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development.  

Caenorhabditis elegans Timing Gene elk-1 Injection of Z C ~ C C  subclones localized 
elk-1 to a 1.9-kb Eco RI fragment. Estra- 

Jonathan J. Ewbank, Thomas M. Barnes, Bernard Lakowski, chro~nosomal arrays containillg this frag- 

Marc Lussier, Howard Bussey, Siegfried Hekimi* nlent restored developlue~ltal and behavior- 
al rates to lvild-type speed for at least one 
generation. Again, stable rescue over many 

Mutations in the Caenorhabditis elegans gene clk-1 affect biological timing and extend ge~lerations was only obtained for the  be- 
longevity. The gene clk-1 was identified, and the cloned gene complemented the clk-1 ha\-ioral phenotypes such as defecation (6). 
phenotypes and restored normal longevity. The CLK-1 protein was found to be con- This fragment is predicteil to co~ l t a in  a 
served among eukaryotes, including humans, and structurally similar to the yeast met- single gene, ZC395.2 ( 7 ) ,  lvhich is altered 
abolic regulator Cat5p (also called Coq7p). These proteins contain a tandem duplication in  three clic-l alleles, thereby co~lfirnling 
of a core 82-residue domain. clk-1 complemented the phenotype of cat5/coq7 null the  identity of this gene as ciic-1 (Fig. I ) .  
mutants, demonstrating that clk-1 and CAT5/COQ7 share biochemical function and that T h e  weaker clk-1 allele is a Inissense muta- 
clk-1 acts at the level of cellular physiology. tion; the  stronger ones involve the  disrup- 

tion of entire esons. 
LVe previously demo~lstrated that all 

phenotypes of clic-I mutants call be fully 
T h e  acti~.ity of clli-l in the  nematode Cne- the  mutant  phenotype of both  strong maternally rescued, that all alleles exhibit 
norhubditis elegans colltrols the  rate of the  (qm30) and  weaker (e2519) elk-1 alleles the  same pattern of phenotypes, and that all 
worms' development, the  pace of their be- and fully recapitulated the  maternal effect, alleles fail t o  colnplement each other for all 
ha\-iors, and when they die (1 ) .  111 elk-l Over  a number of generations, ZC4OC- phenotypes (1 .  2 ) .  Given this, the  molecu- 
mutants, the timing of a wide range of con ta i~ l ing  extrachromosomal arrays lost lar evidence presellted here unequivocally 
physiological processes is deregulated ( I ) .  their ability to  rescue fully the  slow- establishes that mutations in the  clli-1 gene 
This leads to a n  average lengthening of grolvth phenotype of clli-l mutants,  but are respollsible for all of the  phenotypes 
such diverse processes as the  worms' early t h e  rescue of slow defecation persisted. seen in clli-I m u t a ~ ~ t  rvorms. 
cell cycles, their embryonic and postembry- This  loss of rescue of the  developmental T h e  elk-1 gene lies just dolvnstream of 
onic development, and the  period of rhyth- phellotype probably reflects a ubiquitous t h e  predicted gene, ZC395.3 (Fig. I ) .  Us- 
mic adult behaviors, such as swimming, phenomenon in  C.  elegans, i n  lvhich ing reverse tra~lscription polymerase chain 
pharyngeal pumping, and de feca t io~~ .  clk-1 transgenic arrays undergo transcriptional reaction (RT-PCR)  (8), \ve established 
muta~ l t s  also have a n  extended life- spa^^. silencing i n  the  germ line and in early the  5 '  and 3' e11ds of both genes and their 
This pleiotropic alteratio~l of developmen- embryos, possibly because of their complex spliciqg patterns. W e  f o u ~ l d  tha t  cllc-1 is 
tal and behavioral timing is also exhibited repeated structure (5). If this is so, it exclusively trans-spliced to  the  splice lead- 
by lvorms nit11 mutations in any one of the  implies tha t  later zygotic expressio~l of er SL2 at  its 5' end,  and the  upstream gene 
genes elk-2, clic-3, or gro-1 ( 1 ,  2). hlutations clli-1 ( t )  is sufficient to  rescue adult be- is trans-spliced to S L l ,  in bo th  cases irn- 
in these four genes interact gelletically to havioral defects, but maternal or  early ry- mediately upstrean1 of the  initiator AUG 
affect deve lopme~~ta l  rate and lollgevity (3 ) .  

hlutations of clli-I exhibit a nlaternal 
effect: homo:ygous mutant (clk-l /ell<-I ) Fig. Coning Of cik- ~ P Y - 1  7 clk- 1 Ion- 1 Stable Transient 

progeny from a heterozygous hermaphrodite The top l n e  shows I 1 rescue rescue 
the genetic map in the 0.2 mu 

(elk-l /t ) are phe~lotypically \vild type; only c,k- region (7),  elk- 
ZC395 +_ t 

homo:ygous mutants from a l~omorygous had been previously 2% t t 
T15B12 mother exhibit a Clock (Clk)  phenotype. to this regon 

T h e  maternal rescue not only influences (1, 2)) but we have re- 
early events, such as embryonic develop- fined t s  location (25). 

