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ABSTRACT telomere functions such as binding end-specific telomere
proteins (12,13) preventing end-to-end fusions (14) and
promoting proper meiotic and mitotic chromosome segrega-
tion (reviewed in 15). The mechanism by which G-overhangs
perform these functions is likely dependent upon specific

Telomeres of eukaryotic chromosomes contain 3 '
overhangs which are thought to be essential for the
maintenance of proper chromosome end structure

and function. We examined the requirement for binding proteins and possibly DNA conformation. A number
telomerase activity for the generation of these G- of proteins have been shown to bind G-strand overhangs either
strand overhangs in mammalian cells. Using non- in vivo or in vitro. These include tha andp telomere-binding
denaturing in-gel hybridization to both tissue and proteins (TBPs) inOxytricha and Euplotes (12,13,16,17),
cultured cells from mice deficient for the telomerase Cdc13p inSaccharomyce$18,19) and several hnRNPs in
RNA component, we found that G-strand overhangs humans and mice (20-22). G-rich single-stranded telomere
exist in the absence of telomerase activity. Quantita- sequence can assume a number of non-canonical struagtures
tion of overhang signal intensity showed no signifi- vitro, including G quartets and triple helices (reviewed in 23),
cant reduction in telomerase-deficient cells relative and they may mediate telomere looping (24). However, itis not

clear what role these structures playivo.

Despite the increasing data on the structure’' a@rhangs,
little is known about the mechanism of overhang generation in
mammalian cells. Overhangs are likely to be generated by
either elongation of the single-stranded G-strand or degrada-
INTRODUCTION tion of the C-strand. Telomerase is therefore a likely candidate
Telomeres are the dynamic termini of linear chromosome to be involved in creating G-strand pverhangs. Telomerase is

Sble to extend '3overhangs, preventing progressive telomere

capable of repeatedly reforming functional terminal nUdeo'shortening which may result from the inability of DNA

protein structures following telomere sequence shortening 9 olymerase to completely replicate linear chromosome ends
elongation. These nucleoprotein structures play essential rol ‘%5)

including the prevention of end-to-end fusions, abnorma .
recombination and degradation (reviewed in 1). In most Several recent experiments have suggested that telomerase

eukaryotes, telomeres are comprised of long stretches gpay not be hecessary for the generation of G-strand overhangs.
tandem short DNA sequences. Mammalian telomeres considt Saccharomycest has been demonstrated that overhangs are
of a variable number of TTAGGG repeats. Human telomere§'éated in the absence of telomerase (26,27). The presence of
contain ~1000—2000 repeats, while mouse telomeres contali€Se overhangs does not, however, preclude a significant
up to tens of thousands of these repeats (2—4). contribution by telomerase to the length of normal G-strand

The termini of most eukaryotic telomeres include a G-richoverhangs. Additionally, the significant size difference
strand which extends beyond the DNA duplex to form a singlePetweenSaccharomyceand mammalian overhangs and the
stranded 3overhang. The presence of overhangs is conservekf!l cycle dependence of overhangsSaccharomycesuggest
in eukaryotes, but, like telomere length, the exact structuréhat mammalian cells might use a different mechanism to
varies between species. Macronuclear chromosomes of tig€nerate 3overhangs. G-strand overhangs are also seen in
ciliated protozoans, where Bverhangs were first identified, Mammalian cells with no detectable telomerase activity (10).
have G-strand overhangs specifically maintained at betweddowever, these cells may still have low levels of telomerase
12 and 16 bases (5-7). Baccharomyces cerevisigeover-  activity or activity may have been transiently expressed.
hangs of greater than 30 bases in length appear transientlyTo examine the role of telomerase in the generation of over-
during S phase (8). It is not known, however, if shorter overhangs in mammalian cells, we used knockout mice which lack
hangs are present at other phases of the cell cycle. G-stratelomerase activity (28,29). We undertook a detailed analysis
overhangs are present throughout the cell cycle in human cellef G-strand overhangs both in liver cells and cultured fibro-
with an estimated length of between 45 and 275 bp (9-11plasts obtained from these telomerase null mice. Quantitation
These overhangs have been postulated to be involved of overhang signal in telomerase knockout cells compared with

