
Actin Mutations in Dilated Cardiomyopathy, phic cardiomyopathy (9). 

a Heritable Form of Heart Failure Actin is essential for normal structure 
and function of cardiac mvocvtes. During , , - 
development, five of the six actin isoforms 

Timothy M. Olson,* Virginia V. Michels, Stephen N. Thibodeau, encoded by separate genes are expressed in 
Yin-Shan Tai, Mark T. Keating myocytes. In mature cardiac myocytes, 

however, only cardiac and skeletal actin are 
To test the hypothesis that actin dysfunction leads to heart failure, patients with hered- expressed, and cardiac actin is the major 
itary idiopathic dilated cardiomyopathy (IDC) were examined for mutations in the cardiac isoform (-80%) (10, 11 ). To test the hy- 
actin gene (ACTC). Missense mutations in ACTC that cosegregate with IDC were iden- pothesis that actin dysfunction leads to 
tified in two unrelated families. Both mutations affect universally conserved amino acids heart failure, we investigated the cardiac 
in domains of actin that attach to Z bands and intercalated discs. Coupled with previous actin gene (ACTC) on chromosome 15q14 
data showing that dystrophin mutations also cause dilated cardiomyopathy, these re- as a candidate for IDC. Oligonucleotide 
sults raise the possibility that defective transmission of force in cardiac myocytes is a primers complementary to flanking intron 
mechanism underlying heart failure. sequence were developed for the six exons 

of ACTC (1 2), and single-strand conforma- 
tion polymorphism (SSCP) analyses (13) 
were performed. 

H e a r t  failure is a major medical problem We studied two unrelated families with SSCP analyses of ACTC in kindred 1453 
that affects 700,000 individuals per year in autosomal dominant IDC, one of German (K-1453) identified an anomalous conform- 
the United States and accounts for annual ancestry and the other of Swedish-Norwe- er for exon 5 that cosegregated with IDC 
costs of $10 to $40 billion (1 ). Heart failure gian ancestry (Fig. 1). Families were pheno- (14). Sequencing (15) of the conformer re- 
is the primary manifestation of dilated car- typically characterized by echocardiography vealed a G-to-A substitution in codon 312 
diomyopathy, a group of disorders charac- (3, 6). IDC was defined as left ventricular (Arg312His) (Fig. 1A). We confirmed this 
terized by cardiac dilation and pump dys- (LV) end-diastolic dimension >95th per- alteration by testing for a new Bcl I restric- 
function. Half of patients with dilated car- centile for age and body surface area, and tion site. It was inherited by three individu- 
diomyopathy are diagnosed with idiopathic shortening fraction < 28% (7). The results als with IDC (ages 36, 5, and 2) and a 
dilated cardiomyopathy (IDC), isolated of phenotypic evaluation are shown in Ta- 15-year-old who has not developed IDC. 
heart failure of unknown etiology (affecting ble 1. Individuals in both families had vari- Analysis of kindred 9695 (K-9695) re- 
5 to 8 in 100,000 individuals) (2). Cardiac able age at diagnosis (1 to 41 years), similar vealed an anomalous conformer for ACTC 
transplantation is the only definitive treat- to other IDC families, with age at diagnosis exon 6 that cosegregated with IDC (Fig. 
ment for end-stage disease. differing by as much as 20 to 50 years (5,8). 1B). DNA sequence analysis demonstrated 