/- 
ZC400 t 

merit, but it extends to adult phenotypes, Some cosmids tested 
t 

S 20 kb 
such as defecatio~l and longevity (1 ). This for rescung activity (5) ' pRA41 * t 

and other evidence [ ( I ) ,  reviewed in (4)] are Shown, Stable res- 

suggests the esistellce of a per\-asive timing that persisted for 

mechanism whose intrinsic rate can be set many generations INas ' 
obtained only wlth qm30 

early in development and that influences ZC400, A sign i n -  s LI kim,h&@A~!;s; 
diverse timed processes throughout the  dicates rescue of all  pRA41 5 t 

S 

~vorm's life. phenotypes; a plus- 3,<m,,1 toc-1 = ZC395.3 clk-1 = ZC395.2 

T h e  clic-1 gene lies o n  linkage group 111, mlnus sign ~ndcates ZC395,10 pRA43 - 
between dpl-17 and Lon-1 (Fig. 1) .  Over- rescue of just the defe- ,, 2 kb E 

pRA40 + t 
lapping cosmids from t h e  candidate region catlon phenotype: and 
were assayed for their rescue the  a minus sign indicates no rescue, pRA41 1s a derivative of ZC400 with an internai Sac I deletion. The 

by lllicrOilljection into nsed in pRA41 contains three predicted genes, ZC395.10, ZC395.3, and ZC395.2 (7). A deleton in 

The coslllid ZC4c0 ZC395.2 emna tes  clk- 1 rescuing activity, but pRA40 rescues clk- 1, indicatng that ZC395.2 is the clk- 7 
gene. S ,  Sac I: X, Xba I ;  E, Eco Rl. The nematode expressed sequence tag CEESX93F (7) matches the 
3' end of toc-7. We resequenced clk-7 from the mutant alleles (26). In allele e2519. a G+A transiton 

Decarnent of 31olo~!!, M G G I  Univers~ty, 1205 Avenue ~ntroduces a new Hnd I site and causes a Glu4Lys ( E j K )  mssense alteration In an absolutely 
Dociel~l  Penf~eid, Montreal, Quebec. Canada 1-13A :ai. consewed res~due (Fg. 3). Allele qm30 results in a 590-base palr deletion, staltlng 12 nucleot~des 3' of 
* T ~ v ~ ~ ~ ~  corresp3ndence spoud be addressed the lesion in e2579 and encompassng the ent~re last exon. Allele qm51 alters the absolutely conserved 
nek~m~@notung.biol.ncg~ll,ca terminal G n the ~ntron 2 spilce acceptor. 
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codon. The 3' end of the upstream gene 
lies 105 base pairs from the 5' end of clk-1 . 
The pattern of trans-splicing and the in- 
tergenic distance are typical of genes or- 
ganized into operons in C. elegans (9), 
suggesting that the two genes share a pro- 
moter 5' of the upstream gene. The in- 
trons in clk-1 were correctly predicted, but 
the real product of the upstream gene (Fig. 
1) lacks the first predicted exon. This gene 
potentially encodes a protein that has sim- 
ilarity to a family of divalent metal ion 
transporters, so we have named it toc-1, for 
transporter-like protein in an operon with 
clk-I. There is no obvious functional rela- 
tion between clk-1 (see below) and toc-1. 

To  demonstrate that the lesion in clk- 
l(e2519) was responsible for the mutant 
worms' extended longevity, rather than it 
resulting from a difference in genetic back- 
ground (lo),  we assayed the longevity of 
fully rescued e2519 mutant worms carrying 
the ZC400-containing extrachromosomal 
array qmExl09, as well as those carrying 
qmEx96, an extrachromosomal array con- 
taining the clk-1 1.9-kb Eco RI fragment. 
As adults, e2519; qmEx96 worms showed 
full rescue of their defecation cycle, even 
though their development was slow. We 
found that the presence of either qmEx96 or 
qmExl09 restored a wild-type life-span to 
e2519 mutant worms. The life-spans of both 

Fig. 2. The extension of life-span loo 
exhibited by clk- 1 (e2519) is res- 
cued by the presence of extrachro- 80 
mosomal arrays containing the 
wild-type clk-7 gene. The graph $ 
shows the percentage of worms 2 60 
alive on a given day after being laid 2 
as eggs during a 2.5-hour period on $ 40 day 0 for N2 (U), clk-l(e2519) (e), o 
and e2519; qmEx709 (A). For 
e2519; qmE.96 (A) a 6-hour limited 20 

hatching was used. The mean life- 
spans, with standard errors, are 0 
20.4 -t 0.8,28.1 2 1.4,20.2 -t 0.9, 0 10 20 30 40 50 

and 20.4 -t 0.7 days, respectively. Days 

The worms were maintained at 18°C throughout and their longevity scored as described (3). The sample 
size was 50 worms of each genotype, except for e2519; qmExlO9 which was 48. 