to wild-type. These results support a telomerase-
independent mechanism for generating G-strand
overhangs.
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wild-type cells indicates that telomerase is not primarilyexperiments on the same plug preparation. Mung bean
responsible for generating G-strand overhangs. nuclease digestion of plugs was performed by first
preincubating 1/4 plugs twice for 1 h in 10 1x mung bean
nuclease buffer (Life Technologies Inc.) on ice, then adding
MATERIALS AND METHODS 39 U of mung bean nuclease (Life Technologies Inc.) to each
Isolation of liver cells d!gesj[ion. Tubes were kept on ic_e for 15 min, to permit enzyme
) diffusion through the plug, then incubated af3tfor 20 min.
Whole livers were harvested from age-matched 3-month-oOlgeactions were terminated on ice by the addition of 0.01%
wild-type (C57BI/6) and mTR KO (C57BI/6/129) mice. An sps. Plugs were prepared for electrophoresis by washing for
aliquot of 1 g (approximately one-half) of each liver was homo- p, in 4 mI TE, changing the original TE for fresh TE after 1 h,
genized in 5 ml of an ice-cold solution containing 60 mM KCl, then for 1 h in gel running buffer. 1/4 plugs were loaded into
15 mM NaCl, 0.5 mM spermine, 0.15 mM spermidine, 15 mMeach well and covered with LMP agarose. Denatured wild-type
Tris pH 7.5, 2 mM EDTA, 0.3 M sucrose and 16.7 mBA  control DNA was prepared by heat denaturing 1/10 of a
mercaptoethanol. The homogenates were layered on top & 8A1-digested wild-type plug, adding 40 LMP agarose
7.5ml of a solution containing 60 mM KCl, 15 mM NaCl, and pipette loading into the welll DNA concatamers
0.5 mM spermine, 0.15 mM spermidine, 15 mM Tris pH 7.5,embedded in agarose (New England Biolabs) were used as
1 mM EDTA, 1.37 M sucrose and 14.4 mpmercaptoethanol  molecular weight markers.
in 25 x 89 mm ultracentrifuge tubes. The sucrose gradients Plugs were run on a 1.2% pulsed field grade agarose (Bio-

were centrifuged at 12 00§ for 15 min at 4C. After centri- Rad) gel in X TAE. Gels were run using a CHEF-DR Il pulsed
fugation, the supernatent was removed, and the pellet was, 4 gel apparatus (Bio-Rad) for 20 h at a constant 200 V,

washed in 10 ml PBSA (Dulbecco's phosphate-buffereq,gi, " ramped pulse times from 1 to 15 s. Running temperature
saline, without calcium and magnesium). After washing, the, ¢ kept at 12C.

cells were pelleted by centrifugation for 5 min at 89@nd
resuspended in PBSA at a density of 207 cells/ml. In-gel hybridization

Isolation and culture of mouse embryonic fibroblasts Following electrophoresis and EtBr staining, gels were dried

. . down on filter paper for 1 h at 3C. Gels were prehybridized
Embryos at 13.5 day post-conception were obtained from Pregar 1 h at 553G ﬁ] 50 mM NaHPO, 0.1% SDS, £Der¥hardt’s

nant wild-type (C57B1/6/129) and mTR KO (C57BI/.6/129) reagent and%SSC and hybridized with probe for 3 h at*&b

generation 3 and 4 (G4) females. Mouse embryonic f|brobla§h 5 mi ot :
X ; . prehybridization solution. (TTAGGG)(CCCTAA),

