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ABSTRACT

Background The molecular basis of idiopathic di-
lated cardiomyopathy, a primary myocardial disorder
that results in reduced contractile function, is largely
unknown. Some cases of familial dilated cardiomy-
opathy are caused by mutations in cardiac cytoskele-
tal proteins; this finding implicates defects in contrac-
tile-force transmission as one mechanism underlying
this disorder. To elucidate this important cause of
heart failure, we investigated other genetic causes of
dilated cardiomyopathy.

Methods Clinical evaluations were performed in 21
kindreds with familial dilated cardiomyopathy. A ge-
nome-wide linkage study prompted a search of the
genes encoding B-myosin heavy chain, troponin T, tro-
ponin |, and a-tropomyosin for disease-causing mu-
tations.

Results A genetic locus for mutations associated
with dilated cardiomyopathy was identified at chro-
mosome 14q11.2-13 (maximal lod score, 5.11; 6=0),
where the gene for cardiac B-myosin heavy chain is
encoded. Analyses of this and other genes for sar-
comere proteins identified disease-causing dominant
mutations in four kindreds. Cardiac 8-myosin heavy-
chain missense mutations (Ser532Pro and Phe764Leu)
and a deletion in cardiac troponin T (ALys210) caused
early-onset ventricular dilatation (average age at di-
agnosis, 24 years) and diminished contractile func-
tion and frequently resulted in heart failure. Affected
persons had neither antecedent cardiac hypertrophy
(average maximal left-ventricular-wall thickness, 8.5
mm) nor histopathological findings characteristic of
hypertrophy.

Conclusions Mutations in sarcomere protein genes
account for approximately 10 percent of cases of fa-
milial dilated cardiomyopathy and are particularly
prevalent in families with early-onset ventricular dil-
atation and dysfunction. Because distinct mutations
in sarcomere proteins cause either dilated or hyper-
trophic cardiomyopathy, the effects of mutant sar-
comere proteins on muscle mechanics must trigger
two different series of events that remodel the heart.
(N Engl J Med 2000;343:1688-96.)
©2000, Massachusetts Medical Society.
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ILATED cardiomyopathy is a relatively
common but poorly understood group of
disorders that result in heart failure and
premature death.! Epidemiologic data in-
dicate that 36.5 in 100,000 people have dilated car-
diomyopathy. Although ischemic, toxic, metabolic,
or infectious causes are recognized, inherited gene
defects account for 25 to 30 percent of cases.23 Of
the five mutated genes known to cause dilated cardio-
myopathy, four are often associated with additional
clinical manifestations. Among these, defects in the
cytoskeletal proteins dystrophin,* desmin,>¢ and taf-
azzin’8 produce both myocardial and skeletal-muscle
dysfunction, whereas lamin A/C mutations”® cause
ventricular dysfunction with conduction-system dis-
ease. Familial dilated cardiomyopathy that is unaccom-
panied by other clinical manifestations is a heteroge-
neous disorder,!? and although disease loci have been
defined on chromosomes 1q32,!1 2q11-22,12 2q31,13
9ql13-22,4 and 10q21-23,'5 only two disease-caus-
ing mutations have been identified, both in the car-
diac actin gene.!¢
Elucidation of the genetic basis of heritable dilated
cardiomyopathy might provide insights into the patho-
genetic mechanisms of this disease. To date, studies
in this area have implicated defects in the transmis-
sion of contractile force as one mechanism for ventric-
ular dilatation and dysfunction. To clarify the patho-
genesis of dilated cardiomyopathy, we used molecular
genetic approaches to identify other inherited gene
mutations that cause this disease. We performed clin-
ical evaluations of the members of a large family in
which dilated cardiomyopathy was inherited as an au-
tosomal dominant trait. Genome-wide linkage analy-
ses defined a new disease-associated locus on chro-
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mosome 14q11.2-13; this finding implicated the gene
for the sarcomere protein cardiac B-myosin heavy
chain in this disorder. We then screened the genes en-
coding this and other sarcomere proteins for muta-
tions that might cause familial dilated cardiomyopathy.

