
rein, old>- within the  6 H 3  repion. In  con- ,2;lv;P 4, 871 ( -  95411. To ass g i the NlviR esol-al-ces olated by more thar 3 n at-y o- the f ~ r a  s t r ~ c t l ~ ~ e s  
cf t r e  pep:c:e an3 ozrair I-'ra- al-6 r:er~?iolec~Izr Fcr the erselible r i e  res13-1% tcrs~o~ial  r12isd was 

trast, other Bcl-?-related proteini such as 
- . . c'lstarce restra r ts,  we a c q ~ ,  ec: 2D a i d  3 0  ' 5 N  '-C- 

,. .. ,. = 0 C'3'airi theE ,,,,was 2: = 0.: .cca mo -' 
"L, 

6al; or Bas are predictec-1 to have more fte*ec: exoe*~merts o r  a sal?icie v,A- i,-'jN- -? - '  ~ t -  Ti-e ~ o ~ ~ a l e n t  aeonetres v,)ere ~ v e  I satsfied as ~PUI- 

estena~x-e stri~ctural similarities to Bcl-s,. 
For tlhe,e protein., our studies iuggeht that a 
itructural change may be reiq~urecl for the  
BH3 region to participate in  ciimerization. 
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A Protein-Counting Mechanism for Telornere 
Length Regulation in Yeast 

Stephane Marcand," Eric Gilson, David Shore-I- 

In the yeast Saccharomyces cerevisiae, telomere elongation is negatively regulated by 
the telomere repeat-binding protein Raplp, such that a narrow length distribution of 
telomere repeat tracts is observed. This length regulation was shown to function inde- 
pendently of the orientation of the telomere repeats. The number of repeats at an 
individual telomere was reduced when hybrid proteins containing the Rapl p carboxyl 
terminus were targeted there by a heterologous DNA-binding domain. The extent of this 
telomere tract shortening was proportional to the number of targeted molecules, con- 
sistent with a feedback mechanism of telomere length regulation that can discriminate 
the precise number of Rapl p molecules bound to the chromosome end. 

Telomere i ,  the  ends of linear eukaryotic 
chromoiomes, are essential itrilcturei 
formed by specific prote111-DNA co~npleses  
that protect chromoso~ual termilli from 
degrailation and fusion ( 1  ). O n e  of the  es- 
sential f ~ ~ n c t i o n s  of telo~lleres 15 t o  allox\- the  
complete replication of chromoso~lle endi,  
\~ -h ich  cannot be accompli i l~e~j  by- kno\rn 
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D K 4  polymeraiei (2 ) .  T h e  progreislve loii 
of L3NA that would occur after each round 
of replicaticin is halanced by a rihoni~cleo- 
protein terminal transferase enzyrue called 
telomerase. \vhich specifically extends the  
3 '  G-rich telomeric strand in an  RNA-  
template~l reactio11 (3) .  111 ~l los t  organiims. 
teloilleric D N 4  consiits of a tandem array 
of ihort  reneats. In veast. the  telorneric 
D N A  ii organized in  a non~~ucleosomal  
itructure baied o n  an  array of the  telomere 
repeat-binding protein R a p l p  (4,  5) .  

In the  humat1 germline, cells express 
telolllerase and rnalntaln a constant average 
teloinere length. This initial size appear5 to 
ileternline the replicative life-ipan of so- 
matic cells, in  which telomerase actlvity is 
uiually ilndetectable and telomere repeats 
are progresi~.r-ely lost at each cell division 
(6) .  In  ~ ~ i l i c e l l ~ ~ l a r  organisllls like S .  ce~ezi- 
sine, telomere length is kept rvithin a narrotl- 
size distribution, specific for a given strain, 
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and does not appear to vary with growth 
conditions or culturing time (7). Telomere " . , 
length regulation can be viewed as the re- 
sult of a balance between elongation and 
shortening. It has been proposevd that this 
equilibrium is determined by negative reg- 
ulation of telomerase activity by the telo- 
mere itself when a specific threshold length 
is reached (8, 9), or by a progressive in- 
crease in the frequency of intrachromatid 
terminal excision as a function of repeat 
length (1 0). Moreover, the narrow distribu- 
tion of telomere lengths observed in vivo " 
supports the existence of a length-sensing 
mechanism capable of efficiently discrimi- 
nating even small differences in tract 
length. 