(MEF) cell lines were _establlshed as descrll_oed (30). Passagdg, (CA),, oligonucleotides were obtained from Operon Tech-
20 MEFs of e"’.‘Ch cell line from 4 3T3 passaglng_protocol wer ologies Inc. All oligonucleotides used as probes were end-
trypsinized prior to confluence,.washec; twice in PBSA an abeled with {-*2PJATP and then purified using NAP™5
resuspended in PBSA at a density of 10° cells/ml. columns (Pharmacia Biotech). After hybridization, gels were
Plug preparation washed three times for 20 min ik4SC at room temperature

. _ _ and three times for 20 min inX4SSC, 0.1% SDS at 5T.
Liver cells and MEFs were combined with an equal volume ofy|1owing sequential native gel hybridizations, dried gels were
2% low melting point (LMP) agarose at 20 and cast into  4)kai denatured in 0.6 M NaCl, 0.2 M NaOH for 1 h, neutral-
100pl plug molds. After casting, plugs were incubated in ajzeq in 1.5 M NaCl, 0.5 M Tris pH 7.4 for 1 h, rinsed in g8l
lithium dodecyl sulfate (LDS) solution, containing 1% LDS, ¢or 30 min and reprobed. Image analysis and quantitation was
100 mM EDTA pH 8.0 and 10 mM Tris pH 8.0 at32for 1 h  herformed using a Fuji Film BAS 1500 Bio-Imaging Analysis
with constant agitation. The solut_lon was then re_placed W'”System including Image Reader Software v.1.3E. To prevent
fresh solution, and the plugs were incubated overnight &37 g antitation of non-specific hybridization near the well, only

This LDS cell lysis protocol does not require the use of &pe signal from DNA that entered the gel was used in our
protease, which could potentially inhibit subsequent enzymat'ﬁnalysis.

treatment of plug DNA. The plugs were washed twice for 2 h

in 20% NDS (2 mM Tris, 6.8 mMN-laurylsarcosine and

127 mM EDTA brought to pH 9.5 with NaOH). A high EDTA RESULTS

concentration and pH in the NDS solution were used to prevent - )

nuclease degradation of the plug DNA and non-specific DNAI€lomeres from mTR™"mouse livers have 3overhangs
interactions. Plugs were stored aC4in 20% NDS. If telomerase activity is required for the addition of G-strand
overhangs, telomeres from telomerase-deficient mouse cells
should lack overhangs. To investigate this possibility, we
DNA plugs to be digested were incubated for 1 h in TE, therutilized a recently described telomere non-denaturing in-gel
again for 1 hin fresh TE. The DNA plugs were then incubatedhybridization technique to determine whether cells from
for 2 hin 1x SawBAL1 restriction enzyme buffer, with the initial telomerase null mTR tissue have '3overhangs (26). One
enzyme buffer replaced with fresh enzyme buffer after 1 hadvantage of using this technique is that the frequently ineffi-
Each plug was then placed in 4Q0 1x SaiBA1 buffer with  cient depurination and transfer of high molecular weight
60 U SawBA1 or Dpnll and digested for 16 h at 3T. After  terminal restriction fragments (TRFs) onto a membrane is not
16 h, an additional 20 U of enzyme was added, and the plugsecessary. The other advantage is that a single gel can be
were incubated for 8 h. Plugs were then cut into fourprobed first under native conditions, then the DNA can be
approximately equal sized pieces, in order to perform multiplelenatured and probed again.

Pulsed field gel
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G-strand oligonucleotide, (TTAGGQ)to the native gel

A = produced a signal only in the control lane where genomic DNA
gel wr mTR . .
Den. WT KO was denatured before loading onto the gel (Fig. 1A). Subse-
MBN: - - 4 - 4 quent hybridization of &P-end-labeled C-strand oligonucleo-
PRI tide, (CCCTAA), to the same native gel produced a signal
kbp both in the wild-type and mTR KO lanes (Fig. 1B). Treatment
1+ , with a single-strand-specific DNA nuclease should remove 3
(TTAGGG) 100 — overhangs. Genomic DNA embedded in plugs pretreated with
Probe §0 — mung bean nuclease showed no signal when probed with the
labeled C-strand oligonucleotide (Fig. 1B). To ensure that the
8 — plug DNA was not significantly degraded during mung bean
nuclease treatment, we denatured the gel and probed again
with the end-labeled C-strand oligonucleotide. Both nuclease-
untreated and -treated DNA showed a similar telomere restric-
1 2845 tion pattern (Fig. 1C). Comparison of the native and denatured
B  nNative gel oy DNA (Fig. 1B and C) shows a higher intensity signal in the

high molecular weight bands in the denatured gel compared to
the native gel. This occurs because, as the amount of double-
stranded telomere repeat signal increases, the amount of

