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Abstract. 
Malignant hyperthermia (MH) is a potentially fatal autosomal dominant disorder of the skeletal muscle and is triggered in susceptible individuals by commonly used inhalation anaesthetics and depolarizing muscle relaxants. Around 80% of the affected family are linked to the ryanodine receptor (RYR1) gene. More than 300 mutations in RYR1 have been associated with the MH-susceptible phenotype. Here we report the identification by two independent methods of a novel mutation associated with the MH-susceptible phenotype in the RYR1 gene.
 

1. Introduction
Malignant hyperthermia susceptibility (MHS; OMIM *145600) is an autosomal, dominantly inherited, potentially fatal pharmacogenetic disturbance of intracellular calcium homeostasis, associated with the ryanodine receptor 1 (RYR1; OMIM *180901) in the sarcoplasmic reticulum of the skeletal muscle cells. In susceptible individuals, volatile or inhalational anaesthetics such as halothane and depolarizing muscle relaxants like succinylcholine can induce severe decompensation of muscle calcium homeostasis [1].
Clinical symptoms of an MH attack are hyperthermia, accelerated muscle metabolism, muscle contractions, metabolic acidosis, and tachycardia, and unless immediately recognised, and treated it is fatal [1].
Because MH is a subclinical myopathy, MHS individuals are asymptomatic during daily life. Outside anaesthesia, the diagnosis of MHS can only be established with specific testing by an in vitro contracture test (IVCT), based on the differential contractile response of normal (MHN) and MHS muscles to halothane and caffeine [2]. IVCT is expensive and invasive as it requires an open muscle biopsy from the quadriceps femoris. Genetic screening of the ryanodine receptor isoform 1 (RYR1) is an alternative method for identifying probands and their family members as MH-susceptible after clinical evidence of MH susceptibility [3]. Molecular genetic testing indicates that mutations in RYR1 are identified in up to 70%–80% of the individuals with confirmed MHS [4]. The majority of mutations appear to be clustered in three hotspots: between exons 2 and 17 encoding amino acid residues from 35 to 614 (MH region 1), between exons 39 and 46 encoding amino acid residues from 2163 to 2458 (MH region 2), and a third region in the 3′ end of the gene is between exons 90 and 106 encoding amino acid residues from 4668 to 4904 (MH region 3) [5].
Here, we report a novel mutation located in the central portion of the RYR1 gene in a Czech family.
2. Materials and Methods
We investigated a multigenerational Czech family with two known fatal MH reactions. Four members of the family underwent the IVCT. The novel variant was detected by direct sequencing of RYR1-cDNA hotspots. Total RNA was extracted from muscle tissue biopsied at the time of the IVCTs using Trizol (Invitrogen), and cDNA was synthesized using Sensiscript RT (Qiagen). cDNA strands were amplified in 600–650 bp overlapping fragments covering most reported RYR1 hotspots. PCR reactions were carried out using the Hot Start Master Mix Kit (Qiagen). The primer sequences and PCR conditions are available from the authors on request. PCR products were bidirectionally sequenced using the BIG DYE dideoxy-terminator chemistry (Applied Biosystems) on an ABI 3130 (Applied Biosystems) automatic sequencer. The novel variant was confirmed by direct sequencing of the relevant exon of the RYR1. The genomic DNA was extracted from peripheral blood.
Two hundred DNA samples from clinically healthy subjects were investigated for the absence of the unknown sequence change to exclude population specific polymorphism. The MH status of 150 subjects was not known. Fifty controls were classified as MH-negative by IVCT performed for suspected MH. 
3. Results
In a multigenerational family with a severe form of malignant hyperthermia that has caused two deaths, a novel missense heterozygous substitution of C >T at position 7033 of c.DNA that changes a serine to arginine at position 2345 of the protein sequence (c.7033G >T; p.Ser2345Arg) was identified within the RYR1 gene. This sequence change has been tested by a segregation and conservation study to elucidate its significance as a causative mutation. Our segregation data were limited by the number of family members IVCT tested. However, the variant perfectly cosegregated with MHS status in the small nuclear family available (Figure 1). The variant p.S2345R was carried by two individuals testing positive for MH susceptibility by IVCT, but absent from two MHN individuals.


































	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	
	


	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	


	
		
			
		
	















Figure 1: Segregation data in a family carrying novel RYR1 variant p.Ser2345Arg. Solid symbols denote MHS status identified by IVCT, open symbols denote IVCT-typed MHN individuals, and question marks indicate that IVCT had not been performed. The arrows indicate index cases that experienced an MH episode.


4. Discussion
This study has identified a novel inherited DNA variant within the RYR1 gene. This variant is a nucleotide substitution that results in a change of amino acid residue, which possibly associates with alteration of the ryanodine protein structure. Its central domain location might enable the structural modification and aberrant response of the ryanodine receptor, resulting in a leaky Ca2+ channel [6]. The novel mutation p.Ser2345Arg described here is located close to the previously identified MH associated mutations: p.Asn2342Ser [7], p.Glu2344Asp [8], p.Val2346Met [9], and p.Ala2350Thr [10].
The detected substitution affects an amino acid which is highly conserved through evolution (Figure 2). Conservation of protein domains over long evolutionary distances is generally thought to indicate functional relevance. Substitution of an amino acid within such a domain is, therefore, regarded as likely to compromise the function of the protein with the potential sequela of disease [2].




	
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
				
			
		
	


	
		
			
		
			
		
	
















Figure 2: Amino acid conservation of the RYR1 region where the novel sequence variant was detected. For the p.Ser2345Arg mutation, the relevant cutout from the amino acid sequence of RYR1 is aligned to the RYR sequences from other species. Amino acids are denoted by the single-letter code. Amino acids divergent from human RYR1 are shaded. The position of p.Ser2345Arg is indicated by an arrow. To illustrate the evolutionary conservation of the RYR1 region where the novel sequence variant occurred, the corresponding sequences from other vertebrates are given: gorilla (Gorilla gorilla gorilla), chimpanzee (Pan paniscus), dog (Canis lupus familiaris), mouse (Mus musculus), cow (Bos taurus) from mammals, turkey (Meleagris gallopavo) from birds, frog (Xenopus tropicalis) from amphibian, and minnow (Pimephales promelas) from fish.


This variant was absent from 400 control RYR1 alleles. This observation indicates that the replacement of Ser2345 with an arginine residue is very unlikely to be polymorphism.
The p.Ser2345Arg mutation has been identified so far only in one family (out of 47 MHS unrelated subjects) and strictly segregates with the MHS phenotype. The described mutation occurred in two MHS family members testing positive for MHS by IVCT. Moreover, no other RYR1 mutations, among 31 MH causative mutations analysed, were detected in this pedigree. 
On the basis of these arguments, the novel mutation described should be considered as a candidate mutation for MH. Therefore, relatives who have not yet been tested by IVCT should be regarded as MHS for clinical purposes, since they bear the p.Ser2345Arg substitution with high-risk familial haplotype. However, according to the guidelines for molecular genetic detection of susceptibility to malignant hyperthermia [11], we recommended to family members who do not carry the mutation observed in pedigree that they still undergo IVCT investigation.
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