IDC is hereditary in at least 20% of Heart biopsy specimens from the proband of an A-to-G substitution in codon 361 
cases (3), indicating that genetic factors each family revealed histopathologic find- (Glu361Gly). This alteration was inherited 
are important in its pathogenesis. In both ings consistent with IDC (Fig. 2). Neither by two individuals with IDC (ages 41 and 
familial and nonfamilial IDC, disease on- family had phenotypic features of hypertro- 14) in addition to a 34-year-old with a 
set is delayed (mean age at diagnosis = 
45 + 17 years), and the 5-year mortality 
rate is 50% after symptoms develop (3,4). Fig. 1- ACTC missense A K-1453 8 K-9695 
Consequently, few multigeneration IDC in two IDC 

families. Pedigree sym- I families with many affected, living indi- 
bols designate the fol- 

viduals have been identified. Although lowing circles, fe- 
chromosomal loci for IDC ( lp l -ql ,  lq32, males; squares, males; ( 1  
3p22-p25, 9q13-q22, and 10q21-q23) diagonal lines, de- 
have been identified by genetic linkage ceased: filled, IDC; half- 111 
analysis in rare families (5), these families filled, LV dilation or bor- 
are too small for positional cloning of IDC derline LV size; empty, -b rrii 222 bp 
genes. Furthermore, these loci do not normal; shaded, uncer- - ---- 140bp * 
identify all potential candidate genes, like tain; '8 insufficient data - 
cardiac actin (ACTC) on chromosome ~'~iju~K-~6$~re~~- 
15q14. As an alternative strategy, we used iSting ischemic heart dis- Asp a candidate gene approach in small IDC ease K-1453), or re- 
families. fusal to participate (1.2, C .  - C Normal Affected -. - r A His 

K-1453). Spouses were 
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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). 
Arg3 l2His and Glu361Gly substitutions 
have not been evaluated in functional stud- 
ies of mutant actin. However, an 
Arg3 12Ala 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 (la) ,  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 (1 1, 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 bindine domain for actinin, a vrotein 

Fig. 2. Photomicrograph from right ventricle biop- 
sy specimen of individual 11.3 in K-9695 demon- 
strates moderate focal interstitial fibrosis (left ar- 
row) and myocyte hypertrophy (right arrow): There 
is no evidence of myofibrillar disarray, as seen in ~ ~ 3 1 2 ~ 1 . \  
hypertrophic cardiomyopathy, or myocarditis. Fig. 3. Schematic representation of the cardiac 
Histopathologic findings were similar but less se- actin monomer and location of IDC-associated 
vere for individual 11.3 in K-1453 (14). The speci- mutations. The figure is based on the x-ray crys- 
men was stained with hematoxylin and eosin. Bar, tallographic structure of actin (27). The four struc- 
50 p,M. tural subdomains are indicated. 

Table 1. Phenotypic data for IDC families with missense mutations in ACTC. The 95th percentiles for LV 
end-diastolic dimension, based on body surface area and age, are indicated in parentheses. Normal 
shortening fraction is 228%. Abnormal values are indicated in bold type. Individuals <20 years of age 
with normal values were classified as uncertain, on the basis of -5 to 10% disease penetrance in this 
age group (26). Phenotypic data were obtained before DNA analyses. BSA, body surface area; LV, left 
ventricle. 

Pedigree Age BSA LV end-diastolic Shortening Phenotypic 
(years) (m2) dimension (mm) fraction (%) assignment 

K- 1453 
11.1 39 1.96 51 (54) 35 Normal 
11.3 36 1.53 59 (49) 20 IDC 
111.1 15 1.84 53 (54) 36 Uncertain 
111.2 5 0.74 48 (38) 13 IDC 
111.3 2 0.62 37 (35) 27 I DC 

Cardiac actin 
genotype 

Normal 
kg31 2His 
Arg312His 
Arg312His 
Arg312His 

Normal Normal 
IDC Glu361 Gly 
Normal Normal 
LV dilation Glu361 Gly 
Uncertain Normal 
IDC Glu361 Gly 
Borderline Glu361 Gly 

LV dilation 

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 (1 7). 
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 dysnophin 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 (P-myosin heavy 
chain, cardiac troponin T, a-nopomyosin, 
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 mvosin. 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 d~strophin, 
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 iniurv and cumulative cell death. , , 
secondary interstitial fibrosis, and cardiac 
dilation, a degenerative process that may 
take decades to develop. 

