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L inear chromosomes confer both bene- 
fits (1) and burdens on eukaryotic 
cells. This new genome design has 

created two additional problems stemming 
from the fact that linear chromosomes 
have ends. Eukaryotes have had to evolve 
a strategy for the replication of terminal 

DNA, a task mostly 
Enhanced online at executed by the en- 
www.sciencemag.org/cgi/ zyme telomerase 
content/fulV292/5519/1075 ( 2 ) .  Furthermore, 

chromosome termi- 
ni must be "capped," otherwise they will 
be identified as damaged DNA and sub- 
jected to DNA repair, an outcome that 
would cause loss of chromosome integrity 
and cell viability. In essence, the capping 
problem has been solved by the presence 
of telomeres, complexes of DNA and pro- 
tein that protect the ends of chromosomes. 
However, the ways in which various organ- 
isms protect their telomeres appear to be 
remarkably idiosyncratic. Ciliates, bud- 
ding yeast, and mammals each seem to 

some ends from DNA repair enzymes. The 
limitations of ciliates as an experimental 
system, however, prevent direct testing of 
this possibility. 

No obvious orthologs of TEBP a and 
p have been found in the budding yeast 
genome. Instead, telomeres of budding 
yeast are capped by the Cdcl3 protein. 
Yeast cells with an aberrant CDC13 gene 
perceive their telomeres as damaged DNA 
(6). In these cells, one strand of the telom- 
ere is degraded resulting in RAD9-depen- 
dent cell cycle arrest, which also occurs in 
response to breaks in double-stranded 
DNA. Like the TEBPa factor, Cdcl3p is 
a sequence-specific single-stranded DNA 
binding protein with a strong preference 

Oxytricha 

similarity ~ ~ ' T E B P ~ ,  and has no &own P 
partner. Furthermore, the biochemical 
properties of Cdcl3p indicate that it is un- 

have arrived at a different system (see the Budding cdc73A _ Telomere loss 
figure), providing a perplexing diversity of yeast RAD9-dependent arrest 
mechanisms to solve such a fundamental 

Ten1 pIStnl p 
problem. Data presented by Baumann and 
Cech on page 117 1 of this issue suggest 
that, in all cases, telomeres are protected DN-TRF2 Telomere fosion 
by a capping protein that binds to the sin- - p53aependentarrest 
gle-stranded DNA commonly found at the &loop loss- 
ends of chromosomes (3). Mammals - / ?  

A first glimpse of the telomere nucleo- Pot1 A ? 
protein complex was afforded by the cili- 
ate Oxytricha nova (4) ,  whose genome is 
fragmented into gene-sized molecules, 
thus providing an abundant source of chro- Fission .... 
mosome termini. Each Oxytricha telomere Yeast 

ends in a short 3' overhang that is tightly Tazl 

iikily to form a cap over the 3' 
end of telomeres. Rather, Cdcl3p is a re- 
cruitment factor bringing Stnlp to the 
telomere (8), which in turn binds a second 
capping protein, Tenlp (9). Indeed, mere 
tethering of Stnlp (via the DNA binding 
domain of Cdcl3p) to the ends of telom- 
eres is sufficient to fully protect the 
telomeres (8). 

A completely distinct telomere-cap- 
ping strategy has been discovered in 
mammals, which require the telomeric 
protein TRF2 to protect their chromo- 
some ends (see the figure). Inhibition of 
TRF2 induces the immediate activation 
of the ATMIp53 DNA damage checkpoint 
pathway and cell cycle arrest, analogous 
to the RAD9-dependent arrest of 
Cdcl3p-deficient cells (10). Although 
TRF2-depleted telomeres are not degrad- 
ed, they form covalent telomere-to-telom- 
ere fusions, suggesting that they too are 

bound by a single-strandei DNA binding 
protein, TEBP, composed of an a and P 
subunit (see the figure). TEBPa recog- 
nizes the telomeric repeat sequence in the 
overhang, and the P subunit stabilizes the 
DNA-protein complex. Together, a and P 
form an extensive interface along the over- 
hang and bury the 3' end of the telomere 
in a deep hydrophobic pocket (5). From its 
structure, this telomeric complex seems to 
provide an effective way to hide chromo- 