To investigate the molecular nature of 
this telomere length-sensing mechanism, 
we used a telomere "healing" assay in which 
a URA3 marker gene and an adjacent short 
stretch of TG,, sequence [-80 base pairs 
(bp)] were transformed into yeast cells and, 
by homologous recombination, replaced the 
left extremity of chromosome VII beyond 
the ADH4 gene (1 1) (Fig. 1A). During this 
process, the short TG1-, tract is extended 
by telomerase (3) to yield a telomere tract 
whose length is characteristic of the host 
strain. This assay allowed us to insert se- 
quences of interest adjacent to a single telo- 
mere and to determine their effect on the 
length of that telomere with a URA3 probe. 

We first inserted an additional 80-bp 
fragment of native telomeric repeats adja- 
cent to the URA3 marker and in the same 
orientation as the repeats on the starting 
plasmid (12) (Fig. 1A). As shown in Fig. 
lB, this insert only slightly increased the 
size of the Hind I11 telomeric restriction 
fragment, indicating that the distal TG,, 
tract was -70 to 80 bp shorter than in the 
absence of the insert (220 to 230 bp versus 
300 bp). Therefore, despite being separated 
from the telomere by a linker sequence of 
40 bp, the 80-bp TGl-, insert appears to be 
recognized as part of the telomere repeat 
tract, whose total length is then regulated 
to the original value (300 bp). 

When the 80-bp telomeric repeats were 
inserted in the opposite orientation relative 
to the native telomere, the size of the telo- 
meric URA3 restriction fragment was also 
only slightly increased (-30 bp, Fig. lB), 
indicating that -90 bp less TGl-, sequence 
had been added in the healing process, rel- 
ative to the minus-insert control, to com- 
pensate for the additional TGl-, tract. To 
rule out the possibility that the inserted 
(internal) repeats had been deleted, we 
took advantage of the Bam HI restriction 
site at the junction between the two telo- 
meric sequences (Fig. 1A). Cutting with 
Hind 111 and Bam HI released a 1240-b~ - L 

fragment, which was, as expected, 120 bp 

longer than in the absence of an insert (Fig. 
1B). This result indicates that an insert of 
the expected size was present at the telo- 
mere, and thus that the distal telomeric 
tract sequence was shorter. We repeated 
this experiment by inserting a 270-bp telo- 
meric fragment adjacent to the original 80- 
bp tract but in the opposite orientation. In 
this situation, the resulting distal TG,, 
tract was only 120 to 130 bp long (Fig. lB), 
indicating that most of the internal 270-bp 
repeat (-180 to 200 bp) had been counted 
as part of the telomere, even though it was 

misoriented. In an independent experiment 
with the two 8 0 - b ~  insert constructs. we 
used restriction sites positioned closer to 
the telomere (Apa I and Eco RV) to in- 
crease the precision of the measurements. 
The estimated sizes of the TG,, tracts were 
very similar to those determined with Hind 
I11 (Fig. lC),  which confirmed the observed 
difference in tract length caused by the 
80-bp insert. Taken together, these results 
suggest that the number of telomere repeats 
per se, regardless of their orientation, is 
regulated in yeast. 

Fig. 1. Telomere length A TG 1-3 URAJ ~ d h 4  

regulation is independent gpc 

of telomere repeat tract 
300 20 520 

v 
orientation. (A) Schematic 190 410 

0 A R representation (top two H 

lines) of the initial telo- 
7 50 So 20 520 190 410 

mere healing fragment H W- . . 
and its conversion in B 6 k H 

yeast cells into a stable 
telomere with an average 
TG,, tract length of 300 
bp (strain Lev7). The bot- 
tom three lines depict the 
chromosomal structure 
for transformants with 
additional TG, _, inserts 
at the Bam HI site of the 
starting plasmid: an 80- 
bp TG,-, insert in telo- 
meric orientation (strains 

7 9 0 2 7 0  190 410 

A R H 

B Hlnd Ill Hind 111 +Barn HI Hind Ill , 
1 2  3 4 5 6 7 8 9 10 1 1 1 2 1 3 1 4  

Lev165 and ~ev166), an I 
80-bp TG, -, insert in re- + 
verse orientation (strains 