Fig. 3. CLK-1 is highly conserved be- 
tween nematodes, yeast, rodents, 
and humans. (A) Alignment of the 
nematode CLK-1, rat COQ7, and 
yeast Cat5p/Coq7p sequences, to- 
gether with the partial sequence of 
murine and human CLK-1 homologs 
(14). Over the length of the rat protein, 
the identity between CLK-1 and its 
yeast and rat homologs is 42 and 
53%, respectively. Introduced gaps 
are marked bv dashes. Reduction-of- 

CLK-1 
Cat5p/Coq7p 
Rat 
Mouse 
Human 

CLK-1 
CatSp/Coq7p 
Rat 
Mouse 
Human 

e25 1 9; qmEx96 and e25 19; qmExl09 worms 
were indistinguishable from that of N2 
worms (Fig. 2). 

The clk-1 gene is predicted to encode a 
187-residue protein (CLK-1) that is similar 
to the product of the Saccharomyces cerevi- 
siae gene CAT5ICOQ7 (CatSp/Coq7p) 
(I 1 ,  12) (Fig. 3A). A rat homolog of Cat5pl 
Coq7p has also been described (13). Using 
the sequence of the rat gene, we identified 
and partially sequenced murine and human 
homologs of ck-1 (14). The three full- 
length proteins are 33% identical over 177 
residues, although their NH2-termini show 
no similarity, either in length or composi- 
tion (Fig. 3A). Over the available predicted 
seauences of 43 and 126 amino acids. the 
human and mouse proteins are 93 and 97% 
identical to the rat protein, respectively 
(Fig. 3). These five proteins are unrelated to 
any other known sequence, and there are 
few indications as to their biochemical 
function (1 5, 16). The protein sequences 
can each be split and aligned to reveal the 
presence of an 82-residue tandemly repeat- 
ed core domain, which we call the TRC 
domain, for tandeml~ repeated in CLK-1 
(or CatSplCoq7p or rat COQ7) (Fig. 3B). 
For all the repeats, residues are absolutely 
conserved at eight positions, and at an ad- 
ditional 12 positions all the residues are 
similar. For each protein, its two TRC do- 
mains are juxtaposed without any linking 

MFPYFYRREFYSCEWIFSSKPIQGIKISRIRERYIEIMLSRVSVFKPASRGFSVLSSLKITEHTSAKH 

function alleles are indicated by ar- 
CLK- 1 ----  

I 
DPETHKELLKILTRLRDEELHHHDTGVEWGMKAPAYSALKWIIQTGCKGNAIMKI rows in (A) and are boxed in (B); G+D C ~ ~ S P / C O ~ ~ P  GTKGpsrEIKsLTsTIQQFmELE~LmAI-sy?"~vpyTvITEGIKTIcRv~ws~RI in coq7-1 (72) and E+K in e2519. ---- DMKYEELLQVIKQFRDEELEHHIlPGLE AD.... PAYTLLKRLIQAGCSWYLSERF 

The rat sequence (GenBank acces- Mouse ---- DPEKYEELLQVIKQFRDEELE~GLDADAELAPAYALLKRIIQAGCSMIYLSERF 
sion number U46149) appears to con- 
tain sequencing errors in the vicinity of B 
residues 82 ihrouah 84 and 151 CLK-1 A In E 11 A 1 A Y QQL VL ='KIT DEE DTM - v rn V p V  A L V S  L * Q  