' & . undenatured overhang sequence remains constant. The varia-

p tions in TRF lengths seen in the gels is indicative of the signifi-

: cant TRF length heterogeneity that exists between mice (2).
Wild-type mice in this study were C57BI/6J, which show a
reasonably discrete pattern of telomere restriction fragment
lengths centered around 50 kb. The mFRiice are on a mixed

% By C57BI/6J and 129/SvJ background (28,29) and the 129/SvJ back-

1 2345 ground have hypervariable TRF lengths (2). The ability to

C  Denatured DNA detect a signal with the (CCCTAAprobe hybridized to un-

- rveT denatured mTR samples indicates that G-strand overhangs
are present in the absence of telomerase activity.

' mTR-deficient cultured fibroblasts have 3 overhangs

kbp -
200 — .
150 —

(cccTan), 100 — b

Probe 50 — °

kbp

200 — :
150 — L

(CCCTAA), 100 —
P 50 —
" e

To determine whether rapidly dividing cells from mTRnice

also contain G-strand overhangs, we assessed the overhang
status of actively dividing wild-type and mTR embryonic
fibroblasts. We carried out non-denaturing and denaturing in-
gel hybridization taSalBA1 digests of genomic DNA derived
from mouse embryonic fibroblasts. Hybridization of an end-
labeled (CCCTAA) oligonucleotide to a native gel produced
overhang signals for wild-type fourth generation (G4) mffR
fioroblasts and fifth generation (G5) mTRfibroblasts (Fig.

Figure 1. G-strand overhangs are present in the absence of telomerase. EndA). Denaturation of the DNA and rehybridization with the
Iabilegdoggonucleptiga Ain-\?vgelldhybridiégt;%r;/ Gt&i:jLBAlt dig;SSIS\I /:Jf agfr?Sf- same probe showed the expected identical signal pattern as the
embedadae enomic . Wila- e enature control (lane i H H H H H

) wild-typs (Ca7Bl/6) (lanes 1 and zg and mﬂﬁ):{cs?Bl/e/lzg) (lanes 3 Lq coverhang signal at significantly greater intensity (Fig. 2B). As

4) liver DNA plugs with (lanes 2 and 4) and without (lanes 3 and 5) mung bear§hown pre\”OUSIy for p_”mar_y cells, pretreatment with mU_'”g
nuclease.4) Native gel probed with (TTAGGG) (B) Native gel probed with ~ b€an nuclease or hybridization of non-nuclease-treated fibro-
(CCCTAA),. (C) Denatured DNA probed with (CCCTA4) blasts with an end-labeled (TTAGGg)ligonucleotide probe
produced no signal (data not shown). Thus, overhangs are
present on telomeres of both wild-type and mTRegardless

8f the proliferative status of the cells.

1 2345

TRF lengths of most mouse strains vary between 30 an

200 kb and cannot be resolved via conventional electrog-strand overhang signal intensity is not significantly
phoresis (2,31). Cells isolated from age-matched miTa@d  reduced in mTR-deficient cells

vv_|Id-type mouse livers were embedded in agarose _plugs anﬁm presence of ®verhangs in the absence of telomerase does
digested withSawBAL or Dpril. Plug-embedded digested ,q; “however, preclude a potential role for telomerase in
DNA was then resolved on a pulsed field gel. Followingpoma| G-strand overhang homeostasis. Telomerase may
electrophoresis, gels were first analyzed by non-denaturing insontribute to some extent to the generation'af&rhangs. We

