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To test the hypothesis that actin dysfunction leads to heart failure, patients with hered-
itary idiopathic dilated cardiomyopathy (IDC) were examined for mutations in the cardiac
actin gene (ACTC). Missense mutations in ACTC that cosegregate with IDC were iden-
tified in two unrelated families. Both mutations affect universally conserved amino acids
in domains of actin that attach to Z bands and intercalated discs. Coupled with previous
data showing that dystrophin mutations also cause dilated cardiomyopathy, these re-
sults raise the possibility that defective transmission of force in cardiac myocytes is a
mechanism underlying heart failure.

Heart failure is a major medical problem
that affects 700,000 individuals per year in
the United States and accounts for annual
costs of $10 to $40 billion (1). Heart failure
is the primary manifestation of dilated car-
diomyopathy, a group of disorders charac-
terized by cardiac dilation and pump dys-
function. Half of patients with dilated car-
diomyopathy are diagnosed with idiopathic
dilated cardiomyopathy (IDC), isolated
heart failure of unknown etiology (affecting
5 to 8 in 100,000 individuals) (2). Cardiac
transplantation is the only definitive treat-
ment for end-stage disease.

IDC is hereditary in at least 20% of
cases (3), indicating that genetic factors
are important in its pathogenesis. In both
familial and nonfamilial IDC, disease on-
set is delayed (mean age at diagnosis 5
45 6 17 years), and the 5-year mortality
rate is 50% after symptoms develop (3, 4).
Consequently, few multigeneration IDC
families with many affected, living indi-
viduals have been identified. Although
chromosomal loci for IDC (1p1-q1, 1q32,
3p22-p25, 9q13-q22, and 10q21-q23)
have been identified by genetic linkage
analysis in rare families (5), these families
are too small for positional cloning of IDC
genes. Furthermore, these loci do not
identify all potential candidate genes, like
cardiac actin (ACTC) on chromosome
15q14. As an alternative strategy, we used
a candidate gene approach in small IDC
families.

We studied two unrelated families with
autosomal dominant IDC, one of German
ancestry and the other of Swedish-Norwe-
gian ancestry (Fig. 1). Families were pheno-
typically characterized by echocardiography
(3, 6). IDC was defined as left ventricular
(LV) end-diastolic dimension .95th per-
centile for age and body surface area, and
shortening fraction , 28% (7). The results
of phenotypic evaluation are shown in Ta-
ble 1. Individuals in both families had vari-
able age at diagnosis (1 to 41 years), similar
to other IDC families, with age at diagnosis
differing by as much as 20 to 50 years (5, 8).
Heart biopsy specimens from the proband of
each family revealed histopathologic find-
ings consistent with IDC (Fig. 2). Neither
family had phenotypic features of hypertro-

phic cardiomyopathy (9).
Actin is essential for normal structure

and function of cardiac myocytes. During
development, five of the six actin isoforms
encoded by separate genes are expressed in
myocytes. In mature cardiac myocytes,
however, only cardiac and skeletal actin are
expressed, and cardiac actin is the major
isoform (;80%) (10, 11). To test the hy-
pothesis that actin dysfunction leads to
heart failure, we investigated the cardiac
actin gene (ACTC) on chromosome 15q14
as a candidate for IDC. Oligonucleotide
primers complementary to flanking intron
sequence were developed for the six exons
of ACTC (12), and single-strand conforma-
tion polymorphism (SSCP) analyses (13)
were performed.

SSCP analyses of ACTC in kindred 1453
(K-1453) identified an anomalous conform-
er for exon 5 that cosegregated with IDC
(14). Sequencing (15) of the conformer re-
vealed a G-to-A substitution in codon 312
(Arg312His) (Fig. 1A). We confirmed this
alteration by testing for a new Bcl I restric-
tion site. It was inherited by three individu-
als with IDC (ages 36, 5, and 2) and a
15-year-old who has not developed IDC.