Lev153, Lev154, and c A P ~  1 Eco RV + Hind Ill Eco RV + Hind 111 + Barn HI 
Lev155). The positions of + , 
the Hind I l l  (H), Eco RV (R), 

M 1 2  3 4 5 M  6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  
1 

Lev143 and Lev144), and 
a 270-bp TG,-, insert in 

Apa I (A), and Barn HI (B) 
sites and the distance be- 
tween the restriction sites 94 

and the TG,-, repeats 
are indicated. The orienta- 83 

tions of the telomeric se- 

Orientution - 4 4 b b  - 4 4 b P  - b b b  

InternalTGla o 80 80 80 80 o 80 80 80 80 o 270 270 270 

quences are represented -- 
by multiple arrowheads. 1 - +I +I * - 4 4 P P - B <  B ,  

reverse orientation (strains Distal T G j j  300 220 230 210 210 n.a. n.a. ".a. ".a. na. 300 120 120 120 
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6) Gen&ic DNA from I M e m a l T G l ~  0 80 80 80 80 0 80 80 80 80 0 00 so 80 80 

yeast ~~~7 (lanes Distal 300 235 240 220 215 300 235 235 215 220 n.0. n.a. ma. n.a. n.a. 

1, 6, and ll), Lev165 
(lanes 2 and 7), Lw1 66 (lanes 3 and 8), Lev1 43 (lanes 4 and 9), Lev1 44 (lanes 5 and lo), Lev1 53 (lane 12), 
Levl 54 (lane 13), and Lev1 55 (lane 14) were digested with Hind I l l  (lanes 1 to 5 and 11 to 14) or with Hind I l l  
and Barn HI (lanes 6 to lo), separated by electrophoresis on 0.9% agarose gels, and blotted onto a 
nitrocellulose membrane. The membrane was probed with a 1.16-kb Hind I l l  URA3 fragment. The median 
length of the telomeric restriction fragment was measured with Image-Quant, using the nontelomeric 1 160-bp 
ura3 7 fragment as an internal control for each lane; 1 140 bp (no insert), 1270 bp (with an 80-bp TG, -, insert), 
or 1500 bp (with a 270-bp TG, -, insert) was subtracted from this value to give the indicated size of the distal 
TG,-, tract. The arrow and the asterisk indicate the telomeric restriction fragment and the nontelorneric 
1 .l -kb Hind I l l  ura3-7 fragment, respectively; positions of size markers of 1584 and 1375 bp (not shown) are 
indicated. At the bottom, the relative orientation of the internal TG, -, repeats and the sizes of the intemal and 
distal TG, -, repeats are indicated. (C) Genomic DNA from yeast strains Lev7 (lanes 1, 6, and 1 I), Levl 65 
(lanes 2,7, and 12), Lev166 (lanes 3,8, and 13), Lwl43 (lanes 4,9, and 14), and Lev144 (lanes 5,10, and 15) 
were digested with Apa I (lanes 1 to 5), with Eco RV and Hind I l l  (lanes 6 to lo), or with Eco RV, Hind I l l ,  and 
Barn HI (lanes 10 to 15). The asterisk indicates the nontelomeric 0.75-kb Eco RV-Hind I l l  ura3-7 fragment. M ,  
size markers of 947 and 831 bp. 



Because yeast telomeric repeats contain 
multiple binding sites for Raplp (1 3), we 
asked whether it might be the actual num- 
ber of Raplp molecules bound at the chro- 
mosome end, rather than the repeat tract 
length, that is kept constant. We replaced 
the intemal TG,, repeat inserts with bind- 
ing sites for Gal4p (UAS,, Fig. ZA), and 
expressed in these cells hybrids containing 
the COOH-terminus of Raplp (amino ac- 
ids 653 to 827) fused to the Gal4p DNA- 
binding domain [Gbd/Rap1(653-827), Fig. 
2B] (14). We chose this region of Raplp 
because deletion of these sequences from 
the native protein essentially abolishes telo- 
mere length control (9). When Gbd/ 
Rapl(653-827) was expressed in a strain 
with four UAS, sites at telomere VII-L, the 
median length of the telomere repeat tract 
was reduced from 310 to 240 bp (Fig. 2C). 
The Gbd control did not significantly affect 
telomere length, as expected. Moreover, in 
the absence of UASG sites, the Gbd/Rapl 
hybrid had no effect, which demonstrated 
that the site of action for the hybrid protein 
is the targeted telomere (15). 

