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E s t l  and Cdc13 as Csmediatoas 
of Telomerase Access 

Sara K. Evans and Victoria kundblad" 

Cdcl3 and Estl are single-strand telomeric DiNA binding proteins that con- 
tribute to telomere replication in the yeast Saccharomyces cerevisiae. Here i t  
is shown that fusion of Cdcl3 to the telomerase-associated Estl protein results 
in greatly elongated telomeres. Fusion proteins consisting of mutant versions 
of Cdcl3 or Estl confer similar telomere elongation, indicating that close 
physical proximity can bypass telonierase-defective mutations in either pro- 
tein. Fusing Cdcl3 directly to the catalytic core of telomerase allows stable 
telomere maintenance in the absence of Estl, consistent with a role for Estl 
in mediating telomerase access. Telomere length homeostasis therefore is 
maintained in part by restricting access of telomerase to chromosome termini, 
but this limiting situation can be overcome by directly tethering telomerase to 
the telomere. 

In lllosr species. telomeres are composed of 
G-rich repetitil-e sequences that are elongated 
by telomerase ( 1 ). SZT era1 factors go\.ern the 
balance betneen seq~lence addition and loss 
to maiatain telnmerzs at a stable length. in- 
cluding positil e and negatil e regulation of 
telomerase access to the chromosome te l~ni -  
nus (2-4) .  TII S, rei.i~~,isirre. fivz genes are 
required for the telolllerasz pathn.ay (4 -7) .  
TLCl and EST.? e~lcode the R I A  and re\ zrse 
transcriptase subunits of telolllerase. respec- 
t i ~ z l y .  and as zspected for subunits that are 
essential for catalysis, teloillerase acti\ it) is 
absent ia extracts from strains defectil-e ia 
EST2 or TLC'I( 7-9). Tn contrast. m~trarioils in 
ESTI. EST3, and C'DC'l3 do not elialinatz 
enzqme actil it>- in I itro (9. 10).  despitz the 
fact that strains carrying mutations in any of 
these three genes ha!-e the same sehere telo- 
mere replication defect as €st?-1 or 1 1 ~ 1 - l  
strains (6. 10).  

Both Cdc 13 and Est 1 bind singlz-straad 
telollleric DNA (4 .  11. 12) .  although they 
lnalte separate contributions to telomere rep- 
lication and stability. Estl is requireti solely 
for the telomerase patlln-a!. (11 ) .  lvllereas 

Department o f  Molecular and Human Genetics, and 
Verna and Marrs McLean Department of Biochemls- 
try, Baylor College o f  Medicine, Houston, TX 77030, 
USA. 

*To w h o m  correspondence should be addressed: E -  
mail: lundblad@bcm.tmc.edu 

C d c l i  has an essential filnctioa at the telo- 
mere. presiumably in protecting the end of the 
cl~romosome (13) .  as well as a role in telo- 
mere replication ( 4 ) .  This latter activity 1x2s 
relealzd by a telomerase-defective allele of 
Cdc13, called ( t / ~ l 3 ~ "  [originall! lla~lled esr4 
i h ) ] .  leading to the proposal that Cdcl3,  l i le 
Estl .  mediates telomerase access (4). The 
two proteins also d~splay different biochem- 
ical prope~ties. Est 1. but not Cdcl3. requires 
a free single-strand 3'  termi~lus for DNA 
binding and binds telomeric DNA n.ith a 
500-Sold reduced affinity compared wit11 
Cdcl3  ( 4 .  11).  In addition. Estl is associated 
lvit11 telomerase. whereas Cdcl3  does not 
zsllibit a dztectable interaction wit11 the en- 
zyme (14  ) .  