REFERENCES AND NOTES 
--- - 

1. W. T. Abraham and M. R. Bristow, Circulation 96, 
2755 (1 997). 

2. T. A. Manolio et a/., Am. J. Cardol. 69, 1458 (1 992); 
E. K. Kasper et a/., J. Am. Coll. Cardiol. 23, 586 
(1 994). 

3. V. V. Michels et a/., N. Engl. J. Med. 326, 77 (1992). 
4. G. W. Dec and V. Fuster, ibid. 331, 1564 (1 994). 
5. Mendelian Inheritance in Man 115200, 600884, 

www.sciencemag.org SCIENCE VOL. 280 1 MAY 1998 



601 154 601 493 and 601 494 T M Olson and M T 
Keatng Trends Cardiovasc Med 7 60 (1 997) K R 
Bowles et a1 J Clin Invest 98 1355 (1 996) 

6 Echocardograms and blood samples for DNA ana- 
yses were obtaned from partcpatng f amy  mem- 
bers after Informed wr~tten consent 

7 The follow~ng formulas were used body surface 
area (BSA) (m7) = 0 007184 x he~ght (cm)- e 5  

x weght (kg)" - [D Du B o s  and E F Du B o s  
Arch Intern Med 17 863 (1916)l 95th percente 
for LV end-d~astoc  d~mens~on (mm) = 4 5 3  
(BSA)' - 0 03 (age) - 7 2 - 1 2 C ~  fW L Henry 
J M Gard~n J H Ware Circulabon 62 1054 
(1980)j shortenng fracton ( " 0 )  = 100 x (LV end- 
d a s t o c  dmenson - LV end-systoc dmenson)  
- LV end -das toc  dmenson 

8 V V M~chels D J Dr~scoll F A M le r  An- J Car- 
diol 55 1232 (1 985) T M Olson and M T Keatng 
J Clin lnvest 97 528 (1996) 

9 Hypertrophy of the heart was not evdent on eectro- 
cardograms or echocardograms Myofbr lar dsar- 
ray whch IS characterstc of hypertrophc cardomy- 
opathy was absent on h~stopatholog~c examnaton 
of cardac bopsy spec mens 

10 I R Herman Curr Opin Cell Biol 5 48 (1 993) M 
G~mona etal CellMotil Cyfoskel 27 108 (1 994) J 
Vandekerckhove G Buga~sky M Buck~r~gham 
J 5101 Cherr 261 1838 (1 986) 

1 1 M -H Lu etal J Cell 5/01 11 7 1007 (1 992) 
12 Pr~mers were des~gned accord~ng to the pubshed 

genomc DNA sequence for ACTC [H Hamada M G 
Petr~no T Kakuiaga Proc \at/ Acad SCI U S A  79 
5901 (1 982)] and OLGO 4 03 Prmer Anayss Sonware 
(Nat~onal B~osc~ences Plymouth MN) The f o ~ t ~ a r d  
prmer for exon 5 overlaps 5 base pars (bp) of codng 
seauence to avod a reuettve dnuceotde seauence 
near the ntron-exon boundary Prmer sequences are 
as follows exonl F 5 -CCCCTGAAGCTGTGCCAAGA- 
3 exonl R 5 -GGCTCGGCGGGAAGTTTAC-3 

ATG-3' exon5R 5-GATCTCCCACTCACAAAAG-3' 
exon 6F 5'-AAGTTTTTGTTTTCTTCTGC-3', exon 
6R 5'-CATAATACCGTCATCCTGA-3 Polymerase 
char reacton (PCR) product slzes for exons 1 to 6 are 
167,457.292 291. 222. and 214 bp respectvely 