To examine the specificity of Gbd/Rapl 
action on telomere length, we used a rapl - 
12 allele, a double missense mutation at 
residues 726 and 727 of the protein. This 
mutation causes a 100- to 150-bp increase 
in telomere length, indicating a partial loss 
of telomere length control (1 6). In a rapl - 

12 background, targeting of the Raplp wild- 
type COOH-terminus at a specific telomere 
markedly reduced its length (Fig. 2D) while 
leaving the rest of the telomeres in the cell 
unchanged (17). As in a wild-type back- 
ground, no shortening was observed in the 
absence of UAS, sites or with the Gbd 
control. However, when the rap1 -1 2 muta- 
tion was present in the hybrid protein 
(Gbdlrapl-12), the mutant hybrid protein 
had a much smaller effect on telomere 
length in a RAPl or rapl -12 background 
(Fig. 2, C and D). These results strongly 
suggest that the targeted Gbd/Rapl hybrids 
(both mutant and wild type) behave in a 
manner similar or identical to their respec- 
tive native (full-length) counterparts with 
respect to telomere length control. 

The ability of the COOH-terminal re- 
gion of Raplp to reduce telomere length 
when bound to the centromeric side of a 
telomere suggests that the number of Raplp 
COOH-terminal domains assembled at an 
individual telomere is regulated. To test this 
idea more directly, we expressed the Gbd/ 
Rapl(653-827) hybrid in a series of strains 
with increasing numbers of UAS, sites in- 
serted at telomere VII-L. In a wild-type cell 
expressing Gbd/Rap1(653-827), but not 
Gbd alone, a single UAS, site reduced the 
median length of the targeted telomere by 
an average of 30 bp. A second UASG site 
reduced the length by a further 20 bp, 

I - *  Rap1 eereee 8 . -  1 -7%- 
1 DBD 653 827 TG1-3 UASG URA3 Hind Ill 

C RAP1 
r ! 

D RAP1 rapi-i2 
0 4 UASG sites n I  I 

T- O 4 UAS, sites 

Median length 310 320 310 3 ' ~  24? 290 Medianler-?-> ? c j  .r3; 463 460 L10 28C 410 

Fig. 2. Targeting several Rapl p COOH-terminal domains to the intemal side of a telomere repeat tract 
reduces its length. (A) Schematic representation of the Rapl protein and the Gbd/Rapl hybrid protein. 
The positions of the rapl - 12 and rap1 -825* mutations and of the Rapl p DNA-binding domain (DBD) are 
indicated. (B) Schematic representation of telomere VII-L marked with URA3 and UAS, sites. The URA3 
gene is transcribed toward the telomere. (C) Strains Lev7 (no UAS, sites) and Lev8 (four UAS, sites) 
were cotransformed with sp17 (RAP1) and with pSB362 (pGbd), pSB136 (pGbd/Rapl), or pSB341 
(pGbd/rapl-12). (D) Strains Lev7 (no UAS, sites) and Lev8 (four UAS, sites) were cotransformed with 
sp103 (rapl-12) and with pSB362 (pGbd), pSB136 (pGbd/Rapl), or pSB341 (pGbd/rapl-12). Genom- 
ic DNA was digested with Hind I l l  and analyzed as described in Fig. 1. In (C) and (D), the arrow and the 
asterisk indicate the position of the telomeric restriction fragment and the nontelomeric 1 .l -kb Hind I l l  
ura3-1 fragment, respectively; the median length of the TG,-, tract is indicated below each lane and 
was calculated by subtracting 11 40 bp (no UAS, sites) or 1260 bp (four UAS, sites) from the median 
size of the telomeric restriction fragment. 

