2 1 1  

7 2 1  

2 4 1 

TM 649 *248F-bio 
GGCTTCGTGACGGGAGGTCACGTCCTCCGCCTCTTTCATGGACATATGGATGAGTGTCTGACCATTTCCCCTGCTGACAGTGATGACCAG 
- - - - - - - - - + - - -------+--- - - - - - - +---------+------- --+---------+---------+- - - - - - - - - + - - - - - - - - -+ 
CCGAAGCACTGCCCTCCAGTGCAGGAGGCGGAGAAAGTACCTGTATACCTACTCACAGACTGGTAAAGGGGACGACTGTCACTACTGGTC 

GlyPheVa lThrGlyGlyHisValLeuArgLeuPheHi sGlyHisMetAspGluCysLeuTh r i leSerProAlaAspSerAspAspGln 

T �_Giy248Arg *248R-seq *248R T 
CGCAGACTTGTCTACTATGA�GGGAGCTGTGTGCACTCATGCCCGCTCCCTCTGGAGGCTGGAGCCACTGAGAATCAGCTGGAGTGGG 
----- - - - - + - - -------+-------- -+------- --+---------+-- ��:�- - - + - - - - - ----+- - - - - - - - - + - - - - - - - - - +  
GCGTCTGAACAGATGATACTCCCCCCTCGACACACGTGAGTACGGGCGAGGGAGACCTCCGACCTCGGTGACTCTTAGTCGACCTCACCC 

ArgArgLeuValTyrTyrGluGlyGlyAlaValCysThrHi sAlaArgSerLeuTrpArgLeuGluProLeuAr g i leSe rTrpSerGly 

AGCCACCTGCGCTGGGGCCAGCCACTCCGAGTCCGGCATGTCACTACCGGGCAGTACCTAGCGCTCACCGAGGACCAGGGCCTGGTGGTG 

7 2 0  

2 4 0 

8 1 0 

2 7 0  

8 1 1  ---------+---------+---- - - - - - +---------+-- - - - - - - - +----- - - - - + - - - - -----+---- - - - - - +- - - - - - - - - +  900 
TCGGTGGACGCGACCCCGGTCGGTGAGGCTCAGGCCGTACAGTGATGGCCCGTCATGGATCGCGAGTGGCTCCTGGTCCCGGACCACCAC 

2 7 1  SerHisLeuArgTrpGlyGlnProLeuArgValArgHisValThrThrGlyGlnTyrLeuAlaLeuThrGluAspGlnGlyLeuValVal 300 

901  

301  

Exon 10 T TM 952 *341F-bio 
GTTGACGCCAGCAAGGCTCACACCAAGGCTACCTCCTTCTGCTTCCGCATCTCCAAGGAGAAGCTGGACCCCAAGCGGGATGTG 
---- - - -- - +----- -- -- +- - - - - -- - - +--------- +- - - - - - --- + -- -- - +-- + -+ � - - - - +  990 
CAACTGCGGTCGTTCCGAGTGTGGTTCCGATGGAGGAAGACGAAGGCGTAGAGGTTCCTCTTCGACCTACACCGGGGGTTCGCCCTACAC 

ValAspAlaSerLysAlaHisThrLysAlaThrSer PheCys PheArg i leSerLysGluLysLeuAspValAlaProLysArgA:mVal 3 3 0  
�Giy341Arg TM 1024- *341 R-seq *341 R  Ala359 

991  
GAGGGCATGGGCCCCCCTGAGATCAAGTA9EfGGAGTCACTGTGCTTCGTGCAGCATGTGGCCTCAGGACTGTGGCTCACCTAT T 
-------- - +- ---- - ---+- - - - - -- - - +--------- +- - - - - - - -- +- - - - - - - --+ - - - - - ---2��:��:z:- - +--- ------ + 1 0 8 0  
CTCCCGTACCCGGGGGGACTCTAGTTCATGCCCCTCAGTGACACGAAGCACGTCGTACACCGGAGTCCTGACACC�GGCGA 

3 3 1  

1 0 8 1  

3 6 1  

1 1 7 1  

3 9 1  

GluGlyMetGlyProProGluileLysTyrGlyGluSerLeuCysPheValGlnHisVa lAla S erGlyLeuTrpLeuThrTyrAlaAla 

T *403F-seq 
CCAGACCCCAAGGCCCTGCGGCTCGGCGTGCTCAAGAAGAAGGCCATGCTGCACCAGGAGGGCCACATGGACGACGCACTGTCGCTGACC 
- - - - - - - - - + - - -- - - - - - + - - - - - - - - -+------- - - + - - - - - - - - - +- - - - - - - - - + - - - ------+---------+---------+ 
GGTCTGGGGTTCCGGGACGCCGAGCCGCACGAGTTCTTCTTCCGGTACGACGTGGTCCTCCCGGTGTACCTGCTGCGTGACAGCGACTGG 

ProAsp P roLysAlaLeuAr gLeuGl�ValLeuLysLysLysAlaMe tLeuHisGlnGl uGlyHisMetAspAs pAlaLeuSerLeuThr 
(C1201 1) Arg401qs [T] [GI IIe403Mct TM 1 204 T 

CGCTGCCAGCAGGAGGAGTCCCAGGCCGCqgFCATGA�ACAGCACCAATGGCCTATACAACCAGTTCATCAAGAGCCTGGACAGCTTC 
- - - - - - - - - + - - - - - - - - - + - - - - - - -- - +---------+--?7-----t- - - - - - - - -+- - - - - ----+- - - - - - - - - + - - - - - - - - - +  
GCGACGGTCGTCCTCCTCAGGGTCCGGCGGGCGTACTAGGTGTCGTGGTTACC�TCAAGTAGTTCTCGGACCTGTCGAAG 

ArgCysGlnGlnGluGluSerGlnAlaAlaArqMetileHi s SerThrAsnGlyLeuTyrAsnGlnPhe i l eLysSerLeuAspSerPhe 

*403R-bio 

3 6 0  

1 1 7 0  

3 90 

1 2 6 0  

4 2 0  

A5 



AGCGGGAAGCCACGGGGCTCGGGGCCACCCGCTGGCACGGCGCTGCCCATCGAGGGCGTTATCCTGAGCCTGCAGGACCTCATCATCTAC 
1 2 6 1  ---- - - - - - + - - - - - - - - - + - - - - - - - - -+ - - - - - - - - - + - - - - - - - - - +---------+---------+--- - - - - - - + - - - - - - - - - +  1 3 5 0 

TCGCCCTTCGGTGCCCCGAGCCCCGGTGGGCGACCGTGCCGCGACGGGTAGCTCCCGCAATAGGACTCGGACGTCCTGGAGTAGTAGATG 
4 2 1  SerGlyLys ProArgGlySerGlyProProAlaGlyThrAlaLeuProi leGluGlyVali leLeuSerLeuGlnAspLeu i l e i leTyr 4 5 0  � Aig470Cys T 

TTCGAGCCTCCCTCCGAGGACTTGCAGCACGAGGAGAAGCAGAGCAAGCTGCGAAGCCTqgpcAACCGCCAGAGCCTCTTCCAGGAGGAG 
1 3 5 1  ------ - - - + - - - - - - - - - + - - - - - - - - - + - - - ------+- - - - - - - - - +---------+- - - - - ----+------ - - - +- - - - - - - - - +  1 4 4 0  

AAGCTCGGAGGGAGGCTCCTGAACGTCGTGCTCCTCTTCGTCTCGTTCGACGCTTCGGACGCGTTGGCGGTCTCGGAGAAGGTCCTCCTC 
4 5 1  PheGluPro ProSerGluAspLeuGlnHi sGluGluLysGlnSerLysLeuArgSerLeuArgAsnALgGlnSerLeuPheGlnGluGlu 4 8 0  

1 4 4 1  

4 8 1  

1 5 3 1  

5 1 1  

1 6 2 1  

* 522Fwt 
GGGATGCTCTCCATGGTCCTGAATTGCAXAGAOCGCCTAAATGTCTACACCACTGCTGCCCACTTTGCTGAGTTTGCAGGGGAGGAGGCA 
--------- + - -- - - - - - - + - - - - - - - - - + - - ------ - + - - - - - - - - - +---------+------ - --+----- - - - - + - - - - - - -- - +  
CCCTACGAGAGGTACCAGGACTTAACGTATCTGGCGGATTTACAGATGTGGTGACGACGGGTGAAACGACTCAAACGTCCCCTCCTCCGT 
GlyMetLeuSerMetValLeuAsnCysileAspArgLeuAsnValTyrThrTh rAlaAlaHis PheAlaGlu PheAlaGlyGluGluAla 

Tyr522Ser IC] T Exon I 5 
GCCGAGTCCTGGAAAGAGATTGTGAATCTTCTC�GAACTCCTAGCTTCTCTAATCCGTGGCAATCGTAGCAACTGTGCCCTCTTCTCC 
------- - - + -- - - - - - - - + - - - - - - - - - +- - ----- - - + - - - - - - - - - +---------+---- -----+-- - - - - - - - + - - - - - - - - - +  
CGGCTCAGGACCTTTCTCTAACACTTAGAAGAGATACTTGAGGATCGAAGAGATTAGGCACCGTTAGCATCGTTGACACGGGAGAAGAGG 
AlaGluSer TrpLysGlui leValAs nLeuLeuTyrGluLeuLeuAlaSerLeui leArgGlyAsnALgSerAsnCysAlaLeuPheSer 

*RYR 522R-bio Are552Trp fTI Ser556 1GJ T 
ACAAACTTGGACTGGCTGGTCAGCAAGCTGGA�TGGAGGCCT�CTGGCATCCTGGAGGTCCTGTACTGTGTCCTCATTGAGAGT 
------- - - +- - -- ----- + --------- +------ - -- +- - - - - - - -- + --------- + - - - -- - ---+---- - - - - -+- -- - - ---- + 
TGTTTGAACCTGACCGACCAGTCGTTCGACCTAGCCGACCTCCGGAGTAGACCGTAGGACCTCCAGGACATGACACAGGAGTAACTCTCA 

1 5 3 0  

5 1 0  

1 6 2 0  

5 4 0  

1 7 1 0  

5 4 1  ThrAsnLeuAspTrpLeuValSerLysLeuAspArgLeuGluAlaSerSerGlyi leLeuGluValLeuTyrCysValLeu i l eGluSer 5 7 0  
TM 1755 T *6 14F-bio 

CCAGAGGTTCTGAACATCATCCAGGAGAATCACATCAAGTCCATCATCTCCCTCCTGGACAAGCATGGGAGGAACCACAAGGTCCTGGAC 
1 7 1 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - --+--------- + - - - - - - - - - +------- - - +- - - - - - - --+-- - - - - - - - + - - - - - - - - - +  1 8 0 0  

GGTCTCCAAGACTTGTAGTAGGTCCTCTTAGTGTAGTTCAGGTAGTAGAGGGAGGACCTGTTCGTACCCTCCTTGGTGTTCCAGGACCTG 
5 7 1  ProGluValLeuAsn i l e i leGlnGluAsnHisi leLysSer l l e i leSerLeuLeuAspLysHisGlyArgAsnHisLysValLeuAsp 600 

Are614Cys � Are614Leu 
GT�GCTCCCTGTGTGTGTGTAATGGTGTGGCTGT�TCCAACCAAGATCTTATTACTGAGAACTTGCTGCCTGGCCGTGAGCTT 

1 8 0 1  ---------+- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - -- + - - - - - ----+------- - - + - - - - -- - - - +  1 8 90 
CACGATACGAGGGACACACACACATTACCACACCGACATGCGAGGTTGGTTCTAGAATAATGACTCTTGAACGACGGACCGGCACTCGAA 

6 0 1  ValLeuCysS erLeuCysValCysAs nGlyVa lAlaVa lArgSerAsnGlnAspLeu ileThrGluAsnLeuLeuProGlyArgGluLeu 6 3 0  
*614R T TM 1 927 

CTGCTGCAGACAAACCTCATCAACTATGTCACCAGCATCCGCCCCAACATCTTTGTGGGCCGAGCGGAAGGCACCACGCAGTACAGCAAA 
1 8 9 1  - - - - - - - - - +�- - ----- + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - ----+---- - - - - - + - - - - - - -- - +  1 9 8 0  

GACGACGTCTGTTTGGAGTAGTTGAACAGTGGTCGTAGGCGGGGTTGTAGAAACACCCGGCTCGCCTTCCGTGGTGCGTCATGTCGTTT 
6 3 1  LeuLeuGlnThrAsnLeui leAsnTyrValThrSer i leArgProAsn i lePheValGlyArgAlaGluGlyThrThrGlnTyrSerLys 6 6 0  

TM 1933 
TGGTACTTTGAGGTGATGGTGGACGAGGTGACTCCATTTCTGACAGCTCAGGCCACCCACTTGCGGGTGGGCTGGGCCCTCACCGAGGGC 

1 9 8 1  -------- - + - - - - - - - - - + - - - - - - - - - + - - - ----- - + - - - - - - - - - +---------+-------- -+--- - - - - - - + - - - - - - -- - +  2 0 7 0  
ACCATGAAACTCCACTACCACCTGCTCCACTGAGGTAAAGACTGTCGAGTCCGGTGGGTGAACGCCCACCCGACCCGGGAGTGGCTCCCG 

6 6 1  TrpTyrPheGluValMetValAspGluValThrProPheLeuThrAlaGlnAlaThrHi sLeuArgValGlyTrpAlaLeuThrGluGly 690 

TACACCCCCTACCCTGGGGCCGGCGAGGGCTGGGGCGGCAACGGGGTCGGCGATGACCTCTATTCCTACGGCTTTGATGGACTGCATCTC 
2 0 7 1  ------- - - + - - - - - - - - - + - - - - - - - - - +- -------- + - - - - - - - - - +- - - - - - - - - + - - - - - - ---+- - - - - - - - - + - - - - - - - - - +  2 1 60 

ATGTGGGGGATGGGACCCCGGCCGCTCCCGACCCCGCCGTTGCCCCAGCCGCTACTGGAGATAAGGATGCCGAAACTACCTGACGTAGAG 
6 91 TyrThrProTyrProGlyAlaGlyGluGlyTrpGlyGlyAs nGlyValGlyAspAspLeuTyrSerTyrGlyPheAspGlyLeuHisLeu 7 2 0  

T 
TGGACAGGACACGTGGCACGCCCAGTGACTTCCCCAGGGCAGCACCTCCTGGCCCCTGAAGACGTGATCAGCTGCTGCCTGGACCTCAGC 

2 1 6 1  ------- - - + - - - - - - - - - + - - - - - - - - - + - - ------- + - - - - - - - - - +---------+----- - - --+------ - - - + - - - - - - - - - +  22 5 0 

7 2 1  

2 2 5 1  

7 5 1 

ACCTGTCCTGTGCACCGTGCGGGTCACTGAAGGGGTCCCGTCGTGGAGGACCGGGGACTTCTGCACTAGTCGACGACGGACCTGGAGTCG 
TrpThrGlyHisValAlaArgProValThrSerProGlyGlnHis LeuLeuAlaProGluAspVa l i leSerCysCysLeuAspLeuSer JC] Pro762 
GTGCCGTCCATCTCCTTCCGCATCAACGGCTGCCq:fTGCAGGGTGTCTTTGAGTCCTTCAACCTGGACGGGCTCTTCTTCCCTGTTGTC 
- - - - - - - - - + - - - - - - - - - + - - - - - - - --+- ------ - - + - - - - - - - - -+------ - - - + - - - - - - ---+-- - - - - - - - + - - - - - - - - - +  
CACGGCAGGTAGAGGAAGGCGTAGTTGCCGACGGGACACGTCCCACAGAAACTCAGGAAGTTGGACCTGCCCGAGAAGAAGGGACAACAG 
Val ProSer i leSerPheArg i leAsnGlyCysProValGlnGlyValPheGluSerPheAs nLeuAspGlyLeu PhePheProValVal 

T 
AGCTTCTCGGCTGGTGTCAAGGTGCGGTTCCTCCTTGGTGGCCGCCATGGTGAATTCAAGTTCCTGCCCCCACCTGGCTATGCTCCATGC 

7 5 0  

2 3 4 0  

7 8 0  

2 3 4 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - -+- ------- - + - - - - - - - - - +---------+------ ---+-- - - - - - - - + - - - - - - - - - +  2 4 30 
TCGAAGAGCCGACCACAGTTCCACGCCAAGGAGGAACCACCGGCGGTACCACTTAAGTTCAAGGACGGGGGTGGACCGATACGAGGTACG 

7 8 1  Ser PheSerAlaGlyValLysValArg PheLeuLeuGlyGlyArgHisGlyGlu PheLys PheLeuProProProGlyTyrAla ProCys 8 1 0  
TM2447 

CATGAGGCTGTGCTCCCTCGAGAGCGACTCCATCTTGAACCCATCAAGGAGTATCGACGGGAGGGGCCCCGGGGGCCTCACCTGGTGGGC 
2 4 3 1  - -------- + - - - - - - - - - +- - -- - - - - - + -----;!- - +- - - - - - - - - +---- -- - - - +-- ------- +---- - - - - - +- - ------- + 2 52 0  

GTACTCCGACACGAGGGAGCTCTCGCTGAGGTAGAACTTGGGTAGTTCCTCATAGCTGCCCTCCCCGGGGCCCCCGGAGTGGACCACCCG 
8 1 1  HisGluAlaValLeuProArgGluArgLeuHisLeuGluProi leLysGluTyrArgArgGluGlyProArgGlyProHi sLeuValGly 8 4 0  

*RYR 2536R Exon 20 T 
CCCAGTCGCTGCCTCTCACACACCGACTTCGTGCCCTGCCCTGTGGACACTGTCCAGATTGTCCTGCCGCCCCATCTGGAGCGCATTCGG 

2 52 1  ----- - - - - + - - - --2:- - + - - - - - - - - - +- ------- - + - - - - - - - - - + - - - - - - - - - + - - - - - - ---+-- - - - - - - - + - - - - - - - - - +  2 6 1 0  
GGGTCAGCGACGGAGAGTGTGTGGCTGAAGCACGGGACGGGACACCTGTGACAGGTCTAACAGGACGGCGGGGTAGACCTCGCGTAAGCC 

8 4 1� ProSerArgCysLeuSerHisThrAsp PheValProCys ProValAspThrValGln i l eValLeuProProHisLeuGluArgileArg 8 7 0  
T 

GAGAAGCTGGCGGAGAACATCCACGAGCTCTGGGCGCTAACCCGCATCGAGCAGGGCTGGACCTACGGCCCGGTTCGGGATGACAACAAG 
2 6 1 1  ------- - - + - -- - - - - - - + - - - - - - - - - + --------- + - - - - - - - - - +- - - - - - - - - + - - - - - - ---+--- - - - - - - + - - - - - - - - - +  2 7 00 

CTCTTCGACCGCCTCTTGTAGGTGCTCGAGACCCGCGATTGGGCGTAGCTCGTCCCGACCTGGATGCCGGGCCAAGCCCTACTGTTGTTC 
8 7 1  GluLysLeuAlaGluAs n i leHisGluLeuTrpAlaLeuThrArgi leGluGlnGlyTrpThrTyrGlyProValArgAspAspAsnLys 900 

TM 2770 T 
AGGCTGCACCCGTGTCTTGTGGACTTCCACAGCCTTCCAGAGCCTGAGAGGAACTACAACCTGCAGATGTCTGGGGAGACGCTCAAGACT 

2 7 0 1  ---------+---------+---------+--------- + - - - - - - - - - + - --------+---------+--- - - - - - - + - - - - -----+ 2 7 90 

901  

2 7 91 

9 3 1  

TCCGACGTGGGCACAGAACACCTGAAGGTGTCGGAAGGTCTCGGACTCTCCTTGATGTTGGACGTCTACAGACCCCTCTGCGAGTTCTGA 
ArgLeuHi s Pr oCysLeuValAspPheHisSerLeu ProGluProGluArgAsnTyrAsnLeuGlnMetSerGlyGluThrLeuLysThr 

TM 2824 T 
CTGCTGGCTCTGGGCTGCCACGTGGGCATGGCGGATGAGAAGGCGGAGGACAACCTGAAGAAGACAAAACTCCCCAAGACGTATATGATG 
------- - - + - - - ------+---------+ - -------- + - - - - - - - --+---------+---------+---- - - - - - +- - - - - - - - - +  
GACGACCGAGACCCGACGGTGCACCCGTACCGC�CGCCTCCTGTTGGACTTCTTCTGTTTTGAGGGGTTCTGCATATACTAC 
LeuLeuAlaLeuGlyCysHisValGlyMetAlaAspGluLysAlaGluAspAsnLeuLysLysThrLysLeu ProLysThrTyrMetMet 

.,.JL.. 