gel hybridization followed by denaturing in-gel hybridization. therefore quantitated the G-strand overhang signal in the pres-
To control for the possible presence of nicked or denaturednce and absence of telomerase. The relative signal intensity of
DNA, we first probed the gel with an oligonucleotide identical the end-labeled (CCCTAA)ligonucleotide hybridized to'3

to the overhang sequence. Hybridization o®R-end-labeled overhangs in wild-type and G4 mTRprimary liver cells was
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Figure 2. G-strand overhangs are present in actively dividing telomerase null

cells. End-labeled oligonucleotide in-gel hybridizationSaBA1 digests 6 i 2345678810112
wild-type (C57BI/6/129) and mTR (C57BI/6/129) MEFs. Wild-type MEFs

(lane 1) and mTR KO generations 4 (lane 2) and 5 MEFs (laneA3)Native

gel probed with (CCCTAA) (B) Denatured DNA probed with (CCCTAA)

C

Denatured DNA (CA); Probe
determined (Fig. 3A-C). Because telomere length varies wr mTR KO
between wild-type and mTR-deficient mice, overhang signal iiabiidsii
intensity could not be accurately quantitated relative to the i ii“ "i“
signal intensity after denaturation of the DNA. Rather, we i ‘
quantitated overhang signal intensity relative to a probe 8s8388Rgax
specific for mouse microsatellite repeats. Denaturation of the 2345673910112

ratio of averhang/control

DNA after overhang detection and rehybridization witPfR- in %)
end-labeled (CA), oligonucleotide resulted in a microsatellite

repeat signal running at ~4 kb. Multiple DNA preparations in

agarose plugs from the same mouse were run together to

ensure the reproducibility of the results. Quantitation of three

wild-tvpe overhana sianals and eight G4 nrFRoverhan Figure 3. Quantitation of G-strand overhangs. End-labeled oligonucleotide in-
yp g slg 9 9 el hybridization toSawBAl digests of wild-type (C57BI/6) and mTR

signals relative to the microsatellite repgat S'Q”als '_n the ,Sa 57BI/6/129) liver DNA plugs. Wild-type (lanes 2—4) and nrfRyeneration
lanes revealed an average mTR-deficient signal intensity of (lanes 512) liver DNA plug digests. &) Native gel probed with
85+ 11% relative to wild-type (Fig. 3C). When the experiment(CCCTAA),. (B) Denatured DNA probed with (CCCTAA) (C) Denatured

was repeated with cells from a different G4 nrFRnouse. the DPNA probed with (CA), and quantitation of relative signal intensity. Values
’ beneath each lane represent the ratio of overhang signal from (A) to control

resulting rapo of mTR-deficient overhang signal to wild-type (CA),, signal from (C), normalized to an average wild-type value of 100%.
overhang signal was 8910% (Tableﬂl)- In total, the overhang The mean wild-type value is 100%, with a standard deviatiom 6%. The
signals from four different G4 mice were quantitated, with anmean mTR-value is 85%, with a standard deviation:o1.1%.
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average signal intensity of 8788.4% relative to wild-type possibility is that overhangs are created only on one chromo-
(Table 1). While this decrease in signal intensity is not statistisome end, with a length dependent on the placement of the
cally significant, we cannot rule out a small contribution byterminal RNA primer on the lagging strand during DNA repli-

telomerase to the generation of overhangs in wild-type cells. cation (11). Recent experiments demonstrating the critical role
of overhangs in maintaining proper chromosome end structure
and integrity seem to argue against such an asymmetry at