SAL I1 A-A I 187 
V SLL-.LW A -M A T I '74  
V TVI-  I VA W I 272 

tripeptide motif AGE (residues 28 Rat A D II A E A Y WM v~ v VI.KETD E B F E , v TVL LW v A T  L W  

throuah 30 in CLK-11 is ~resent in all B 91 I M A E  I Y Q I M L M .  -L VI.FDEELFEDT E TLL LI A AA Y  S F 178 

threeuproteins. (B) duplication within A KITDE H  F'E v TVL LWV A L A T  L 
I AM A E I Y QI M U 4  . L VI F DEELEB DT D LL I I A  A A Y S  F 

the CLK-1 sequence and its ho- K W D E D H  F E  V TVL L W V  A L A T  L 
moloas. Each of the seauences 
show; in (A) can be split and'aligned 
to reveal the presence of a tandemly repeated TRC domain. There is a conformation [(16), with input being the alignment shown here]. Within the 
single site of insertions for both NH,- and COOH-terminal domains; these extended helical regions, positions where there is absolute conservation of 
have been removed for this alignment, as marked by the small black dots. a hydrophobic residue are marked by the symbol +. Single-letter abbrevi- 
Those residues identical in more than half of the domains are shown in ations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, 
black lettering; those that are similar in more than half are shown in dark Glu; F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N,  Asn; P, Pro; Q, 
gray. A bar is drawn under those residues predicted to be in a helical Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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sequence. For each domain, there appears 
to be onlv a single point a t  which insertions 

u A 

are tolerated, flanked by reglons predicted 
to be helical (Fig. 3B). Within  these helical 
regions (residues 34 through 56 and 116 
through 144 for CLK-I), the  spacing of 
conserved hyclrophobic residues is sugges- 
tive of a n  interface for protein-protein in- 
teraction, such as a surface for ditnerization 
(17) (Fig. 3B). T h e  proteins' two-domain 
prinlary structure likely reflects two equiv- 
alent domains a t  the  level of tertiary struc- 
ture ( 1  7). Given the  functional cornple- 
mentation of yeast cntS!coq7 mutants by the  
rat homolog (1 3),  the  level of ~dent i ty  be- 
tween rat and human sequences strongly 
suppo~ts  the  notlon of functional conserva- 

A A 

t ion of elk-1 from yeast to  human. 
CATS/COQ7 is required for the  dere- 

pression of PCKI, which encodes the  glu- 
coneogenlc enzvme phosphoenolpyruvate 
calboxvklnase, that accom~anles  the  trans- 
fer of yeast from glucose to  a nonferment- 
able carbon source such as glycerol or eth- 
anol (1  1 ). This derepression is mediated by 
transcriptional activation (1 a ) ,  and CATS! 
COQ7 is required for the  formation of a 
specific transcriptional activation complex 
( 1  1 ) .  CATSICOQ7 also appears to be in- 
volved in the  control of exnression of other 
enzymes of gl~~coneogenesis and those of 
respiration and the  glyoxylate cycle ( 1  1 ). 
But its role in  all these processes appears to 
be indirect, b e c a ~ ~ s e  Cat5p/Coq7p is not 
part of the  transcriptional complex ( 1  1). In  
addition, the  expression of CATSICOQ7 
appears to  be highly regulated, by glucose 
and by itself ( 1  1 ). 

catSicoq7 mutants do  not synthesize 
u b i q ~ ~ i n o n e  (coenzyme Q), a lipid-soluble 
two-electron carrier, which is essential for 
respiration and consequently for nonfer- 
mentative gro~vth (12). CATSICOQ7 ap- 
Dears to  control ubiuuinone hiosvnthesis at 
two or more steps, although its mode of 
action is obscure ( 1  1 .  12). T h e  pleiotropic 
effects of mutation of CATSICOQ7 have 
led to the  proposal that there 1s a co-regu- 
lation of res~iratorv cham comnonents, the  
biogenesis of mitochondria, and gluconeo- 
genesis, \\-it11 CATSICOQ7 being a likely 
link connecting g l ~ ~ c o s e  derepression with 
respiration ( 1  1 ) .  Thus, CAT5ICOQ7 ap- 
oears to be i rn~or tan t  in  the  ree~llation of 
multiple parallel processes of metabolism, 
consistent \\;it11 our vie\\; that elk-1 regulates 
many disparate physiological and metabolic - .  

quence, \\-ithi11 a n  expression cassette with 
the  constitutive pronloter and 3' sequence 
of the  ADH1 gene, conferred to  the  Icnt.51 
coq7 strain the  ability to  grow o n  glycerol 
(20). This  functional co~nple~l le l l ta t ion of 
the  IcatS!coq7 null mutation by elk-l is 
consistent with the  filnctional comple- 
mentat ion of the  yeast mutant  by the  rat 
homolog (13) and is indicative of a corn- 
lnon biochemical filllction for these three 
genes. In spite of their cotnlllol~ biochem- 
ical f~ lnc t ion  and roles in  regulatory tnech- 
anisms, one  must be  cautious in attempt- 
ing to  ~ ~ n d e r s t a n d  the  physiological defects 
seen i n  elk-1 worms in  terms of the   he- 
notypic defects of cat5/coq7 mutant strains 
because yeast have some highly specialized 
systems of tnetabolic regulation not  seen 
in  most other eukaryotes (21 ). Neverthe- 
less, t he  lnterspecific functional comple- 
mentat ion suggests that  a central mecha- 
nism of metabolic coordination, which 
regulates many distinct downstream regu- 
lators, is conserved i n  all eukaryotes, in- 
cluding humans. 