METHODS

Clinical Evaluation

Written informed consent was obtained from all participants in
accordance with the requirements of the Brigham and Women’s
Hospital Human Research Committee. Family members were eval-
uated by history taking and physical examination, 12-lead electro-
cardiography, and transthoracic echocardiography by study person-
nel who had no knowledge of family members’ genotype status.
Any previous cardiac studies in the subjects were reviewed. Famil-
ial dilated cardiomyopathy was diagnosed according to previously
described criteria,!3 in accordance with the suggestions of Mestroni
et al.l7 The clinical status of family members who had died was
determined on the basis of medical records and postmortem ex-
aminations.

Genetic Studies
Linkage Analysis

DNA was extracted from whole blood or from lymphocytes
transformed with Epstein—Barr virus and was then amplified with
use of the polymerase chain reaction (PCR), as described previ-
ously,!3 to analyze fluorescent-labeled polymorphic microsatellite
markers (MapPairs, Set 9, Research Genetics, Huntsville, Ala.)
throughout the genome. Amplification products were pooled into
prescribed panels, diluted, and resolved on a DNA sequencer (ABI
Prism 377XL Sequencer, Applied Biosystems, Foster City, Calif.).
Data were analyzed with use of GeneScan and Genotyper soft-
ware (Applied Biosystems). Two-point lod scores were calculated
with use of the program MLINK (version 5.1), and multipoint lod
scores with use of Linkmap (both available at http://linkage.
rockefeller.edu /soft/fastlink). Calculations of lod scores were per-
formed with the assumptions of a disease penetrance of 0.95 and
a phenocopy rate of 0.001. The allele frequencies were assessed
in a population of unrelated subjects.

Analyses of Candidate Genes

Protein-encoding exons of the cardiac B-myosin heavy chain,
troponin T, troponin I, and a-tropomyosin genes were amplified
from genomic DNA. (Sequences of all primers used in this study
are provided on our Web site at http://genetics.med.harvard. edu/
~seidman). PCR products were purified with use of kits (QIAquick
PCR Purification kits, Qiagen, Santa Clarita, Calif.) and sequenced
with a dye-terminator cycle-sequencing system (ABI Prism 377).

Confirmation of Mutations and Genotypes
of Family Members

Mutations were independently confirmed, and the genotypes
of family members were determined. The mutation Ser532Pro in
the gene for B-myosin heavy chain and the deletion ALys210 in
the gene for cardiac troponin T were detected by oligonucleotide-
specific hybridization; Ser532Pro was also detected by modified
restriction-enzyme digestion.!® The presence of the B-myosin heavy-
chain mutation Phe764Leu, which abolishes a Mboll restriction
site, was confirmed by genomic DNA digestion with this enzyme.

RESULTS

Clinical investigations of Family A (Table 1) dem-
onstrated autosomal dominant transmission of cham-
ber dilatation and reduced cardiac function (Fig. 1A).
Seventeen family members (Fig. 2A) had dilated car-
diomyopathy without conduction-system disease, skel-

etal-muscle dysfunction, or other phenotypes. Prior
clinical studies of 12 affected persons were notewor-
thy for the absence of ventricular hypertrophy. In
many family members, the onset of disease occurred
early in life. Subject V-1 was hospitalized with heart
failure at the age of 2 years; heart failure developed
and sudden death occurred in Subject III-17 at 20
years of age; Subject I11-14 underwent cardiac trans-
plantation for end-stage heart failure at the age of 23
years; and Subject II1-16 was referred for evaluation
for cardiac transplantation at 32 years of age. Histo-
pathological study of the explanted heart from Sub-
ject 11I-14 (Fig. 1C) showed mildly increased inter-
stitial fibrosis without myocyte or myofibrillar disarray.
Progressive ventricular dysfunction caused congestive
heart failure in eight other family members. Clinical
evaluations in six asymptomatic family members (age
range, 11 to 42 years) demonstrated previously un-
recognized ventricular dilatation and mild ventricular
dysfunction.

Genome-wide linkage analyses in Family A identi-
fied a locus associated with dilated cardiomyopathy
on chromosome 14, band ql1.2-13 (maximal lod
score, 5.11 at D145990; §=0). The family members’
status as affected or unaffected and their genotypes
were concordant at six loci between DI4S5283 and
D148597, a 14-cM interval containing the gene for
cardiac @- and B-myosin heavy chains. Because the car-
diac B isoform is abundantly expressed in ventricular
myocardium and because human mutations in cardiac
B-myosin heavy chain are known to cause hypertroph-
ic cardiomyopathy, the 38 exons encoding this protein
were amplified and sequenced from DNA samples de-
rived from members of Family A.