9 3 0  

2 8 8 0  

9 6 0  

A6 



2 8 8 1  

9 6 1  

2 97 1  

9 9 1  

3 0 6 1  

1 0 2 1  

1 0 5 1  

* RYR2859 fG1 Thr981 
AGCAATGGGTACAAGcCGGCTCCGCTGGACCTGAGCCACGTGCGGCTGACGCCGGCGCAGA�CACTGGTGGACCGTCTGGCAGAAAAT 
-- -- -----+-----;?-- +--------- +----- ---- + ---- ----- +----- - - --+---- - ----+---------+ ------ --- + 
TCGTTACCCATGTTCGGCCGAGGCGACCTGGACTCGGTGCACGCCGACTGCGGCCGCGTCTGTTGTGACCACC TGGCAGACCGTCTTTTA 
SsrAsnGlyTyrLy s P r oAlaProLeuAspLeuSerHisValArgLeuTh r P r oAlaGlnThrThrLeuValAspArgLeuAlaGluAsn 

IT] Asn993 TM 3016 
GGGCAC�TGTGGGCCCGAGACCGCGTGGGCCAGGGCTGGAGC�CAGCGCGCCGAAACCCTCGGCTG 
-- - - - - - - - +- - - - - - - - - +- - - - - - - - - + - - - - - - - - - +- - -- - - - - - + - - - - - - - - - + - - - - - - - - -+ - - - - - - - - - + - - - - - - - - - + 

CCCGTGTTGCACACCCGGGCTCTGGCGCACCCGGTCCCGACCTCGATGTCGCGTCACGTCCTGTAGGGTCGCGCGGCTTTGGGAGCCGAC 
GlyHisAsnValTrpAlaArgAspArgValGlyGlnGlyTrpSerTyrSerAlaValGlnAspl l e ProAlaArgArgAsnProArgLeu 

TM 3065 
GTGCCCTACCGCCTGCTGGATGAAGCCACCAAGCGCAGCFACCGGGACAGCCTCTGCCAGGCCGTGCGCACCCTCCTGGGCTACGGCTAC 
- -- -

;r
---+--- ------+-- ---- ---+------- --+--- -- - --- +---- - - --- +-- - ------ +---------+- - -- --- -- + 

CAC�GGTGGTTCGCGTCGTTGGCCCTGTCGGAGACGGTCCGGCACGCGTGGGAGGACCCGATGCCGATG 
1falProTyrP.rgLeuLeuAspGluAlaThrLysArgSerAsnArgAspSerLeuCysGlnAla1falArgThrLeuLeuGlyTyrGlyTyr 

.. 

PACATCGP.GCCTCCTGACCAGGAGCCCAGTCAGGTGGAGAACCAGTCTCGTTGTGACCGGGTGCGCATCTTCCGGGCAGAGAAATCCTAT 
- - ------- +- - - - - - - - - +--- - - - - - - + - - - - - - - -- +- - - -- - - - - +- - - -- - - - -+- ---- - - -- +- - - -

-- - - - +--- - - - - - - + 

TTGTAGCTCGGAGGACTGGTCCTCGGGTCAGTCCACCTCTTGGTCAGAGCAACP.CTGGCCCACGCGTAGAAGGCCCGTCTCTTTAGGATA 

.".CF.GTGCAGP.GCGGCCGCTGGTACTTCGAGTTTGAAGCAG'rCACCACAGGGCGTGGGCTGGGCGAGGCCCGAGCTGAGGCCT 
3 2 4 1  - - - - - - - - - +- - - - - - - - - +- - - - - - - - -+ - - - - - - + --------+ - -

-----+-- -------+--- -
-----+ -- - ------ + 

TGTCACGTCTCGCCGGCGACCATGAAGCTCAAACTTCGTCAGTGGTGTCCGCTCTACGCGCACCCGACCCGCTCCGGGCTCGACTCCGGA 
ThrVal GlnSerGl yArg T  rpTyr PheGl u Ph eGl uAla 1fa l ThrThrGl yGl uMetAr gVal GlyT rol<laArg P roGl uLeuArg Pro 

Exon 25 TM3360 'f * RYRJ J 5 1F-Taql 
'3F.TGTAGAGCTGGGAGCTGACGAGCTGGCCTATGTCTTCAP.TGGGCACCGCGGCCAGCGCTGGCACTTGGGCAGTGAACCATTTGGGCGC 
- - - ----- - +---- -- - -- + - -- - - - - - -

}
- - - - - - --- + - - -- - - - - - +- ----- - - -+- - - --- - - - + - - ---- - - - + - - - --- --- + 

CTACATCTCGACCCTCGACTGCTCGACC�ACCcGTGGCGCCGGTCGCGACCGTGAACCCGTCACTTGGTAAACCCGCG 
AspValGluLeuGlyAlaAspGluLeuAlaTyrVal Ph eAsnGlyHlsArgGlyGlnArgTrpHisLeuGlySerGluProPheGlyArg � Ile1 1 52 (Taql RFLP) * RYR 1 1 5 1 R-Taqi 
CCCTGGCAGCCGGGCGATGTCGTTGGCTGTATGATEfACCTCACAGAGAACACCATTATCTTCACCCTCA�TGGCGAGGTCCTCATGTCT 
---------+------- - - +---------+--- ------ +---------+------ --- +---------+-- -------+---------+ 

GGGACCGTCGGCCCGCTACAGC�ACCGACATACTAGCTGGAGTGTCTCTTGTGGTAATAGAAGT�CGCTC�TACAGA 

2 9 7 0  

9 9 0  

3 0 6 0  

1 0 2 0  

3 1 5 0  

1 0 5 0  

3 2 4 0  

1 0 8 0  

3 3 3 0  

1 1 1 0  

3 4 2 0  

1 1 4 0  

3 5 1 0  

P ro TrpGlnProGlyAspValValGlyCysMet i leAspLeuThrGluAsnTh r i l e i l e PheTh rLeuAsnGlyGluValLeuMetSer 1 1 7 0  

'f TM 3 586 
GACTCAGGCTCCGPJ\ACAC£CTTCCGGGAGATTGAGATTGGGGACGGCTTCCTGCCCGTCTGCAGCTTGGGl\CCTGGCCAGGTGGGTCAT 
--------- +---------+--------- +--------- +--------- +--------- +---------+---------+ - - - - - - - - - +  
CTGAGTCCGAGGCTTTGTCGGAAGGCCCTCTMCTCTAACCCCTGCCGAAGGACGGGCAGACGTCGAACCCT GGACCGGTCCACCCAGTA 

l l  7 1  1\spSerGlySerGlu ThrAlaPheAr g G l u i l eGlu I leGlyAspGlyPheLeu P roValCysSerLeuGlyP roGlyGln ValGlyHis 

GACTTGGACCCGGTCCTGCACTCGAGAGACTCCAAGAAACGGTAGACACCGGAGGTCCTTCCGAAGCTCGGTAPACGGTAGTTGTACGTC 
1 Z 0 1 LeuAsnLeuG lyGlnAsp V a lSerSerLeuArg Phe Ph eJIJ. a I leCysG l yLeu Gl nGl uGl yPheGlu Pro PheAla I 1 eAsnMetG l n 

---------+---------+---------+---------+---------+---------+---------+---------+---------+ 

JCGGGTCAGTGGTGGACCAAGTCGTTTCCGGACCfuGGTCAAACTCGGTCACC�GGAACTTGTGGGAGTGATACTCCATAGGGCTCACCTG 

3 6 0 0  

1 2 0 0  

3 6 9 0  

1 2 3 0  

3 7 8 0  

'. :  3 1  l'.r g  P r oVal ThrThrT rp PheSe rLysGl yLeu P roGln PheGlu P ro1falP roLeuGluHis Pr oHi sTyr GluVa lSerArgValAsp 12 6 0  

Gv:ACTGTGGACACGCCCCCCTGCCTGCGCCTGACCCACCGCACCTGGGGCTCCCAGAACAGCCTGGTGGAGATGCTTTTCCTGCGGCTG 
---------+--- ------ +---------+- - ------- +---------+---- - ----+---------+--------- + ---------+ 

CCGT0ACACC7GTC£GGGGGGACGGACGC::GGACTGGGTGGCGTGGACCCCGAGGGTCTTGTCGGACCACCTCTACGAAAAGGACG::CGAC 
1 2 90 

3 9 6 0  

TCGGAGGGTCAGGTC.n.AGGTGGTCGTGAAGGCGACGTGACGTCCCCGGTGGGGCGACCGTGGAGGACCGGACGTCGGGGGGCGGCTCCTG 
Ser LeuProValGlnPheHisGlnHis PheArgCysThrAlaGlyAlaThrProLeuAlaProProGlyLeuGlnProProAlaGluAsp 1 3 2 0  

TM 3988 
GAGGCCCGGGCGGCGGAACCCGACCCTGACTACGAAAACCTGCGCCGCTCAGCTGGGGGCTGGAGCGAGGCAGP.GP.ACGGCP.AAGAF.GGG 

c 3 2 1  GluAlaArgAlaAlaGlu Pro!\.spProAspTyrGluAsnLeuArgAr g S e rAlaGlyGlyTrpSerGluAlaGluAsnGlyLysGl uGly 

A,CTGCGAAGGAGGGCGCCCCCGGGGGCACCCCGCP.GGCGGGGGGAGAGGCGCAGCCCGCCAGGGCGGAGAATGAGAAGGATGCCACCACC 
4 0 5 1  ---------+---------+---------+---------+--------- +---------+----- ----+---------+---------+ 

4 0 5 0  

1 3 5 0  

4 1 4 0  

TGACGCTTCCTCCCGCGGGGGCCCCCGTGGGGCGTCCGCCCCCCTCTCCGCGTCGGGCGGTCCCC£CTCTTACTCTTCCTACC7GTGGTGG 
Th rAlaLysGluGlyAla ProGlyGlyThrProGlnAlaGlyGlyGluAlaGlnProAlaArgAlaGluAsnGluLysAspAlaThrThr 1 3 8 0  

4 1 4 1  ---------+---------+- --------+---------+------ - - - +---------+--- ------+---------+--------- + 4 2 3 0 

CTCTTCTTGTTCTTCTCTCCGAAGAATAAGTTCCGGTTCTTCCAGCGGTACTACTGGGTCGGTGGCCGGTGGGGGTGCGACGGGGCTGAG 
GluLysAsnLysLysArgGlyPheLeuPheLysP.laLysLysVa lAlaMetMetThrGl n P r o ProAlaThrProThrLeu ProArgLeu 

TM 4262 'f TM 4296 
CCTCACGACGTGGTGCCTGCAGP.CP.ACCGCGATGAC�CTCAACACCACCACGTACTATTACTCCGTGAGGGTCTTTGCT 

4 2 3 1  ---------+---------+---------+---------+---------+---------+--------
<t

---------+---------+ 

GGAGTGCTGCP.CCACGGACGTCTGTTGC£GCTACTGGGGCTCTAGTAGGAGTTGTGGTGGTGCATGAT�A 
1 4 1 1  ProHisAspValVal ProAlaAspAsnArgAspAspProGl u i lei leLeuAsnThrThrTh rTyrTyrTyrS erValAr g V a l PheAla 

GGACAGGAGCCCAGCTGCGTGTGGGCGGGCTC�TCACCCCTGACTACCATCAGCACGACATGAGCTTCGACCTCAGCP.AGGTCCGGGTC 
---------+--- ------ +---------+---------+---------+----- ----+---------+---------+---------+ 

CCTGTCCTCGGGTCGACGCACACCCC£CCGACCCAGTGGGGACTGATGGTAGTCGTGCTGTACTCGAAGCTGGAGTCGTTCCAGGCCCAG 
1 4 4 1  GlyGlnGlu ProSerCysValTrpAlaGlyTrpValThrProAspTyrHi s GlnHi sAspMetSer PheAspLeuSerLysValArgVal 

Exon 30 

4 4 1 1  ---------+---- -----+--------- +---------+---------+---------+---------+------- - - + - - - - - - - - - +  

CACTGCCACTGGTACCCCCTACTTGTTCCGTTC£AGGTGTCGTCGGAGTTCACATCGTTGACGATGTACCACACCCCGCCTCTGAAACAC 
1 4 7 1  1falThrValThrMetGlyAspGluGlnGlyAsnValHisSerSerLeuLysCysSerAsnCysTyrMetVa l T rpGlyGlyAspPheVal 

1 4 1 0  

4 32 0  

1 4 4 0  

4 4 1 0  

1 4 7 0  

4 50 0  

1 5 0 0  

A7 



TM 4520 TM 4572 
AGTCCCGGGCAGCAGGGCCGGATCAGCCACACGGACCTTGTCATTGGGTGCCTGGTGGACTTGGCCACTGGCTTAATGACCTTTACAGCC 

4 5 0 1  ---------+---------+---------+-------- -+- --------+---------+---------+----<r---+---------+ 
TCAGGGCCCGTCGTCCCGGCCTAGTCGGTGTGCCTGGAACAGTPACCCACGGACCACCTGAACCGGTGACCGAA�GTCGG 

1 5 0 1  S e r P r o GlyGlnGlnGlyAr g l l e S er H i s ThrAspLeuVa l i le GlyCysLeuValAspLeuAlaThrGlyLeuMetThrPheThrAla 

T 
AATGGCAAAGAGAGCAACACCTTTTTCCAGGTGGAACCCAACACTPAGCTATTTCCTGCCGTCTTCGTCCTGCCCACCCACCAGAACGTC 

4 5 9 1 ---------+--------- +----- ----+---------+- --------+---------+---------+---------+---------+ 
�GTTTCTCTCGTTGTGGAAAAAGGTCCACCTTGGGTTGTGATTCGATAAAGGACGGCAGAAGCAGGACGGGTGGGTGGTCTTGCAG 

1 5  3 1  As nGlyLysGluSerAsnThr Phe PheGlnValGluProi'cs n ThrLysLeu Phe P r oAla Val PheValLeu P roThrHisGlnl'cs nVa l 

T 
F,TCCAGTTTGAGCTGGGGAAGCAGAAGAACATCATGCCGTTGTCAGCCGCCl'cTGTTCCAAAGCGAGCGCAAGAACCCGGCCCCGCAGTGC 

4 5 9 0  

1 5 3 0  

4 6 8 0  

1 5 6 0  

4 6 8 1  ---------+---------+---------+---------+---------+---------+---------+--------- +---------+ 4 7 7 0  
TAGGTCAAACTCGACCCCTTCGTCTTCTTGTAGT!'cCGGCAACAGTCGGCGGTACAAGGTTTCGCTCGCGTTCTTGlfvCCGGGGCGTCACG 

l 5 6 1  I leGln PheGluLeuGlyLysGl nLysAsn I l e  Met P roLeuSerAlaAlaMet PheGlnSerGluArgLysAsn P roAla P roGlnCys 1 5 9 0  
TM 4766 TM 4800 

CCACCGCGGCTGGAGATGCAG!'cTGCTGATGCCAGTGTCCTGGAGCCGCATGCCCAACCACTTCCTGCAGGTGGAGACGAGGCGTGCCGGC 
4 7 7 1  -+ --------+--- ------+--- ----- - + - - -------+--------- +---------+--------- +----- ----+ 4 8 6 0 

GGTGGCGCCGACCTCTACGTCTACGACTACGGTCACAGGACCTCGGC�GGGTTGGT�AAGGACGTCCACCTCTGCTCCGCACGGCCG 

1 5 9 1  P r o ProArgLeuGluMet G l nMetLeuMetProValSerTrp SerArgMe t ProAs n H i s PheLeuGlnValGluThrArgArgAlaGly 1 62 0  

4 8 6 1  -- -------+---------+-- -------+---------+-- ------- +---------+---------+---------+---------+ 4 9 5 0  
CTCGCCGACCCGACCCGGCACGTCACGGTCCTCG"vCGACT GGTACTACCGCGACGTGTAGGGGCTCCTCTTGGCCACGTACCTGTAGGAC 

1 62 1  GluArgLeuGlyTrpAla Va l Gl nCysGlnGluProLeuThrMetMetAlaLeuH i s i l eProGluGluAsnArgCysMetAspi leLeu 1 6 5 0  

GAGCTGTCGGAGCGCCTGGACCTGCAGCGCTTCCACTCGCACACCCTGCGCCTCTACCGCGCTGTGTGCGCCCTGGGCAACAATCGCGTG 
- - -------+---------+--- ------+---------+---------+---- ----- +------ ---+---------+---------+ 5 0 4 0  
CTCGACAGCCTCGCGGACCTGGACGTCGCGAAGGTGAGCGTGTGGGACGCGGAGATGGCGCGACACACGCGGGACCCGTTGTTAGCGCAC 

1 6 5 1  GluLeuSerGluArgLeuAspLeuGlnAr g PheHisSerH i s ThrLeuArgLeuTyrArgAla V a l CysAlaLeuGlyAsnAsnArgVal 1 6 8 0  

C..CGC.J\CGCTCTGTGCAGCCACGTAGACCAAGCTCAGCTGCTGCACGCCCTGGAGG.n.C GCGCACCTGCCAGGCCCACTGCGCGCAGC'£TAC 
---------+---------+---------+---------+---------+---------+------ ---+---------+---------+ 5 1 3 0  
cc;c_:GTSC:GAGACACGTCGGTGC:ATCTGGTTCGAGTCGACGACGTGC:GGGACCTCCTCJ.::GCGTGGACGGTCCG1-NTGACGCGCGTCCG.A.TG 

6 8 1  1 7 1 0  

1 7 4 1  

TATG.A,CCTCCTCATCAGCATCCACCTCGP...AP-.GTGCCTGCCGCAGCCGCCGCTCCATGCTCTCTGAATACATCGTGCCCCTCACGCCTGAG 
- - -------;r-------- +---------+---------+---------+---------+---------+---------+---------+ 
.A.TACTGGP.0GAGTAGTCGTAGGTGGAGCTTTCACGGACGGCGTCGGCGGCGAGGTACGAGAGACTTATGTAGCACGGGGAGTGCGGACTC 

Ty rAspLeuLeu I leS er I l e H i  sLeuGluS er AlaCysAr g S erArgl<.rg S e  rMe tLeuSe r G  lu Tyr I l e  V a l  P roLeu Th r P r oG lu 

TM 5285 

TVJGCGCGGTAGTGCGAGAAGGGAGGACCTTCCTCGTGTCTTTTACCAGTGGGGGCCGTACCGGACGGCCCTCAACCTCAGTGGTG!'J\C..C 

GACTCCGGGG<;cGTAGTA.lV�.GAGCGGGGGGP..Ct..AAGCP.CCGGCGAGACGGTCGACGACCCCGTCGTCTCCGGGGCCGGGCGGl;.GTCGGGA 

5 2 2 0  

1 7 4 0  

5 3 1 0  

5 4 0 0  

LeuArg ProP roHisHis PheSerProP roCys Phe ValAlaAlaLeuP roAlaAlaGlyAlaAlaGluAla P roAlaArgLeuSer Pro :8 00 

TM 5430 
(;CCJ<.TCCCG:TGGAGGCCCTGCGGGACAAGGCACTGAGGJ-.TXTGGGGGAGG'2GGTGCGCGACGGTGGGCAGCACGCTCGCGACCCCGTC 

54 9 0  

3 0  

5 5 8 0  

' 8 3 1  Gl yAl aSerVal Glu Ph eGl n Ph e V a l P  r o  ValLeuL y sLeu ValSerThrLeuLeu V a lMetGl yi l e  PheGl yAspGl uAsp V alL ys 

:::AG!'.TCTTGAAGATGP,TTGAGCCTGAGGTCTTCACTGAGGAAGMGAGGAGGAGGACGAGGAGGAAGAGGGTGAl\GAGGAAGATGAGGAG 
---------+---------+-- -------+------- --+---------+--------- +---------+--------- +---------+ 5 6 7 0  
GTCTAGAACTTCTACTAACTCGGACTCCAGAAGTGACTCCTTCTTCTCCTCCTCCTGCTCCTCCTTCTCCCACTTCTCCTTCTACTCCTC 

1 8 6 1  1 8 90 
Po·��utanoal� regton 

GAGAA,GGAGGAGGATGAGGAGGAAACAGCACAGG.AAAAGGAAGATGAGGAAAAAGAGGAAGAGGAGGCAGCAGAAGGGGAGAAAGAAGAA 
5 6 7 1  ---------+---------+---------+------- - - + - --------+--------- +---------+---------+---------+ 60 

