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BACKGROUND: Familial hypertrophic cardiomyopathy (FHC) is a
Mendelian disorder usually caused by mutations in any one of more than
12 genes, most of which encode sarcomere proteins. The disease exhibits
extensive genetic heterogeneity, and it is important to identify mutations
that result in adverse symptoms and/or lethality in affected individuals. An
analysis of disease-causing mutations has been initiated in the Indian popu-
lation to determine prevalent mutations.

METHODS: FHC was detected using echocardiography and by

analysis of clinical symptoms and family history. The disease-causing

mutation was identified using polymerase chain reaction DNA
sequencing.

RESULTS: The p.R787H mutation was identified in the MYH7 gene
in two FHC families. Sequence and structure analysis suggested
impaired binding of the mutant protein to the myosin essential light
chain.

CONCLUSIONS: Although the mutation results in variable clinical
symptoms in the affected individuals, probably owing to the effect of
modifier genes and/or environmental factors, it does not appear to be
a lethal mutation.
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Familial hypertrophic cardiomyopathy (FHC) is an
autosomal-dominant cardiac disorder characterized by left
ventricle hypertrophy and myocyte rearrangement (1-3). It is
usually caused by mutations in any one of several sarcomere
genes, resulting in clinical heterogeneity (4,5). Mutations in
MYH7 and MYBPC3 account for approximately 50% to 70%
of all FHC cases (6). Structural studies have demonstrated
that the MYH7 mutations cluster predominantly in four
important domains located in the head and head-rod junction
of the protein: the actin binding surface; the nucleotide bind-
ing pocket; near the two reactive cysteines located toward the
end of the globular head; and in the alpha-helical tail near the
essential light chain (ELC) binding site (7-9). Because many
patients present with late onset of the disease, identification of
a disease-causing mutation can result in early diagnosis and
better patient management. In addition, given the extensive
genetic heterogeneity, it is imperative to identify those muta-
tions that result in a lethal phenotype to design effective
management strategies for patients with a high risk of sudden
cardiac death. A few studies in this area have been performed
in India and it is important to identify common mutations, if
any, in the Indian population (4). In the present study, we
performed clinical and molecular genetic analysis of FHC in
two unrelated Indian families.

METHODS
Patients and samples
All patients were from the state of Andhra Pradesh in India
and were selected from the two collaborating hospitals (Usha
Mullapudi Cardiac Centre and Care Hospital, Hyderabad,
India). The study was approved by the respective ethics

committees of the two hospitals as per the revised Declaration
of Helsinki (2004). Clinical diagnosis of FHC was primarily
based on a left ventricle wall thickness of greater than 12 mm
(measured by echocardiography), electrocardiography and
family history. Patient blood samples (as well as blood samples
from family members and control subjects) were collected fol-
lowing informed consent.

Mutation detection

DNA was isolated from blood samples as previously described
(10). Screening for mutations in MYH7 (exons 3 to 23) and all
exons of MYBPC3 was performed as described previously using
polymerase chain reaction (PCR) DNA sequencing (4). The
sequence of the primers and corresponding annealing temper-
atures for PCR amplification of exon 21 of MYH7 are given in
Table 1. The status of the angiotensin-converting enzyme gene
(ace) polymorphism was determined by using two sets of prim-
ers as previously described (11,12).

Sequence and structure analysis

Multiple sequence alignment (MSA) of more than 100 protein
sequences belonging to the myosin protein family was per-
formed using ClustalW (European Bioinformatics Institute,
United Kingdom) as described previously (13). Using this
MSA, position-specific residue preference scores were calcu-
lated using the following formula:

pL =31 xSG, )
j=1

Where pj is the position-specific preference score for an
amino acid i at a position k in MSA; f} is the frequency of
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TABLE 1
Primer sequences and corresponding annealing temperatures
Gene/exon Forward primer Reverse primer Annealing temperature (°C)
MYH7/E21 TCCCCACCATCTCTTTCCCTCGTA TCCTGACACTGCCCCTGAACCA 58
A B A é—ro O O motinvestigated
* é‘ |ﬁ @ é éé éé @é [@] @ Mutation absent clinically unaffected
TCACGCHTATECA TCACGEGTATECA T o 7 e [F] @ Muston present cinially naffected
N 13 14 15 16 W @ !isiionpresent clinically affected
Diseased nat investigated
B [ HZ] C [ [ [ E/%/Suddendeathnnt investigated
Dé 17 /é—ru /é /®/ 12 ‘Q_D = Proba

Figure 1) Identification of the MYH7 p.R787H mutation (arrow).
A and B show electropherograms of sequencing reactions performed
using the forward primer for exon 21 of MYHT7 on a proband of
family 1 and a control sample, respectively

amino acid residue j at position k and S(i,j) is the pairwise sub-
stitution score of amino acid i with amino acid residue j taken
from the Point Accepted Mutation 250 matrix. A conceptual
model of arginine to histidine substitution in human MYH7
and its effect on protein interaction was deduced from the
x-ray structures of the chicken skeletal muscle myosin homo-

logues 1W7] and 10E9 (14,15).