Analysis of kindred 9695 (K-9695) re-
vealed an anomalous conformer for ACTC
exon 6 that cosegregated with IDC (Fig.
1B). DNA sequence analysis demonstrated
an A-to-G substitution in codon 361
(Glu361Gly). This alteration was inherited
by two individuals with IDC (ages 41 and
14) in addition to a 34-year-old with a
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Fig. 1. ACTC missense
mutations in two IDC
families. Pedigree sym-
bols designate the fol-
lowing traits: circles, fe-
males; squares, males;
diagonal lines, de-
ceased; filled, IDC; half-
filled, LV dilation or bor-
derline LV size; empty,
normal; shaded, uncer-
tain; *, insufficient data
because of death (I.1
and I.2, K-9695), preex-
isting ischemic heart dis-
ease (I.1, K-1453), or re-
fusal to participate (I.2,
K-1453). Spouses were
classified as normal. (A)
Below K-1453, the re-
sults of PCR-RFLP (re-
striction fragment length
polymorphism) and sequence analyses for exon 5 are shown.
The 222-bp PCR product of primer pairs 5F/5R was digested
with Bcl I. The mutation creates a unique Bcl I site, resulting in
140- and 82-bp fragments (arrows) that cosegregate with IDC. Sequence analysis reveals a G-to-A
point mutation, resulting in a conservative arginine-to-histidine substitution. (B) Below K-9695, the
results of SSCP and sequence analyses for exon 6 are shown. The anomalous conformer (arrow)
cosegregates with IDC. Sequence analysis reveals an A-to-G point mutation, resulting in a nonconser-
vative glutamic acid–to–glycine substitution.
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dilated heart and a 9-year-old with border-
line heart size.

To eliminate the possibility that these
substitutions were polymorphisms within
the normal population, we tested 435 unre-
lated control individuals (870 chromo-
somes). No anomalous SSCP conformers
were identified for ACTC exons 5 and 6 in
these controls. In addition, sequence com-
parisons revealed that both substitutions af-
fect amino acids that are invariant in all
human actin isoforms and actin in mice,
Drosophila, yeast, and rice (14, 16).
Arg312His and Glu361Gly substitutions
have not been evaluated in functional stud-
ies of mutant actin. However, an
Arg312Ala substitution causes reduced via-
bility of haploid yeast (17). Thus, the
ACTC variants described here are likely to

be IDC-associated mutations rather than
rare polymorphisms.

ACTC is one of six actin genes in hu-
mans (18), none of which thus far have
been implicated in human disease. In car-
diac myocytes, cardiac actin is the main
component of the thin filament of the sar-
comere. One end of the polarized actin
filament forms cross-bridges with myosin,
and the other end is immobilized, attached
to a Z band or an intercalated disc (11, 19).
Thus, actin transmits force between adja-
cent sarcomeres and neighboring myocytes
to effect coordinated contraction of the
heart. The mutations we identified occur in
subdomains 1 and 3 of the actin monomer
(Fig. 3), which form the immobilized end of
the actin filament. Moreover, the
Glu361Gly substitution is within a com-
mon binding domain for actinin, a protein

comprising Z bands and intercalated discs,
and dystrophin, a protein linking myofibrils
to the extracellular matrix (20).

In addition to our data, several lines of
evidence support the hypothesis that rela-
tively subtle molecular defects in force-
transmitting proteins, like actin, lead to
myocyte dysfunction and heart failure. First,
missense mutations throughout the actin
gene in Drosophila result in abnormal struc-
ture and function of flight muscle (17).
Second, transgenic expression of a noncar-
diac actin in cardiac actin–deficient mice
causes heart enlargement and dysfunction,
resembling human IDC (21). Third, mis-
sense mutations in dystrophin have been
identified in X-linked dilated cardiomyop-
athy (22). In mice, heterozygous disruption
of ACTC is not associated with heart ab-
normalities (21). Thus, the missense muta-
tions in ACTC defined here likely lead to
altered actin function rather than loss of
function.