CTCTTCCTCCTCCTACTCCTCCTTTGTCGTGTCCTTTTCCTTCTACTCCTTTTTCTCCTTCTCCTCCGTCGTCTTCCCCTCTTTCTTCTT 

Gl u LysGl uGluAspGl u Gl u Gl u ThrAl aGlnGl u LysGl uAspGl u Gl uLysGl u Gl u Gl u Gl uAlaAl aGl u GlyGl u LysGl u Gl u 1 92 0 

35 

---------+---------+-- -------+------- --+------- --+---------+---------+---------+---------+ 5 8 5 0  
CCG!'ACCTCCTTCCCGACGAGGTCTACTTCAACGGTCTCAGACACTTC.�TGTCTACACGGTGGACGACCTCATAAAGACACTGGTTCTC 

1 92 1  GlyLeuGluGluGlyLeuLeuGlnMetLysLeu ProGluSerValLysLeuGlnMetCysHi sLeuLeuGluTyrPheCysAspGlnGlu 1 9 5 0  

TM 5880 
C TGCAGCACCGTGTGGAGTCCCTGGCAGCCTTTGC�GCTCCAGGCCAACCAGCGGAGCCGCTATGGCCTCCTC 

5 8 5 1  ---------+---------+---------+------ --+ --------+- - - - - - - +---------+---------+---------+ 5 94 0 
GACGTCGTGGCACACCTCAGGGACCGTCGGAAACGCCTCGCGATACACCTGTTCGAGGTCCGGTTGGTCGCCTCGGCGATACCGGAGGAG 

LeuGlnHisArgValGluSerLeuAlaAlaPheAlaGluArgTyrValAspLysLeuGlnAlaAs nGlnAr g SerArgTyrGlyLeuLeu 1 98 0  

---------+---------+---------+---------+---------+---------+---------+--------- +---------+ 6 0 3 0  

TATTTTCGG!'AGTCGTACTGGCGTCGTCTCTGACGTTCTGCATGGGCGCTCAAGGCGAGGGGTGGGGTCCTTGTCTAGTTATACGAT!'AC 

1 98 1  I leLysAlaPheSerMetThrAlaAlaGluTh rAlaArgArgThrAr g Gl u PheAr g S e r P r o P roGlnGluGlni leAsnMetLeuLeu � Lys2013  TM 6082 TM 6100 
CAATTC�ATGGTACAGATGAGGAAGACTGTCCTCTCCCTGAAGAGATTCGACAGGATTTGCTTGACTTT�CT� 

6 0 3 1  ---------+---------+---------+---------+------- --+---------+---------+-- -----+ ----+ 
GTTA�GTTTCTACCATGTCTACTCCTTCTGACAGGAGAGGGACTTCTCTAAGCT�TTCTGGACGACCGT 

2 0 1 1  G l n PheLysAspGlyThrAspGluGluAspCys ProLeuProGluGluileArgGl nAspLeuLeuAspPheHisGlnAspLeuLeuAla 

2 0 1 0  

6 1 2 0  

2 0 4 0  

A8 



" iij Gly2060Cys 
CACTGTGGAATTCAGCTAGATGGAGAGGAGGAGGAACCAGAGGAAGAGACCACCCTqgpcAGCCGCCTCATGAGCCTGTTGGAGAAAGTG 

6 1 2 1  �- - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 2 1 0  
GTGACACCTTAAGTCGATCTACCTCTCCTCCTCCTTGGTCTCCTTCTCTGGTGGGACCCGTCGGCGGAGTACTCGGACAACCTCTTTCAC 

2 0 4 1  HisCysGlyi leGl nLeuAspGlyGluGluGluGluP roGluGluGluThrThrLeuGlySerArgLeuMetSerLeuLeuGluLysVa l 2 0 7 0  

" 
CGGCTGGTGAAGAAGAAGGAAGAGAAACCTGAGGAGGAGCGGTCAGCAGAGGAGAGCAAACCCCGGTCCCTGCAGGAGCTGGTGTCCCAC 

6 2 1 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 3 0 0  
GCCGACCACTTCTTCTTCCTTCTCTTTGGACTCCTCCTCGCCAGTCGTCTCCTCTCGTTTGGGGCCAGGGACGTCCTCGACCACAGGGTG 

2 0 7 1 ArgLeuValLysLysLysGluGluLys ProGluGluGluArgSerAlaGluGluSerLys ProArgSerLeuGlnGluLeuValSerHis 2 1 0 0  
TM 6376 

ATGGTGGTGCGCTGGGCCCAAGAGGACTTCGTGCAGAGCCCCGAGCTGGTGCGGGCCATGTTCAGCCTCCTGCACCGGCAGTACGACGGG 
6 3 0 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 3 90 

TACCACCACGCGACCCGGGTTCTCCTGAAGCACGTCTCGGGGCTCGACCACGCCCGGTACAAGTCGGAGGACGTGGCCGTCATGCTGCCC 
2 1 0 1  MetValValArgTrpAlaGlnGluAspPheValGlnSerProGluLeuValArgAlaMetPheSerLeuLeuHisArgGlnTyrAspGly 2 1 3 0 

TM 6426 
CTGGGTGAGCTGCTGCGTGCCCTGCCGCGGGCGTACACCATCTCACCGTCCTCCGTGGAAGACACCATGAGCCTGCTCGAGTGCCTCGGC 

6 3 9 1  - - -- - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - -+ - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 4 8 0  
GACCCACTCGACGACGCACGGGACGGCGCCCGCATGTGGTAGAGTGGCAGGAGGCACCTTCTGTGGTACTCGGACGAGCTCACGGAGCCG 

2 1 3 1  LeuGlyGluLeuLeuArgAlaLeuProArgAlaTyrThr i leSerProSerSerValGluAspThrMetSerLeuLeuGluCysLeuGly 2 1 6 0  
Arg2163Cys ffiArg2163His jii.1 Val2168Ml't 'f 

CAGATqgefTCGCTGCTCAT�GCAGATGGGCCCCCAGGAGGAGAACCTCATGATCCAGAGCATCGGGAACATCATGAACAACAAAGTC 
6 4 8 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 5 7 0  

2 1 6 1  

6 5 7 1  

GTCTAGGCGAGCGACGAGTAGCACGTCTACCCGGGGGTCCTCCTCTTGGAGTACTAGGTCTCGTAGCCCTTGTAGTACTTGTTGTTTCAG 
Gl n i leArqSerLeuLeui leValGlnMetGlyProGlnGluGluAsnLeuMetileGlnSer i leGlyAs n i leMetAsnAsnLysVal iij Thr2206Met Exon 40 
TTCTACCAACACCCGAACCTGATGAGGGCGCTGGGCATGCACGAG19PGTCATGGAGGTCATGGTCAACGTCCTCGGGGGCGGCGAGTCC 
- - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  

AAGATGGTTGTGGGCTTGGACTACTCCCGCGACCCGTACGTGCTCTGCCAGTACCTCCAGTACCAGTTGCAGGAGCCCCCGCCGCTCAGG 

2 1 90 

6 6 6 0  

2 1 9 1 PheTyrGlnHi s ProAsnLeuMetArgAlaLeuGlyMetHisGluThrValMetGluValMetValAsnValLeuGlyGlyGlyGluSer 2 2 2 0  

AA�AGATCCGCTTCCCCAAGATGGTGACAAGCTGCTGCCGCTTCCTCTGCTATTTCTGCCGAATCAGCCGGCAGAACCAGCGCTCCATG 
6 6 6 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6 7 5 0  

TTCCTCTAGGCGAAGGGGTTCTACCACTGTTCGACGACGGCGAAGGAGACGATAAAGACGGCTTAGTCGGCCGTCTTGGTCGCGAGGTAC 
2 2 2 1  LysGl u i leArg PheProLysMetValThrSerCysCysArgPheLeuCysTyrPheCysArgi leSerArgGlnAsnGlnArgSe rMet 2 2 5 0  

TM 6763 " 
TTTGACCACCTGAGCTACCTGCTGGAGAACAGTGGCATCGGCCTGGGCATGCAGGGCTCCACGCCCCTGGACGTGGCTGCTGCCTCCGTC 

6 7 5 1 - - - - - - - - - + - - - - -2:-- +- - - - - - - - - + - - - - - - - -- + - - - - - - - - - t - - --- - - - - +- - - - - - - - - +- - - - - - - - - + - - - - - - - - - + 6 8 4 0  
AAACTGGTGGACTCGATGGACGACCTCTTGTCACCGTAGCCGGACCCGTACGTCCCGAGGTGCGGGGACCTGCACCGACGACGGAGGCAG 

2 2 5 1  PheAspHisLeuSerTyrLeuLeuGluAsnSerGlyileGlyLeuGlyMetGlnGlySerThrProLeuAspValAlaAlaAlaSerVal 2 2 8 0  

ATTGACAACAATGAGCTGGCCTTGGCATTGCAGGAGCAGGACCTGGAAAAJSTTGTGTCCTACCTGGCAGGCTGTGGCCTCCAGAGCTGC 
6 8 4 1 - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  6930 

TAACTGTTGTTACTCGACCGGAACCGTAACGTCCTCGTCCTGGACCTTTTCCAACACAGGATGGACCGTCCGACACCGGAGGTCTCGACG 
2 2 8 1  I leAspAsnAsnGluLeuAlaLeuAlaLeuGlnGluGlnAspLeuGluLysValValSerTyrLeuAlaGlyCysGlyLeuGlnSerCys 2 3 1 0  

CCCATGCTTGTGGCCAAAGGGTACCCAGACATTGGCTGGAACCCCTGTGGTGGAGAGCGCTACCTGGACTTCCTGCGCTTTGCTGTCTTC 
6 9 3 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  7020 

2 3 1 1  

7 0 2 1 

GGGTACGAACACCGGTTTCCCATGGGTCTGTAACCGACCTTGGGGACACCACCTCTCGCGATGGACCTGAAGGACGCGAAACGACAGAAG 
ProMetLeuValAlaLysGlyTyr ProAs p i leGlyTrpAsnProCysGlyGlyGluArgTyrLeuAspPheLeuArgPheAlaValPhe 2 3 4 0  

"f TM 7039 Cys2363 (NEW) 1ij fii Pro2366 (NEW) 
GTCAACGGCGAGAGCGTGGAGGAGAACGCCAATGTGGTGGTGCGGCTGCTCATCCGGAAGCCTGAGT�TCGGAcqgpcccTGCGGGGT 
- - -- - - - - - +- - - - - - - - - + -?:- - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + 7 1 1 0  
CAGTTGCCGCTCTCGCACCTCCTCTTGCGGTTACACCACCACGCCGACGAGTAGGCCTTCGGACTCACGAAGCCTGGGCGGGACGCCCCA 

2 3 4 1  Va lAs nGlyGluSerValGluGluAsnAlaAs nValValValArgLeuLe u i l eArgLys ProGluCysPheGlyProAlaLeuArgGly 2 3 7 0  

GAGGGTGGCTCAGGGCTGCTGGCTGCCATCGAAGAGGCCATCCGCATCTCCGAGGACCCTGCGAGGGATGGCCCAGGCATCCGCAGGGAC 
7 1 1 1  - - - - - - - - - +- -- - - - - - - +- - - -- - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - --- + - - - - - - - - -+ - - - - - - - - - +- - - - - - - - - + 7 2 0 0  

CTCCCACCGAGTCCCGACGACCGACGGTAGCTTCTCCGGTAGGCGTAGAGGCTCCTGGGACGCTCCCTACCGGGTCCGTAGGCGTCCCTG 
2 3 7 1  GluGlyGlySerGlyLeuLeuAlaAlai leGluGluAl a i leAr g i leSerGluAspProAlaArgAspGlyProGlyileArgArgAsp 2 4 0 0  

Arg2403 (NEW) fi\ 'f *2434F Exon 45 fil Ala2427 (NEW) 
CGGCGGC�AGCACTTTGGTGAGGAACCGCCTGAAGAAAACCGGGTGCACCTGGGACACGCCATCATGTCCTTCTAT�CTTGATC 

7 2 0 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  7 2 90 
GCCGCCGCGCTCGTGAAACCACTCCTTGGCGGACTTCTTTTGGCCCACGTGGACCCTGTGCGGTAGTACAGGAAGATACGGCGGAACTAG 

2 4 0 1 ArgArgArqGl uHi s PheGlyGluGluPro P roGluGluAsnArgValHisLeuGlyHisAl a i leMetSerPheTyrAlaAlaLeuile 2 4 3 0 

Arg2452Trp Arg2454IIis 
Gly2434Arg !il liJ !T 

Arg2435His!Leu "f (C7354T) (G736 l A�T 
Argl4SSCys!His 

GACCTGCT�A�TGTGCACCAGAGATGCATCTAATCCAAGCCGGCAAGGGTGAGGCCCT TC GCCATC C CCCTT 
7 2 9 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - � - - - - +  7 3 8 0  

CTGGACGAGCCTGCGACACGTGGTCTCTACGTAGATTAGGTTCGGCCGTTCCCACTCCGGGACGCCTAGGCGCGGTAGGAGGCGAGGGAA 
2 4 3 1 AspLeuLeuGlyArqCysAl a ProGluMetHisLeu ileGlnAlaGlyLysGlyGluAl aLeuArqi leArqAla i leLeuArqSerLeu 2 4 60 

TM 7361 TM 7393 'f * RYR 47ex (1309)R 
GTGCCCTTGGAGGACCTTGTGGGCATCATCAGCCTCCCACTGCAGATTCCCACCCTGGGCAAAGATGGGGCTCTGGTGCAGCCAAAGATG 

7 3 8 1  =:2- - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - -}- - - - - - - - - +  7 4 7 0 

2 4 6 1  

7 4 7 1  

2 4 9 1 

7 5 6 1  

CACGGGAACCTCCTGGAACACCCGTAGTAGTCGGAGGGTGACGTCTAAGGGTGGGACCCGTTTCTACCCCGAGACCACGTCGGTTTCTAC 
ValProLeuGluAspLeuValGlyi l e i leSerLeu ProLeuGln i le P roThrLeuGlyLysAspGlyAlaLeuVal Gl n ProLysMet !];! Ala2500 lil Va12509 
TCAGCATCCTTCGTGCCGGACCACAAGG19TCCATGGTGCTCTTCCTGGACCGTG�ATGGCATCGAGAACCAGGACTTCTTGCTGCAC 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  

AGTCGTAGGAAGCACGGCCTGGTGTTCCGCAGGTACCACGAGAAGGACCTGGCACACATACCGTAGCTCTTGGTCCTGAAGAACGACGTG 
SerAlaSer PheVal ProAspHisLysAlaSerMetValLeu PheLeuAs pArgValTyrGlyileGluAsnGl n AspPheLeuLeuHis 

,Val 2550 to Leu (corrected seq. error) pq _ _ 
GTGCTGGACGTGGGGTTCCTGCCCGACATGAGGGCAGCCGCCTCGCTGGACACGGCCACTTTCAGCACCACCGAGATGGCGCT� 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - -- +- - - - - - - - - +- - - - - - - - - + 

CACGACCTGCACCCCAAGGACGGGCTGTACTCCCGTCGGCGGAGCGACCTGTGCCGGTGAAAGTCGTGGTGGCTCTACCGCGACCGGCAC 

2 4 90 

7 5 6 0  

2 5 2 0  

7 6 5 0 

2 52 1  ValLeuAspValGlyPheLeu ProAspMetArgAlaAlaAlaSerLeuAspThrAlaThr PheSerThrThrGluMetAlaLeuAla¥a± 2 5 5 0  
Leu 

A9 



TM 7642 TM 7699 

AACCGCTACCTGTGCCTGGCCGTGCTGCCGCTCATCACCAAGTGTGCGCCGCTCTTTGCGGGCACAGAACACCGCGCCATCATGGTGGAC 
7 6 5 1  - - - - - ----+--- - - - - - - + - - -- - ----+--- - - - - - - + - - - - - - - - - + - - - -- -- - - +---------+- - - - - - - - - + - - - - - - - - - +  7 7 4 0  

TTGGCGATGGACACGGACCGGCACGACGGCGAGTAGTGGTTCACACGCGGCGAGAAACGCCCGTGTCTTGTGGCGCGGTAGTACCACCTG 
2 5 5 1  AsnArgTyrLeuCysLeuAlaValLeuProLeuileThrLysCysAla P r oLeu PheAlaGlyThrGluHi sArgAlai leMetValAsp 2 5 8 0  

7 7 4 1  

2 5 8 1  

7 8 31 

:' 6 1 1  

7 92 1  

6 4 1  

8 0 1 1  

2 6 7 1  

2 7 0 1  

TCTATGCTGCATACCGTGTACCGCCTGTCTCGGGGTCGTTCGCTCACCAAGGCGCAGCGTGACGTCATCGAGGACTGCCTCATGTCGCTC 
- - - - - - - - - + - - - - - - - - -+- - - - - - - - -+- - - - - - - - - + - - - - - - - - -+- - - - - - - - -+- - - - - - - - -+- - - - - - - - - +- - - - - - - - - + 
AGATACGACGTATGGCACATGGCGGACAGAGCCCCAGCAAGCGAGTGGTTCCGCGTCGCACTGCAGTAGCTCCTGACGGAGTACAGCGAG 
SerMetLeuHi sThrValTyrArgLeuSerArgGlyArg SerLeuThrLysAlaGl nArgAspVa l i leGluAspCysLeuMetSerLeu 

y His262 l RJ RJ Arg2624 
TGCAGGTACATCCGCCCGTCGATGCTGCAGC!j9:TGTTGCcj9CGCCTGGTGTTCGACGTGCCCATCCTCAA.CGAGTTCGCCAAGATGCCA 
- - - -- - - --+--- - - - - - - + - - - - - ----+- - - - - - - - - + - - - - - - - - - + - - - - - - - - -+---- -----+- - - - - - - - - + - - - - - - - - - +  
ACGTCCATGTAGGCGGGCAGCTACGACGTCGTGGACAACGCGGCGGACCACAAGCTGCACGGGTAGGAGTTGCTCAAGCGGTTCTACGGT 
CysArgTyr ileAr g ProSerMetLeuGlnHiaLeuLeuArgArgLeuVal PheAspVa l Pr o ileLeuAsnGlu PheAlaLysMe t Pr o  

., � 11rr2659 
CTC�AGCTCCTCACCAACCACTATGAGCGCTGTTGGAAGTACTACTGCCTACCCA�JCTGGGCCAACTTCGGGGTCACCTCAGAGGAG 
- - - - -- - --+---------+---------+- - - - - - - - - + - - - - - - - - - + - - - - - ----+---------+-- - - - - - - - + - - - - - - - - - +  
GAGTTCGAGGAGTGGTTGGTGATACTCGCGACAACCTTCATGATGACGGATGGGTGCCCGACCCGGTTG�AGCCCCAGTGGAGTCTCCTC 
LeuLysLeuLeuThrAsnHisTyrGluArgCysTrpLysTyrTyrCysLeuProThrGlyTrpAlaAsnPheGlyValThrSerGluGlu 

TM 8025 Exon 50 y *RYR 2729 
GAGCTGCACCTCACACGGAAACTCTTCTGGGGCATCTTTGACTCTCTGGCCCATAA�CCGGAGCTGTACCGCATGGCCATG 
- - - - -----+---------+---------+-- - - - - - - - + - - - - - - - - - + - - - - - - - - - +---------+-- - - - - - - - + - - - - - - - - - +  
CTCGACGTGGAGTGTGC�CCC�TGAGAGACCGGGTATTCTTTATGCTGGGCCTCGACATGGCGTACCGGTAC 
GluLeuHisLeuThrArtysLeuPheTrpGly i l e PheAspSerLeuAlaHi s LysLysTyrAspProGluLeu1yrArgMetAlaMet 

Ile2706 *RYR 8 132R Asp2730 (Fokl RFLP) Jq 
CCTTGTCTGTGCGCCA �CGGGGCTCTGCCCCCCGACTATGTGGATGCCTCATACTCATCTAAGGCAGAGAAAAAGGCCACAGT� 
---------+--------- +---- -----+---- - - - - - +- - - - - - - - - + - - - - - - - - - +---------T- - - - - - - - - + - - - - - - - - - +  

9 1  - - - - -----+----- - - - - � - - - - -----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +---- -----+- - - - - - - - - + - - - - - - - - - +  
CGACTTCCGTTG��ACTAGGGGCCGGACACCTCTGGGAGTTACACTAGTAGGGCCTCTTCGACCTGAGG.�GTAATTGTTCAAACGCCTC 

� 7 31 AlaGluGl vfl,sn PheAspP roArg ProValGluThrLeu..n.snVal I le I leProGl uLysLeuAsoSer Phei l eAsnLysPheAl aGl u � �  ., �� � � �  
TACACACACGAGAAGTGGGCCTTCGACAAGATCCAGAACAACTGGTCCTATGGAG�CATAGACGAGGAGCTGA�.GACCCACCCCATG 
- - - - -- - --+--------- +---------+------- - - + - - - - - - - - - + - - - - - - -- - +----- - --- + - - - - - - - - - + - - - - - - - - - +  
P..TGiGTGTGCTCTTCACCCGGAAGCTGTTCTAGGTCTTGTTGACCAGGATACCTCTCTTGTATCTGCTCCTCGACTTCTGGGTGGGGTAC 

61 Ty rThr Hi sGl uL ysT rp.A�la Ph eAspL ys I leGlnAs nJi.s n T rpSe r Tyr Gl yGluJ\s n I leAspGl uGl uLeuLysThrHi .s P roMet 

7 8 3 0  

2 6 1 0  

7 9 2 0  

2 6 4 0  

8 0 1 0  

2 6 7 0  

8 1 0 0  

2 7 0 0  

8 1 90 

2 7 3 0  

8 2 8 0  

2 7 60 

8 3 7 0  

2 7 90 

- - - - - - - - - � - - - - - - - - - + -- -- - ----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +---------+- - - - -- -- - + - - - - - - - - - +  8 4 60 
GACTCCGGG.:Z:..TGTTCTGGAA.AAGTCTCTTCCTGTTTCTCTAAATGGCGACCGGGTAGTTCCTCAGGGACTTCCGGTACTAACGGACCCTT 

2 8 2 0  

TGGACGP..T.U.GAGAF.GGC::CAGGGAGGGTGAGGAGGP..GAAGACGGAAA."A.GAAAPJ.J\ACGCGGAAGATATCACAAAGTGCCCAGACCTATGAT 
8 4 6 1 - - - - -- ---+-------- - + - - - - -----+---- - - - - - + - - - - - - - - - + - - - - - - - - - +---------+ - - - - - - - + - - - - - - -� 8 5 5 0  

ACCTGC?ATCTCTTCCGGTCCCTCCCACTCCTCCTCTTCTGCCTTTTCTTTTTTTGCGCCTTCTATAGTGTTTC�.CGGGTCTGGATACTA 
T rpTt:r I l eGl uL ysl\.laAr aGl u Gl vGl uGl u GluL y sTh rGl u Ly sLy s L  vs Th rArgL y s I  l eSerGlnSe rAl aGln Th rTyrAsp 2 8 5 0  

*RYR2862F-Cfol 'Ser2863 (Cfoi RFLP)Jq TM 8582 Exo� 55 Y Ser2843'i>'hos ho lation site Suko et al. 1993 
c�=AGCCCCCCGACCTTAct:foCTGTTACCCTGTCCCGGG�.GCTGCAGGCCATGGCAG.rvfc.�'CT GGCAGAA 

. 