13 M Or~ta. H wahana H Kanarawa, T Sek~ya. Proc 
Natl Acad Sci U S A .  86, 2766 (1989). PCR was 
performed w~ th  25 ng of genomc DNA. 10 mM trls- 
HCL (pH 8 3) 50 mM K C  1 5 mM MgCl, 200 p.M 
deoxyguanos~ne tr~phosphate, 200 p.M deoxyade- 
noslne tr~phosphate 200 p.M deoxythym~d~ne 
tr~phosphate. 200 p.M deoxycyt~d~ne tr~phosphate 
(dCTP) 0 5 p.M forsdard prmer 0 5 p.M reverse prim- 
er, 1 OCc glycerol, 0.05 U Taq DNA polymerase and 1 
p.C of [a-"PIdCTP n a f ~ n a  volume of 10 p. Amp11- 
f~caton condtons were 94'C for 5 m n  followed by 
30 cycles of 94'C for 30 s 52' to 60'C for 30 s, and 
72'C for 30 s followed by 72-C for 10 m n  (Perkn- 
Elmer Cetus 9600 thermocycer) For exon 2 10 p. of 
PCR product was d~gested w~ th  B g  I result~ng n 
198- and 259-bp fragmen:~ Reactons were duted 
w~th  25 p. of 0 1 SDS. 10 mM EDTA, and 25 p. of 
9 5 > ~  formam~de dye. Duted samples were dena- 
tured at 94'C for 10 mln and 3-p. samples were 
subjected to gel eectrophoress under three condl- 
t~ons: 0 . 5 ~  and 1 x Mutaton Detecton Enhancement 
gels (FMC Boproducts Rockand. ME) at 800Vfor 14 
to 30 hours (room temperature) and 10% nondena- 
turng polyacrylam~de (49.1 polyacrylam~de'b~sac~l- 
amde) w~th  1 0 " ~  glycerol at 30 W for 4 to 6 hours 
(4'C) Gels were then dr~ed for autoradography. 

14 T M Olson e t a l .  data not shown 
15 Normal and anomalous s~ngle-strand conformers 

were cut from dr~ed gels and eluted n 100 p. of 
water at 65-C for 30 mln The eluted DNA 10 p.1) 
was used as a template for a second PCR w~ th  the 
o rgna  prmer par Products were fractonated n 1 3 3  

agarose gels and DNA was purlfled by phenol and 
chloroform extracton F o ~ t ~ a r d  and reverse [a-"PI- 
ddNTP (d~deoxynucleos~de trphosphates) cycle se- 

quencng was performed w~th a Thermo Sequenase k ~ t  
(Amersham L~fe Sc~ences Cleveland. OH) Mutat~ons 
weie conf~rmed by PCR amplf~cat~on and cycle se- 
quenclng of genomlc DNA No add~t~ona mutat~ons 
were dent~f~ed n other exons of ACTC for e~ther famy. 

16 Comparson of actn sequences was made by use of 
the comb~ned proteln database and the NCBI 
BLAST Web slte (http,,;www ncb~.nlm nh.gov/cg- 
bn,BLAST,nph-bast?form= 1) 

17. E. S Hennessey. D. R Drumrnond. J C Sparrow. 
Biochem. J. 282 657 (1 993). 

18. Mendelian Inheritance 1n Man 102540. 
19 K C. Holmes, D. Popp, W Gebhard. W Kabsch, 

Nature 347 44 (1990), C C Gregor~o Cell Struct 
Funct. 22 191 (1997) 

20 B A Lev~ne A J G Mo~r  V B Patche S. V. Perry, 
FEBS Lett 298 44 (1992). P A Kuhman L. Hem- 
mngs, D R. Crtchey. ~ b ~ d  304, 201 (1992) 

21 A Kumar et a/ Proc Natl. Acad. Sci. U.S A. 94 
4406 (1 997). 

22 Mendellan Inheritance 1n Man 302045 R. Or~tz- 
Lopez H L J Su, V Goyha J A Towb~n C~rcula- 
tion 95 2434 (1 997) 

23 P Sp~r~to ,  C E Se~dman, W J McKenna. B. J. 

Maron. N. Engl. J. Med. 336 775 (1997) 
24. E. B Lankford, N D Epste~n, L Fananapar~r H. L 

Sweeney. J Clin lnvest 95. 1409 (1995) H 
Watkns, C E Sedman J. G Sedman, H S Feng, 
H L Sweeney ~ b ~ d  98. 2456 (1996) 

25. E. Reser Curr. Op~n. Cell Biol 5. 41 (1 993) 
26. L. Mestron et a1 Br. Heart J. 72 S35 (1994) 
27. W Kabsch H G Mannherz D Suck. E F P a  K C 

Homes, Nature 347, 37 (1 990). The nsght  I moec- 
ular modeng system software program (B~osym 
Technooges, San Dego) was used to create Fg.  3. 

