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ABSTRACT progressively lose sequences from the end until eventually all

] o telomere functions are lost, chromosomes become unstable and,
During telomere replication in yeast, chromosome ends without appropriate rescue events, the cell§3]iE0). However,
acquire a long single-stranded extension of the strand a telomere-specific reverse transcriptase, called telomerase, can
making the 3 ' end. Previous work showed that these 3 ' elongate short single-stranded G-strand in a DNA template
tails are generated late in S-phase, when conventional independent manner and is crucial for a stable maintenance of
replication is virtually complete. In addition, the telomeric repeats (8,10,11).
extensions were also observed in cells that lacked In yeast, the repeats at the chromosomal termini can be
telomerase. Therefore, a model was proposed that abbreviated as T&BHTG)1_g or simply TG_3 and there are
predicted an activity that recessed the 5 ' ends at yeast [250—400 bp of these repeats at each telorfle®12). An
telomeres after conventional replication was complete. analysis of the replication intermediates formed at yeast telomeres
Here, we demonstrate that this processing activity is demonstrated the occurrence of single-stranded extensions of the
dependent on the passage of a replication fork through G-strand (G-tails) of>30 bases late in S-phase, after the
yeast telomeres. A non-replicating linear plasmid with replication fork reaches the telome(@8,14). Such G-tails can
telomeres at each end does not acquire single-stranded be generated on both ends of a linear plasmid (15). Furthermore,
extensions, while an identical construct containing an even in the absence BEC1, the RNA component of telomerase,
origin of replication does. Thus, the processing activity G-tails still form in the same cell-cycle-regulated manner as
couId_ be associated with the enzymes at the replication observed for wild-type cellél5,16). These obsettians led to
fork itself, or the passage of the fork through the the proposal of a'53 exonuclease or other activity that recesses
telqmerlc sequences allows a transient access for the the 5 end of the @_sA strands to generaté Bverhangs at both
activity to the telomeres. We therefore propose that ends of each chromosome as a late step in chromosome
there is a mechanistic link between the conventional replication(15,16). Those G-tailsould then be a substrate for
replication machinery and telomere maintenance. telomerase and, concomitant to, or after telomerase mediated

elongation, the conventional DNA replication machinery could

INTRODUCTION fill in the overhangs, leaving short 8verhangs at both ends of

each chromosom(&,15). Proteins that bind specifically to a short
Telomeric DNA of most eukaryotic organisms is made of shoverhang of the G-rich strand have been identifigdxgptricha
tandem repeats (reviewedlif2). Due to the nature of the repeats,and related ciliate¢17—19), and ecently it was shown that
one strand usually is rich in guanines and the complementanpmologs of the mammalian Ku-proteins function as terminus
strand is rich in cytosines, and they are commonly abbreviatedlgiading factors in yeagR0, revewed in 21).
the G- and C-strand, respectively. In all organisms tested, theSince G-tails can be generated in cells that are devoid of
G-strand runs'5to 3 toward the end of the chromosomes andelomerase, the question arises as to whether the activity required
forms a single-stranded overhang at the physical te(@@). to produce them is dependent on a passage of the regular
Telomeres are essential for chromosome stability and celtplication machinery or whether they are generated by a
viability as they protect chromosome ends from random fusiocell-cycle-regulated process that is independent of the actual
events and degradation and they ensure the complete replicatieplication of telomeres. To address this question, we used two
of the chromosome (1,7,8). linear plasmids which, after an endonucleolytic cleauwage/o,

All conventional DNA polymerases require a primer with a freadiffered in that one contained an origin of replication and the other
3'-OH group as well as a template, and they synthesize DNA bne did not (Fig. 1). If the exonuclease is dependent on replication
the B to 3 direction. Given these properties, conventionafork passage, G-tails will only be detected for the plasmid
replication is expected to leave short primer-sized gaps on theddntaining an origin of replication, but not for the one that was
end of the strands that were generated by lagging-strand synthe®ia-replicating. Using non-denaturing Southern hybridization and
(1,7,8). Upon steessive divisions, the telomeres will slowly buttwo-dimensional (2D) agarose electrophoresis, we demonstrate
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Figure 1. Structure of the plasmids used. Only relevant restriction sites are indicated. The bold arrows denote the 280 bptramis & tg/TG_3Ssequences.
Digestion of the circular plasmids YRpRW40 and YRpRWA41 ®éhHl yields linear fragments YLpRW40 and YLpRWA41 that were used to establish the plasmids

in the yeast cells. AftadO endonuclease-mediated cleavage of YLpRW40 and YLpRWA41, the plasmids are shortened to 7 and 7.4 kb linear plasmidg, respective
Note that the final linear plasmids contain one natural telomere estalifisinval(right end on the drawing) and one telomere W8 bp non-telomeric sequences

at the ends (left end, afteiO-cut).