5 5 1  - - - - - - - - - � - - - - - - - -�-- ------+----<T- - - + - - - - - - - - - + - - - - - - - - -+----- ----+ - - - - - - - - - + - - - - - - - - - +  8 6 4 0  
GJ.L..sr.:.TC'I'TCCGATGTTGGGAGTCGGGGsr..£TGGAATCACGACAATGGGACAGGGC:CCTCGACGTCCGGTACCGTCTTGTTGACCGTCTT 
2 r cF'-rg GluGlyTyr As n P roGl n ProP roAspLeu SerAla Val ThrLeuse rAr g Gl uLeu Gl nP..laMe tP.laGl u G lnLeuAlaG l u 2 8 8 0  

64 1  - - - - - - - - - + - - - - - - - - - + - - -------+-- - - - - - - - + - - - - - - - - - + - - - - - -- - - +------ ---+-- - - - - - - - + - - - - - - - - - +  8 7 30 
TT�.ATGGTGTTGTGCACCCCTGCCTTCTTCTTCGTCCTCGACCTTCGGTTTCCGCCACCCTGGGTGGGGGACGACCAGGGGATGCTGTGC 

? ll 8 1  2 9 1 0  

8 7  8 8 2 0  

LeuThr AlaL ysGluL ysAlaArgAspArgG luL ysAla Gl nGl uLeuLeuLys PheLeuG l nMetAs nG l yTy r F1la V a l  Th r ArgGly 2 9 4 0  

CTT?AGGACATGGAACTGGACTCGTCTTCCATTG.I\k�GCGGTTTGCCTTTGGCTTCCTGCAGCAGCTGCTGCGCTGGATGGACATTTCT 
-- - - - - ---+----- - - - - + - - - ------+---- - - - - - + - - - - � - - - - + - - - - - - - - - +----- ---- + - - - - - - - - - + - - - - - - - - - +  8 9 1 0  
GA�.TTCCTGTACCTTGACCTGAGCAGAAGGTAACTTTTCGCCAAACGGAAACCGAAGGACGTCGTCGACG.t,_CGCG."-CCTACCTGTA.�GA 

2 9 4  9 7 0  

- - - - -----+---- - - - - - + - - - - -----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - -----+- - - - - - - - - + - - - - - - - - - +  9000 
GTCCTCAJ,GTAACGGGTGGACCTCCGACACCAGTCGTCACCCGCTCACCTTTTCAGGGGTGTACTTGTCCTCTAATTTAAGAAACGGTTC 

97 1 3 0 0 0  

ATCCTGCTCCCTTTGATCAACCAGTACTTCACCAACCACTGCCTCTATTTCTTGTCCACTCCGGCT.�GTGCTGGGCAGCGGTGGCCAC 
9 0 0 1 - - -- - ----+-------- -+----<T---+------ - - - +------ - - - +- - - - - - - - -+---------+--- - - - - - - + - - - - - - - - - +  9 0 9 0  

T."-GG.l\CG.r..GGGAAACTAGTTGGTCM'GAAGTGGTTGG'l'GACGGAGATAAAGAACAGGTGAGGCCGATTTCACGACCCGTCGCCACCGGTG 
3 0 0 1  I leLeuLeuProLeu i leAsnGlnTyrPheThrAsnHisCysLeuTyr PheLeuSerThrProAlaLysValLeuGlySerGlyGlyHis 3 0 3 0  

Exon 60 Y Hif(h affinity CaM I bindinf!: site. Guerrini et aLI 995 Y 
GCCTCTAACAAGGAGAAGGAAATGATCACCAGCCTCTTCTGC.I\AACTTGCTGCTCTCGTCCGCCACCGAGTCTCTCTCTTTGGGACAGAC 

9 0 9 1  - - - - -----+----- - - - - +---------+- - - - - - - - - + - - - - - - - - - + - - - - - - -- - +---------+ - - - - - - - - - + - - - - - - - - - +  
CGGAGATTGTTCCTCTTCCTTTACTAGTGGTCGGAGAAGACGTTTGAACGACGAGAGCAGGCGGTGroCTCAGAGAGAGAAACCCTGTCTG 

3 0 3 1  AlaSe rAsnLvsGluLysGluMeti leThrSerLeuPheCysLysLeuAlaAl aLeuVaJAr�ou sArgVaJ SerLeuPheGlyThrAsp 
Pro3062 � TM 91 7S T TM 9234 

GCCC�TCTTCACATCCTGGCCCGCTCCCTGGATC£CAGGACAGTGATGAAGTCAGGCCCTGAGATCGTGAAGGCT 
9 1 8 1  - - -------+---------+---------+- - - - - - - - - + - - - - - - - - - + - - - - - -- - -+---------+- - - - - - - - - + - - - - - - - - - +  

CGGGGTCGACACCAGTTGACAGAAGTGTAGGACCGGGCGAGGGACCTACGGTCCTG�TAGCACTTCCGA 

9 180 

3 0 6 0  

9 2 7 0  

3 0 6 1  .l\.la P  roAla Val ValAsnCysLeuHi s i  leLeuAlaArgSerLeuAspAlaArgThrValMetLysSerGlyProGlui leValLysAla 3 0  90 

AlO 



TM 7642 TM 7699 

AACCGCTACCTGTGCCTGGCCGTGCTGCCGCTCATCACCAAGTGTGCGCCGCTCTTTGCGGGCACAGAACACCGCGCCATCATGGTGGAC 
7 6 5 1  - - - - - ----+--- - - - - - - + - - -- - ----+--- - - - - - - + - - - - - - - - - + - - - -- -- - - +---------+- - - - - - - - - + - - - - - - - - - +  7 7 4 0  

TTGGCGATGGACACGGACCGGCACGACGGCGAGTAGTGGTTCACACGCGGCGAGAAACGCCCGTGTCTTGTGGCGCGGTAGTACCACCTG 
2 5 5 1  AsnArgTyrLeuCysLeuAlaValLeuProLeuileThrLysCysAla P r oLeu PheAlaGlyThrGluHi sArgAlai leMetValAsp 2 5 8 0  

7 7 4 1  

2 5 8 1  

7 8 31 

:' 6 1 1  

7 92 1  

6 4 1  

8 0 1 1  

2 6 7 1  

2 7 0 1  

TCTATGCTGCATACCGTGTACCGCCTGTCTCGGGGTCGTTCGCTCACCAAGGCGCAGCGTGACGTCATCGAGGACTGCCTCATGTCGCTC 
- - - - - - - - - + - - - - - - - - -+- - - - - - - - -+- - - - - - - - - + - - - - - - - - -+- - - - - - - - -+- - - - - - - - -+- - - - - - - - - +- - - - - - - - - + 
AGATACGACGTATGGCACATGGCGGACAGAGCCCCAGCAAGCGAGTGGTTCCGCGTCGCACTGCAGTAGCTCCTGACGGAGTACAGCGAG 
SerMetLeuHi sThrValTyrArgLeuSerArgGlyArg SerLeuThrLysAlaGl nArgAspVa l i leGluAspCysLeuMetSerLeu 

y His262 l RJ RJ Arg2624 
TGCAGGTACATCCGCCCGTCGATGCTGCAGC!j9:TGTTGCcj9CGCCTGGTGTTCGACGTGCCCATCCTCAA.CGAGTTCGCCAAGATGCCA 
- - - -- - - --+--- - - - - - - + - - - - - ----+- - - - - - - - - + - - - - - - - - - + - - - - - - - - -+---- -----+- - - - - - - - - + - - - - - - - - - +  
ACGTCCATGTAGGCGGGCAGCTACGACGTCGTGGACAACGCGGCGGACCACAAGCTGCACGGGTAGGAGTTGCTCAAGCGGTTCTACGGT 
CysArgTyr ileAr g ProSerMetLeuGlnHiaLeuLeuArgArgLeuVal PheAspVa l Pr o ileLeuAsnGlu PheAlaLysMe t Pr o  

., � 11rr2659 
CTC�AGCTCCTCACCAACCACTATGAGCGCTGTTGGAAGTACTACTGCCTACCCA�JCTGGGCCAACTTCGGGGTCACCTCAGAGGAG 
- - - - -- - --+---------+---------+- - - - - - - - - + - - - - - - - - - + - - - - - ----+---------+-- - - - - - - - + - - - - - - - - - +  
GAGTTCGAGGAGTGGTTGGTGATACTCGCGACAACCTTCATGATGACGGATGGGTGCCCGACCCGGTTG�AGCCCCAGTGGAGTCTCCTC 
LeuLysLeuLeuThrAsnHisTyrGluArgCysTrpLysTyrTyrCysLeuProThrGlyTrpAlaAsnPheGlyValThrSerGluGlu 

TM 8025 Exon 50 y *RYR 2729 
GAGCTGCACCTCACACGGAAACTCTTCTGGGGCATCTTTGACTCTCTGGCCCATAA�CCGGAGCTGTACCGCATGGCCATG 
- - - - -----+---------+---------+-- - - - - - - - + - - - - - - - - - + - - - - - - - - - +---------+-- - - - - - - - + - - - - - - - - - +  
CTCGACGTGGAGTGTGC�CCC�TGAGAGACCGGGTATTCTTTATGCTGGGCCTCGACATGGCGTACCGGTAC 
GluLeuHisLeuThrArtysLeuPheTrpGly i l e PheAspSerLeuAlaHi s LysLysTyrAspProGluLeu1yrArgMetAlaMet 

Ile2706 *RYR 8 132R Asp2730 (Fokl RFLP) Jq 
CCTTGTCTGTGCGCCA �CGGGGCTCTGCCCCCCGACTATGTGGATGCCTCATACTCATCTAAGGCAGAGAAAAAGGCCACAGT� 
---------+--------- +---- -----+---- - - - - - +- - - - - - - - - + - - - - - - - - - +---------T- - - - - - - - - + - - - - - - - - - +  

9 1  - - - - -----+----- - - - - � - - - - -----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +---- -----+- - - - - - - - - + - - - - - - - - - +  
CGACTTCCGTTG��ACTAGGGGCCGGACACCTCTGGGAGTTACACTAGTAGGGCCTCTTCGACCTGAGG.�GTAATTGTTCAAACGCCTC 

� 7 31 AlaGluGl vfl,sn PheAspP roArg ProValGluThrLeu..n.snVal I le I leProGl uLysLeuAsoSer Phei l eAsnLysPheAl aGl u � �  ., �� � � �  
TACACACACGAGAAGTGGGCCTTCGACAAGATCCAGAACAACTGGTCCTATGGAG�CATAGACGAGGAGCTGA�.GACCCACCCCATG 
- - - - -- - --+--------- +---------+------- - - + - - - - - - - - - + - - - - - - -- - +----- - --- + - - - - - - - - - + - - - - - - - - - +  
P..TGiGTGTGCTCTTCACCCGGAAGCTGTTCTAGGTCTTGTTGACCAGGATACCTCTCTTGTATCTGCTCCTCGACTTCTGGGTGGGGTAC 

61 Ty rThr Hi sGl uL ysT rp.A�la Ph eAspL ys I leGlnAs nJi.s n T rpSe r Tyr Gl yGluJ\s n I leAspGl uGl uLeuLysThrHi .s P roMet 

7 8 3 0  

2 6 1 0  

7 9 2 0  

2 6 4 0  

8 0 1 0  

2 6 7 0  

8 1 0 0  

2 7 0 0  

8 1 90 

2 7 3 0  

8 2 8 0  

2 7 60 

8 3 7 0  

2 7 90 

- - - - - - - - - � - - - - - - - - - + -- -- - ----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +---------+- - - - -- -- - + - - - - - - - - - +  8 4 60 
GACTCCGGG.:Z:..TGTTCTGGAA.AAGTCTCTTCCTGTTTCTCTAAATGGCGACCGGGTAGTTCCTCAGGGACTTCCGGTACTAACGGACCCTT 

2 8 2 0  

TGGACGP..T.U.GAGAF.GGC::CAGGGAGGGTGAGGAGGP..GAAGACGGAAA."A.GAAAPJ.J\ACGCGGAAGATATCACAAAGTGCCCAGACCTATGAT 
8 4 6 1 - - - - -- ---+-------- - + - - - - -----+---- - - - - - + - - - - - - - - - + - - - - - - - - - +---------+ - - - - - - - + - - - - - - -� 8 5 5 0  

ACCTGC?ATCTCTTCCGGTCCCTCCCACTCCTCCTCTTCTGCCTTTTCTTTTTTTGCGCCTTCTATAGTGTTTC�.CGGGTCTGGATACTA 
T rpTt:r I l eGl uL ysl\.laAr aGl u Gl vGl uGl u GluL y sTh rGl u Ly sLy s L  vs Th rArgL y s I  l eSerGlnSe rAl aGln Th rTyrAsp 2 8 5 0  

*RYR2862F-Cfol 'Ser2863 (Cfoi RFLP)Jq TM 8582 Exo� 55 Y Ser2843'i>'hos ho lation site Suko et al. 1993 
c�=AGCCCCCCGACCTTAct:foCTGTTACCCTGTCCCGGG�.GCTGCAGGCCATGGCAG.rvfc.�'CT GGCAGAA 

. 

5 5 1  - - - - - - - - - � - - - - - - - -�-- ------+----<T- - - + - - - - - - - - - + - - - - - - - - -+----- ----+ - - - - - - - - - + - - - - - - - - - +  8 6 4 0  
GJ.L..sr.:.TC'I'TCCGATGTTGGGAGTCGGGGsr..£TGGAATCACGACAATGGGACAGGGC:CCTCGACGTCCGGTACCGTCTTGTTGACCGTCTT 
2 r cF'-rg GluGlyTyr As n P roGl n ProP roAspLeu SerAla Val ThrLeuse rAr g Gl uLeu Gl nP..laMe tP.laGl u G lnLeuAlaG l u 2 8 8 0  

64 1  - - - - - - - - - + - - - - - - - - - + - - -------+-- - - - - - - - + - - - - - - - - - + - - - - - -- - - +------ ---+-- - - - - - - - + - - - - - - - - - +  8 7 30 
TT�.ATGGTGTTGTGCACCCCTGCCTTCTTCTTCGTCCTCGACCTTCGGTTTCCGCCACCCTGGGTGGGGGACGACCAGGGGATGCTGTGC 

? ll 8 1  2 9 1 0  

8 7  8 8 2 0  

LeuThr AlaL ysGluL ysAlaArgAspArgG luL ysAla Gl nGl uLeuLeuLys PheLeuG l nMetAs nG l yTy r F1la V a l  Th r ArgGly 2 9 4 0  

CTT?AGGACATGGAACTGGACTCGTCTTCCATTG.I\k�GCGGTTTGCCTTTGGCTTCCTGCAGCAGCTGCTGCGCTGGATGGACATTTCT 
-- - - - - ---+----- - - - - + - - - ------+---- - - - - - + - - - - � - - - - + - - - - - - - - - +----- ---- + - - - - - - - - - + - - - - - - - - - +  8 9 1 0  
GA�.TTCCTGTACCTTGACCTGAGCAGAAGGTAACTTTTCGCCAAACGGAAACCGAAGGACGTCGTCGACG.t,_CGCG."-CCTACCTGTA.�GA 

2 9 4  9 7 0  

- - - - -----+---- - - - - - + - - - - -----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - -----+- - - - - - - - - + - - - - - - - - - +  9000 
GTCCTCAJ,GTAACGGGTGGACCTCCGACACCAGTCGTCACCCGCTCACCTTTTCAGGGGTGTACTTGTCCTCTAATTTAAGAAACGGTTC 

97 1 3 0 0 0  

ATCCTGCTCCCTTTGATCAACCAGTACTTCACCAACCACTGCCTCTATTTCTTGTCCACTCCGGCT.�GTGCTGGGCAGCGGTGGCCAC 
9 0 0 1 - - -- - ----+-------- -+----<T---+------ - - - +------ - - - +- - - - - - - - -+---------+--- - - - - - - + - - - - - - - - - +  9 0 9 0  

T."-GG.l\CG.r..GGGAAACTAGTTGGTCM'GAAGTGGTTGG'l'GACGGAGATAAAGAACAGGTGAGGCCGATTTCACGACCCGTCGCCACCGGTG 
3 0 0 1  I leLeuLeuProLeu i leAsnGlnTyrPheThrAsnHisCysLeuTyr PheLeuSerThrProAlaLysValLeuGlySerGlyGlyHis 3 0 3 0  

Exon 60 Y Hif(h affinity CaM I bindinf!: site. Guerrini et aLI 995 Y 
GCCTCTAACAAGGAGAAGGAAATGATCACCAGCCTCTTCTGC.I\AACTTGCTGCTCTCGTCCGCCACCGAGTCTCTCTCTTTGGGACAGAC 

9 0 9 1  - - - - -----+----- - - - - +---------+- - - - - - - - - + - - - - - - - - - + - - - - - - -- - +---------+ - - - - - - - - - + - - - - - - - - - +  
CGGAGATTGTTCCTCTTCCTTTACTAGTGGTCGGAGAAGACGTTTGAACGACGAGAGCAGGCGGTGroCTCAGAGAGAGAAACCCTGTCTG 

3 0 3 1  AlaSe rAsnLvsGluLysGluMeti leThrSerLeuPheCysLysLeuAlaAl aLeuVaJAr�ou sArgVaJ SerLeuPheGlyThrAsp 
Pro3062 � TM 91 7S T TM 9234 

GCCC�TCTTCACATCCTGGCCCGCTCCCTGGATC£CAGGACAGTGATGAAGTCAGGCCCTGAGATCGTGAAGGCT 
9 1 8 1  - - -------+---------+---------+- - - - - - - - - + - - - - - - - - - + - - - - - -- - -+---------+- - - - - - - - - + - - - - - - - - - +  