T h e  action of elk-1 is highly pleiotropic; 
it acts at the  level of single-celled eggs and 

u bu 

subsequently apparently affects all tissues of 
the  n-orm at all stages of life (1  ). T h e  elk-1 
homolog CAT5ICOQ7 affects cellular 
physiology in  yeast. These observations sug- 
gest that cllt-1 increases animal longevity by 
slo~ving down general cellular aging. It re- 
mains possible, however, that the  longer life 
of elk-1 mutants reflects a decreased rate of 
deterioration of the  cells of a particular 
organ critically required for life, rather than 
a reflection of the  health of the  whole of 
the  animal's cells. 

In conclusion, elk-1 is struct~lrally and 
functionally homologous to a yeast central 
metabolic regulator. This is consistent with " 
our previous speculation that the  long life 
of elk-1 tnutants might be a consequence of 
slower cellular metabolism, with a n  atten- 
dant  reduction in the  rate of p r o d ~ ~ c t i o n  of 
detrimental by-products (3) .  Our  findings 
also lend support to  the idea that multicel- 

A - 
lular organisnls age beca~lse their cells age 
(22). 

REFERENCES AND NOTES 

1. A. Wong P. Bouts, S. H e k m  Genetics 139 1247 
(1 995); A. Wong thesis M c G  University Montrea , 
Canada (1 994) 

2. S. ~ e k l m l ,  ~ .Bou t~s ,  B. Lakowsk Genetics 141 
1351 (1995). 

3. B.  Lakowsk and S. Hekinil, Sclence 272, 1010 

1.6 and e2519; o/nEx96[pRA40 pRF4],43.6 I 1.5. 
The defecaton perod of clk-l(e2519) bvorms IS both 
longer and more Irregular than that of w~ld-type 
worms (1). Both aspects of the phenotype are res- 
cued In the transgenc animals. 

7. Genetc and physca map data for C elegans bvere 
obtaned by anonymous FTPfrom the p u b c  repos- 
tor;/ at fip.//nm.nh gov/repos~tory/acedb/celegans 
and vewed by usng the program ACeDB [F H. Eeck- 
lnan and R. Durbln. Methods Cell Biol. 48. 583 
(1995)], obtalned from the same source. The se- 
quence of cosmld ZC395, with predicted genes, 
lnade available by the C. elegans genome sequencng 
consorium [J. Suston etal.. Nature 356 37 (1992); R. 
W s o n  et a/., ibid 368 32 (1 994)] can also be ob- 
taned from GenBank (accesson number U13642) 

8. Mixed-stage nematode RNA bvas prepared [P. 
Chomczynsk and N. Sacchi, Anal. Blochem. 162, 
156 (1987)l and used to generate reverse-tran- 
scribed brares'or cDNAampif  cation [M. A. Froh- 
man, M. K.  Dush, G. R. Martin, Proc. /Vat/. Acad. 
S o  U S.A. 85. 8998 (1 988)l. For an ip i f~caton of 
the 3'  end of clk-1 rnRNA, we used the nested 
prmer pairs SHP4 and R, and then SHP4 a i d  R 01 
snge-stranded cDNA that had been synthesized 
by p rm i i g  with R,. For the 3'  end of t o c l  (see text), 
the same s nge-stranded template bvas used with 
:he nested primer pairs SHP64 and R, and then 
SHP64 and R .  The genes produce niRNAs with 3'  
untransated regons of 367 and 176 nuceotdes 
for t o c l  and clk-1, respectively. For ampi fca ton 
of the 5 '  end of the clk-1 message we used the 
nested prnier pairs SL and SHP12 and then SL 
and SHPI 0 {where both trans-splced leaders SL l  
and SL2 were tested [D. A. Zoro  N. N. Cheng T. 
Bunienthal, J. Speth, ~llature 372 270 (1994), J. 
Speth G. Brooke, S. Kuersten, K. Lea T. Bumen- 
thal. Cell 73, 521 (1993)lj on cDNA that had been 
syntheszed by primng w t h  SHPI 2. For a m p f c a -  
t o n  of the 5 '  end of toc-1, SHPl5 and SHP14 
replaced SHP12 and SHPIO, respectively. Meth- 
ods bvere essentaly those gven In (23). The se- 
quences of primers are a v a a b e  on request. 