here that G-tail formation on plasmid ends only occurs if the
plasmid is replicating. These results imply that the activity T'mo‘;,;f:f';c‘l‘g::'““
creating G-tails is either directly associated with the replication e Pe—

fork machinery or is dependent on fork passage to allow its access s e I B

to chromosomal termini. Thus, the data support a model in which . W -

the passage of a replication fork is required to form G-tails at the (kb)

telomeres at the end of S-phase. Since these overhangs are the 5]

required substrate for telomerase-mediated telomere maintenance, 10— e e — uncut
the data suggest a direct mechanistic link between conventional L o
replication and telomerase. 8 —

5 —

P

MATERIALS AND METHODS

9

Plasmids and strains % of cut plasmid: 5 72 79 82 &7

Plasmids YRpRW40 and YRpRWA41 were produced as follows:

the yeast shuttle vector pPRS3@2) mntaining theLEU2 gene

and in which thé\ad site was changed to afhd site served as  Figure 2. Plasmid cleavagie vivo. Autoradiograph of a Southern blot analysis
base vector. Inserted into this vector were a 1.45dbNhd showingHO-mediatedin vivo cutting of YLpRWA41 in RWY100 cells. Low

" t derived from\ DNA (nt 33244—34679 300 b molecular weight DNA was extracted via a Hirt procedure from strain RWY100
ragment derived Iro e (n ), a P atthe following indicated time points: 0, no galactose added; 4, 8, 12 and 24 h,
EcaRI-Kpnl fragment containing 280 bp o GA/TG;_3DNA cells that were harvested after 4, 8, 12 or 24 h of galactose addition. Lane M
and isolated from pYLPV (14), aHO-cut site on a 139 bp contains end-labeled molecular weight marker DNA. Undigested DNA was
Hindlll—-EcaRl fragment (23,24), a 1.1 kblindllI—Hindlll subjected to agarose gel electrophoresis and blotted to a nylon membrane. The

A blot was hybridized to BEU2 probe. The positions in the gel of the 9 kb uncut
fragment containing the yeasiRA3 gene, and a fragment DNA fragment and the 7.4 HO-cut fragment are indicated. Percentage of cut

containing two inve_rted 280 bQ.-CaA/TGl—S_ tracts separated by  pjasmids was determined by scanning the blot using a Phosphorimager and is
the kanamycin-resistance gene. In addition, ARSH4yeast  indicated (bottom).

origin of replication on a 380 Hpma—Hincll fragment of pAB9

(25) was insertedther next to th&JRA3gene (for YRpRWA40),

or next to the.EU2 gene (for YRpRWA41) (Fig. 1). Digestion of  In order to insert a galactose inducibl® gene into the yeast
either YRpRW40 or YRpRWA41 witBanHI| produces a 9 kb genome, pA2XbHO was constructed in the following way: an
linear fragment with a tract of 280 bp of GA/TG1_3sequences 850 bpEcdRI-Stu fragment of YEpFAT10 (26) harboring the
at each end. These linear vectors, named YLpRW40 aftRP1gene was ligated to a 8.8 I8pH-Sma fragment of
YLpRWA41, respectively (Fig. 1, bottom), were used to transfornyCpHOCUT4 (24) ontaining the yeasiO endonuclease gene
yeast cells, and LélUra" cells were analyzed for correct under the control of th@AL10promoter, to yield YCpGHOTRPII.
structure of the plasmids by Southern blotting (data not showA; 5.0 kb EcaRI-Spé fragment of YCpGHOTRPII was then
Fig. 2). cloned intoEcdRV-Stu digested pA2Xb to form pA2XbHO.
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pA2Xb was pVZ1 (27) into which wasomed a 1 kiXba—Xbd endonuclease will create a double-strand break in the DNA
fragment derived from th&DE2 gene. (23,40). Thus, thé¢1O endonuclease gene under control of the
A 5.4 kb EcaRI-Sal fragment of pA2XbHO which contains GAL10promoter was inserted in the genome of the strain AR120
the inducibleHO gene and th€ERP1gene, flanked by appropriate (24), yidding RWY100. The two linear plasmids YLpRW40 and
sequences of theDE2 locus, was then used to transform yeastYLpRWA41 (Fig. 1) were then introduced into RWY100 cells
strain AR120 Mata, cdc7, barl, ura3-52 his6 trp1-289 leu2-3  grown on glucose-containing media. Both of these linear
112 HMLa, HMRa) (24) to yield RWYL0O0, using the one-step constructs contain an internal tract of telomeric sequences with an
gene replacement techniqu@8). Proper inséibn of the HO recognition sequence at the distal ends (Fig. 1). Upon shift of
fragment in the desired locus was ascertained by Southetirese cells into galactose media, transcription oHBe&ene is
analysis (data not shown), and by the fact that the RWY100 celistivated and cuts the two linear plasmids. The resulting linear
form red colonies due to the disruption of &BE2locus (29). fragments will have an established normal telomere without any
Cloning in bacteria used stand&scherichia colstrains and exogenous sequences at one end, and a tract of 280 bp of telomeric
growth conditiong30). Yeast growth media were as describedsequences followed b0 bp non-telomeric sequences before the
previously(31), and yeast transforians were performed using HO cut at the other end. Most importantly, the two plasmids will