CGGGGTCGACACCAGTTGACAGAAGTGTAGGACCGGGCGAGGGACCTACGGTCCTG�TAGCACTTCCGA 

9 180 

3 0 6 0  

9 2 7 0  

3 0 6 1  .l\.la P  roAla Val ValAsnCysLeuHi s i  leLeuAlaArgSerLeuAspAlaArgThrValMetLysSerGlyProGlui leValLysAla 3 0  90 

AlO 



9 2 7 1 

3 0 9 1  

9 3 6 1  

3 1 2 1 

9 4 5 1  

GGCCTCCGCTCCTTCTTCGAGAGTGCCT CGGAGGACATCGAGAAGATGGTGGAGAACCTGCGGCTGGGCAAGGTGTCGCAGGCGCGCACC 
------- -- +--- --- -- - +-- - - - - - -- + -- - - - - - - - + - - - ---- -- + -------- - + - ----- - -- +-- - - - -- -- +-- - - - - - - - + 

CCGGAGGCGAGGAAGAAGCTCTCACGGAGCCTCCTGTAGCTCTTCTACCACCTCTTGGACGCCGAcCcGTTCCACAGCGTCCGCGCGTGG 
GlyLeuAr g S e r P h e PheGluSerAl a S e r GluAspileGluLysMetValGluAsnLeuArgLeuGlyLysVa lSerGlnAlaArgThr 

CAGGTGAAAGGCGTGGGCCAGAACCTCACCTACACCACTGTGGCACTGCTGCCGGTCCTCACCACCCTCTTCCAGCACF.TCGCC� 
-- ------- +--------- +--------- +--------- +----- - --- +---------+- --------+---------+---------+ 

GTCCACTTTCCGCACCCGGTCTTGGAGTGGATGTGGTGACACCGTGACGACGGCCAGGAGTGGTGGGAGAAGGTCGTGTAGCGrvGTCGTG 
GlnValLysGif:Val GlyGlnAsnLe�TyrThrThrValAl aLeuLeuProVal LeuThrThrLeuPheGlnHi s i leAlaGlnHis 

TM 9 2 "f :M:J TM 9485 
CAGTTCGGAGATGACGTCATCCTGGACGACGTCCAGGTCTCTTGCTACCGAACGCTGTGCAGTATCTACTCCCTGGGAACCACCAAGAAC 
--------- +--------- +--------- +--------- +---------+-------- - +------- -- +---------+--- ----- -+ 

9 3 6 0  

3 1 2 0  

9 4  5 0  

3 1 5 0  

9 5 4 0  
GTCAAGCCTCTACTGCAGTAGGACCTGCTGCAGGTCCAGAGAACGATGGCTTGCGACACGTCATAGATGAGGGACCCTTGGTGGTTCTTG 
Gln PheGlyAspAspVal i leLeuAspAspValGlnValSerCysTyrArgThrLeuCys S e r i l e TyrSerLeuGlyTh r Th rLysAsn 3 1 8 0  

"' 
ACTTATGTGGAAAAGCTTCGGCCAGCCCTCGGGGAGTGCCTGGCCCGTCTGr.oCAGCAGCCATGCCGGTGGCGTTCCTGGAGCCGCAGCTG 

9 5 4 1  - - -- - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - t- - - - - - - - -+ - - - - - - - - - + - - - - - - - - - + 9 6 3 0  
TGAATACACCTTTTCGAAGCCGGTCGGGAGCCCCTCACGGACCGC�AGACCGTCGTCGGTACGGCCACCGCAAGGACCTCGGCGTCGAC 

3 1 8 1  3 2 1 0  

9 6 3 1  --------- +---------+- - - - - - - - - +- - -------+---------+---------+ - - - - - ----+--------- +- - -------+ 9 7 2 0  
TTGCTCATGTTGCGGACGAGGCACATGTGGTGGTTCAGAGGCGCCCTCGCCCGGTAGGACCCCGAGGGGTTGTCACACCTCCTCTACACA 
AsnGluTyrAsnAlaCysSerVa l TyrThrThrLys S e r P r oArgGluArgAl a i l eLeuGlyL e u ProAsnSerValGluGluMetCys 

TM 9769 
3 2 4 0  

9 8 1 0  

3 2 4 1  ProAsp ileProValLeuGluArgLeuMetAlaAspileGlyGlyLeuAlaGluSerGlyAlaArg �jrThrGluMet P r oHi sVa l i l e  3 2 7 0  

GAGF.TCACGCTGCCCATGCTATGCAGCTACCTGCCCCGATGGTGGGAGCGCGGGCCCGAGGCACCCCCTTCCGCCCTI3CCCGCCGGCGCC 
98 1 1  --------- +- - - - - - - - -+- - - - - - - - - +- - ------- +---------+--------- +- - - - - - ---+--------- +--------- + 9 9 0 0  

CTCTAGTGCGACGGGTACGATACGTCGATGGACGGGGCTACCACCCTCGCGCCCGGGCTCCGTGGGGGMGGCGGGACGGGCGGCCGCGG 
3 3 0 0  

9 9 90 
GGGGGTGGGACGTGTCGACAGTGGAGACTGGTGGAGTTGAGGGACGACCCCTTATAGGACTCTTAGTAOCAGTTGTTGGACCCGTAACTG 

3 3 0 1  P roProP r oCysThrAla Val ThrSerAspHisLeuAsnSerLeuLeuGly.A�s n i lei,euAr g i l e  I leVaJAsnF�snLeuGlyi leAsp 3 3 3 0  

9 9 9 1  

T M  1 0052 

CTCCGGAGGACCTACTTCGCCGACCGACACAAGCGTGTCGGGTAACACTCGGCACGTGCCGGCCTCGAGGACGTCAGGGTGAAGTAGGGT 
Gl uAlaSe rT rpMetL ysArgLeuAla V a l PheAla Gln P r o  I 1 e V a lSerArgAlaF,r g P roGl uLeuLeuGlnSerHi s P h e  I l e  Pro 

TM 10109 

Th rileGlyArg L e uArgLysArgAlaGlyLysValValSerGluGluGluGlnLeuArgLeuGluAlaLysAlaGluAlaGlnGluGly 

1 0 0 8 0  

3 3 6 0 

1 0 1 7 0  

3 3 9 0  

-7 1 ---------+--------- +- - - - - - - - - +- - -------+ ---------+--------- +- - -- - - --- +---------+ --------- + 6 0  
CTCG.".CG.Z,CCACGCCCTGCTCAAGAGACACGAGAClf.oCCCTGGAGATGCGGGACATAGGCGACGAGTAGGCGATGCACCTGTTGTTGTCC 

6 1  

.3 4 2 1  1\laGlnTrpLeuThrGluProAs n ProSe.rAlaGluGluLeu PheArgMetValGlyGlu i le P h e i leTyrTrpSerLysSerHisAsn 

------- - - + - - - - - - - - -+ - - - - - - - - - +- --------+---------+---- - - - - - + - - - - - - ---+--- - - - - - - + - - - - - - - --+ 
;AGTTCGCGCTCCTCGTCTTGAAACACCAGGTCTTACTCTAGTTGTTGTACAGGAAGGACTGACGACTGTTGTTTTCGTTTTACCGATTC 

3 4 5 1  

Exon 7G!--------• 

:2_ 0 6 2 1 

OCAI�CC:GG1'GGCTCG;G�C:A�;AACGCNXM\GAA.GM'X�:CG(;GGGGAO:GG 

TM 1 05 1 8  
GTC�CACAC TGAAGAAGATGCTGCCCATCGGCCTGAATATGTGTGCGCCCACCGACCAAGACCTCATCACGCTGGCCAAGACCCGTTAC 

CGGGACTTTCTGTGTCTACTCCTCCAGGCCCTTAAAGACGTGTT�AGCTTCCGAGGGGCAGF.GACGCG 

3 5 4 1  AlaLeuLysAspThrAspGluGluValAr gGluPheLeuHisAsnAsnLeuHisLeuGlnGlyLysValGluGlySe r P ro SerLeuArg 

TGGCAGATGGCTCTGTACCGGGGCGTCCCGGGTCGCGAGGAGGACGCCGATGACCCCGAGAAAATCGTGCGCAGAGTCCAGGAAGTGTCA 
1 0 7 1 1  --------- +- - - - - - - - -+---------+- --------+---------+---------+- - -------+---------+- - - ------ + 

J\CCGTCTACCGAGACATGGCCCCGCAGGGCCCAGCGCTCCTCCTGCGGCTACTGGGGCTCTTTTAGCACGCGTCTCAGGTCCTTCACAGT 
TrpGlnMetAlaLeuTyrArgGlyV a l P roGlyArgGluGluAspAlaAspAspProGluLysileValArgArgValG1nGluValSer 

"f TM 10809 
GCCGTGCTCTACTACCTGGACCAGACCGAGCAC�AAGGCCGTGTGGCACAAGCTTTTGTCCAAACAGCGCCGGCGG 

1 0 8 0 1  ---------+- --------+------ - --+--------- +---------+--------- +- - - - - ----+---------+- - - ------ + 

CGGCACGAGATGATGGACCTGGTCTGGCTCGTGGGAATGTTCAGATTCTTCCGGCACACCGTGTTCGAAAACAGGTTTGTCGCGGCCGCC 
3 6 0 1  AlaValLeuTyrTyrLeuAspGlnThr GluHis ProTyrLysSerLysLysAlaValTrpHisLysLeuLeuSerLysGlnArgArgArg 

3 4 2 0  

1 0 3 5 0  

3 4 5 0  

1 0 4 4 0  

3 4 8 0  

1 0 5 3 0 

3 5 1 0  

1 0 62 0  

3 5 4 0  

1 0 7 1 0  

3 5 7 0  

1 0 8 0 0  

3 6 0 0  

1 0 8 90 

3 6 3 0  

Al l 



1 0 8 9 1  

3 6 3 1  

1 0 9 8 1  

3 6 6 1  

1 1 0 7 1  

3 6 9 1  

1 1 1 6 1  

3 7 2 1  

1 12 5 1  

3 7 5 1  

1 1 3 4 1  

3 7 8 1  

1 1 4 3 1  

TM 10884 
GCAGTCGTGGCCTGTTTCCGTATGACGCCCCTGTACAACCTGCCCACGCACCGGGCATGTAACATGTTCCTGGAGAGCTACAAGGCTGCA -- - -- --- - +---- - ----+---------+-- ------- + -- ---- -- - +- ------- - +---- - ----+---- -- - - - + - - - -- - - --+ 
CGTCAGCACCGGACAAAGGCATACTGCGGGGACATGTTGGACGGGTGCGTGGCCCGTACATTGTACAAGGACCTCTCGATGTTCCGACGT 
AlaValValAlaCysPheArgMetThr ProLeuTyrAsnLeuProThrHisAr�AlaCysAsnMetPheLeuGluSerTyrLysAlaAla 

Exon 75 ' 
TGGATCCTGACTGAAGACCACAGTTTTGAGGACCGCATGATAGATGACCTTTCAtAAGCTGGGGAGCAGGAGGAGGAGGAGGAAGAGGTG 
- ---- - --- +- - - - - --- - + - - - - -- - - - +- - - - --- - - + - - - - - - ---+- -- -r - - - - +--- - - - - - - +- - - - - - - - - + - - - - - - - - - + 
ACCTAGGACTGACTTCTGGTGTCAAAACTCCTGGCGTACTATCTACTGGAAAGTTTTCGACCCCTCGTCCTCCTCCTCCTCCTTCTCCAC 
Trpi leLeuThrGluAspHisSer PheGluAspArgMe t i leAspAspLeuSerLysAlaGlyGluGlnGluGluGluGluGluGluVal 

o i o"�" 1' 1: c o "  7 1 
GAAGAGAAGAAGCCAGACCCCCTGCACCAGTTGGTCCTGCACTTCAGCCGCACTGCCCTGACGGAAAAGA�AAAtTGGATGAGGATTAC 
- - - - - - ---+- - - --- - - - +- --- - - - - - + - - - - - - - -- + - - - - - - - - - +- - -- - - - - - + - - - - - - - - - + - --- - - - - - +-- - - - - - - - + 
CTTCTCTTCTTCGGTCTGGGGGACGTGGTCAACCAGGACGTGAAGTCGGCGTGACGGGACTGCCTTTTCTCGTTTGACCTACTCCTAATG 
GluGluLysLysProAspProLeuHisGlnLeuValLeuHisPheSerArgThrAlaLeuThrGluLysSerLysLeuAspGluAspTyr 

r { TM 1 1213 
CTGTACATGGCCTATGCTGATATCATGGCAAA GCTGCCACCTGGAGGAGGGAGGGGAGAACGGTGAAGCTGAAGAGGAGGTTGAGGTC 
- - -- -----+- --------+ ---------+---------+ ---------+ - - -------+-------- - +�---- - - - +- - - - - ---- + 
GACATGTACCGGATACGACTATAGTACCGTTTCTCGACGGTGGACCTCCTCCCTCCCCTCTTGCCACTTCGACTTCTCCTCCAACTCCAG 
LeuTyrMetAlaTyrAlaAspi leMetAlaLysSerCysHisLeuGluGluGlyGlyGluAsnGlyGluAlaGluGluGluValGluVal 

T Gln3756Giu (Not :\HI-linked) r (I IC' TM 1 1307 
TCCTTTGAGGAG GATGGAGAAGCAGAGGCTCTTGTACCAGCAA�CGGCTGCACACCCGGGGGGCGGCCGAGATGGTGCTGCAG ---- - ----+---------+--- - -- - --+----- - --- +---------+---------+--- - -----+- - - - - - - - -+- - - - - - - - - + 
AGGAAACTCCTCTTTGTCTACCTCTTCGTCTCCGAGAACATGGTCGTTCGTGCCGACGTGTGGGCCCCCCGCCGGCTCTACCACGACGTC 
Ser PheGluGluLysGlnMetGluLysGlnArgLeuLeuTyrGlnGlnAlaArgLeuHisThrArgGlyAl aAlaGluMetValLeuGln 

TM 1 1 359 � 
ATGATCAGTGCCTGCAAAGGAGAGACAGGTGCCATGGTGTCCTCCACCCTGAAGCTGGGCATCTCCATCCTCAATGGAGGCAATGCTGAG 
�---- +- --- --- --+ - --------+--------- +-- --- ----+---------+- - -------+--- - ---- - +---------+ 
TACTAGTCACGGACGTTTCCTCTCTGTCCACGGTACCACAGGAGGTGGGACTTCGACCCGTAGAGGTAGGAGTTACCTCCGTTACGACTC 
Met i leSerAlaCysLysGlyGluTh rGlyAlaMetValSerSerThrLeuLysLeuGly i leSe r i l eLeuAsnGlyGlyAs nAlaGlu 

GTCCAGCA�TGCTGGATTATCTTAAGGACAAGAAGGAAGTTGGCTTCTTCCAGAGTATCCAGGCACTGATGCAAACATGCAJtGTC 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - --- - -+ - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + 
CAGGTCGTCTTTTACGACCTAATAGAATTCCTGTTCTTCCTTCAACCGAAGAAGGTCTCATAGGTCCGTGACTACGTTTGTACGTCGCAG 

1 0 9 8 0  

3 6 6 0  

1 1 0 7 0  

3 6 90 

1 1 1 60 

3 7 2 0  

1 12 50 

3 7 5 0  

1 1 3 4 0  

3 7 8 0  

1 1 4 30 

3 8 1 0  

1 1 5 2 0  

38 1 1  ValGlnGlnLysMetLeuAspTyrLeuLysAspLysLysGluValGlyPhePheGl nSer i leGlnAlaLeuMetGlnThrCysSerVal 38 4 0  
TM 1 1514 18 bp Alternative splice site (ASIJ Zhang et. al. 1 993 

CTGGATCTCAATGCCTTTGAGAGACAGAACAAGGCCGAGGGGCTGGGCATGGTGAATGAGGATGGCACT CATCAATCGCCAGAAC A 
1 1 52 1 - - - - - ----+ ---------+ - - - - - - - - -+ --------- + --------- +- - - - - - - - - +- - - - - - -- - --------+----- -- - + 

GACCTAGAGTTACGGAAACTCTCTGTCTTGTTCCGGCTCCCCGACCCGTACCACTTACTCCTACCGTGA GTAGTTAGCGGTCTT T 
38 4 1  LeuAspLeuAsnAla PheGluArgG1nAsnLysAlaGluGlyLeuGlyMe ValAsnGluAspGlyThr l il eAsnArgGl nAsn y 

� 
GAGAAGGTCATGGCGGATGATGAATTCACACAAGACCTGTTCCGATTCCTACAATTGCTCTGTGAGGGGCACAATAATGATTTCCAGAAC 

1 1 6 1 1  - - - - - ----+--- - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +---------+---------+----- - - - - +  
CTCTTCCAGTACCGCCTACTACTTAAGTGTGTTCTGGACAAGGCTAAGGATGTTAACGAGACACTCCCCGTGTTATTACTAAAGGTCTTG 

3 8 7 1  GluLysValMetAlaAspAspGluPheThrGlnAspLeu PheArgPheLeuGlnLeuLeuCysGluGlyHisAsnAsnAspPheGlnAsn 
Tbr3918 (NEW) liil TM 1 1 725 Exon 8(]? � 

TACCTACGGACACAGACAGGGAACACGACCACTATTAACATCA�CCTCCTGCGGCTCGAGGAATCCATCAGC 
1 1 7 0 1  - - - - - ---- + ------- - - + - ----- --- +--------- +- -- - --- -- +- - - - - - - - -+- - - -�--- +--- - - --- -+---- - - - - - + 

ATGGATGCCTGTGTCTGTCCCTTGTGCTGGTGATAATTGTAGTAGTAAACGTGACACCTGATGGAGGACGCCGACGTCCTTAGGTAGTCG 
3 9 0 1  TyrLeuArgThrGlnThrGlyAsnThrTh rThr i leAsn i lei lei leCysTbrValAspTyrLeuLeuArgLeuGlnGluSeri leSer 

1 1 7 91 

3 9 3 1  

1 1 8 8 1  

3 9 6 1  

1 1 97 1  

3 9 9 1  

1 2 0 6 1  

4 0 2 1  

1 2 1 5 1  

4 0 5 1  

1 22 4 1  

4 0 8 1  

1 2 3 3 1  

4 1 1 1  

1 2 4 2 1  

4 1 4 1  

TM 1 1 787 
GACTTCTACTGGTACTACTCGGGCAAGGATGTCATTGAAGAGCAGGGCAAGAGGAACTTCTCCAAAGCCATGTCGGTGGCTAAGCAGGTG 
- - - - -----+-- - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + ---------+--- - - - - - - + - - - - - - - - - +  
CTGAAGATGACCATGATGAGCCC�AACTTCTCGTCCCGTTCTCCTTGAAGAGGTTTCGGTACAGCCACCGATTCGTCCAC 
AspPh eTyrTrpTyrTyrSerGlyLysAspVa l i leGluGluGlnGlyLysArgAsn PheSer1Y�AlaMetSerValAlaLysGlnVal 

� ·rM 1 1 924 
TTCAACAGCCTCACTGAGTACATCCAGGGTCCCTGCACCGGGAACCAGCAGAGCCTGGCGCACAGTCGCCTATGGGACGCAGTGGTGGGA 
- - - - - ---- +---- - - - - - + - - - ------+--------- +---------+-- - - - - - - - +---------+--------- +------ - - - +  
AAGTTGTCGGAGTGACTCATGTAGGTCCCAGGGACGTGGCCCTTGGTCGTCTCGGACCGCG�TACCCTGCGTCACCACCCT 
PheAsnSerLeuThrGluTyr i leGlnGlyProCysThrGlyAsnGlnGlnSerLeuAlaHisSerArgLeuTrpAspAJaVa l ValGly 

TTCCTGCACGTGTTCGCCCACATGATGATGAAGCTCGCTCAJSACTCAAGCCAGATCGAGCTGCTGAAGGAGCTGCTGGATCTGCAGAAG 
- - - - - ----+-- - - - - - - - + - - - - -----+--------- +------ ---+--- - - - ---+---------+-- - - - - - - - + - - - - - - - - - +  
AAGGACGTGCACAAGCGGGTGTACTACTACTTCGAGCGAGTCCTGAGTTCGGTCTAGCTCGACGACTTCCTCGACGACCTAGACGTCTTC 
PheLeuHi s V�eAJaRU sffe �e �e t LysLeuAJ aGlnAspSerSerGl n i l eGluLeuLeuLysGluLeuLeuAspLeuGlnLys 