Hypertrophic cardiomyopathy (HCM) is
characterized by hypertrophy of the heart, in
contrast to IDC, which leads to chamber
dilation and heart failure. The genes impli-
cated in HCM all encode proteins involved
in generation of force (b-myosin heavy
chain, cardiac troponin T, a-tropomyosin,
myosin-binding protein C, and essential and
regulatory myosin light chains) (23). This
has led to the hypothesis that HCM is
caused by chronic reduction of force gen-
eration, which stimulates secondary myo-
cyte hypertrophy (24). The cellular mech-
anism underlying IDC, however, may not
involve force generation. Actin provides a
scaffold for force generation by interacting
with myosin, but the mutations we iden-
tified are not in regions that interact with
myosin (25). Instead of generating force,
actin transmits force to adjacent sarco-
meres and myocytes and, like dystrophin,
transmits force to the extracellular matrix.
Further evidence that IDC does not result
from a primary defect in force generation
is that pathologic features of HCM are not
observed during the course of IDC. We
propose that IDC results from an episodic
defect in force transmission. This defect
may predispose affected myocytes to me-
chanical injury and cumulative cell death,
secondary interstitial fibrosis, and cardiac
dilation, a degenerative process that may
take decades to develop.
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Pedigree Age
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fraction (%)
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Ribonuclease P Protein Structure: Evolutionary
Origins in the Translational Apparatus
Travis Stams, S. Niranjanakumari, Carol A. Fierke,

David W. Christianson*

The crystal structure of Bacillus subtilis ribonuclease P protein is reported at 2.6 ang-
stroms resolution. This protein binds to ribonuclease P RNA to form a ribonucleoprotein
holoenzyme with optimal catalytic activity. Mutagenesis and biochemical data indicate
that an unusual left-handed bab crossover connection and a large central cleft in the
protein form conserved RNA binding sites; a metal binding loop may comprise a third
RNA binding site. The unusual topology is partly shared with ribosomal protein S5 and
the ribosomal translocase elongation factor G, which suggests evolution from a common
RNA binding ancestor in the primordial translational apparatus.

Bacterial ribonuclease P (RNase P) is com-
posed of two subunits, an RNA of about 400
nucleotides and a protein of about 120 res-
idues, and the ribonucleoprotein holoen-
zyme plays a critical supporting role for the
translational apparatus by catalyzing the 59
maturation of pre-tRNA substrates (1). Ab-
sent the protein subunit, the RNA subunit
(RNase P RNA) alone is catalytically ac-
tive in the presence of elevated salt concen-
trations and was one of the first ribozymes
discovered (2). However, the RNase P pro-
tein subunit is essential for physiological
activity; it decreases the dependence of the
reaction on Mg21 concentrations (2, 3), it
stabilizes the catalytically active conforma-
tion of the RNA subunit (4), and it en-
hances substrate affinity (5). The protein

subunit also modulates substrate specificity
(6, 7). For example, the protein subunit
enhances processing of pre-4.5S RNA (7),
an accessory molecule essential for ribosom-
al translocation (8).

The RNase P ribonucleoprotein holoen-
zyme (or the RNA subunit by itself) is very
much like a classic protein enzyme in that
substrate association is mediated by nonco-
valent interactions (9) and multiple turn-
overs are catalyzed (2). Catalysis requires
divalent metal ions such as Mg21 or Mn21,
probably to provide nucleophilic metal-
bound hydroxide ion for catalysis (2, 10);
additionally, at least one metal ion stabilizes
the hydrolytic transition state (11). Metal
ions also stabilize RNA tertiary structure
(3, 12) and binding of the pre-tRNA sub-
strate (11, 13). Metal ions increase protein-
RNA subunit affinity in the holoenzyme
(14), but it is not known whether the pro-
tein subunit interacts directly with metals.
It is interesting to consider that as the
protein world evolved from the hypotheti-
cal RNA world, metal-dependent ribo-
nucleoproteins such as the RNase P holoen-
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