A single-nucleotide variant (T—C at nucleotide
1680) (Fig. 2B) in exon 16, which would substitute a
proline for the normal serine at residue 532 (desig-
nated Ser532Pro), was found in samples from affect-
ed persons. The sequence variant was independently
confirmed by oligonucleotide-specific hybridization,
and modified restriction-enzyme digestion!® was used
to determine the genotype of all family members.
The T—C transition was present in all affected fam-
ily members and absent in family members with nor-
mal cardiac structure and function (Fig. 2A).

To determine whether other mutations in the car-
diac B-myosin heavy chain gene caused dilated car-
diomyopathy, DNA samples were sequenced from
20 unrelated, affected persons from families with her-
itable dilated cardiomyopathy that was unassociated
with other phenotypes. Each family was too small for
us to conduct informative linkage studies. A C—G
transversion was identified at nucleotide 2378 (Fig.
2B) in exon 21, which replaces phenylalanine with
leucine at residue 764 (designated Phe764Leu), in
Subject I-1 of Family B. This C—G transversion was
confirmed by restriction-enzyme digestion, and the
genotypes of family members were ascertained (Fig.
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TABLE 1. CLINICAL FEATURES OF SUBJECTS WITH MUTATIONS IN CARDIAC B-MYOSIN HEAVY CHAIN
AND CARDIAC TROPONIN T.*

FAMILY AND AGE AT NYHA FRACTIONAL
SUBJECT Sex/AGE DiagNosis CLass LVED LVES SHORTENINGT LVWT  CoNDITIONS OR OUTCOME
cm % mm
Family A
1I-2 E/71yr  51yr I 5.8t 4.2t 28 10.8  Hypertension
11-3 M/67 yr 57 yr v 6.1t 5.5t 10 8.9  Hypertension
1I-6 F/63yr  50yr 11 511 4.4f 14 6.1
11-9 F/59 yr 46 yr 111 7.0f 6.0% 14 10.0
1II-1 F/54 yr NA I 51f 3.3 35 10.2
1I1-2 M/53 yr NA 11 58t 44 24 10.2
111-4 F/42 yr 39 yr jess 6.1F 4.8% 21 7.0 Mitral regurgitation
II1-6 E/40yr 36 yr I 6.11 5.0t 19 9.4  Normal coronary arteries
1I1-9 F/23yr 23 yr 11 59t 4.2f 29 8.3
III-11 F/42yr 42 yr I 52t 4.1% 21 8.2
111-14 M/39 yr 23 yr v 7.8t 6.8t 13 10.6  Received transplant at 23 yr of age
1II-16 M/32 yr 18 yr v 9.0f 7.6% 16 8.4
1-17 F/20 yr§ 20 yr v NA NA NA NA  Postpartum CHF, sudden death
1v-3 F/14yr 14 yr I 5.3 3.6 32 9.4
V-5 M/13 yr 13 yr I 541t 4.0 26 9.9
Iv-6 F/11yr 1lyr I 55t 4.1% 25 85
Iv-8 E/21yr  21yr I 50t 3.6 28 8.3
1V-10 M/19 yr 8 yr I 5.6t 4.5% 20 9.5
V-1 E/4 yr 2yr II-1IT 4.2f 3.4t 19 6.6 CHEF at 2 yr of age
Family B
11 M/33 yr 11 yr 111 6.7f 6.2% 7 8.0
1I-1 E/8 yr 2 yr I 451 3.0 25 7.0 Mitral regurgitation
11-2 F/2 mo§ — 1 NA NA NA NA  Sudden death{
11-3 F/4 yr Birth I 441 3.1t 17 6.0  Fetal left ventricular dilatation
Family C
11-3 M/26 yr§ — 1 NA NA NA NA  Sudden death
11-4 M/27 yr§ — 1 NA NA NA NA  Sudden death
1I1-3 E/59yr 53 yr I 6.31 5.5% 13 10  Normal coronary arteries
111-4 M/26 yr§ — I NA NA NA NA  Endocarditis
11I-6 M/51yr  48yr 111 7.4% 7.0% 5 9
1I1-7 M/1 mo§ — I NA NA NA NA  Sudden death (clinical diagnosis of
infantile cardiomyopathy)
111-8 M/8 mo§ — 1 NA NA NA NA  Sudden death (clinical diagnosis of
infantile cardiomyopathy)
V-1 E/29 yr 23 yr 11 6.8t 5.9t 13 7 Normal coronary arteries
Family D
I-1 F/68 yr§ 49 yr v NA NA NA NA  Cerebrovascular accident
11-1 F/17 yr§ — v NA NA NA NA  CHF{
1I-2 E/19 yr§ — v NA NA NA NA  Postpartum CHF, sudden death
11-4 F/44yr 23 yr 11 5.3f 4.3%f 19 8
1I1-1 M/15yr§ 14 yr v 541 4.1% 24 6  CHEF|