� � 
GACATGGTGGTGATGTTGCTGTCGCTACTAGAAGGGAACGTGGTGAACGGCATGATCGCCCGGCAGATGGTGGACATGCTCGTGGAATCC 
- - - - -----+--------- + - - - -- - - - - + - - - - - - - - - +---- - - - - - + - - - - - - - -- + - --------+-------- - + - - - - - - - - - +  
CTGTACCACCACTACAACGACAGCGATGATCTTCCCTTGCACCACTTGCCGTACTAGCGGGCCGTCTACCACCTGTACGAGCACCTTAGG 
Aspffe t ValValMe t LeuLeuSerLe Gl uGl AsnValValAsnGl Met Jl eAJ aArgGl nMe tValAspMetLeuVa lGluSer 

M2 TM 1 2 198 
TCATCCAATGTGGAGATGATCCTCAAGTTCTTCGACATGTTCCTGAAACTCAAGGACATTGTGGGCTCTGAAGCCTTCCAGGACTACGTA 
- - - - -----+---- - - - - - + - - - - - - - - - + - - - - - - - - - +--------- + - - - - - - - -- +---------+---------+-----;t--+ 
AGTAGGTTACACCTCTACTAGGAGTTCAAGAAGCTGTACAAGGACTTTGAGTTCCTGTAACACCCGAGACTTCGGAAGGTCCTGATGCAT 
SerSerAsnValGluMe t i leLeuLysPhePheAspMetPheLeuLysLeuLysAsp i leValGlySerGluAlaPheGlnAspTyrVal 

7 � TM 1 2277 
AC�lf�eEtGTGGCCTCATCTCCAAGAAGGACTTCCAGAAGGCCATGGACAGCCAGAAGCAGTTCAGCGGTCCAGAAATCCAGTTCCTG 
- - - - - ----+---------+---------+---------+---------+------ ---+---------+---------+---- - - - - - +  
TGCCTAGGGGCACCGGAGTAGAGGTTCTTCCTGAAGGTCTTCCGGTACCTGTCGGTCTTCGTCAAGTCGCCAGGTCTTTAGGTCAAGGAC 
ThrAspProArgGl yLeuJJ eSerLysLysAspPheGlnLysAlaMetAspSerGlnLysGlnPheSerGlyProGlui leGlnPheLeu 

TM 1 2337 
CTTTCGTGCTCCGAAGCGGATGAGAACGAAATGATCAACTGCGAAGAGTTCGCCAACCGCTTCCAGGAGCCAGCACGCGACATCGGCTTC 
- - - - -----+----- - - - - + - - - ------+--------- +---------�- -- - - ---+---------+-- - - - - - - - + - - - - - - - - - +  
GAAAGCACGAGGCTTCGCCTACTCTTGCTTTACTAGTTGACGCTTCTCAAGCGGTTGGCGAAGGTCCTCGGTCGTGCGCTGTAGCCGAAG 
LeuSerCysSerGluAla�spGluAsnGluMe t i leAsnCysGluGluPheAlaAsnArgPheGlnGluProAlaArgAspi leGlyPhe 

TM 12418 
AACGTGGCGGTGCTGCTGACCAACCTGTCGGAGCATGTGCCGCATGACCCTCGCCTGCACAACTTCCTGGAGCTGGCCGAGAGCATCCTT 
- - - - - ----+-----z:- - + - - - - - - - - - + - - - - - - - - - +---- - - - - - + - - - - - - - --+---------+---------+---------+ 
TTGCACCGCCACGACGACTGGTTGGACAGCCTCGTACACGGCGTACTGGGAGCGGACGTGTTGAAGGACCTCGACCGGCTCTCGTAGGAA 
AsnValAlaValLeuLeuThrAsnLeuSerGluHisVal ProHisAspProArgLeuHisAsnPheLeuGluLeuAlaGluSer i leLeu 

glycosylation ? 

1 1 6 1 0  

3 8 7 0  

1 1 7 00 

3900 

1 1 7 90 

3 9 3 0  

1 1 8 8 0  

3 9 6 0  

1 1 97 0  

3 9 90 

1 2 0 60 

4 0 2 0  

1 2 1 5 0 

4 0 5 0  

1 2 2 4 0  

4 0 8 0  

1 2 3 3 0  

4 1 1 0  

1 2 4 2 0  

4 1 4 0  

1 2 5 1 0  

4 1 7 0  

A l 2  



TM 12575 

GAGTACTTCCGCCCCTACCTGGGCCGCATCGAGATCATGGGCGCGTCACGCCGCATCGAGCGCATCTACTTCGAGATCTCAGAGACCAAC 
1 2 5 1 1  - - - - - - - - -+- - - - - - - - - +- - - - - - - - - +- - - - - - - - - +- - - - - - - - - +- - - - - - - - -+ - - - - - - - - -+- - - - - - - - - +- - - - - - - - -+ 

CTCATGAAGGCGGGGATGGACCCGGCGTAGCTCTAGTACCCGCGCAGTGCGGCGTAGCTCGCGTAGATGAAGCTCTAGAGTCTCTGGTTG 
4 1 7 1  GluTyrPheArgProTyrLeuGlyArg i leGlui leMetGlyAlaS erArgAr g i l eGluAr g i leTyrPheGlu i leSerGluThrAsn 

Exon 90 T TM 12643 
CGCGCCCAGTGGGAGATGCCCCAGGTGAAGGAGTCCAAGCGCCAGTTCATCTTCGACGTGGTGAACGAGGGCGGCGAGGCTGAGAAGATG 

1 2 6 0 1  � -------+---------+---------+---------+---------+---------+---------+-----====+ 

GCGCGGGTCACCCTCTACGGGGTCCACTTCCTCAGGTTCGCGGTCAAGTAGAAGCTGCACCACTTGCTCCCGCCGCTCCGACTCTTCTAC 
4 2 0 1  ArgAlaGlnTrpGluMetProGlnVa lLysGluSerLysArg Gl n Phei lePheAspValValAsnGluGlyGlyGluAlaGluLysMet 

TM 12668 TM 12753 
GAGCTCTTCGTGAGTGAGGACACCATCTTCGAGATGCAGATCGCCGCGCAGATCTCGGAGCCCGAGGGCGAGCCGGAGACCGAC 

1 2 6 9 1  ---------+---------�---------+---------+---------+---------+---------+---------+---------+ 

CTCGAGAAGCACTCAAAGACGCTCCTGTGGTAGFAGCTCTACGTCT AGCGGCGCGTCTAGAGCCTCGGGCTCCCGCTCGGCCTCTGGcTG 
4 2 3 1  GluLeuPheVa lSer PheCysGluAsp ThrilePheGluMet Gl n i l eAlaAlaGlnileSe rGlu ProGluGlyGl u P roGluThrAsp 

GAGGACGAGGGCGCGGGCGCGGCGGAGGCGGGCGCGGAAGGCGCGGAGGAGGGCGCGrJCGGGGCTCGAGGGCACGGCGGCCACGGCGGCG 
1 2 7 8 1  ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 

CTCCTGCTCCCGCGCCCGCGCCGCCTCCGCCCGCGCCTTCCGCGCCTCCTCCCGCGCCGCCCCGAGCTCCCGTGCCGCCGGTGCCGCCGC 
4 2 6 1  GluAspGluGlyAlaGl yAl aAlaGJ uA i aGlyAJa GJ uGKlAla Gl uGl u Gl yAlaAl a Gl yLau(J uGl vThrAl aAl a ThrAlaAla 

Ala4293 (NEW) � I 12892 � 
GCGGGccqgrCGGCGCGGGTTGTGGCGGCCGCAGGCCGGGCCCTGCGAGGCCTCAGCTACCGCAGCCTGCGGCGGCGCGTGCGGCGGCTG 

1 2 8 7 1  ---------+---------+---------+-------- + - - ----+---------+---------+---------+---------+ 

CGCCCCCGCTGCCGCGCCCAACACCGCCGGCGTCCGGCCCGGGACGCTCCGGAGTCGATGGCGTCGGACGCCGCCGCGCACGCCGCCGAC 
9 1  Al aGl yAlaThrAlaArgVal V a lAl aAlaAl a Gl vF.rgAl aLeuArgGl yLeuSerTy rArg Ser LeuAr gArgArgVa lArgArgLeu -

TM-12974 TM 12985 
CGGCGCoCTTACGGCCCGCGAGGCGGCCACCGCAGTGGCGGCGCTGCTCTGGGCAGCGCGCGCTGGGGCCGCTGGCGCGGGGGCG 

1 2 9 6 1  ---------+---------+---------+---------+- ---

3 2 1  

C£GGCGGGCGCGCTGcrJCCTGCTCTGGCNCTCGCTGTTCGGCGGCGGCCTGGTGGAGGGCGCCAAGAAGGTGACGGTGACCGAGCTCCTG 
1 3 0 5 1  

1 2 1 4 1  ---------+---------+---------� ---------+---------+---------+---------+---------+---------+ 

CGTCCGTACGGGCTGGGGTGGTCC'£TC£TCCACGTC£CC'£TCGTCGGCCGGCCCGGCCCGCCTCTGCGTCTGCCGCTCCCACGGTCGCTC 
4 3 8 1  Ala Gl yMet P r oAsp P roThr Ser AspGlu V a lHi sGl yGl uGln P roF.laGl y P  roGl yGl y AspAlaF.spGl yGl uGl yAlaSe rGl u 

TM 1 3285 
GGCG:TGGAGACGCCGCGGAGGGCGCTGGF.GACGAGGAGGAGr£GGTGCACGAGGCCGGGCCGGGCGGTG<:::CGACGGGGCGGTGGCCGTG 
---------+---------+---------+---------+---------+--------- +---------+---------+---------+ 

CCGCGACCTCTGCGGCGCCTCCCGCGACCTCTGCTCCTCCTCCGCCACGTGCTCCGGCCCGGCCCGCCACGC'£TGCCCCGCCACCGGCAC 
4 4 1 1  GlyAla Glyl'.spl\l aAlaGluGl y.l\laGlyl'.spG1uGluG luAla ValHisGlu¥MGfJJs6GlyGlyAlaAspGlyt�:t i'35ifa Val 

: 3 4 1 1  

7 1  

ACCGATGGGGGCCCCTTCCGGCCCGI'AGGGGCTGGCGGTCTCGGGGACATGGGGGACACGACGCCTG2GGAACCGCCCACACCCGAGGGC 
�-------+---------+---------T---------+---------+---------+---------+---------+---------+ 

TGGCTACCCCCGGGGAAGGCCGGGCTTCCCCGACCC£CAGAGCCCCTGTACCCCCTGTGCTGCGGACGCCTTGGCGGGTGTGGGCTCCCG 
Th r AspG l yGl yP ro Ph eAr g P roG l u Glyi'_la Gl yGl yLeu Gl y Aspt�etGl yAspThrTh r P roAlaGl u P  r o P roThr P roGl uGly 

�A.GAGGGTAGGAGTTCTCCTTT P..A.CCCC::ACCTACCTCACCTCCTCCTCGAGG\£GGTCT CGGTCTCGGGCTCGGCCTTGGTCTCGACCTC 

1 3 5 0 1  ---------+---------+---------+---------+---------+--------- +---------+---------+---------+ 

1 3 6 8 1  

4 5 6 1  

GC�CTCTTTCGGCTACGGCTCTTACCCCTCTTCCTTCTTCI'AGG'�TCGGGTGTGGTCTCGGGGGGTTCTTCGTTCGTGGAGGGAGTGGG 
P roGl uL y s.:l\laAspAlaGl uAsnGl yGluL y sGl u Gl u V a l P  roGl u P  roTh r P r oGl u P  r o  P roL ysL ysGlnAl a ProP roSer Pro 

---------+---------+---------+---------+---------+---------+---------+---------+---------+ 

GGAGGTTTCTTCCTCCTTCGACCTCCGCTTAAGACCCCTCTTGACCTCCACGTCTCCCACTTCAAGGACTTGATGGACAGGGCCTTGAAA 

---------+---------+---------+---------+---------+---------+---------+---------+---------+ 

CTGCTGTACCTTCCGAGTCGACGACCCCTACACAGTCCACGTCCGAGACCACCGTCGAGACCGACCCCGAACCCCCGGCCTCTCCTCCGT 
4 59 1  AspAspMetGluGlySerAlaAlaGlyAspValSerGlyAlaGlySerGlyGlySerSerGlyTrpGlyLeuGlyAlaGlyGluGluAla 

T M 13903 
GAGGGCGATGAGGATGAGAACATGGTGTACTACTTCCTGGAGGAAAGCACAGGCTACATGGAAC�GCCTCCTG 

1 3 8 6 1  ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 

CTCCCGCTACTCCTACTCTTGTACCACATGATGAAGGACCTCCTTTCGTGTCCGATGTACCTTGGGCGGGACGCCACAGACTCGGAGGAC 
4 6 2 1  

1 3 95 1  

4 6 5 1  

1 4 0 4 1  ---------+---------+---------
+

---------+---------+---------+---------+---------+---------+ 

TTCGACCTCAAACTACCGGACATGTAGTGCCTCGTCGGACTCCTGCTACTGCACTTCCCCGTCACCCTGGCTGACC/\CGAGTTGTGCGGC 

1 2 6 0 0  

4 2 0 0  

1 2  6 90 

4 2 3 0  

1 2  7 8 0  

4 2 6 0  

1 2 8 7 0  

4 2  9 0  

1 2 9 6 0  

4 3 2 0  

1 3 0 5 0  

4 3 5 0  

1 3 1 4 0  

4 3 8 0  

1 3 2 3 0 

4 4 1 0 

1 3 32 0  

4 4 4 0  

1 3 4 1 0 

4 4 7 0  

1 3 5 0 0  

4 50 0  

1 3 5 90 

4 5 3 0  

1 3 6 8 0  

4 5 6 0 

1 3 7 7 0  

4 5 90 

1 38 6 0  

4 62 0  

1 3 9 5 0  

4 6 5 0  

1 4 0 4 0  

4 6 8 0  

1 4 1 3 0  
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4 68 1  LysLeuGluPheAspGlyLeuTyr i leThrGluG l n ProGluAspAspAspValLysGlyGl n TrpAspArgLeuValLeuAsnTh r P r o  4 7 1 0  

TCTTTCCCTAGCAACTACTGGGACAAGTTTGTCAAGCGCAA�TCCTGGACAAACATGGGGACATCTACGGGCGGGAGCGGATTGCTGAG 
1 4 1 3 1  

4 7 1 1  

1 4 2 2 1  

4 7 4 1  

1 4 3 1 1  

- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - -+ - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  

AGAAAGGGATCGTTGATGACCCTGTTCAAACAGTTCGCGTTCCAGGACCTGTTTGTACCCCTGTAGATGCCCGCCCTCGCCTAACGACTC 
Ser Phe ProserAs nTyrTrpAspLys PheValLysArgLysValLeuAspLysHisGlyAspi leTyrGlyArgGluArgi leAlaGl u -la Thr4752 (NEW) T 
CTACTGGGCATGGACCTGGCCACACTAGAGATCA�CCACAATGAGCGCAAGCCCAACCCGCCGCCAGGGCTGCTGACCTGGCTCATG 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - -- + - - - - - - - - - + - - - - - - - - - +  

GATGACCCGTACCTGGACCGGTGTGATCTCTAGTGTCGGGTGTTACTCGCGTTCGGGTTGGGCGGCGGTCCCGACGACTGGACCGAGTAC 
LeuLeuGlyMetAspLeuAlaThrLeuGl u i leThrAl aHisAsnGluArgLys P roAsnP ro P r o P roGlyLeuLeuTh rTrpLeuMet 

T Exon /00 
TCCATCGATGTCAAGTACCAGATCTGGAAGTTCGGGGTCATCTTCACAGACAACTCCTTCCTGTACCTGGGCTGGTATATGGTGATGTCC 
- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  

AGGTAGCTACAGTTCATGGTCTAGACCTTCAAGCCCCAGTAGAAGTGTCTGTTGAGGAAGGACATGGACCCGACCATATACCACTACAGG 

1 4 2 2 0  

4 7 4 0  

1 4  3 1 0  

4 7 7 0  

1 4 4 0 0 

4 7 7 1  S e r i leAspValLysTyrGlnl leTrpLysPheGlyVa l i lePheThrAspAsnSerPheLeuTyrLeuGJyTrpTyrMe tVaJMetSer 4 8 0 0  

(Family CH) Thr4826llc @ (Ct4477T) 
CTCTTGGGACACTACAACAACTTCTTCTTTGCTGCCCATCTCCTGGACATCGCCATGGGGGTCAAGACGCTGC�TCCTGTCCTCT T� 1 4456 

1 4 4 0 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 4 4 90 
GAGAACCCTGTGATGTTGTTGAAGAAGAAACGACGGGTAGAGGACCTGTAGCGGTACCCCCAGTTCTGCGACGCGTGGTAGGACAGGAGA 

4 8 0 1  LeuLeuGlyHi sTyrAsnAsnPhePhePheAlaAl aHisLeuLeuAspileAl aMetGlyValLysThrLeuArgTh r i leLeuSerSer 4 8 3 0  

lMiJ His4833Trp <i14497T) T� 1 4512 
GTCAC ACAATGGGAAACAGCTGGTGATGACCGTGGGCCTTCTGGCGGTGGTCGTCTACCTGTACACCGTGGTGGCCTTCAACTTCTTC 

1 4 4 9 1 �- - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 4 5 8 0  
CAGTGGGTGTTACCCTTTGTCGACCACTACTGGCACCCGGAAGACCGCCACCAGCAGATGGACATGTGGCACCACCGGAAGTTGAAGAAG 

4 8 3 1  4 8 6 0  

CGCAAGTTCTACAACAAGAGCGAGGATGAGGATGAACCTGACATGAAGTGTGATGACATGATGACGTGTTACCTGTTTCACATGTACGTG 
1 4 5 8 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 4 6 7 0  

4 8 6 1  

1 4 6 7 1  

4 8 91 

GCGTTCAAGATGTTGTTCTCGCTCCTACTCCTACTTGGACTGTACTTCACACTACTGTACTACTGCACAATGGACAAAGTGTACATGCAC 
ArgLys PheTyrAsnLys�eriAspGluAspGlu P r oAspMetLysCysAspAspMe tMe t ThrC sT rLeuPheHi s  rVal Glycosy/atiOn . lle4898Thr M9 
GGTGTCCGGGCTGGCGGAGGC GGGGACGAGATCGAGGACCCCGCGGGTGACGAATACGAGCTCTACAGGGTGGTCTTCGACATCACC 
- - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  

CCACAGGCCCGACCGCCTCCGTAACCCCTGCTCTAGCTCCTGGGGCGCCCACTGCTTATGCTCGAGATGTCCCACCAGAAGCTGTAGTGG 
Gl vValArqAl aGlyGlyGlyileGlyAspGluileGluAsp ProAlaGlyAs pGluTyrGluLeuTyrArgVa J Va J PheAspil eThr 

TTCTTCTTCTTCGTCATCGTCATCCTGTTGGCCATCATCCAGGGTCTGATCATCGACGCTTTTGGTGAGCTCCGAGACCAACAAGAGCAA 

4 8 90 

14 7 6 0  

4 92 0  

1 4 7 6 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 4 8 5 0 
AAGAAGAAGAAGCAGTAGCAGTAGGACAACCGGTAGTAGGTCCCAGACTAGTAGCTGCGAAAACCACTCGAGGCTCTGGTTGTTCTCGTT 

4 92 1  PhePhe V IleValiJeLeu LeuAl a il eil eGlnGlyLeuil eil eAspAla PheGlyGluLeuArgAspGl nGlnGluGln 4 9 50 
MIO / l\14 'Y 

GTGAAG GGAGACCAAGTGCTTCATCTGTGGAATCGGCAGTGACTACTTTGATACGACACCGCATGGCTTCGAGACTCACACG 
1 4 8 5 1 - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 4 9 4 0  

CACTTCCTCCTATACCTCTGGTTCACGAAGTAGACACCTTAGCCGTCACTGATGAAACTATGCTGTGGCGTACCGAAGCTCTGAGTGTGC 
4 95 1 ValLysGluAspMetGluThrLysCys Phei leCysGlyi leGlyserAspTyr PheAspThrThr ProHisGlyPheGluThrHisThr 4 98 0  

-y Exon /05 -y 
CTGGAGGAGCACAACCTGGCCAATTACATGTTTTTCCTGATGTATTTGATAAACAAGGATGAGACAGAACACACGGGTCAGGAGTCTTAT 

1 4 9 4 1 - - - - - - - - - + - - - - - - - - - + - -- - - - - - - + -- - - - - - - - + - - - - - - - - - + - - - - - --- -+ - - - - - - - - - +- - - - -- - - - + - - - - - - - - - + 1 50 3 0 
GACCTCCTCGTGTTGGACCGGTTAATGTACAAAAAGGACTACATAAACTATTTGTTCCTACTCTGTCTTGTGTGCCCAGTCCTCAGAATA 