9. T. Blunientha , Trecds Gecet. 11, 132 (1 995). 
10. Such differences have been shown to be a con- 

'oundlng factor In the reported extended longevity of 
spe-26 mutant worms [D. Gems and D, L. Rdde ,  
Nature 379 723 (1 996)). 

11. M. Prof P. Kotter, D. Hedges. N. Bojunga, K. D. 
Entan, EldB0 J .  14, 61 16 (1995). 

12. B. N. Marbois and C. F. Clarke J. Biol. Chem. 271 
2995 !I 996). 

13. T. Jonassen et a/. Arch. B1oche.n. Biophys. 330, 
285 (1 996) 

14. RT-PCR was performed with mouse embryon~c 
RNA and human placental RNA exactly as for nem- 
atode RNA (8). An Internal product from the mouse 
and human cDNA was ampfied with the nested 
primer pars CCC3 and CCC4 and then CCC5 and 
CCC6, and the 3 '  end of the mouse cDNA was 
ampifed by the nested prnier pars CCC3 and R, 
and then CCC5 and R,. Both niouse and human 
Internal products were entirely sequenced and the 
longer mouse 3'  amp  ficaton product bvas partially 
sequenced. The human and niouse sequences have 
been deposited into GenBank bv~th accesson num- 
bers U81276 and U81277 respect~vely. A mouse 
expressed sequence tag (GenBank accession nuni- 
ber AA030846) corresponds to the gene ampfied 
here and in the region of sequence overlap there 
were no discrepancies. The mouse sequence in Fig. 
3 's a fuslon of our sequence and the expressed 
sequence tag. The sequences of primers are a v a -  
able on request. 

15. The CLK-I seauence contans one uotenta urotein 
processes in  C, elepans. (1996). knase C uhosbhorvat~on s~te, one casein k/nase I 1  -~ - , - ,  , ~-~ 

^ To test \ \~hetll& the  structural 4. S. M. Jarwnski, ib id  273, 54 (1996), phosphorylation slte and three N-myristoylation 

ity to functional 5. C. Melo and AA. F~re, !Jethods Cell Biol. 48, 451 s~tes [A. Ba~roch, P. Bucher, K. Hofmann, Nucleic 
(I 995). Acids Res. 24 189 (1 995) rttp://expasy. hcuge.ch/ 

a cat5!c0q7 yeast 6. Defecation was scored as prev~ously descrbed ( I ) .  sprot/pros~te.htm]. A of these are common amonq 
strain (lcat5/coq7), which, as expected Five worms of each genotype werescored for flve proteins and noniof them is also present in both the 

(1  1 , 12), did not  grow o n  glycerol ( 1  9) .  cycles at 20°C. The means of nd~v idua an~mals' yeast and rat homoogs suggesting that they may 
mean defecat~on per~od, = standard dev~ation n not be funct onal. Two cysteine resdues are con- 

Introduction of a ln~llt icopy plasmid con-  seconds, b,lere as follows: N2 44,1 = 2.1; e2519 served betbveen the three speces suggesting that 
taining the  C .  elegans elk-1 coding se- 55.4 i 5.4, e2519: qmExSl[ZC400 pRF41, 46.2 i they could have a structural or functona role (1 7 ) .  

982 SCIESCE \ OL 275 14 FEBRUARY 199i http://www.sc~encemag.org 



16. The proten IS predcted to be largely h e c a  [B. 
Rost and C.  Sander Proteins 1 9  55 (1994)l but 
prediction-based thread~ng [B. Rost, n Protein 
Folds, A D~stance-BasedApproach. H. Bohr and S. 
B r ~ ~ n a k  Eds, (CRC Press Boca Raton, FL 1995), 
pp. 132-1 51 ' B. Rost n The Third lntemationai 
Conieience on Intelligent Systems for 11Jlolecular 
Biology {ISI~J~B), C. Rawlings et a/., Eds, (AM1 
Press, Meno Park CA 1995) pp. 314-3211 f a s  
to dent~fy any other protens of s n i a r  structure' 
http:/ /www.emblhe~delberg.de\pred~ctprote~n/ 
predctprotein.html. 