a modified LiAc method32,33). differ in that the fragment derived from YLpRW41 contains an
origin of replication and the fragment derived from YLpRW40
Cell synchronization and DNA isolation does not, because the origin of replication used to establish the

plasmid was located on the fragment distal tdtBecut site and
RWY100 cells containing either YLpRW40 or YLpRW41 werethus lost afteHO induction (Fig. 1).
grown in Yc-Ura-Leu media containing glycerol (2%) and While suchHO-induced chromosome fragmenting has been
lactate (2%) and synchronized using two consecutive blocksiccessfully used by othést,41,42), it was important to assess
(a-factor and cdc?), essentially as described previouslythe efficiency of plasmid cutting by O endonuclease in our
(13,14,34). Briefly, to arrest cells iny@hase,a-factor was  particular constructs. RWY100 yeast cells transformed with
added to a non-synchronously growing culture and the celld pRW41 were first grown in synthetic medium containing
incubated for 12 h. Galactose (2% final concentration) was thesictate and glyceroHO gene expression was induced by the
added to induce expression of Hi® endonuclease and the cells addition of galactose, and DNA was prepared and analyzed for
were incubated for 5 h. Subsequently, glucose was added dfficiency of HO cutting from samples taken at various times
represHO gene expression (1 h). The cells were then shifted thereafter (Fig. 2). Four hours after galactose addition, >70% of
37°C, the restrictive temperature for the cdc7 mutation, anthe plasmids YLpRW41 were converted to the shortened form
incubated for 4 h. Cells were then released into S-phase byaad more prolonged incubation times only yielded a slight
return to the permissive temperature. Total genomic and plasmiittrease beyond that level (Fig. 2). Virtually identical results were
DNA was isolated using a modified glass bead procéddr85),  obtained for the linear plasmid YLpRW40 (data not shown).
or a Hirt procedure designed to isolate low molecular weighfhus, we chose to use 5 h of galactose-induced plasmid cleavage
DNA (36). for the following experiments.

DNA analysis The linear plasmid without an origin of replication does not

One- and two-dimensional agarose gel techniques, Southdgplicate
blotting and hybridization conditions were described previousl
(14,34). Note that the non-denaturirmughern procedure used in

Figure 4A and B only yields reliable signals for relatively smal

%ince we wished to analyze and compare the behavior of the
Felomeres on replicating and non-replicating linear DNA plasmids,

DNA fragments (<3—4 kb) (37). Probes for higization were It was important to establish that the used constructs indeed
obtained by a random priming .Iabeling proced(@@). DNAS behaved as required. Replication intermediates indicating active
used were a 1 ktXhd—BanH| fragment of A DNA (nt replication on a DNA fragment can be detected by 2D agarose gel

33498-34500), a 300 bp fragment containing 280 bp of telomer‘?(%eCtmphor.ESi@A')' A DNA fragment with an asymetrically
repeats derived from pYLPV (14), a 1.3 Rbp-Ssp fragment placed replication origin such_as the ‘ones expect'ed on the uncut
derived from theLEU2 gene in pRS30%22), and a 900 bp YLPRWAL and YLpRWA4O0 yield a ‘bubble-to-Y’ pattern of
Nsi—Ndé fragment derived from tHaR A3gené in pRS30@2). repllcgtlon intermediates. When DNA |solat¢d from.RWYlOO. cells
Quantification of the radioactivity in signals was by storagé:arry'ng YLpRWAL was analyzed for rephca'glon |nte_rmed|ates,
phosphorimaging using the Molecular Dynamics Phosphotuch @ ‘bubble-to-Y” pattern was detected (Fig. 3A, right). In an
Imagef] SF with the MD ImageQuant software (version 3.3 Identical analysis on DNA derived from cells containing plasmid