Table 1.Relative G-strand overhang signal intensity from different mTR T
9519 Y chromosome ends. Another possibility is that overhangs,

miee particularly in the absence of telomerase, may be generated by
Generation Mouse no. Overhang signal intensity3(%) a gene conversion type of recombination mechanism.
ca n T However, the extent and efficiency of recombination required
- to regenerate overhangs on every chromosome end after every
G4 2 90+ 10 round of DNA replication makes this mechanism improbable.
G4 3 78 Two additional mechanisms for generating G-strand over-
G4 4 98 hangs are elongation of the G-strand by telomerase and/or
degradation of the C-strand. Evidence from budding yeast
G6 1 87+10 showed that ‘3overhangs are present in the absence of telo-
G6 2 94 merase, but a quantitative difference in overhang signal inten-
G6 3 79 sity in the presence and absence of telomerase was not

investigated. Experiments using human cells with no detect-
@0verhang signal intensity is quantitated relative to wild-type values on th ble telomerase aCtIVIty_ showed the presence of derhangs,
same gel. owever, a low or transient level of telomerase activity may
have generated these overhangs (9,10).
Our data show that mouse cells lacking the RNA component
f telomerase and telomerase activity still have overhangs. The
light, but consistent, reduction in overhang signal intensity in

Telomere length decreases progressively in MTRice
with increasing generations in the absence of telomerase (3
We next sought to determine whether G-strand overhan TR~ cell hil + statistically sianificant f
signal intensity also decreases with increasing generations em cells, whiie not statistically signiticant, SUggests
the absence of telomerase. The relative signal intensity of th at telom_erase_ m_|ght fransiently con_trlbute to oyerha_ng length
end-labeled (CCCTAA) oligonucleotide hybridized to '3 at a specific point in the cell cycle. This contrlbut|pn might, for
overhangs from wild-type, G4 mTR and sixth generation examplg, result from the lag between transient G-strand
(G6) mTR’~ mouse tissue was determined (Table 1 and datelcingatlpn _by telomerase and complementary - C-strand
not shown). In total, the overhang signals from three indepe Jolymerization.

L : ) . The presence of G-strand overhangs in the absence of telo-
dent G6 mTR-mice were quantitated, with an average signal . . ,
intensity of 86.7+ 7.5% relative to wild-type (Table 1). This merase, while not precluding the presence af\irhangs on

relative signal intensity is very similar to the 87488.4% only one chromosome end, are consistent with a proposed

. exonuclease- or endonuclease-mediated activity capable of
Obta'”‘?d for .G4. mTR" overhangs (Table 1). Thus, c?Verh"’mgselective degradation of the C-strand. There is considerable
signal intensity is apparently unaffected by the continued los

e 8vidence from other species that such a nuclease activity
of teIor_nere repeats between G4 and G6 of mTR defICIfencyexists. For example, iBaccharomycestrains deleted for the
Analysis of maximum G-strand overhang length by prime

r L .
extension (10), likewise, showed no difference betweergStrand binding protein Cdcl3p, chromosome ends show

. , . id 3 - 3’ C-strand degradation (18,19,33). Recent evidence
snrJ]cces)swe generations in the absence of telomerase (data HE@ implicated Rad50p, Mre11p and Xrs2p in telomere mainte-
shown).

nance and possibly in C-strand processing (34—36). Mutations
in these genes in yeast result in a significantly slower rate of
DISCUSSION 5'- 3 degradation of single-stranded DNA (37). This is the
_ o _ type of exonuclease activity predicted to be required to form

Early work studying telomeres in ciliate macronuclei revealedz-strand overhangs, although there is currently some contro-
that 3 overhangs were present on telomeres (5). The subsgersy about the role of Rad50p, Mre11p and Xrs2p in telomere
quent discovery of G-strand overhangs $accharomyces maintenance (38—40). Possible other candidates for the regula-
humans and mice demonstrates that terminal overhangs afgn of a C-strand nuclease activity in mammalian cells include
evolutionarily conserved components of eukaryotic chromoTRF1, TRF2, various hnRNPs and the catalytic subunit of
somes (8-10,26,27). The precise functions of overhangs atelomerase, hTERT.
still unclear, but recent evidence suggests tHab\@rhangs A nuclease-mediated generation of G-strand overhangs has
may be required for chromosome stability. Human cells transsjgnificant bearing on models for both telomere shortening and
fected with dominant negative mutants of the telomere-bindingeplication (9,41). Current estimated rates for telomere
protein TRF2 show an absence of G-strand overhangs and tBRortening assume that the amount of sequence lost per round
rapid accumulation of chromosome fusions and aneuploid cellsf replication equals the size of the terminal RNA primer or
(14) and induction of the DNA damage response (32). As addiOkazaki fragment (11,42). However, rates of telomere
tional functions are ascribed to terminal overhangs, it becom%()rtening vary significantly between organisms, with yeast
increasingly important to understand how they are generatedchromosomes shortening around 4 bp per cell division (43) and