whereas the addition of a third and fourth 
UAS, site had a weaker effect, causing an 
additional average reduction of somewhat 
less than 10 bp per site; the significance of 
this latter effect is uncertain (Fig. 3, A and 
C). In a rapl -1 2 mutant background, where 
telomeres are longer than in the wild type, 
the incremental shortening caused by each 
additional UAS, site bound by the Gbd/ 
Rapl hybrid was more clearly seen (Fig. 3, B 
and C). In presence of Gbd/Rapl, with the 
first and second UAS, sites, telomere 

A Gbd GbdlRapl 
1 

M O 1 2 3 4  0 1 2 3 4  IJAS 
-1 sitesG 

B RAPl rapt-12 
Gbd Gbd/Rapl 

M 0 0 1 2 3 4 0 1 2 3 4 U A S  

I - 0 1 2 3 4  0 1 2 3 4  
Numbef of UASo sites 

Fig. 3. The length reduction caused by Gbd/Rapl 
is proportional to the number of targeted mole- 
cules. (A) Strains Lev7 (no UAS, sites), Lev130 
(one UAS, site), Levl 32 (two UAS, sites), Levl 34 
(three UAS, sites), and Lev8 (four UAS, sites) 
were cotransformed with sp17 (RAPT) and either 
pSB362 (pGbd) or pSB136 (pGbd/Rapl). (B) 
Strains Lev7 (no UAS, sites), Lev130 (one UAS, 
site), Lev132 (two UAS, sites), Lev134 (three 
UAS, sites), and Lev8 (four UAS, sites) were co- 
transformed with sp17 (rapl-12) and either 
pSB362 (pGbd) or pSB136 (pGbd/Rapl). Telo- 
mere repeat tract lengths were analyzed as 
above. The RAP1 lane contained Lev7 trans- 
formed only with pSB362. (C) The median telo- 
mere lengths in a RAP1 background (@) were cal- 
culated by averaging four independent experi- 
ments. The SD for each mean is <I5 bp. The 
median telomere lengths in the rapl-12 back- 
ground (.) and rapl-825' background (0) were 
derived from a single experiment. With one, two, 
or three UAS, sites, the median length of the 
TG, -, tract was calculated by subtracting 1 175, 
121 0, or 1240 bp, respectively, from the median 
size of the telomeric restriction fragment. In (A) 
and (B), the arrow and asterisk have the same 
meanings as in Fig. 2. 
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length shortened by 70 bp per site. With 
the addition of a third and fourth UAS, 
site, the shortening was again relatively 
smaller but significant, approximately 30 bp 
per site (18). Similarly, in cells bearing the 
rap1 -825* allele [a four-amino acid inser- 
tion at position 825 (19)], Gbd/Rapl re- 
duced the median length of the targeted 
telomere in proportion to the number of 
UASG sites (Fig. 3C; see below). 

In the yeast S .  cerevisiae, genes inserted 
adjacent to a telomere can be transcription- 
ally silenced (1 1). This telomeric position 
effect (TPE) requires the same COOH-ter- 
minal region of Raplp involved in telomere 
length regulation, as well as two proteins 
(Sir3p and Sir4p) that interact with this 
domain (1 9,20). Moreover, targeting of the 
COOH-terminal domain Gbd/Rapl hybrid 
establishes silencing (21). To clarify the 
link between telomeric silencing and telo- 
mere length regulation, we first asked 
whether silencing is necessary for telomere 
length regulation by Gbd/Rapl. In sir4 mu- 
tant cells, silencing is abolished and telo- 
meres are slightly shorter (22). However, 
targeting of Raplp COOH-terminal do- 
mains in a sir4 mutant further reduced telo- 
mere length without restoring silencing 
(1 7), and thus telomere length regulation 
by Raplp does not require silencing. 