These results suggest that teloillerase is 
recruited to the telolllere due to a direct (but 
weal<) protein-protein iateractioa bet\veen 
Cdc I3 and the enzyme. and the tzlomere 
shortening in the (//( 13c"' mutant strain is due 
to a hll-tl~er reduction in this interactioli. This 
lllodel ~~rzd ic t s  that increasing the associatioll 
between Cdcl3  and telomerase n-ould in- 
crease telomere length. To test this. n.e es-  
amined the consequences of filsing Cdcl?  to 
the tzlo~lierasz-associated protein Estl ( 1.5). 
latroductioa of the gene encoding this 
Cdcl3-Estl fusioa. present oa a single-copy 
plaslllid and zxpressed b!. the CDCI3 pro- 
moter. into a C D C l 3  strain resulted ia sub- 
stantial telomere elollgatio~l (Fig. 1A. lanes ? 
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and 3). This effect was dependent on func- 
tional telomerase, because telomeres were 
not elongated when the fusion was introduced 
into an est2-A strain (Fig. lA ,  lanes 14 to 16). 
Telomere elongation was even more pro- 
nounced in a cdcl3-A strain, in which telo- 
mere length increased b y  -800 base pairs 
after -100 generations o f  growth (Fig. l A ,  
lanes 4 and 5); continued propagation result- 
ed in even further telomere lengthening (16). 

Several experiments indicated that both 
Cdcl3 and Estl retained function in the context 
o f  the fusion. First, the essential function o f  
CDCl3 was fully complemented by  the fusion 
protein (Fig. 1B). The Cdcl3-Estl fusion also 
cpmplemented the senescence phenotype o f  an 
estl-A strain (Fig. 1C). This was not due to a 
general bypass o f  the telomerase pathway, be- 
cause this same fusion did not complement 
est2-A or est3-A strains (Fig. 1C). The comple- 
mentation behavior o f  the h i o n  protein indi- 
cates that Estl and Cdcl3 normally function in 
temporal and physical proximity in their respec- 
tive roles in telomere replication. Telomerase 
also has been shown to coimmunoprecipitate 
with Estl  but not with Cdcl3 (Fig. ID) (14). 
The Cdcl3-Estl fusion protein coimmunopre- 
cipitated the R N A  subunit o f  the telomerase 
cbmplex (Fig. ID) and enzyme activity (1 7), 
indicating that telomerase is associated with the 
fusion protein. 

These results suggest that the proposed 

Fig. 1. The Cdcl3-Estl fusion confers telomere 
elongation. (A) Telomere Southern (DNA) blots 
were performed as in (6). The bracket indicates a 
heterogeneous telomeric band that represents 
about two-thirds of the telomeres in  this strain 
background. Cultures for lanes 1 to  13 were 
grown for -100 generations before DNA prep- 
aration. Lanes 1, 13, and 14, CDC73+ EST+ con- 
trol strain; lanes 2 to  5,10,15, and 16, pVL1091 
(expressing the Cdcl3-Estl fusion); lanes 6 t o  9 
and 11, pVL1092 (Cd~13~~~-Est l ) ;  lane 12, 
pVL1098 (Cdc13&-Estl-47); the relevant geno- 
types of the strains are indicated. Plasmids were 
introduced into strains deleted for CDC73 for 
this and subsequent figures by first transforming 
into a cdc73-AlpVL438 (CDC73+ URA3+) strain 
followed by subsequent eviction of pVL438 by 
plating on media containing 5-fluoro-orotic acid. 
Molecular sizes are indicated on the left (in 
kilobase pairs). (B) cdc73-A strains containing 
pVL648 (CDC73+), pVL1091, or pVL762 
(cdc73") (73) were grown at 23"C, and equiva- 
lent numbers of cells, as serial 10-fold dilutions, 
were plated at 23" and 36°C. (C) Growth after 
-50 generations of est7-A, est2-A , or est3-A 
strains, with single-copy plasmids bearing the 
CDC73-EST7 fusion gene or the appropriate WT 
EST gene (each under their native promoter). (D) 
lmmunoprecipitation from extracts prepared 
from strains expressing proteins with a triple 
hemagglutinin epitope (HA,) introduced at the 
NH,-terminus: HA3Estl (pVL1106), HA,Cdcl3 
(pVL841), or HA3Cdc13-Estl (pVLllOZ), fol- 
lowed by detection of the telomerase RNA 
(TLCl) levels in the extract (E) and immunopre- 
cipitates (P) by Northern (RNA) blotting (27). 