4 98 1  LeuGluGluHisAsnLeuAlaAsnTyrMetPhe PheLeuMetTyrLeui leAsnLysAspGluThrGluHisThrGlyGlnGluSerTyr 5 0 1 0  

GTCTGGAAGATGTACCAAGAGAGATGTTGGGATTTCTTCCCAGCTGGTGATTGTTTCCGTAAGCAGTATGAGGACCAGCTTAGCTGACAC 
1 5 0 3 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 5 1 2 0  

CAGACCTTCTACATGGTTCTCTCTACAACCCTAAAGAAGGGTCGACCACTAACAAAGGCATTCGTCATACTCCTGGTCGAATCGACTGTG 
5 0 1 1  ValTrpLysMetTyr GlnGluArgCysTrpAspPhePheProAl aGlyAs pCys PheArgLysGlnTyrGluAspGl nLeuSerEnd 5 0 4 0  

TM 1 5137 
ACCCCCAGCTGGCCCTCCACCCCCACCTCAAGTGCCTTATTCTCACAGCAAGCCCCTTAGTCCCCAAGCCCCTCCCCCTAAGGCAGCTGG 

1 5 1 2 1  - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - + - - - - - - - - - +  1 5 2 1 0  
TGGGGGTCGACCGGGAGGTGGGGGTGGAGTTCAC�GTCGTTCGGGGAATCAGGGGTTCGGGGAGGGGGATTCCGTCGACC 

GGGAGAGGTGACCTAGTACTGGAAAATAAATCTGTCGTACGCCCCCCAG 
1 5 2 1 1  - - - - - - - - - + - - - - - - - - - +- - - - - - - - - + - - - - - - - - - +- - - - - - - - - 1 5 2 5 9  

CCCTCTCCACTGGATCATGACCTTTTATTTAGACAGCATGCGGGGGGTC 

Updated RYR 1  UTR and coding sequence. Locations of proposed CCAA T box, GC-rich muscle specific 
promotor elements (MSPE), cap site, Spl and NF-k:B binding sites and putative transcription start sites in the 
5 '  upstream region of the RYR1 gene are taken from Phillips et at. 1 996 [ 160] (further sequence corrections 
are indicated). Primer sequences are highlighted and underlined. "TM' primers were provided by TVM 
McCarthy. Remaining oligonucleotide sequences (*) derived from exon sequences were designed for the 
amplification of MH mutation regions, RFLP genotyping of genomic DNA and cDNA amplification and 
sequencing. Primer labels in bold face were used successfully in  RT -PCR amplification of cDNA. Nucleotide 
and amino acid substitutions for reported and novel sequence polymorphisms, reported MH/CCD mutations 
(blue) and novel MH mutations identified in NZ families (red) are indicated Alternatively spliced regions 
ASI and ASII are boxed Putative transmembrane spanning segments are underlined and labeled according to 
Zorzato et al. [126] (black) or Takeshima et al. [ 1 55 )  (red) models of membrane topology. Repeated sequence 
elements, conserved between RyR classes are marked with arrows [ 1 26, 1 92,2 17,5 1 7] .  Polyglutamate [ 126] 
proline-glutamate repeat [239], and putative EF hand Ca+2- binding sequences [ 1 92 ]  and a high affinity 
calmodulin binding site [5 1 8 ]  in italics. 
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A 3 ONLINE RESOURCE S  : ,  GENETIC MAPS AND MARKERS 

1 .  The genome database (GDB) maintained by Johns Hopkins University, Baltimore 
(http ://gdbWWW.gdb.org/) is the primary resource for Human gene loci, mutations, probes, 
genetic maps and polymorphisms, including allele sizes and frequencies. Direct links to 
corresponding Genbank resources for detailed sequence and reference information are 
provided. 

2.  The Online Mendelian Inheritance in Man (OMIM) database provides information about 
human genetic diseases and their symptoms, and contains direct links to relevant genetic maps 
(GDB) .  OMIM is available via the NCBI site at http://www.ncbi . nlm.nih .gov/Omim/. 

3 .  The data of the CEPH Genethon map is available from Genethon, with a browseable interface 
from the Baylor College ofMedicine Genome Centre 
(http://gc.bcm.tmc.edu: 8088/bio/access_gdata.htrnl). 

4. Integrated linkage maps, markers, and genotype data can also be retrieved at the Cooperative 
Human Linkage Center (CHLC) \�����������������..}. -

5 .  Human expressed sequence tags (Est's) are catalogued at the ESTdb Database 

6. Information about the progress of the sequencing of the human genome is provided by the 
Human Genome Project Directory (http ://www2. igh.enrs.fr/HUM-Genome-DB.html). 
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A 4  CHROMOSOM E 1 9q MAP 

The involvement of alternate MH genes positioned nearby RYR1 was suggested to account for 
apparent recombinant between RYR l  markers and the MHS phenotype [ 1 ,  2] .  The GDB 
comprehensive chromosome 1 9  map [349] was examined for the existence of potential candidate 
MH genes within a region extending 3 Mb proximal and distal to the RYR1  locus. 27 genes of 
known function have been mapped to this region, including 5 expressed in muscle tissue. The 
location of relevant genes and markers relative to the R YRl locus is illustrated below. 

1 9 q 1 2  

1 9 q 1 3 . 1 1 

1 9 q 1 3 . 1 2  ---· 
1 9 q 1 3. 13 

1 Q q 1 3 .2 

1 9 q 1 3.3 1 

Partial chromosome map: 1 9q 1 3 . 1 - 1 3 . 2  

I CKA.P1 

RYR1 
LI P E  

- BC L3  

PLM , AP LP1 
C 07J3 B , SC N 1 B 
ATP4A. MA0 
0PI  

CYP2A13 
AT P 1 A3  

RYR 1 . P C R 1  
0 1 9 5220 

1 1 F ii2 R e  

- D 1 9 S537 
- 0 1 9 5 1 78 

0 1 9 5 190 

0 1 9547 

- 0 1 9 8 1 9 1  

I 0 1 9 5 197 

Combined CHLC and GDB integrated sex-averaged chromosome 1 9  map query (MAPVIEW) included 3Mb either 
side of the RYRl locus [349] . Selected genes of interest are printed in blue test, markers in black. Markers and 
genes not relevant linkage of MH to the region are not included. I F I/2Re refers to a RYR l  RFLP amplimer. 
RYR I . PCR I is the RYR l  CA repeat marker. 

1. 1. 1  Alternate gene candidates in the chromosome 19q13. 1-13.2 region 

SCNB 1 The gene encoding the beta subunit (SCNB 1 )  of the type 1 voltage-gated sodium channel 
modulates the sodium channel inactivation kinetics, and is therefore a candidate for hereditary disorders 
affecting membrane excitability. SCNB 1 was mapped to chromosome 1 9q 1 3 . 1 [5 1 9] .  Note that the SCN4A 
gene encodes the alpha subunit of the voltage gated Na + channel and has been proposed as the MHS2 locus 
in families demonstrating linkage to the chromosome 1 7q region [30,39 1 ] .  SCN4A defects are causative of 
generalised nondystrophic myotonias, hyperkalemic periodic paralysis, succinylcholine-induced masseter 
muscle rigidity (MMR) and abnormal IVCT responses [ 1 54] . Mutations in the sodium channel beta- 1 
subunit gene (SCN 1 B) on chromosome 1 9q 1 3 . 1 are associated with a disorder characterised by febrile 
seizures in early childhood and generalised epilepsy [520] but have not been l inked to MH-type 
myopathies. 

CKAP 1 Encodes the cytoskeleton-associated protein 1 ,  expressed in a variety oftissues. Assigned to 
1 9q 1 3 . 1 1 -q 1 3 . 1 2  by fluorescence in situ hybridisation (FISH) [52 1 ] .  Disease phenotypes associated with 
CKAP 1 gene defects have not been described [522] . 

PLM Encodes Phospholemman, a plasma membrane expressed highly in skeletal muscle and heart.  PLM 
is phosphorylated in response to insulin and adrenergic stimulation and induces a hyperpolarization-
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LIPE Mapped to 1 9ql 3 . 1 -q l 3 .2 by FISH [524] near to the APOC2 gene [525] .  LIPE encodes hormone­

sensitive lipase (HSL), involved in the mobilization of FF A from adipose. Proposed as a potential MH gene 

candidate [526] on account of the raised free fatty acid levels observed in porcine MHS muscle [527] 

togther with observations that freefatty acids markedly lower the threshold for halothane-induced calcium 

release from the SR of skeletal muscle [527,528].  Apolipoprotein C-II (apoC-II) is a necessary cofactor for 

the activation of lipoprotein lipase, the enzyme that hydrolyzes triglycerides in plasma and transfers the 

fatty acids to tissues [529] . The LIPE and APOC2 genes, are located approximately 7 cM telomeric to 

RYRl (GDB integrated chromsome 1 9q map) .  LIPE, APOC2 and other MH gene candidates distal to 

D l 9SS47 were excluded as candidate MHS genes in the CH family by a recombination between the disease 

trait and the D l 9S47 locus, which lies between the RYRI and APOC2 gene (Figure 4-1 2). 

Other genes of interest mapped to the 1 9q 1 3 . 1  region include the myelin asociated glycoprotein (MA G), 

cytochrome C-oxidase, (COX7 AI) glucose phosphate isomerase (GPI) and the ATPase W IK+ transporting 

alpha polypeptide (ATP4A) [349] . 
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74 2 M 1 8 1 S (CCD, 1 .5/0.5)  - 1 -7 

7 6  2 M 9 0  s ( 1 .0/ 0.7) - 1 -7 

7 7  1 I 2 M 1 1 7  s ( 1 . 1 10 .3)  - 1 -7 
7 8  M 1 8 0 s ( 1 .4/0 .5)  - 1 -7 
80 1 M 1 6 7 E ( 1 .4/0. 1 )  - 1 -7 
94 1 M 1 6 9 s (5 .5/5.0) - 1 -7 
9 5  2 M 4 1  0 s (4.6/ 1 . 3 )  - I -7 
9 6  I 2 M 4 8 1  S (died, MH) - 1 -7 
9 7  2 1 M 4 8 9  s (2.6/0.9) - 1 -7 
9 8  1 M 5 0 6  s ( 1 . 3/0.2) - 1 -7 
9 9  1 M 5 1 1 s (3 .8/2.4) - I -7 

CHEA 58 45 27 M2 I M60 s ( 1 .6/0.9) T48261 ( 1 8) 1 -7 
CHKM M 1 2 1 s (5 .7/4.0) T48261 ( 1 8) 1 -7 
CHEH M 2 2 1  s (4.9/2.7) T48261 ( 1 8) 1 -7 
CHRA M 7 4  S (3 .6/2. 1 ) , MH T48261 ( 1 8) 1 -7 
CHKM M 9 8  s ( 1 .7 / 1 .0) Neg 1 -7 
CHKW M 1  0 2  s (0.2- 1 .0/0.2) Neg I -7 
CHEA M 5 4  s ( 1 .4/ 1 .0) Neg 1 -7 
CHEA M 1 7 5 s (3 .7/0.9)  Neg 1 -7 
CHES M 2 1  0 s ( 1 . 5/0.5 )  Neg 1 -7 
CHEH M 1 3 0 s ( 1 .2/0 .3)  Neg 1 -7 

* Maximum IVCT tensions recorded at 2 % halothane/ 2 mM caffeme 
* *  Mutation, code (see below) 

Code (novel mutations in italics) 
Number RYR 1 Mutation 
1 R 1 63C 
2 1403M 
3 Y522S 
4 R552W 
5 R6 14C 
6 G2434R 
7 R2435C 
8 G248R 
9 G34 1 R  
1 0  C35R 
1 1  R6 1 4L 

Number 
1 2  
1 3  
14 
I 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
22 
23 

RYR 1 Mutation 
Y522S 
R2 1 63C 
R2 1 63H 
R2458C 
R2458H 
V2206M 
T48261 
H4833 Y 
R2452 W 
R2454H 
R401 C 
R l086C (CACNLIA3 Mutation) 

-- -- --------

8 , 9 1 3- 1 6  1 5 , 1 6, 1 8-22 23 
8,  9 1 5 ,  I 6, I 8-22 23 
8,  9 1 5 , 1 6, 1 8-22 23 
8 , 9 1 5, 1 6, 1 8-22 23 
8,  9 1 5 , 1 6, 1 8-22 23 
6,8, 9 I 3  - 1 6  1 5 , 1 6, 1 8-22 23 

1 5, I 6, 1 8-22 23 
I 5, I 6, I 8-22 23 
1 5, 1 6, I 8-22 23 
1 5, I 6, 1 8-22 
I 5, I 6, I 8-22 

6, 8- 1 2  I 3- 1 6  1 8, 1 9  23 
8- 1 2  1 3- 1 6  1 8, 1 9  23 
8- 1 2  1 3- I 7  1 8-22 23 
8- 1 2  1 3- 1 7  1 8-22 23 
9- 1 I  1 3- 1 6  23 
8- I 2  I 3- 1 6  1 8-22 23 
9- 1 1  1 3- 1 6  1 8-22 23 
9- I 1  I 3- 1 6  1 8-22 23  
9- I 1  I 3- 1 6  1 8-22 23 
9- 1 1  1 3- I 6  1 8-22 23 



A 19 



A 6 CLINICAL CASE REPORTS: 

APPENDICES 

Example case reports for probands identified with RYR 1  mutations are summarised below Information for 
the CH family was provided by Dr. Neil Pollock (specialist anaesthetist, Palmerston North hospital). 
Details of other MH crises were obtained from the Palmerston North hospital Department of anaesthesia 
and intensive care MH database. 

A6. 1  CH Family. 
Ethnic group: Maori pedigree, 
Pedigree size: 1400 members traced over seven generations 
Pedigree diagram: Complex pedigree illustrated in Appendix 9. Select branches in Figures 4-1 0  to 4-1 3  
Mutation: Thr4826lle 

Clinical MH events in the CH famill_ 
Case Pedigree Ped. Reaction IVCT MHS confirmed relatives DNA DNA 
No. Branch ID details ID result 

no. 

1 CHEA 294 Fatal NT 4 MHS Nieces NA NT 
2 CHEA 337 Fatal NT Sister MHS NA NT 
3 CHNG 55 Fatal NT Nephew MHS NA NT 

4 CHNG 63 Fatal NT Sister MHS NA NT 

5 CHRA 90 Fatal NT Son MHS NA NT 
6 CHRA 92 X 2, MHS (Mother died MH) M74 POS 
7 CHRA X 1 ,  NT Mother MHS M633 POS 
8 CHEH 244 X 2, MHS Sister MHS M I O  POS 
9 CHKM 1 54 X 2, NT Sister, Brother (x2) MHS M29 POS 
1 0  CHKC 1 69 X 1 ,  NT Brother MHS M404 POS 
1 1  CHKM 1 3 6  X 1 ,  NT Father, sister MHS M573 POS 
1 2  CHKW 1 25 X 1 ,  NT Aunt MHS NT NT 

NT = not tested, Pos = positive for the Thr4826Ile mutation 
NA = DNA samples not available for testing. 
X2 = Two separate MH events 

Documented case reports 

Case 1: CHEA branch, ID294, Figure 4-11, A9 
A 20 year old male was admitted for wiring of mandible following a rugby injury. He had a normal past 

history. Anaesthesia was induced with thiopentone, nasotracheal intubation facilitated with 
suxamethonium, and anaesthesia maintained with halothane breathing spontaneously. One hour after 

induction of anaesthesia he was noted to be pyrexic, sweating, rigid and exhaustion of the soda lime was 
noted. He developed ventricular tachycardia followed by fibrillation and resuscitation attempts were 
unsuccessful. One son was diagnosed MHS by IVCT. 

Case 6: CHRA branch , ID 92, M74, Figure 4-13, A9  
This case has been reported previously [530) .  The patient was an 1 8  year-old male who presented for 

insertion of a Russell-Taylor rod into an unstable tibial fracture. He had p reviously developed an MH 
reaction at another hospital which responded to cooling and supportive measures. Subsequent IVCT was 
positive. On this occasion a trigger free anaesthetic was administered but 4 hours post-induction he 
developed a respiratory acidosis (pC02 52mm), pyrexia 40°C, metabolic acidosis and subsequently an 
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increase in CK ( 17,000iu). He required prolonged treatment with dantrolene, cooling, management 
with vasoactive drugs and eventually made a good recovery. 

Case 8: CHEH branch, ID 244, MJO, Figure 4-10, A9 
This 31 year old woman had had 3 previous anaesthetics for short procedures, and on each occasion 
developed masseter spasm. In different anaesthetics she was noted to be hyperventilating, tachycardic and 
pyrexic. With the fourth anaesthetic she again developed masseter spasm and the family history of MH was 
then noted. MHS diagnosis was confirmed by a positive IVCT result. 

Case 9 CHKM branch, ID 1 54, M29, Figure 4-12, A9 
This reaction has been reported previously [53 1 ] .  The 23 year male presented for wiring and bone grafting 
of a cervical fracture. A previous anaesthetic for an eye injury at age 5 was uneventful. Anaesthesia was 
induced with thiopentone, suxamethoniurn and pancuroniurn and maintained with. 02, N20 and isoflurane. 
First abnormality developed over 2 hours after induction with an increase in heart rate to 1 00 beats/min. 
and a decrease in saturation to 88%. The soda lime was noted to be very hot and temperature was recorded 
at 4 1 .9 oc. Vigorous resuscitation ensued for the next 2 hours including administration of dantrolene, 
cooling. correction of metabolic acidosis and treatment of cardiac arrhytlunias including a brief period of 
asystole. He eventually made an almost normal recovery with a minor neurological defect the only 
abnormality. IVCT of siblings gave an MHS diagnosis. 

Case 11: CHKM branch, ID136. M573, Figure 4-12, A9 
An 1 8  year old woman presented for removal of a stone in the duct of the right sublingual gland. She was 
premedicated with ornnopon, and hyoscine and anaesthesia was induced with thiopentone 300mg, the 
trachea intubated following 1 00 mg suxarnethoniurn and anaesthesia maintained with N20 and 2% 
halothane, breathing spontaneously. The surgeon found difficulty in opening the patient's mouth, in 
retrospect secondary to masseter spasm and the procedure was abandoned after 25 min. Tachycardia ( 170 
beats/rnin) and tachypnoea (32/min) were immediately noted in recovery. The patient noted severe muscle 
aches. CK was measured at 5 1 76 units (normal = 0 - 1 1  0). Recovery was uneventful. The patient declined 
IVCT but a sister and brother both had positive IVCT diagnoses. 

A6.2 Family 1 

Ethnic group: Caucasian/Maori 
Pedigree diagram: Figure 5-19 
Mutation: His4833Tyr 

Two clinical MH events have been recorded. Few details are available. In the first case, a woman suffered 
a fatal MH reaction while undergoing an emergency appendectomy. The reaction was triggered by 
suxarnethoniurn and ranked 4 on the clinical grading scale. Symptoms included inappropriate sinus 
tachycardia and inappropriate tachyhypnoea (pulse and respiratory rates were measured at 160 and 40 
respectively). Generalised muscle rigidity was noted and severe muscle pain post-operatively. The patient 
died in recovery. 

The second case occurred in 1 980 whilst the proband was undergoing an elective procedure (suction 
clearance of the ear). Drugs adrninistred include thiopentone, suxarnethoniurn and halothane. The episode 
ranked 2 on the clinical grading scale. First symptoms were noted 20 minutes after induction and included 
cardiac arrythrnia and inappropriate sinus tachycardia. Dantrolene was not administered. 

A 6.3 Family 5 

Ethnic group: Caucasian/Maori 
Pedigree diagram: Figure 3--7 
Mutation: Gly2434Arg 
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The proband (M3 1 7) was a 15  year old male suffered a suspected MH event, 55 minutes into emergency 
repair of a fractured humerous in 1 983.  The first symptom was hyperthermia (Temperature = 39 °C). 
Tachycardia was not observed, ET C02 was not recorded. The reaction was ranked 3 on the clinical 
grading scale . .  