*Age is the subject’s current age or age at death. NYHA denotes New York Heart Association, NA not available, LVED
left ventricular end-diastolic dimension, LVES left ventricular end-systolic dimension, LVWT maximal left-ventricular-wall
thickness, and CHF congestive heart failure. The dashes indicate that the age at death was the same as the age at diagnosis.

1The earliest value available for fractional shortening is shown. Values below 28 percent are clearly abnormal.
$The dimension is greater than the upper 90 percent tolerance limit for body-surface area.
§The age at death is shown.

{Postmortem examination showed marked dilatation of the right and left ventricles with histologic findings of increased
interstitial fibrosis without myocyte disarray.

| Postmortem examination showed cardiomegaly (weight of the heart, 400 g), with marked right ventricular dilatation;
the cardiac ultrastructure was normal.

2A). The histories and clinical evaluations of the mem-
bers of Family B were remarkable for the early onset
of ventricular dilatation and dysfunction (Table 1) and
for the sudden death of an apparently healthy infant
(Subject II-2). Postmortem cardiac examination re-
vealed ventricular dilatation and extensive macroscop-

1690 December 7, 2000

ic and microscopic fibrosis. Typical histopathological
features of hypertrophic cardiomyopathy, such as my-
ocyte hypertrophy and disarray, were notably absent.
Serial cardiac evaluations of the child’s father and two
surviving siblings showed ventricular dilatation and
dysfunction.
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Figure 1. Clinical Manifestations of Dilated and Hypertrophic Cardiomyopathy Due to Missense Mutations in the Gene for Cardiac

B-Myosin Heavy Chain.

Panel A shows a two-dimensional echocardiogram of Subject 11I-16 in Family A at the age of 30 years. Marked ventricular dilatation
(left ventricular end-diastolic dimension, 7.7 cm) is evident, and there is no septal or free-wall hypertrophy. LV denotes left ventricle,
RV right ventricle, and LA left atrium. The missense mutation Arg719GIn in the gene for cardiac B-myosin heavy chain causes
marked interventricular septal hypertrophy (left ventricular end-diastolic dimension, 3.8 cm) without ventricular dilatation (Panel
B). A left ventricular specimen from the explanted heart of Subject IlI-14 in Family A (Panel C, X200) is characterized by nonspecific
abnormalities (i.e., mildly increased interstitial fibrosis) but not by myocyte and myofibrillar disarray (hematoxylin and eosin). The
missense mutation Arg719GIn in the gene for cardiac B-myosin heavy chain causes myocyte hypertrophy, disarray, and abundant

interstitial fibrosis (hematoxylin and eosin) (Panel D, X200).

We hypothesized that allelic mutations in the genes
for other sarcomere proteins could also cause dilated
cardiomyopathy. To test this hypothesis, genes encod-
ing cardiac troponin T, troponin I, and a-tropomy-
osin were amplified and sequenced from DNA samples
derived from the remaining 19 unrelated persons with
dilated cardiomyopathy. A deletion of three nucle-
otides (AGA) of the cardiac troponin T gene was iden-
tified in samples from two unrelated families (Fami-
lies C and D) (Fig. 2); this deletion is predicted to
eliminate one of four lysine residues encoded in tan-
dem in exon 13 (designated ALys210, according to

the numbering of Townsend et al.l?). Haplotype
analyses indicated that each mutation arose independ-
ently in these families (data not shown). The deletion
was confirmed by oligonucleotide-specific hybridiza-
tion, and genotypes for all members of Families C and
D were determined (Fig. 2A). The mutation ALys210
in the cardiac troponin T gene was identified in mem-
bers of each family who are being followed clinically
because they have unexplained ventricular dilatation
and marked ventricular dysfunction. None of their
serial echocardiograms revealed hypertrophic heart
disease. In the medical records of deceased members
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Figure 2. Familial Dilated Cardiomyopathy Associated with Mutations in the Genes for Cardiac 8-Myosin Heavy Chain and Cardiac
Troponin T.