17. T. E. Creghton, Protei:is: Structures and 11Jloleculai 
PropePies (Freeman, New York ed. 2 1993) 

18. A. Scholer and H. J. Schuer,  8Mol. Cell. B1o1 14 
3613 (1994); M. ProR, D. Grzes~tza, K. D Entan 
Mol. Gen. Gene?. 246, 367 (1 995) 

19. A yeast manpuatons bvere In the SEY62'O back- 
ground (!JIATa leu2-3, uia3-52, hls3-AZ00 Iys2- 
801. trp7-A901. suer"-19,. The CAT51COQ7 locus 
was dsrupted w~ th  a PCR-medated approach [A. 
Baudn 0. Ozer-Kalo~eropoulos, A. Denouel, F. La- 
croute C. Cu ln .  Nucleic Acids Res. 21, 3329 
(-993); the prmers used bvere SHP84 and SHP851. 
The C A T 5 L 0 0 7  gene bvas entrely replaced with a 
DNA fragment contanng a dsrupton module en- 
codng the green fluorescent proten and the HIS3 
gene [R K. Niedentha L RI es, M. Johnston, J H. 
Heheniann, Yeast 12, 773 (1 996)], Haplo~d cells 
were transformed [R. D. Gietz R. H. Sch~estl, A. R. 
Willenis, R. A. Woods, ibid. 11 355 (1 9931 w ~ t h  the 
PCR product, and HIS3 ntegrants bvere selected on 
minima med um lacking histidine. Gene dsruptons 
were confirmed by PCR analys~s bvith primers 
SHP82 SHP83, and ML138. The Acat5/coq7 stran 
failed to grow (24) on YEPG or YEPE,, whch con- 
tains ethano (1 7). The sequences of the primers are 
avaabe on request. 

20. The CAT5ICOQ7 locus bvas d'recty amplified from 
yeast genomc DNA by PCR with Pici polymerase 
(Stratagene) and prlmers SHP69 and SHP70. A 
cDNA correspondng to the entire clk-1 codng se- 
quence was obtained by PCR ampl ' f~cat~on also 
bv~th Pfci poymerase and nested primer pairs 
SHP57 and SHP59 and then SHP57 and SHP58 
on snge-stranded cDNA that had been synthe- 
szed by primng w t h  SHP59. The respective yeast 
and nematode PCR products bvere digested bvith 
Hind I 1  and ligated to H ~ n d  Ill-cut and dephospho- 
rylated pVT102-U [T. Vernet D. Dignard, D. Y. 
Thomas Gene 52 225 (1 987)]. As w e  as restorng 
growth on glycerol, both the CAT5/COQ7 and clk- 
7-conraning plasm ds restored the ab i ty  of the 
Acat5/coq7 strain to grow on ethanol [YEPE, me- 
dium (ZA)], The lcat5/coq7 strain transformed w t h  
the CAT5/C007-~ontainng pasmid did not grow 
as w e  as thew Id-type yeast stran on nonferment- 
abe  carbon sources When the yeast gene was 
rentroduced in the context of t s  own promoter on 
a centromerc vector, full restoraton of wd - t ype  
growth was obtained (24). CAT5/C007 IS known 
to be nvoI\!ed n the reguaton of its own expres- 
slon (11): presumably, the presence of excess 
Cat5p/Coq7p perturbs the normal metaboc bal- 
ance of yeast. The sequences of the prlmers are 
ava able on request. 

21. E. \liJ. Jones J. R. Pringe. J. R. Broach Eds. The 
11Jlolecular and C e l l u l a r ~ i o l o ~ ~  of the Yeast Saccha- 
roniyces (Cold Spring Harbor Laboratory Press. 
Cold Sprng Harbor NY 1992). 

22. J.  camps^. Cel184.497 (1 996)' L. Guarente \bid. 86, 
9 (1 996). 

23. T. M. Barnes Y. J n H. R. How~tz G. Ruvkun, S. 
Hekim~, J. Neurochem. 67, 46 (1996). 

24. B. Lakowski and J. Ewbank, unpublished data. 
25. By pckng  Sma non-Dpy recombinant progeny of 

d p y  1 7(e 1 E4) sma-4(e729,/unc79/e 1030) clk- 
l(e2519) Ion-1 (e185) hermaphrodites, we bvere able 
to postion clk-1 more precisely: dpy-17 25/79 elk-1 
27\79 Ion-1 27/79 sma-4. To Interpolate the physcal 
pos~tion of elk-7 we estimated that the separation 
between ced-A and dpy- 17 s -0.2 centniorgans on 
the bass oi data n ?he database ACeDB (7). By 
usng Inked double mutants, we also drecty deter- 
mned (24) the tbvo pont dstances between dpy-17 

and sma-4 (0.85 cM). duy-17 and Ion-7 (0.5 cM), 
and Ion-I  and s,va-4 (0.35 cM). Details of the map- 
p n g  data can be found In ACeDB (7). 