recruitment function o f  Cdcl3 can be en- 
hanced b y  fusing it to a telomerase compo- 
nent, and predict that the telomerase-defec- 
tive ~ d c l 3 ~ ~ '  mutation would be bypassed in a 
fusion. Consistent with this prediction, a fu- 
sion containing the mutant C d ~ l 3 ' " ~  protein 
behaved indistinguishably from the wild-type 
(WT) fusion: Telomere elongation occurred 

Estl 

vector 

to the same degree in both CDC13+ and 
cdcl3-A strains (Fig. l A ,  compare lanes 6 to 
9 and 2 to 5), and no senescence was ob- 
served when the C d ~ l 3 ~ = - E s t l  fusion was 
introduced into a cdcl3-A strain (1 7). Similar 
results were observed in a reciprocal experi- 
ment with a mutant allele o f  EST1 (estl-47); 
this mutation disrupts telomere replication 

Fig. 2. The DNA bind- 
ing domain of Cdcl3 is 
sufficient to deliver telo- 
rnerase to the telo- 
mere. (A) Telomere 
length after -100 gen- 
erations of growth. 
Lanes 1 and 2, estl-A/ 
pVL109l; lanes 3 and 4, 
estl -AlpVLll20 (ex- 
pressing the Estl- 
DBDcdc13 fusion); lane 
5, EST7+ control (B) 
Growth after -50 gen- 
erations of an estl-A 

L e s t l - A c d ~ 1 3 ~ ~  A cdcYn strain with plas- 
rnids expressing the 
Estl protein (pVL499). 

the Estl-DBD,,,, fusion (pVLllZO), or the Estl-47-DBD,,,, fusion 
(pVL1121). Strains expressing the Estl-DBD,,,,, and the Estl-47-DBDCdc,, 
fusions have been propagated a further 75 generations with no signs of 
senescence ( 7  7). 

C 

vector 

estl-47 CDCI3-EST1 

I l r  I 
E P E  P 

.* & , 4- TLCl 
RN A 

118 1 OCTOBER 1999 VOL 286 SCIENCE www.sciencernag.org 



(Fig. lC), although the mutant Estl protein 
still physically associates with telomerase 
(18), suggesting a defect in the same telo- 
merase-accessing function that is altered by 
the cdcl3"' allele. This defect was bypassed 
when the Estl-47 protein was fused to 
Cdc 13. In fact, the double-mutant fusion pro- 
tein (Cdcl3& fused to Estl-47) conferred the 
same degree of telomere elongation as the 
WT &ion protein, even in a strain deleted 
for both e s t l d  and cdcl3-A (Fig. lA, lane 
12); moreover, this strain did not exhibit se- 
nescence (17). The ability of the double 

O O U  - 
u u u  0 
0 0 0  u 
nnn 0 

err14 cdcl34 A 

Fig. 3. Fusing Cdcl3 to the catalytic subunit of 
telomerase bypasses the requirement for Estl. 
(A) Telomere length, after -75 generations of 
growth. Lanes 1 and 2, cdcl3-MpVL1091; lanes 
3 and 4, cdc73-hlpVL1107 (expressing the 
Cdcl3-Ed2 fusion); lanes 5 and 6, cdc73-A/ 
pVL1111 (Cdcl3-EstZ,,); lane 7, CDC73+ 
control strain. (B) Growth of an estl-A 
cdc13-A strain with either pVL1091 or 
pVL1107 for -100 ( 4 ~ )  to -150 ( 6 ~ )  gener- 
ations after eviction of the CDC73 plasmid. The 
estl-A cdcl3-A/pVL1111 (Cd~l3-Est2,,~) 
strain (constructed by dissection of a estl-A/ 
ESr1+ cdc73-A/CDC13+ diploid strain with 
pVL1111) is shown after -25 and -50 gener- 
ations of growth. (C) Telomere length, after 
-150 generations of growth, of a CDC73+ 
E S P  control strain (lane 1) or an estl-A 
cdcl3-hlpVL1107 strain (lanes 2 and 3). This 
strain has been propagated for an additional 
-725 generations with no signs of senescence 
or changes in telomere length (77). 

mutant fusion to complement a cdcl3-A 
e s t l d  strain indicates that the fusion is act- 
ing as a dirneric molecule that bridges telo- 
merase and the telomere. 