Panel A shows the pedigrees of four families affected by dilated cardiomyopathy. Squares indicate male family members, circles
female family members, symbols with a slash members who had died, solid symbols affected members, open symbols unaffected
members, and shaded symbols members of unknown clinical status. Plus signs indicate the presence of a mutation, and minus
signs the absence of a mutation. In the four families, clinical status was assessed without knowledge of genotype status. Panel B
(facing page) shows sequence analyses of DNA from affected members of Families A, B, C, and D after polymerase-chain-reaction
amplification. The mutation Ser532Pro in the gene for cardiac B-myosin heavy chain is caused by a T—C transition at nucleotide
1680. Phe764Leu in the same gene results from a C—G transition at nucleotide 2378. The mutation ALys210 in the gene for cardiac
troponin T results from the deletion of three base pairs (AAG) in exon 13.

of Family C, the sudden deaths of two infants with | cardiac B-myosin heavy chain and the ALys210 de-
infantile cardiomyopathy and three young adults were | letion in cardiac troponin T were not found in analy-
notable. Three deaths attributed to congestive heart | ses of chromosomes from more than 200 unrelated
failure in Family D occurred in persons less than 20 | normal subjects (data not shown). Mutations at these
years of age (Table 1). residues have not been associated with hypertrophic

The Ser532Pro and Phe764Leu substitutions in | cardiomyopathy.2® Each defect perturbs a conserved
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B Family A
Unaffected Members

Family B
Unaffected Members

WA N{\ﬂﬂi’\/\l &_ﬂ

Families C and D
Unaffected Members

b

A I|| III‘ . I||
! "-f ll'afl \Jl |

TCATG?CCATC GTGTTCTTCAA
Ser532Pro Phe764Leu

residue (Table 2), suggesting that these substitutions
have functional consequences. We conclude that the
missense mutations Ser532Pro and Phe764Leu in the
gene for cardiac B-myosin heavy chain and ALys210
in the cardiac troponin T gene cause dilated, not hy-
pertrophic, cardiomyopathy.

DISCUSSION

The histopathological and pathophysiologic fea-
tures of hypertrophic cardiomyopathy are quite dif-
ferent from those of dilated cardiomyopathy. Increased
ventricular volumes with ventricular wall thinning
(Fig. 1A), nonspecific histologic features (Fig. 1C), and
moderate-to-severe diminution of contractile func-
tion characterize dilated cardiomyopathy.!3 In con-
trast, hypertrophic cardiomyopathy alters the morpho-
logic features of the heart by markedly thickening
ventricular walls with disproportionate (asymmetric)
involvement of the interventricular septum (Fig. 1B),
produces distinctive cellular histopathological features,
notably myocyte disarray with interstitial fibrosis (Fig.
1D), and causes hyperdynamic contractile function
with reduced ventricular volumes.21,22

A small fraction (<10 percent) of patients with hy-
pertrophic cardiomyopathy have end-stage disease late
in life that is characterized by wall thinning and di-
minished systolic function.?223 Although end-diastol-
ic volumes are larger than in the hypertrophic phase
of disease, the degree of dilation rarely approaches
the ventricular dimensions that characterize primary
dilated cardiomyopathy.2* The very early age at which
heart failure develops in the families described here,
without prior electrocardiographic or echocardio-

GTGTTCTTCAA

Affected Members

GAAGAAGATTCT

Affected Members

graphic evidence of cardiac hypertrophy, and the ab-
sence of myocyte disarray indicate that these families
have primary dilated cardiomyopathy and not end-
stage (“burnt-out”) hypertrophic heart disease.

How do allelic mutations in cardiac troponin T
or the cardiac B-myosin heavy chain produce these
distinct cardiac phenotypes? Integration of recent
biophysical information about contractile proteins pro-
vides some insights into this question. Muscle con-
traction requires the transmission of a power stroke
of coordinated movement through thick and thin sar-
comere filaments (Fig. 3). During this process, do-
mains of myosin undergo sequential conformational
changes to disrupt actin interactions, foster hydroly-
sis of ATD, and then rebind actin.26 Troponin T, one
component of a ternary complex of proteins (tro-
ponins T, C, and I), transmits calcium signals that reg-
ulate actin—myosin interactions and ATPase activity.?”