26. The sequencng of a lee qm11, whch has a pheno- 
type essent~ay identca to e2519 (I) revealed an 
identca eson. The o w  probabty  of independent y 
obtaining the same mutation tbvce suggests that the 
orgina a lee was lost. Sequencing of qm47 failed to 
reveal a mutaton. Subsequent reexamnaton of the 
phenotype of om47 homozygotes and new compe- 
mentaton tests suggest that om47 IS not a clk-7 
allele 

27. We thank A. Couson for cosmds' K. Kemphues for 
strans, J.-C. Labbe, A Kotharl, and J. Mes-Mason 
for nematode, mouse, and human RNA, respectve- 

ly, and A. \liJong, A,-M. Sdcu, and R. Durbn Some 
nematode strains used In t hs  work bvere pro\!ided by 
the Caenorhabdtis Genetcs Center, which IS funded 
by the N H  National Center for Research Resources 
Supported by a Royal Society-Natona Sc ence and 
Engneerng Research Councl of Canada exchange 
fellobvsh~p and a Med c a  Research Councl of Can- 
ada fellowship to J.J.E.. a Medical Research Council 
of Canada grant to S.H., a Canadan Genome Anal- 
ysis and Technology grant to H.B, and by f e  ow- 
shps to B.L, from the J. \liJ. McConne Foulidation 
and Fonds pour a Formaton de Chercheurs et I Ade 
a a Recherche Quebec. 

3 September 1996: accepted 18 Decen-ber 1996 

Structure of Bcl-xrBak Peptide Complex: 
Recognition Between Regulators of Apoptosis 

Michael Sattler, Heng Liang, David Nettesheim, 
Robert P. Meadows, John E. Harlan, Matthias Eberstadt, 

Ho Sup Yoon, Suzanne B. Shuker, Brian S. Chang, 
Andy J. Minn, Craig B. Thompson, Stephen W. Fesik* 

Heterodimerization between members of the Bcl-2 family of proteins is a key event in the 
regulation of programmed cell death. The molecular basis for heterodimer formation was 
investigated by determination of the solution structure of a complex between the survival 
protein Bcl-x, and the death-promoting region of the Bcl-2-related protein Bak. The 
structure and binding aff~nities of mutant Bak peptides indicate that the Bak peptide 
adopts an amphipathic a helix that interacts with Bcl-x, through hydrophobic and 
electrostatic interactions. Mutations in full-length Bak that disrupt either type of inter- 
action ~nhibit the ability of Bak to heterodimerize with Bcl-x,. 

Programmed cell death (apoptosis) occurs 
during the course of several physiological 
processes, and n.hen dysreg~llated contrib- 
Utes to many diseases, including cancer, 
autoimmunity, and  leur rode generative dis- 
orders (1).  The  Bcl-2 family of proteins 
plays a central role in the reg~~lat ion of 
apoptotic cell death induced by a wide va- 
riety of stimuli (2) .  Some proteins within 
this family, including Bcl-2 and Bcl-xL, in- 
hibit programmed cell death, and others, 
such as Bax and Bak, can promote apopto- 
sis. Interactions between these two groups 
of proteins antagonize their different fimc- 
tions and modulate the sensitivity of a cell 
to apoptosis (3, 4) .  Several regions of the 
death-inhibiting proteins participate in 
their antiapoptotic activity and hetero- 
dimerization with the death-promoting pro- 
teins, including the Bcl-2 homology 1 
(BH1) and BH2 regions (3, 5, 6).  111 con- 
trast, only a relatively small portion of the 
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death-promoting proteins encompassing 
the BH3 region is critical for the ability to 
promote apoptosis (7- 10). For example, 
small, tr~lncated forms of Bak are necessary 
and s~lfficie~lt both for promoting cell death 
and binding to Bcl-xL (7). 

The  three-dimensional (3D) structure of 
the cell survival protein Bcl-xL consists of 
two central l~ydropl~obic cr hellces sur- 
rounded by five arnphipatl~ic helices (1 1 ). 
T o  understand how Bak interacts with Bcl- 
XL and inhibits the ability of Bcl-xL to 
promote cell survival, we determined the 
solution structure of Bcl-xL complexed with 
a 16-residue peptide derived from the BH3 
region of Bak. K'e also meas~lred the bind- 
ing affinities of Bcl-xL to alanine mutant 
Bak peptides and to peptides corresponding 
to the BH3 regions of other Bcl-2 family 
members (12, 13). 

The  minimal region of Bak required to 
bind to Bcl-xL was examined in a fluores- 
cence-based assay (14). A 16-amino acid 
peptide derived from the BH3 region of Bak 
(residues 72 to 87) bo~lnd tightly to B ~ 1 - x ~  
(Table 1) .  In contrast, smaller peptides 
from this region, such as an 11-amino acid 
peptide corresponding to residues 77 to 87, 
did not bind (Table 1).  The 16-amino acid 
peptide of Bak corresponds precisely to the 
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