RESULTS

Genetic analysis and correlation with clinical data

Because mutations in MYH7 and MYBPC3 account for
approximately 50% to 70% of FHC patients in various popula-
tions (6), the patients were screened by direct PCR DNA
sequencing of the coding region and splice consensus sequen-
ces for the two genes. For MYH?7, only the first 23 exons were
screened because most mutations are reported to occur within
these exons. The p.R787H mutation (CGT to CAT in exon
21; Figure 1A) was detected in the MYH7 gene in two non-
related patient samples. The mutation was confirmed by
bidirectional DNA sequencing, and was not detected in
100 unrelated control samples from the local population.
There was no other mutation in MYH7 or MYBPC3 in the
two patients. Next, blood samples were collected from family
members of the two probands following informed consent. Six
members each from family 1 (of 16 members screened) and
family 2 (of 21 members screened) harboured the mutation
(Figure 2). Of 12 members who harboured the mutation (from
the two families), only 10 presented themselves for clinical
examination. As has been reported for several other MYH7
mutations, a wide range of clinical heterogeneity was detected
among the family members harbouring the mutation (Table 2).
The interventricular septum (IVS) diameter ranged from
0.7 cm to 2.2 cm (mean 1.28 cm); only three members exhib-
ited an abnormal IVS diameter and clinical symptoms (a
penetrance of 30%). Two of the three symptomatic members
exhibited mild to severe mitral regurgitation. To analyze the
cause for genetic heterogeneity, the status of the ace insertion/
deletion polymorphism was determined among members of
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Figure 2) Family pedigree for family 1 (A) and family 2 (B). Only
those members who agreed to be tested and provided a blood sample
are numbered

both families. The homozygous deletion genotype (D/D) has
been shown to be associated with adverse clinical symptoms
and sudden death. Only two members harboured the D/D
genotype who, interestingly, neither exhibited clinical symp-
toms nor harboured any abnormality in their IVS. The three
members who exhibited clinical symptoms, including an
abnormal IVS diameter, harboured the homozygous insertion
or heterozygous deletion/insertion genotype (Table 2). In
addition, the clinical heterogeneity did not correlate with age
or sex (Table 2).

Sequence and structure analysis

To understand the molecular basis for the pathogenic effect of
the MYH7 p.R787H mutation, sequence and structure analyses
of the mutant MYH?7 protein were performed. MSA of the
neck region of human MYH7 (amino acid residues 771 to 841)
(16) with myosin chains from other species revealed extensive
sequence conservation; the R787 residue was found to be
invariant (Figure 3A). A sequence profile was then constructed
for myosin chains; ie, the position-specific preferences of the
20 amino acid residues calculated from the MSA of related
myosin chains as described in the Methods section. It was
observed that the profile score for arginine at position 787
was 0.3, for aspartic acid was —1.8, for lysine was 0.3 and for
histidine was —0.6, indicating that any substitution that either
reversed the charge or resulted in an aromatic amino acid was
not favoured. The R787 residue is present in the neck/hinge
region of MYH7, which is predicted to interact with the myo-
sin ELC (16). The crystal structure of human MYH7 is not
available, whereas that of the chicken skeletal myosin is avail-
able and has been used previously to map MYH7 mutations
(9,15). The structure of the chicken homologue was used to
deduce the likely structural environment at position 787 in the
human MYH?7 protein and possible changes occurring due to
the mutation. The residue in the chicken protein equivalent to
human R787 is R773. It was found that R773 is in close prox-
imity to residues G92, D88, Y89 and E91 of the ELC and its
amino group is likely to form an H-bond with the O-group of
the D88 residue of the ELC (Figure 3B). In addition, an ionic
interaction (salt bridge) is also likely to occur between these
two amino acids (Figure 3B). However, these interactions are
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TABLE 2
Molecular and clinical analyses of family members harbouring the MYH7 p.R787H mutation

Sex/age
Patient* (years) IVS,cm LVPW,cm LVEF % MR ace Dys Ang CP Syn P-Syn SL HT
Family 1
4 M/50 15 1.2 65 Severe 1 No No Yes No No No Yes
2 F/63 0.9 1.0 65 Absent 1] No No No No No No No
7 M/38 0.9 1.3 55 Absent D/l No No No No No No No
6 M/40 0.7 11 50 Absent 1 No No No No No No No
8 F/36 - DI/l
11 F/34 - 1
Family 2
17 F/63 2.1 1.0 55 Absent 1 Yes No Yes No No Yes Yes
19 F/49 2.2 1.0 53 Mild 1 No No Yes No No Yes Yes
18 M/52 1.0 1.0 68 Absent D/l No No No No No No No
25 M/33 1.0 0.9 68 Absent D/ID No No No No No No No
37 F/9 0.8 0.9 63 Absent D/D No No No No No No No
29 M/30 1.0 1.0 63 Absent 1 No No No No No No No