There are a number of possible mechanisms for th@buman chromosomes shortening between 50 and 100 bp per
generation of G-strand overhangs in mammalian cells. Oneell division (44,45). G-strand overhang size also varies
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significantly between species. These differences may reflect3. Gray,J.T., Celander,D.W., Price,C.M. and Cech,T.R. (16¢1)) 67,
actual differences in replication mechanism, or they may 807-814.

reflect differences in the nucleolytic processing of chromo-1* Xg;]jtf;nse"B"SmogorZEWSka’A' and de Lange,T. (12882

some ends. Current models to calculate sequence loss per cedl pemburg,A F., Sedat,J.W., Cande,W.Z. and Bass,H.W. (1995) In
division make assumptions about the loss of the terminal RNA  Blackburn,E. and Greider,C. (ed3)elomeresCold Spring Harbor
primer or terminal Okazaki fragment at each cell division Laboratory Press, Cold Spring Harbor, NY, pp. 295-338.
(11,42). Given that there may be multiple origins of the G-16- Price,C.M. (1990Mol. Cell. Biol, 10, 3421-3431.

. : . 7. Wang,W., Skopp,R., Scofield,M. and Price,C. (199@leic Acids Res.
strand overhang, including C-strand degradation, these modef Zoaggﬂ_%zgr_)p cofield, M. and Price,C. (1938lelc Aclds Res

for calculating the rate of sequence loss need to be rets. Nugent,C.I., Hughes,T.R., Lue,N.F. and Lundblad,V. (188nce
evaluated. The actual terminal sequence loss caused by the 274 249-252.

inability to fully replicate a linear chromosome may be signifi- 19- ;éf;ng-f;;jéakian,V-A- (1996)oc. Natl Acad. Sci. USA3,
cantly less than the rate of sequence loss resulting from thgo_ McKay.S.J. and Cooke.H. (1998)icleic Acids Res20, 64616464,

nUdeOIVUC de_gradatlon of chromosome ends. 21. Ishikawa,F., Matunis,M.J., Dreyfuss,G. and Cech,T.R. (1888) Cell.
Models which assume that telomere end structures are Biol., 13, 4301-4310.

generated directly by telomerase-mediated single-strand DNA&2. LaBranche,H., Dupuis,S., Ben-David,Y., Bani,M.R., Wellinger,R.J. and
elongation must also be re-examined. It has been postulateg Chabot,B. (1998Nature Genet.19, 199-202.

: . Henderson,E. (1995) In Blackburn,E. and Greider,C. (Gddpmeres
that, due to the presence of a putative blunt end at one telomefé Cold Spring Harbor Laboratory Press, Cold Spring Harbor. NY,

after DNA replication, half of all chromosome ends cannot 5 1134,
serve as substrates for telomerase (11,41). The presence ofa Griffith,J.D., Comeau,L., Rosenfield,S., Stansel,R.M., Bianchi,A.,
telomerase-independent nuclease that processes chromosomeMoss,H. and de Lange, T. (1998gll, 97, 503-514.

ends would create a situation where telomerase may nevég- Sir:riﬁg]cévr:/d ngﬁlagtijsn'(ﬁgééy?cgﬁg} I"'A3"Ci85§‘c‘i13u w3

encounter blunt chromosome ends. " 13902-13907. ger.R.2. : T '

27. Wellinger,R.J., Ethier K., Labrecque,P. and Zakian,V.A. (1934), 85,
423-433.
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