One alternative inkpetation of our data is 
that telomere elongation is due to perhxbation 
of chromatin sttucture, rather than to increased 
access of telomerase to the telomere. In partic- 
ular, telomere lengthening could be a secondary 
consequence of a l W  Cdcl3 fimction, be- 
cause mutations in CDC13 have been identified 
that increase telomere length (19,20). Howev- 
er, these recessive alleles of CDCl3 have a set 
of genetic and biochemical features that distin- 
guish them from the gain-of-fimcticin properties 
of the Cdcl3-Estl fusion (1 7,20). In addition, 
fusion of several unrelated protein sequences, 
or an inactive telomerase subunit (see below), 
to the COOH-termiws of either the WT Cdcl3 
protein or the mutant Cdcl3- protein does not 
increase telomere length (17, 21). The most 
direct argument against this alternative interpre- 
tation is the result of an experiment in which we 
examined the behavior of a fusion in which 
only the high-affinity DNA bin- domain of 
Cdcl3 @BD-,,) was fusedto Estl(15). This 
experiment was based on our previous demon- 
stration that DBD,,, can be expmsed as a 
stable, functional subdomain (22) and therefore 
could be used as an alternative means of direct- 
ing Estl to the telomere with high efficiency, 
while leaving the M-length Cdcl3 protein in- 
tact. As predicted, the Estl-DBD-,, fusion 
conferred extensive telomere len- in a 
CDCl3+ strain (Fig. 2A) and bypassed senes- 

Fig. 4. Model for Cdcl3 and Estl as positive 
regulators of telomerase function. Cdcl3 is 
proposed to bind the single-stranded overhang 
present at the ends of chromosomes and to 
mediate telomerase access by a direct but weak 
protein interaction with a component of the 
telomerase holoenzyme, possibly Estl. Telom- 
erase is shown as a multisubunit RNA-contain- 
ing complex that ma include additional pro- 
teins such as W $4). In addition to the 
positive regulation described here, telomeres 
are also subject to negative length regulation in 
both yeast and human cells, which has been 
proposed to be mediated by cis-inhibition of 
telomerase through the action of duplex telo- 
mere DNA binding proteins (3). Whether Estl 
and Cdcl3 are the direct recipients of such 
negative regulators is an intriguing question. 

cehce of a cdclFt  strain (Fig. 2B). Further- 
more, fusion of the defective Est147 protein to 
DBD,,, bypassed both estl-A and c d c l F  
mutations (Fig. 2B), even though the estl-47 
allele hik to complement either mutation (Fig. 
1C) (17). Expression of either Estl or 
DBD-,, had no effect on telomere length or 
viability in CDC13+ or &lFt strains, and the 
Estl-DBD,,, fusion failed to rescue the invi- 
ability of a cdcl3-A strain (Fig. 2A) (1 7). Thus, 
the telomere 1- properties of these 
fusions are likely to be a consequence of deliv- 
ery of telomerase to the telomere, rather than a 
pemarbation of Cdcl3 function. 

We next fused Cdcl3 directly to ~ s d ,  the 
catalytic subunit of telomerase (8). The 
Cdcl3-Est2 fusion (15) resulted in telomere 
lengthening to levels comparable to that of 
the Cdcl3-Estl fusion Fig. 3A, lanes 3 and 
4). The fusion complemented cdcl3-A and 
a 2 - A  null mutations, and telomere elonga- 
tion occurred to the same degree in est2-A 
and EST2+ strains (1 7). A Cdcl3-E~t2,,~~ 
fusion, containing an Asp to Ala mutation at 
position 670 in the active site of Est2 (8), did 
not confer extensive telomere elongation but 
instead maintained telomere length at WT 
levels in a cdcl3-A EST2+ strain (Fig. 3A, 
lanes 5 and 6) (23), showing that telomere 
elongation is only observed when a catalyti- 
cally active version of telomerase is tethered 
to the telomere. Strikingly, the Cdcl3-Est2 
fusion allowed cell growth in the complete 
absence of Est] function, because an estl-A 
strain carrying this fusion was viable for 
more than 250 generations (Fig. 3B) (24). 
Long-term propagation in the absence of Estl 
was not due to a previously described alter- 
native pathway that can maintain telomeres in 
the absence of telomerase function (6, 25): 
Telomeres in an estl-A strain canying the 
Cdcl3-Est2 fusion were stably maintained at 
a length slightly below that of WT telomere 
length (Fig. 3C), with none of the striking 
changes in telomere structure that character- 
ize the alternative pathway (6,25). The abil- 
ity of the Cdcl3-Est2 fusion to maintain an 
estl-A strain required tethering of a function- 
al telomerase, because an estl-A strain cany- 
ing the Cdcl3-E~t2,,~, fusion exhibited se- 
nescence (Fig. 3B). This supports the hypoth- 
esis that a critical function of the Estl protein 
is to mediate access of telomerase to the 
telomere. Notably, neither the Cdcl3-Estl 
fusion nor the Cdcl3-Est2 fusion bypassed 
the requirement for Est3 (Fig. 1C) (17), 
showing that Estl and Est3 perform function- 
ally distinct roles in telomere replication. 