28 We thank D Scha~d. F Mler,  D Dr~scoll. G Ors- 
mond, R Shaddy and H. Holtzer for support and 
helpful dscussons W Edwards (prnt for Fg. 2) and 
J. Ross. D Renund. J Mason. J Anderson. M Karst. 
and N K~shmoto for assstance Supported by C n -  
can Scentst Award 96004630 from the Amercan 
Heart Assocaton ( T  M 0 ) N H  SCOR grant 5-P50- 
HL-53773, Project 6 (M T K.), the John Patr~ck Al- 
br~ght Foundat~on Pubc  Health Serv~ces Research 
Grant M01-RR00064 from the Nat~onal Center for 
Research Resources and the Technology Access 
Secton of the Utah Genome Center 

3 October 1997 accepted 9 March '998 

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 pap 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 rlhonuclease P (RNase P) is corn- 
posed of two suhunirs, an RNA oiahout 400 
nucleoriiles and a protein of ahout 120 res- 
idues, and the ril~onucleoproteln holoen- 
ryme plays a critical supporting role tor the 
translational apparatus 1 ~ y  catalyzing the 5 '  
maturatloll of ~3i-e-tRNA substrates i 1 ) .  Ah- 
sent the protein suhunit, the RNA sul~unit 
(RNase P RN,4) alone is catalvricallv ac- 
tive in the presence o i  elevareil salt concen- 
trations and was one of the first rihozymes 
discovereil (2).  Ho\\.ever, the RNase P pro- 
rein subunit is essential for physiological 
activity; it ilecreases the dependence o i  the 
reaction on Mg2- co~lcentrations (2 ,  3),  it 
stal~ilizes the catalytically active conforma- 
tion of the RNA suhunir (4 ) ,  and it en- 
hances substrate aifiniry (5).  The protein 
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subunit also modulates sul~strate \~eclflcitv 
(6 ,  7).  For example, the protell1 suhunlr 
enhances processing of prc-4.5s RNA (7 ) ,  
an accessory molecule essential tor rihosom- 
a1 translocation (8). 

The RNase P rihonucleoproteln holoen- 
zyme (or the RN,4 suhunit hy ~tself) IS very 
much like a classic protein enzyme In that 
substrate association 1s mediated hv nonco- 
valent interactions (9)  and multlple turn- 

overs are catalyzed (2). Catalysis requires 
divalent metal ions such as Mg2- or Mn2-, 
prol~ahly to provlde nucleophllic metal- 
l~ound hydroxide ion for caralys~s (2 ,  10); 
additionally, at least one metal ion srahilizes 
the hdrolyt ic  rrankltlon \tat? (1 1 ). Metal 
ions also stahilire RN,4 tertlary structure 
( 3 ,  12) and hinding of the pre-rRNA suh- 
strate (1 1 ,  13). Metal ion\ incrcae proteln- 
RNA subunit affinity in the hi~loenrvme 
(14), hut l r  15 not k n o \ ~ n  nhether the pro- 
teln s u h u ~ l ~ r  Interact, d ~ r e c t l ~ .  \\ lth metal5 
It 1s lnreresrlng to con51cler that a5 the 
proreln ~ ~ o r l i l  e \ol \  ed trom the h)po the t~-  
cal RNA norld, metal-ilepenilent rlho- 
nucleoproteln5 such a\ the RN,lje P holoen- 