TEBP \ 
- ?  
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A common theme in telomere capping. Diverse telomere-capping strategies have in common a 
single-stranded telomeric DNA binding protein. Telomeres of the ciliate Oxytricha nova contain a 
16-nucleotide 3' overhang bound by the single-stranded DNA binding protein TEBPaP. The func- 
tion of this telomeric complex has not yet been tested. Budding yeast telomeres are protected by 
the single-stranded telomeric DNA binding protein Cdcl3p, which recruits the capping proteins 
Stnlp and Tenlp. Loss of any component of this complex results in degradation of 5' chromosome 
ends and cell cycle arrest. Mammalian telomeres are protected by TRFZ, perhaps through its ability 
to  form t loops. Loss of TRFZ results in cell cycle arrest and end-to-end ligation of telomeres. Fis- 
sion yeast telomeres are protected by Tazl, an ortholog of TRFZ. The newly discovered capping 
factor Potl binds t o  single-stranded telomeric DNA and protects fission yeast telomeres from 
degradation. A human ortholog of fission yeast Potl has been identified. Because this protein 
binds to  single-stranded G-rich telomeric DNA in vitro, its in vivo binding sites could be the 3' 
overhang (if it is unpaired) or the D loop (see arrows) of human telomeres. In all telomeres, the 
dark line indicates the G-rich telomeric repeat strand that extends as a 3' overhang beyond the 
double-stranded region of the telomere. 
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substrates for the cell's DNA repair ma- 
chinery ( I  I ) .  

An evolutionarily related protein with a 
very similar function, Tazl, has been iden- 
tified in fission yeast (see the figure) (12). 
TRF2 and Taz 1 have no sequence similari- 
ty to TEBP a or P, and no TRF2ITazl or-
tholog has been found in the budding yeast 
genome. Indeed unlike Cdc l3p and TEBP, 
TRF2 has no affinity for single-stranded 
DNA and binds to the double-stranded re- 
gion of telomeres. How could such a pro- 
tein protect the telomere terminus? It turns 
out that TRF2 can remodel telomeric DNA 
into a duplex lariat structure called the t 
loop (see the figure) (13). T loops are 
formed by the single-stranded telomeric 
overhang invading the double-stranded re- 
gion of the telomere. These t loops are 
found at high frequency in the telomeres 
of mammals and protozoa. Obviously, in- 
vasion of the duplex telomeric tract by the 
3' overhang provides an efficient way to 
protect chromosome ends. The cell cycle 
arrest of cells in which TRF2 is inhibited 
could result from inappropriate unfolding 
of the t loops. 

Such diverse solutions to a common 
problem create the unsettling feeling that 
some critical feature, common to all three 
strategies, has somehow escaped notice. 
Baumann and Cech now provide evidence 
for a common theme in telomere protec- 
tion among ciliates, yeast, and mammalian 
cells. Their findings indicate that all eu- 
karyotes use a single-stranded DNA bind- 
ing protein to cap the telomere. Apart from 
telomere synthesis by telomerase, this may 
be the first truly conserved aspect of eu- 
karyotic telomeres. Taking advantage of 
the complete fission yeast genome, the au- 
thors found a distant ortholog of TEBPa. 
Deletion of this gene resulted in complete 
loss of telomeric DNA and reduced growth 
of the fission yeast. They called the gene 
encoding this capping factor yot l -  (pro- 
tection of telomeres). Fission yeast have 
the unique ability to live without telomeres 
altogether by circularizing each of their 
three chromosomes, and this is what hap- 
pens in a potl- strain. In vitro, Potl pro- 
tein binds specifically to the single-strand- 
ed G-rich telomeric overhang of fission 
yeast; biochemical analysis suggests that 
this capping factor might bind along the 
length of the single-stranded DNA tail of 
the telomere, as well as at its end. 