Our remh are wnsistent with a model in 
which Cdcl3 mediates telomerase access by a 
direct interadon with the w e  (Fig. 4). 
Furthermore, these data indicate that Estl is a 
comediator of this "accessing" function, poten- 
tially as a direct binding partner of Cdcl3, 
although we cannot rule out the possibility of 
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additional intervening protein or proteins. 
These experiments may have also uncovered an 
additional role for Estl in telomerase function, 
as the Cdcl3-Est2 fusion was not capable of 
promoting extensive telomere elongation in the 
absence of Estl (Fig. 3C) (26). Because Estl is 
a terminus-specific DNA binding protein (11). 
we speculate that this second role may be to 
promote accessibility of the 3'  terminus to the 
active site of telomerase. 
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Protamine-Induced 
Condensation and 

Decondensation of the Same 
DNA Molecule 

Laurence R. Brewer,' Michele Corzett,' Rod BalhornZ 

The DNA in sperm and certain viruses is condensed by arginine-rich proteins 
into toroidal subunits, a form of packaging that inactivates their entire genome. 
Individual DNA molecules were manipulated with an optical trap to examine 
the kinetics of torus formation induced by the binding of protamine and a subset 
of its DNA binding domain, Arg,. Condensation and decondensation experi- 
ments with A-phage DNA show that toroid formation and stability are influ- 
enced by the number of arginine-rich anchoring domains in protamine. The 
results explain why protamines contain so much arginine and suggest that these 
proteins must be actively removed from sperm chromatin after fertilization. 

Protamine and other polycations have been 
shown to coil DNA into toroidal struch~res 
containing up to 60 kb of DNA (1-3). Indi- 
vidual bacteriophage appear to contain a sin- 
gle toroid folded inside the protein capsid (3). 
whereas a sperm cell contains as many as 
50,000 toroids packed inside its nucleus (1). 
The protamines responsible for inducing 
torus foinlation and packaging DNA in ma- 
turing speilnatids contain a series of arginine- 
rich anchoring domains (4) that bind to the 
phosphodiester backbone of DNA in a base 
sequence-independent fashion (5) .  One pro- 
talnine molecule is bound to each turn [- 11 
base pairs (bp)] of DNA (5, 6), and adjacent 
arginines in the anchoring domains interlock 
both strands of the helix. Arginine-rich se- 
quences are also present in the proteins that 

package DNA in several viruses (7). but the 
viral proteins contain fewer anchoring do- 
mains per molecule. 

In vitro studies using light scattering (8, 
9): electron and atomic force microscopy (1, 
2, 10). fluorescence microscopy (11, 12), and 
DNA elasticity measurements (13) have ex- 
amined how protamine and other polycations 
induce torus formation. The interpretation of 
light-scattering experiments has been compli- 
cated by DNA aggregation, whereas electron 
and atomic force microscopy studies charac- 
terized only the structure of the final product. 
Toroid formation and the kinetics of the con- 
densation process could not be observed by 
fluorescence microscopy because the mole- 
cules were not sufficiently extended. To ex- 
amine toroid formation under conditions that 
preclude aggregation and precipitation and 
allow a detailed analysis of kinetics, we used 
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an optical trap to isolate individual DNA 
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USA. monitor the formation of toroids in real time 
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