We also asked whether, in a rap1 mutant 
strain partially defective for TPE and telomere 
length regulation, the reestablishment of TPE 
by targeting of Gbd-Sir hybrids (23, 24) is 
sufficient to restore normal telomere length 
regulation. Silencing of the URA3 gene 
present at telomere VII-L was quantified by 
the ability of cells to grow on medium con- 
taining 5-fluoroorotic acid (5-FOA), which 
kills cells expressing the URA3 gene. Cells 
bearing the rapl-825* allele display a partial 
defect in telomere length regulation (median 

telomere length rises from 300 to 410 bp) and 
silencing [the average proportion of FOA- 
resistant (FOAR) cells drops from 59 to 0.6%]. 
As expected, Gbd/Rapl, in the presence of 
four UASG sites, reduced the median length 
of the targeted telomere to 290 bp and simul- 
taneously increased the proportion of FOAR 
cells to 78%, reflecting a high degree of si- 
lencing (Fig. 4). In contrast, targeting of a 
Raplp COOH-terminal domain bearing the 
rapl-12 mutation, or targeting of full-length 
Sir4p, Sir3p, or Sirlp, restored strong silenc- 
ing but failed to reduce the length of the 
targeted telomere (Fig. 4). Thus, silencing was 
not sufficient to allow proper length regula- 
tion, at least in the context of rap1 -825*. The 
two strongest silencers, Gbdlrapl-12 and 
Gbd-Sir4, increased telomere length by an 
additional 100 bp, exacerbating the length 
regulation defect of the rap1 -825* allele. Con- 
versely, in the absence of UAS, sites, the 
derepression caused by Gbd-Sir1 coincided 
with telomere shortening (Fig. 4). Silencing 
and telomere length sensing thus appear to be 
separate phenomena that use the same 
COOH-terminal domain of Raplp but are 
mutually antagonistic. 

Because Raplp-binding sites occur in na- 
tive telomeric repeats every 18 bp on average 
(13). our results indicate that the addition of . . .  
Raplp molecules on one side of a telomere 
results in an eauivalent loss on the other side 
of the telomere, which suggests that the num- 
ber of Raplp molecules (more specifically, 
Raplp COOH-termini) assembled at a telo- 
mere is actively maintained at a constant 
mean value. On the basis of these findings, we 
propose a simple negative feedback model for 
telomere length regulation in which a telo- 
mere bound by a threshold number of 
Raplp molecules (or more) is in a state that 
prevents telomere elongation, possibly by 
the assembly of a structure that inhibits 

Fig. 4. Gbd/rapl-12, Gbd-Sir4,  RAP^ rap1 -82s 
Gbd-Sir3, and Gbd-Sir1 establish n~ I 

0 4 UAS, sites 
silencing at a telomere but fail to I I 

regulate telomere length. Strains 2 - N 
n - - 

Lev7 (no UAS, sites) and Lev8 (four E ~ g z e r  u w w m  

UAS, sites) were cotransformed v o 3 s + + + v % s 2 2 ?  
8 6 8 6 6 6 G 6 6 8 6 6 8 ~  

with sp19 (rapl-825*) and with 
pSB362 (pGbd), pSB136 (pGbd/ 
Rapl), pSB341 (pGbd/rapl-12), 
sp138 (Gbd-Sir4), sp131 (Gbd- 
Sir3), or pKL5 (Gbd-Sirl) and ana- 
lyzed as above. The median length I - 

Independent colonies were resus- 
pended in water, diluted to an appropriate concentration, and spread on SC-His and fresh SC-His + 
5-FOA plates (5-FOA at 0.8 g/liter). The number of colonies was counted after 4 days at 30°C. Each 
percentage represents the average of three samples. For means >I%, the SD/mean ratio was <0.17; 
for means <I%, the ratio was between 0.30 and 1.30. The arrow and asterisk have the same meanings 
as in Fig. 2. . 

of the TG, -, tract and the percent- * 0- - '  1264 

age of FOAR cells are indicated be- 0-0-  

telomerase binding or activity. An interme- 
diate target of this signal might be Cdcl3p, a 
single-strand telomeric DNA-binding protein, 
or Stnlp, a Cdcl3p-interacting protein, be- 
cause both proteins can negatively regulate 
telomere elongation (25). When degradation 
or incomplete replication of this telomere 
causes the loss of one or more Raplp-binding 
sites, the telomere switches to a new state that 
allows its elongation. Telomere elongation 
restores the missing Raplp-binding site(s), 
and the telomere switches back to the initial 

low each lane. Proportions of FOAR 
cells were determined as follows: 

repressed state. This model is in agreement 
with the extensive telomere elongation ob- 
served in cells containing a mutated form of 
Raplp lacking its COOH-terminal domain 
(9. 26). 