A6.4 Family 24 

Ethnic group: Caucasian 
Pedigree diagram:  Figure 3-9 
Mutation: Gly341Arg 

The proband (M342) exhibited symptoms consistent with the onset of an MH crisis while undergoing a 
tonsillectomy in Australia. Symptoms included generalised muscle rigidity upon exposure to 
suxamethonium and halothane, in addition to tachycardia, high CK (87,500 iU), flushing and hyperthermia 
(a temperature of 39°C was recorded). The reaction scored a ranking of 5 on the MH clinical grading scale, 
indicating a high likelihood of MH [44] . Susceptibility to MH was subsequently confirmed in this family by 
IVCT. Strong positive MHS diagnoses were registered for the proband (M342), her twin sister (M537) her 
father (M445).and a brother (M475) 

A 6.5 Family 35 

Ethnic group: Caucasian 
Pedigree diagram: Figure 3-6 
Mutation: Arg 163Cys 

The proband (M 142) was a 23 year-old female who presented for repair ofthe ulnar collateral ligament of 
the left thumb. There was no family history of MH despite extensive numbers of relatives on both parents' 
sides. Anaesthesia induced with propofol, alfentanil and droperidol and maintained with isoflurane, nitrous 
oxide and oxygen. The first symptoms were noted 45 minutes after the onset of anaesthesia with an 
increase of End tidal CEn C02 from a baseline of 54 mm Hg to a level of 60 mm Hg and an increase of 
respiratory rate. ETC02 increased to a peak of 1 07 mm Hg, heart rate increased from 80 to 1 68 beats per 
minute, respiratory rate rose to 3 7  breaths per minute and hypertension was noted (BP 1 75/80). 
Temperature rose from 38 . 1C  to 38 . 8C over a 5-10 minute period before therapy was instituted. Isoflurane 
was discontinued, 1 00% oxygen administered, and dantrolene commenced at a dose of 3.5 mg per kg. 
Cooling commenced with intravenous fluids (4°C), ice packs and bladder irrigation. There was a rapid 
response with a fall in ETC02 to normal levels and a fall ofHR to < 1 00 beats/min within 5-10  minutes. 
Initial arterial blood gases showed pH 7.32, pC02 44, p02 544 and a base deficit of 3.5 mM . Peak creatine 
kinase (normal 20-140 IU) measured 275 units 1 2  hours post reaction and had returned to normal by 24 
hours. Myoglobinuria was not detected. A further dose of 60 mg Dantrolene was administered for a 
subsequent increase in temperature to 38.3° C noted in recovery. No further problems occurred. The 
reaction achieved rank 5 on the MH clinical grading scale indicating malignant hyperthermia was almost 
certain. The proband was diagnosed MHS by IVCT. 

A 6.6 Family 36 

Ethnic group: Caucasian 
Pedigree diagram: Figure 5 - 10  
Mutation: Arg2452Trp 

The proband (M535) suffered a fulminant MH reaction characterised by hyperthermia (T = 3�C). 
tachycardia, masseter muscle rigidity and Tachypnoea at the age of 6 months when presenting for repair of 
cleft palate. The crisis ranked a maximum score of 6 (almost certainly MH) on the MH clinical grading 
scale[44] . This reaction was unusual in that MH in infancy is considered extremely rare [532,533]. In fact, 
an initial diagnosis of MH was rejected when hyperthermia was noted in the infant, as MH was not kno� 
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to occur in this age group. Isolated cases indicating MH reactions in infants have been reported [534-538] 

however MHS diagnoses were not confirmed by positive NCT diagnosis in the proband or in immediate 

relatives in these cases. The proband responded to dantrolene therapy and made a full recovery. The 
diagnosis of MHS in the young proband was confirmed by positive NCT at the age of 1 3  years. Strong 
positive contracture responses of 6.4 g to 2% halothane and 5 . 1g to 2 mM caffeine were registered. 

AS. 7 Family 58 

Ethnic group: Caucasian 
Pedigree diagram: Figure 5-20 
Mutation: Arg2454His 

The proband (M 1 1 9) had suffered a fulminant MH crisis upon exposure to suxamethonium and isoflurane, 
exhibiting masseter spasm, tachycardia and hypercarbia. He was subsequently diagnosed MHS by NCT, 
registering highly abnormal contracture responses of 7 .5  g and 3 . 5  g to 2% halothane and 2 mM caffeine 
respectively. This second mutation was identified in an unrelated young male who developed a fulminant 
MH reaction with masseter spasm, significant hypercapnia, tachycardia and rhabdomyolysis during an 
emergency orthopaedic procedure 

A6.8 Family 70 
Ethnic group: Caucasian/Maori 
Pedigree diagram: Figure 5-12 

Mutation: Arg401 Cys 

The proband (M) suffered an MHS crisis when undergoing a dental procedure. Tachycardia (pulse 1 45) 
was noted 20 minutes after induction of anaesthesia with suxamethonium, propofol and halothane. A 

respiratory rate of 26 and end tidal C02 of 70 was recorded. Acidosis was not observed. 
Generalised muscle rigidity and hyperthermia (temperature = 3 8 .2°C) were noted and anaesthesia was 
discontinued. Dantrolene was not administered. Myoglobinuria and high CK ( 1 65, 300 ) were noted post­
operatively. 
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A 7 PATIENT CONSENT FORMS, GENETIC TESTING 

A 7. 1 Patient consent form for the provision of venous blood samples for DNA analysis 

CONSENT FORM 

(Name) 

DNA Sampling and Analysis 

=� ��7, "'\\\�l 
I nstitute of 

Molecular BioSciences, 
MASSEY UNIVERSITY. 

DNA (our genetic material) is analysed by molecula r  techniques to determine carrier status ,  or 
for presymptomatic diagnosis. lt can also be stored , in our DNA Bank, against future research 
developments in Malignant Hyperthermia. Thus,  it may be used by future generations. 

1/We understand that my/our DNA will be extracted and stored in the MH DNA Bank (Director, 
Dr. K. M .  Stowell) 

1/We give consent for this DNA to be: 

(Please sign for your choice of the options l isted .  
Cross out options which d o  not apply.) 

a) Stored indefinitely for the use of our family in the future. 

b) Used in a Diagnostic DNA test 

c) Used for research purposes. 

I have understood the information given to me and have had the opportunity to ask questions. 
I understand that I may withdraw or modify this consent at any stage, and that such withdrawal 
wil l  not affect my further health care. 

Signature: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . Date . . . . . . . . . . . . . . . . . . . . . .  . 

Clinician: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . Date . . . . . . . . . . . . . . . . . . . . . .  . 

Telephone No: (06)356-9099 Extn: 75 1 7  Fax No: (06) 350-5688 
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A 7.2 Patient consent form for the provision of skeletal m uscle tissue sam ples. 

Genetic Testing for Malignant Hyperthermia 

INFORMATION SHEET 

My name is Kathryn Stowell and I, together with my PhD student, Rosemary Brown, 
want to develop a new simple test for Malignant Hyperthermia. We can be contacted 
during working hours by telephoning 3 50480 1 .  

As you know common anaesthetics can affect people with Malignant 
Hyperthermia in many ways. There may be very little effect to quite long-term 
side effects and in very rare cases people can die. We want to find out what 
causes Malignant Hyperthermia so that we can develop a new test to replace the 
muscle biopsy test that is used now. 

You will already have had explained to you the biopsy that you are about to have. We 
invite you to allow us to use a small piece of the muscle tissue, that will be removed, for 
our new test. No extra muscle will be taken. This small piece of muscle will be used to 
find out the cause ofMalignant Hyperthermia so that we will then be able to develop our 
new test. 

Your rights are in no way affected by signing the consent form. It is simply a record that 
on the basis of your present understanding, you agree to allow us to use a small piece of 
your muscle tissue after it has been collected. You have the right to withdraw your 
permission for us to use your muscle at any time by telephoning me at the above number. 
It will not be used without your consent for any other research. If you decide later that 
you do not want us  to use your muscle, it can be returned to you if you wish, by 
telephoning me. 

As we are trying to find a way to do this new test there will be no results from 
this research until it has been completed and a new test has been developed. The 
identity of your muscle sample and the results of the test will be strictly 
confidential to us, the researchers. 
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REQUEST FOR 

MOLECULAR GENETIC 

ANALYSIS 

FOR MALIGNANT 

HYPERTHERMIA 

NAM E: 

GEN DER: M I F  

REFERRING CLI NICIAN : 

COLLECTED AT: 

SPECIMEN TYPE: 

Genetic test request form 

DOB: 

APPENDICES 

Institute of 
Molecular BioSciences, 
MASSEY U N IVERSITY. 

DATE: 

MUTATION TESTED FOR: (TICK REQUIRED MUTATION) 

R1 63C 

G341 R 
G2433R 
R2455H 

T48261 

Cost per test: $350. 

REASON FOR REFERRAL: 

CONSENTING SIGNATURE: _______ _ 

Patient 

WITNESSED:-------­

Medical Professional. 

DATE: ____ � 

PLEASE COURI ER BLOOD SPECI MENS ON DAY OF COLLECTION TO ENSURE I NTEGRITY 
OF DNA 

Delivery Address: 

ATIN: Dr. K Stowell ,  
Institute of Molecular Biosciences, 
Science Tower D, 
Massey University, 
Palmerston North. 
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Genetic Testing for Malignant Hyperthermia 

CONSENT FORM 

I have read the Information Sheet and have had the details of the study explained to 
me. My questions have been answered to my satisfaction, and I understand that I 
have the right to ask any further questions at any time. 

I understand that I have the right to withdraw my consent to the use of my muscle 
at any time. 

I agree to allow the researchers to use a small piece of my muscle for the research 
on Malignant Hyperthermia on the understanding that my name will not be used 
without my permission and that the tissue will not be used for any other purpose. 
(The information generated from this study will be used only for this research and 
publications arising from this research project . )  

I agree to participate in this study under the conditions set out in  the Information 
Sheet. 

At the end of the study (tick one box) 

0 
0 

Signed: 

I would like my muscle returned to me 
I would like my muscle destroyed 

Name: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 

Date: 
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A 7.3 Example of genetic test result form - (positive result) 

REQUEST FOR 

MOLECULAR G ENETIC 

ANALYSIS 

FOR MALIGNANT 

HYPERTHERMIA 

NAM E :  

GENDER: 

LOCATIO N :  

COLLECTED: 

TEST N U M BER: 

SPECIMEN TYPE: Whole venous blood. 

REASON FOR REFERRAL: 

Family h istory of Malignant Hyperpyrexia. 
Pre Symptomatic Testing 

METHOD: 

DOB 

I nstitute of 
Molecular BioSciences, 

MASSEY U N IVERS ITY. 

CLI N IC IAN: Dr.  Neil  Pollock 

ARRIVED :  

TEST DATE: 

PCR amplification of genomic DNA representing the region of the skeletal muscle ryanodine receptor 
containing T48261 mutation, followed by direct sequencing. Positive and negative control samples were 
analysed in parallel. 

RESU LTS: 

The T48261 mutation was detected in this patient. 

INTERPRETATIONS : 

The T48261 mutation in the skeletal muscle ryanodine receptor has been shown to segregate with 
susceptibility to Malignant Hypertherm ia in this kindred (manuscript in preparation). The presence of the 
T48261 m utation in this ind ividual is indicative of an MH positive diagnosis. This individual  can be 
considered to be at high risk of presenting with an MH episode. 

REPORTED BY: _______ _ 

Robyn Marston 
Research Assistant 

Dr. Kathryn Stowell 
Consultant Scientist 

Comment: These results are provided with the understanding that Genetic Counselling is 
available through Central Regional Genetic Services, if the patient desires it. If there are any 
questions regarding this report please contact Dr. K. Stowell, by phoning (06) 3 5 0  55 1 5  ext 75 1 7  
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A 7.3 Example of genetic test result form - Negative result 

REQUEST FOR 

MOLECULAR GENETIC 

ANALYSIS 

FOR MALIGNANT 

HYPERTHERMIA 

NAME: 

G E N DER: 

LOCATION: 

C OLLECTED: 

TEST NUM BER: 

S PECIMEN TYPE: Whole venous blood. 

R EASON FOR REFERRAL: 

Family history of Malignant Hyperpyrexia. 
Pre Symptomatic Testing 

M ETHOD: 

DOB: 

CLINICIAN: 

ARRIVED: 

TEST DATE: 

I nstitute of 
Molecular BioSciences, 
MASSEY U NIVERSITY. 

Dr. Neil Pollock 

PCR amplification of genomic DNA representing the reg ion of the skeletal muscle ryanodine receptor 
containing T48261 mutation, followed by direct sequencing. Positive and negative control samples wer 
analysed in parallel. 

RES U LTS : 

The T48261 mutation was not detected in this patient. 

I NTERPRETATIONS: 

The T 48261 mutation in the skeletal muscle ryanodine receptor has been shown to segregate with 
susceptibil ity to Malignant Hyperthermia in this kindred (manuscript in preparation) . Subject to the 
presence of a de novo mutation or inheritance of a second mutation causative of Malignant 
Hyperthermia,  this individual  can be considered to be at the same risk to Malignant Hyperthermia as th 
general population. This is considered as 1 chance in 50,000 (Britt and Kalow, 1 970. Canadian 
Anaesthetic Society Journal: 1 7, 293-31 5) 

REPORTED BY: _______ _ 

Robyn Marston 
Research Assistant 

Dr. Kathryn Stowell  
Consultant Scientist 

Com ment: These results are provided with the understanding that Genetic Counsell ing is available through 
Central Regional Genetic Services, if the patient desires it. If there are any questions regarding this report please 
contact Dr. K Stowell, by phoning ( 06) 356-9099 ext 751 7  
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A 8  STATISTICAL METHODS AND FORMULAE 

Software 
Graphical presentations were prepared with SigmaPlot™ (Jandel Scientific for PC) and Kaleidograph 
(Mac) statistical drawing programs. Basic statistical functions were performed using Microsoft Exel™ 

version 4.0.  ANOVA was performed with GraphPad InStat. Software [433] .  Multivariate analysis 
was performed using Microsoft Exel™ version 4.0 with XLSTAT extension software [539], and 
customised formulae. 

1. 1. 5 A 8. 1 Student T-test 

The two sample student T -test appraises the difference between two sample means to determine whether 
samples are likely to have come from the same underlying population, by testing the null hypothesis that the 

two means are equal. The test is appropriate for small samples (n < 30) or where the population variances 

cr/ and cr/ are unknown and assumes that the unknown population variances are equal. The population 

variance is estimated from the pooled sample variances as described by the denominator in the following 
formula. 

t 

(nJ -l)s/ + (n2 - 1 )s22 . 
n1 + nz - 2 

Equation 1 

Where x1 and x; represent the means of the two samples, o is the difference between the means assumed by 

the null hypothesis (usually zero). s1 and s2 represent the sample variances. The null hypothesis is rejected 

when t exceeds the critical value (obtained from statistical tables according to degrees of freedom, df = n -

1). The corresponding P value is the probability of a type one error (rejecting the null hypothesis though· it 
is true), interpreted as the probability that an observed difference between two sample means can be 

attributed to chance. 

Referencs: 
[ 421 ,423,424] 

1. 1. 6 A 8.2 Non-parametric testing 

A simple non-parametric test for the comparison of means from two continuous non-normal populations is 

the Mann-Whitney U-test (or the rank sum test). The data from the two samples is combined, ordered and 

ranked. Where ties occur between samples, each of the tied observations is assigned the mean of the jointly 

occupies rank. The ranks are summed, to give W1 (the sum of the ranks of the first sample) and W2 ( the 
sum ofthe ranks ofthe second sample). The U statistic is calculated with the following formula. 

U1 = W1 - n1 {n1 + 1) 
2 

Equation 2 

The mean and the standard deviation of sampling distribution of U1 are given by A30 
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Equation 3 

cru1 = 
1 2  

Ifn1 and n2 are both greater than eight, the sampling distribution of U1 is approximately normal .  In this 

case, the z statistic can be used to test the null hypothesis that Jl1 = J.12. 

References: 
[42 1 -424] 

z U1 - � 
(Y UJ 

1 . 1 .  7 A 8.3 Multivariate analysis 

Equation 4 

Multivariate tests allow simultaneous comparison of more than one variable between two groups. 

Multivariate tests take into consideration several problems: unequal dispersion of variables within and 
between groups, and also the problem that variables can be mutually correlated within groups (covariance). 

Mahanalobis distance statistic {d) 
For defining multivariate outliers. The Mahanalobis distance statistic (D2) estimates the multivariate 

equivalent ofhow many standard deviations a data point is from the mean of the sample. Two factors are 

taken into account in defining the statistical measure of Mahanalobis distance: (1)  the differing variability 
(s2) of the variables (which can occur if the variables have been scaled differently) and (2) the correlation 
between the variables. The Mahanalobis distance is smaller for strong positive correlations, because some 

of the distance along one dimension (or variable) is predictable from the correlation with the other. 

02 is calculated with the following formula, which is the equation of a two-dimensional elipsoid, whose 

contour traces the path ofpoints (x;y;) with equal Mahanalobis distance from the centre (x, y). 

In the IVCT data analysis of MHS patients, x any y were substituted with the means of the caffeine and 
halothane test variables for the mutation positive group, while r (0 .433) is the correlation coefficient for the 

two variables. [(x; - xJ2 + 

s2r 
Equation 5 
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Assuming the samples come from a multivariate normal distribution, their distance from its mean (D2) 
should follow a chi-squared distribution with two degrees of freedom (2 variables). If an individual does 
come from that distribution there is a 95 % chance of their distance from the mean (D2) being less than 
5 .99 and a 99% chance ofthe distance from the mean being less than 9 .2 1 .  The D2 statistic was estimated 
for all the individuals in the mutation positive group (n= 34). 

In support of the assumption of multivariate normality, a plot of the ordered 02<;> values versus x2 (t _ a.•> for 

two degrees of freedom did yield an approximate straight line, where ( 1 -<X.t ) = (i - 0 .5)/n, for the ordered 
distances of D/, i = 1 ,2,3 . . . . . .  n [428] . 

The multivariate analysis was performed and interpreted with support from Duncan Hedderley 
from the Massey Statistics research and consulting center. The correlation coefficient and D2 

values were calculated using Microsoft Excel Version 4 (programed with equation 5) .  

References: [427-429] 

A 8.4 One way Analysis Of Variance (ANOVA) 

AN OVA (analysis of variance) is used to compare data from three or more groups, assuming the data 
follow a normal distribution. The method is based on the logic ofthe pairwise T-test test. For any single 
pairwise t-test, if an observed result is found to be significant at the basic 0.05 level, what this means is 
that there is a 5% chance of its having occurred through mere chance. lfthree pair-wise comparisons were 
performed to compare three sets of data, the probability that one or another of them might end up 
"significant" at the .05 level by mere chance, would be on the order of .3 x 0.05 = 0. 1 5 .  Therefore, 
performing multiple pairwise t-tests to compare data from a number of groups leads to type 1 errors 

(rejecting the null hypothesis although it is true) [ 433 ] .  

Like any test of statistical significance, the ANOV A test compares an observed fact to a measure of the 

random variability in which it is embedded. The aim of the comparison in this case is to determine whether 
the aggregate difference among the a group of sample means is greater than that expected from mere 

random variability. The variability between the groups is measured and compared to the variability 
between groups to test whether the factor under scrutiny is having a significant influence on the data. 

For any set ofN values of x;, a deviate is the difference between an individual value of Xi and the mean of 
the set (Mx), i.e. Xi - Mx. A squared deviate is the square of that quantity, and the sum of squared 
deviates (S.S) is the sum of the squared deviates in the set. Between-group and within-group S.S are 

calculated as shown below [434] :  
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Total summed squared deviates: 

Summed squared deviates 
within each group: 

Total within-group 
summed squared deviates: 

Between-group summed 
squared deviates: 

Degrees of freedom 
(k = no, of groups) 

Mean square values 

S.S T = L �2 - CL �)2 
NT 

S.S 8 = r xs? - (r xgif 
Ng 

S.S wg = S.S a +  S.S b + S.S c . . . . . 

S.S bg = S.S T - S.S wg 

dfT = NT - 1  

df = k - 1 wg 

MS bg = S.S bg 
df bg 

MS wg = S.S wg 
df wg 

APPENDICES 

F statistic: 
F = MS bg A measure of the aggregate difference among the means ofk groups 

MS wg A measure of the amount of random variation that exists inside k groups 

Even if the null hypothesis is true, values are expected to be closer to their group means than the 
overall mean [433] .  The calculation of the degrees of :freedom and the mean square account for 
this. The F ratio is the end result. If the null hypothesis is true (the means of the groups are the 
same) then F values close to 1 .0 are expected. The differences between the groups are said to be 
significant when F exceeds a particular critical value. The critical values ofF for which the 
decision is based at either the 0.01 and 0.05 level of significance depend on both the between­
group and within-group degrees of :freedom [433] .  Critical F values were calculated from the 
sampling distribution ofF using the Microsoft™ Excel (version 4.0). The P value associated with 
F can be interpreted as the chance that randomly selected groups with the same mean would 
produce an F ratio as big (or bigger) as the one obtained in the experiment. 

References: [435,436] 
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