Analyses of muscle mechanics in cardiac myocytes
from mice that were engineered to contain a human
hypertrophic myosin missense mutation?® demonstrat-
ed enhanced contractile function. As compared with
normal myocytes, those with mutant sarcomeres ex-
hibited increased actin-activated ATPase activity, great-
er force production, and faster actin-filament sliding?s;
these properties may contribute to the hyperdynam-
ic cardiac contractile function observed in patients
with hypertrophic cardiomyopathy.

The sarcomere mutations that we have shown to
cause dilated cardiomyopathy are likely to diminish
the mechanical function of cardiac myocytes. Cardiac
troponin T residue 210 is located in a domain (car-
diac residues 207 through 234) that is responsible
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TABLE 2. CONSERVATION OF SEQUENCES FLANKING MUTATIONS ASSOCIATED WITH

DI1LATED CARDIOMYOPATHY IN HUMANS.

SPECIES AND SARCOMERE AmINO Acips FLANKING Amino Acips FLANKING PERCENTAGE
PROTEIN ResIDUE 532 RESIDUE 764 IDENTITY*
Mutant myosin
Ser532Pro LD
Phe764Leu L..........
Myosin
Human cardiac 8 PMGIMS ILEEECMF GHTKVFFKAGLLGLLE
Human cardiace =~ . . oL 93
Rat cardiac @« L e 92
Human perinatal skeletal T 81
Human Ila CE 81
Chicken fast skeletal CE L 81
Scallop striated Lo LT V. .N. 60
Drosophila melanogaster FEVEPES UREE S. NL L R..V..QM. 55
AmiNo Acips FLANKING RESIDUE 210
Mutant troponin T
ALys210 CA L
Troponin T
Human cardiact REKKKKILAERRKVLAIDHLNEDQLR-EKAK
Bovine cardiac L 89
Mouse cardiac ... Ao 85
Rat cardiac e 87
Rabbit cardiac L 89
Human fast skeletal ML P.N....G..K...D. 60
Rabbit fast skeletal ML P.N....SDEK...D. 56
Chicken skeletal T Ve P.N....... K...D. 58
Quail fast skeletal B T P.N.... ... K...D... 58
Human slow skeletal .M.VR..S. . K.P.D. . YMG.E....... Q 55
Mouse slow skeletal .M.LR..S..K.P.N. .YMG. ........ Q 60
Chicken slow skeletal .M.LR. .. .. K.P.H. E.MR. .E.. . A. .. 61

*“Percentage Identity” is the percentage of the

sequence that is identical to human sequence as

based on protein sequences from the following GenBank accession numbers: human cardiac S-myo-
sin heavy chain, NP000248; human cardiac a-myosin heavy chain, P13533; rat cardiac a-myosin
heavy chain, P02563; human perinatal skeletal myosin heavy chain, P13535; human ITa myosin heavy
chain, AAD29950; chicken fast skeletal myosin heavy chain, P13538; scallop striated muscle myosin

heavy chain, AAB19994; D. melanogaster muscle

myosin heavy chain, AAA28687; human cardiac

troponin T, S64668; bovine cardiac troponin T, A28008; mouse cardiac troponin T, NP035749; rat
cardiac, NP036808; rabbit cardiac, A25345; human fast skeletal, AAF21629; rabbit fast skeletal tro-
ponin T, TPRBTS; chicken skeletal troponin T, M22156; quail fast skeletal troponin T, B34327; hu-
man slow skeletal troponin T, CAA09752; mouse slow skeletal troponin T, AAD00737; chicken slow

skeletal troponin T, BAA12727.

tSequences of a 16-bp insertion found in slow skeletal isoforms of troponin T are indicated by a

dash in the human cardiac troponin T sequences.

for calcium-sensitive troponin C binding?® and that
contains six conserved lysines. Three of these basic
residues (lysines 208, 209, and 210) (Table 2) par-
ticipate in forming a tight binary complex with tro-
ponin C,3° possibly by means of complementary in-
teractions with a ring of acidic residues located on
the surface of troponin C.3! Loss of troponin T lysine
residue 210 should reduce these ionic interactions
and diminish activation of calcium-stimulated acto-
myosin ATPase, just as occurs with mutagenesis of
troponin C acidic residues.32 As a consequence, the
power stroke of contraction would be reduced (Fig.