Median length 300 410 450420 410 4Gv afu  -cu r y u  520 520 400 410 

FOAR cells (Vo) 59 0.6 0.3 0.2 2.9 10.' 0.4 78 98 100 66 95 

. ,  , 

Additional support for a counting mech- 
anism for telomere length regulation comes 
from studies of the related yeast Kluywero- 
myces lactis (8). Specific mutations in the 
K. lactis telomerase RNA template, which 
alter telomeric DNA seauences and reduce 
K. lactis Raplp binding, result in massive 
telomere elongation after only a few gener- 
ations. Thus, if telomerase cannot generate 
Raplp-binding sites, a threshold number of 
bound Raplp is never reached and telomere 
elongation proceeds unchecked. Our model 
suggests that telomere elongation is caused 
by an overall reduction in telomere-bound 
Raplp molecules, and not necessarily by the 
loss of the most distal molecules. 

The same domain of Raplp that regu- 
lates telomere length can also establish si- 
lencing. However, our results show that the 
establishment of silencing is neither neces- 
sary nor sufficient for length regulation, and 
may even compete with this second func- 
tion of Raplp. Consistent with this idea, 
the rabl-12 allele or a deletion of RlFl or 
RlF2, two genes encoding Raplp-interact- 
ing factors, increase telomere length but 
improve telomeric silencing and the Raplp- 
Sir4p interaction (21, 27). Conversely, in 
cells lacking Sir3p or Sir4p, or in which the 
telomere is transcribed, silencing is lost but 
telomeres are shortened (22, 28). To  ex- 
plain these observations, we propose that a 
Raplp molecule interacting with the Sir 
proteins, and thus involved in establishing 
silencing, is not counted as part of the 
telomere by the length-sensing mechanism. 
Because a stable Sir3p-Raplp interaction 
depends on histone H4 integrity (20), telo- 
meric Sir-Rap1 complexes may be restricted 
to the centromeric side of the telomeric 
tract where nucleosomes are first encoun- 
tered (4, 5), leaving the more distal Raplp 
molecules free to interact with Riflp and 
Rif2p to regulate telomere length. Al- 
though changes in the concentration of Sir 
proteins or their affinity for Raplp can 
modify TG,-, length, we propose that the 
number of Sir-free telomeric Raplp mole- 
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cules is kept constant. 
Because the structural and functional 

properties of telomeres appear to be highly 
conserved, our findings may be relevant to 
telomere length regulation in humans, 
which has been associated with aging and 
cancer (29). The discovery of human pro
teins that bind specifically to telomeric re
peats (30), and more recent functional stud
ies (31) on one of these proteins, TRF1, 
suggest that a protein-counting mechanism 
similar to that described here may regulate 
telomere length in human cells. 
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ther side of the lesion and removal of an 
oligonucleotide containing the damage (I). 
Defects in any of seven different human 
genes (XPA through XPG) encoding pro
teins with functions in the early steps of 
NER result in the hereditary disease xero
derma pigmentosum, characterized by sen
sitivity to sunlight, marked skin changes in 
exposed areas, and extreme susceptibility to 
skin cancer. Cells from patients with anoth
er hereditary disease, Cockayne syndrome, 
are specifically defective in the preferential 
removal of lesions from transcribed strands 
of active genes by a TCR process that has 

Defective Transcription-Coupled Repair of 
Oxidative Base Damage in Cockayne Syndrome 

Patients from XP Group G 
Priscilla K. Cooper,* Thierry Nouspikel, Stuart G. Clarkson, 

Steven A. Leadon 

In normal human cells, damage due to ultraviolet light is preferentially removed from 
active genes by nucleotide excision repair (NER) in a transcription-coupled repair (TCR) 
process that requires the gene products defective in Cockayne syndrome (CS). Oxidative 
damage, including thymine glycols, is shown to be removed by TCR in cells from normal 
individuals and from xeroderma pigmentosum (XP)-A, XP-F, and XP-G patients who 
have NER defects but not from XP-G patients who have severe CS. Thus, TCR of 
oxidative damage requires an XPG function distinct from its NER endonuclease activity. 
These results raise the possibility that defective TCR of oxidative damage contributes to 
the developmental defects associated with CS. 
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