*The numbers in the first column correspond to those given in Figure 2 for each family. ace Angiotensin-converting enzyme genotype; Ang Angina; CP Chest pain;
D Deletion; Dys Dyspnea; F Female; HT Hypertension; | Insertion; IVS Interventricular septum diameter; LVEF Left ventricle ejection fraction; LVPW Left ventricle
posterior wall thickness; M Male; MR Mitral regurgitation; P-Syn Presyncope; SL Swelling of limbs; Syn Syncope

precluded when arginine is replaced by histidine (Figure 3B).
Therefore, the changes in the interactions that occur due to
the p.R787H mutation are likely to compromise the binding of

MYH?7 to the ELC, thereby affecting efficiency of muscle
contraction.

DISCUSSION

Recurrent mutations have been suggested to be a rare occur-
rence in FHC. In the present study, we detected the MYH7
p.R787H mutation in two unrelated families. Our study is the
first detailed characterization of the p.R787H mutation; it is
important to determine genotype-phenotype correlation for
each mutation for better patient management. Although it
appears to be a relatively benign mutation, the role of the
p-R787H mutation in causing FHC has already been docu-
mented; it was first reported from France (6) and later from
Spain (17), but no clinical analysis was performed. The
10 people from two families who harboured the mutation
exhibited a wide range of clinical heterogeneity. We are
aware of the small sample size in the present study and, there-
fore, cannot draw any definite conclusion regarding the asso-
ciation of hypertrophy with environmental or genetic factors.
However, neither sex nor age appeared to correlate with
extent of hypertrophy (Table 2). The two individuals who
harboured the D/D genotype did not exhibit clinical symp-
toms, although it should be noted that they were the youngest
of all family members carrying the mutation. It is possible that
other factor(s) (genetic or environmental) are responsible for
modulating the clinical presentation of the disease resulting
from this mutation. The fact that there was no cardiac death
in any of the affected members with different genetic back-
grounds (because they belonged to two different families) and
that many individuals carrying the mutation were asymptom-
atic suggests that the p.R787H mutation is relatively benign.

Structural analysis of FHC-causing mutations is an import-
ant area of study for determining the effect of the mutation at
the protein level. Although, in a previous study (17), the
R787 residue has been ascribed to the myosin head, the crystal
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Figure 3) Protein sequence and structure analysis of the MYH7
p.R787H mutation. A Multiple sequence alignment of the amino
acids that constitute the neck region of human MYH7 is shown, with
the corresponding region of other myosin chains from various species.
The multiple sequence alignment was performed using ClustalW/
(European Bioinformatics Institute, United Kingdom) as previously
described (13). The R787 residue is shown in: a Homo sapiens
MYH?7; b Canis lupus familiaris MYH6; ¢ Equus caballus MYH7;
d Mesocricetus auratus MYH6; e Rattus norvegicus MYH6; f
Coturnix cotumix japonica MYHC3; g Lethenteron japonicum
MHC; h Sus scrofa MHC-1; i Equus caballus MYHC-2A; j
Gallus gallus MHC. B The result of structural analysis of the muta-
tion is shown. Interfacial residues occurring within the 5 A region of
the R773 position (equivalent to R787 in human MYH7) in the
chicken MYH7 protein are shown. The figure depicts the probable
interactions of R773 with the essential light chain. A probable H-bond
(green dotted line) and ionic bond (red dotted line) between the resi-
dues R773 of MYH7 and D88 of the essential light chain are repre-
sented. The probable side chain conformation of the mutant histidine
at position 773 of MYHT is also shown
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structure of chicken skeletal myosin has clearly revealed that
it is located in the neck/hinge region, which connects the
globular head (primarily responsible for force production) to
the tail region. The neck region is predicted to interact with
the myosin ELC and regulatory light chains, and this inter-
action may be important for translation of ATP hydrolysis to
movement (9). Mice lacking this domain develop hyper-
trophic cardiomyopathy (18). Our results indicate that replace-
ment of arginine by histidine at position 787 in MYH?7 is
likely to weaken its interaction with the myosin ELC.
Interestingly, the majority of mutations in the ELC binding
interface, including p.1736T (19), p.L766R (20), p.G768R,
p.D778G, p.S782R and p.A797T (21), also result in mild
symptoms. Similarly, mutations in the ELC, which probably
compromise binding to the myosin heavy chain, have also

been shown to result in FHC (16).
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