Using human sequence databases, Bau- 
mann and Cech identified a human or- 
tholog of Potl and found that, like its fis- 
sion yeast counterpart, this protein binds 
specifically to the G-rich DNA overhang 
of human telomeres in vitro. Mammalian 
telomeres end in a very long 3' overhang 
(up to 300 nucleotides), so that multiple 

copies of Potl may have to bind along the 
single-stranded tail. In addition, Potl  
could bind to the G-rich telomeric DNA in 
the D loop and stabilize the t loop configu- 
ration (see the figure). 

The new work suggests that protecting 
chromosome ends with a single-stranded 
DNA binding protein may well be a uni- 
versal principle. It is even possible that 
TEBPa, Potl, and Cdcl3p are all evolu- 
tionarily related. The structure of the 
TEBPOL protein reveals the presence of 
three OB-folds, a P-barrel oligonucleotide/ 
oligosaccharide binding motif present in a 
wide variety of nucleic acid binding pro- 
teins (for example, RPA subunits, gene V 
SSB. and S1 nuclease) (5). Potl has se- 
quence similarity to TEBPu in a region 
that partially overlaps the first OB-fold. 
However, OB-folds cannot be predicted on 
the basis of the amino acid sequence of the 
protein, so that it is not possible to deter- 
mine whether Potl or indeed Cdcl3p con- 
tain the same motifs. We eagerly await the 
three-dimensional structures of both Potl 
and Cdcl3p. 

We still need to know whether human 
Potl, like its fission yeast counterpart, actu- 
ally binds and protects telomeres. Another 
question requiring urgent attention is 
whether fission yeast telomeres form t 
loops and whether such t loops predominate 
or alternate with an unfolded Pot l-capped 
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state. Finally, it will be important to learn 
more about the possible activities of Pot I .  
Cdcl3p not only caps telomeres but also re- 
cruits telomerase to the ends of chromo- 
somes (14); perhaps Potl engages in this 
dual task. Now that a common theme has 
emerged, it is comforting that the otherwise 
divergent solutions to the telomere-capping 
problem are neither loopy nor potty 
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Oceanic Crust When 
EarthWas Young 

JeffreyA. Karson 

0
ceanic lithosphere makes up about 
two-thirds of Earth's outer rigid 
shell and has probably done so 

since early in Earth's history (1-4). New 
oceanic crust and mantle are created by 
sea-floor spreading, which is controlled by 
thermally sensitive processes such as par- 
tial melting of the mantle, melt segregation 
and transport, and crustal magmatic con- 
struction. It has therefore been suggested 
that during the Archean (more than 2500 
million years ago), when Earth's mantle 
may have been as much as three times hot- 
ter than today, a somewhat different ocean- 
ic crust should have been generated (3-5). 

This hypothesis can be tested directly 
with surviving samples of Archean ocean- 
ic lithosphere. Oceanic lithosphere is usu- 
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ally "recycled" back into the mantle 
through subduction, but a few fragments 
of ancient oceanic lithosphere ("ophiolite 
complexes") survive in collisional moun- 
tain belts (6).The discovery of a -2500- 
million-year-old ophiolite complex, re- 
ported by Kusky et al. on page 1142 of 
this issue (7) .represents an important neu 
chapter in this continuing line of inquiry. 

There are two very good reasons why 
this area is steeped in controversy. First. 
we do not know all that much about con- 
temporary oceanic crust and how it varies 
from one tectonic and magmatic setting to 
the next. Second, whether we recognize 
Archean ophiolites depends on what we 
are looking for, and this in turn depends 
on which of the various models we use to 
describe late tectonics on earlv Earth. 

Over the past few decades, studies of 
P h a n e r ~ z ~ i c(544 million years ago to pre- 
sent) ophiolite complexes and of contem- 
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