1694 December 7, 2000

3). Notably, none of the mutations in cardiac tropo-
nin T that cause hypertrophic cardiomyopathy alter
lysine residues in this calcium-sensitive, troponin C—
binding domain?’; such defects apparently perturb
different biophysical events that trigger cardiac hy-
pertrophy.

The location of cardiac myosin mutations that cause
dilated cardiomyopathy also suggests that such mu-
tations impair contractile function. Ser532Pro maps
within an a-helical structure of the lower 50-kd do-
main in myosin that is strictly conserved throughout
evolution (Table 2) and contributes to the tight bind-
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Troponin T
Troponin C
Troponin |

Cardiac B-myosin
heavy chain

a-Tropomyosin

> Thin filament

Thick filament

Figure 3. Generation of a Power Stroke by Myosin and Actin in Sarcomere Filaments.

Cardiac contraction occurs when calcium binds the troponin complex (subunits I, C, and T) and a-tro-
pomyosin and releases the inhibition of myosin—actin interactions by troponin I. ATPase activity and
binding of actin by the globular myosin head result in conformational changes that bend the neck
(curved arrow), which is also termed the lever arm, and result in the sliding of thick filaments in relation
to thin filaments (solid arrows). Some mutations of sarcomere proteins enhance contractile function2s
and cause hypertrophic cardiomyopathy. In contrast, the mutations Ser532Pro or Phe764Leu in cardiac
B-myosin heavy chain and ALys210 in cardiac troponin (shown as red spots) may reduce the production
of contractile force by the sarcomere; these defects and actin mutations® cause dilated cardiomyopathy.

ing of actin.?® By the substitution of proline for
serine at residue 532, this a-helix is broken, which
disrupts stereospecific interactions between myosin
and actin; tight stereospecific interactions are critical
for initiating the power stroke of contraction.?? Car-
diac B-myosin heavy chain residue 764 resides in the
converter region, one of several flexible “joints” in
myosin that undergo conformational changes during
the contractile cycle.3* The converter region, along
with the myosin relay domain and the SHI1 helix,
functions as a hinge that transmits movement and
directionality from the head of myosin to the neck,
thereby propelling the thick filament (Fig. 3). Phen-
ylalanine 764 sits at the center of this hinge and is
invariant in all known muscle myosins (Table 2). Sub-
stitution of leucine at this position might alter the
magnitude?® or polarity’¢ of transmitted movement
and thereby diminish the efficiency of contraction.
Previous studies have suggested that cytoskeletal
defects outside the sarcomere may be one mechanism
for the pathogenesis of dilated cardiomyopathy.3”38
The mutations in cardiac 8-myosin heavy chain and
troponin T that are described here suggest a difter-
ent mechanism — namely, deficits of force generation

by the sarcomere in cardiac muscle. Furthermore, our
data suggest that the distinct biophysical events per-
turbed by allelic mutations in contractile genes trig-
ger divergent signaling pathways that remodel the
heart in ways that result in a dilated or hypertrophic
phenotype. Elucidation of the components of these
pathways may suggest therapeutic interventions that
are also relevant to hypertrophic and dilated heart
disease with nongenetic causes.

Demonstration that mutations in cardiac 8-myo-
sin heavy chain and cardiac troponin T, along with
two previously reported mutations in cardiac actin,
cause dilated cardiomyopathy implicates mutations
in other sarcomere genes in causing this disorder. Be-
cause cardiac B-myosin heavy chain and cardiac tro-
ponin T mutations were identified in 3 of 20 per-
sons with dilated cardiomyopathy who were studied
without prior linkage data to indicate a mutation with-
in a particular gene, we estimate that at least 10 per-
cent of cases of familial dilated cardiomyopathy may
be attributed to mutations in the genes for sarcomere
proteins. Although dilated cardiomyopathy is unusu-
al before middle age, the medical histories of families
with cardiac B-myosin heavy chain, cardiac troponin
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T, and actin!6 gene mutations document congestive
heart failure and sudden death in children and young
adults. We conclude that mutations in genes for sar-
comere proteins are particularly prevalent as causes of
cardiac dilatation and dysfunction in young people.
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