(39). A backgound value for an area of equal size was obtaine LpRW40, orl1ly the 'Y” p(_)rti_on of pattern was detected ?‘”d the
for each lane and subtracted from the signal. small ‘bubble’ arc was missing (Fig. 3A, left). However, it must

be noted that in order to detect a full ‘bubble-to-Y’ pattern for any
given linear DNA molecule, the actual origin must be located in
RESULTS the central third of the molecule. If the origin is located on the
Plasmid cleavagen vivo outer third of the fragment on either side, the very small ‘bubbles
remain undetectable and only the ‘Y’ portion of the pattern is
In order to establish two identical linear plasmids which onlyisible(43,44). Since the min on YLpRWA40 is in fact very close
differed in that one did and the other did not contain an origin db the end of the molecule (Fig. 1), it is not surprising that the
replication, we took advantage of the properties of Hi@& ‘bubble’ part was not detectable in our experiments and the
endonuclease. If an appropriate recognition site is preseHOthe pattern seen in Figure 3A (left) corresponds to the expected
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Figure 3. Replication intermediates (RIs) of YLpRW40 and YLpRWA41 as detected by 2D agarose gel electrophprasidygis of DNA derived from RWY100
cells containing uncut linear plasmids YLpRWA40 (left) or YLpRWA41 (right). 2D gels using these DNAs were performed usingstaedares (34) and hybridized

to aA probe (left gel) or & RA3probe (right gel). Below the gels, a simplified diagram of the plasmids with the relative placements of the originsyand a dra
representing the 2D-gels are shofvythe ‘Y’ portions of the replication intermediates. Note that due to the closenesARSHdto the end on plasmid YLpRWA40,

no ‘bubble’ arc is detectable for this plasmid (see teB})Tétal yeast DNA was isolated from cells containing YLpRWA40 (—-ARS) or YLpRWA41 (+ARS), which were
either arrested in Sphase witto-factor and induced with galactose for 5 h (top, t = 0), or which were released into a synchronous S-phase for 35 mir= @g)ddle,
(see Materials and Methods for the arrest and release protocol). 2D gels were as in (A) and the blots were hybridipeokte. thie molecular size standards (in
kb) run in a parallel lane in the first dimension. n.c., non-cut plasmid; c, cut pléstRid;of the non-cut 9 kb plasmids [as in (A)]; Rls of the cut 7.4 kb plasmid,;

@, CFP (circular form of the plasmid) of the cut plasmids. Simplified diagrams of the Rls detected on the middle gelsearemépicbottom part.

pattern for such a fragment. Thus, the analysis of the replicati@mdonuclease, there were no replication intermediates emanating
intermediates for YLpRWA40 and YLpRWA41 yielded the expecteérom the cut fragment detectable (Fig. 3B, middle left). However,
patterns on the 2D gels, indicating thatAfiRSH4placed on the the remaining uncut 9 kb plasmid YLpRWA40 yielded a weak ‘Y’
plasmids was used as origin of replication. Next, we analyzed thattern of replication intermediates, as expected and observed in
replication intermediates of the linear plasmids &f@rinduced  Figure 3A. As additional controls for the replication behavior of
cutting. Cells containing YLpRW40 or YLpRWAL were the plasmids, cells in which the endonucl&#® had been
synchronized at the {5S boundary using a two-step procedurendyced were subsequently plated on synthetic media lacking
(Materials and Methods). TH#O endonuclease was induced by |gycine and containing 5-fluoro-orotic acid (5-FOA). On such
addition of galactose in-factor arrested cells and, after 5 h, thep|ates, only cells that containgdO-cut shortened plasmids
cells were shifted to 3TC, the restrictive temperature for ttde7 ithout the URA3 gene are expected to grow (45). If the
allele. Finally, cells were released into S-phase by a return to t gments derived from the input linear plasmids can replicate,

permissive temperature (23) for cdc? DNA was prepared strains containing this shortened fragment should be able to grow.
from Gy-arrested and S-phase cells (35 min after the release) ile strains containing only thdO-cut shortened fragment

examined by 2D gel electrophoresis (Fig. 3B). As expected, wh(a% . . . .
- ; . o ; rived from YLpRWA41 were easily recovered, strains contain-
the filters with DNA derived from gcells were hybridized with . g theHO-cut YLpRWAO0 fragment gave only very few colonies

aA probe, no replication intermediates were detected for eith&F
plaspmid (Fig. SpB, top panels). When the control plasmic?n the YC—_Leu+FOA _plates (data not shown). When the DNA of
YLpRWA41 derived from S-phase cells was analyzed, a strorf0S€ Strains that did grow was analyzed, only rearranged
‘bubble-to-Y’ arc was observed (arrow in Fig. 3B, middle right). asmids, or plasmlds'that had integrated into the genome were
As the signal for the double-stranded linear molecule migrated §4/nd. No clone contained the cut YLpRWA40 fragment as a free
a 7.4 kb fragment, this arc clearly emanated from the moleculi@éar plasmid (data not shown). In addition, a circular 7 kb
that were cut by th¢dO endonuclease. Sindg75% of the plasmid which contained two telomeric tracts [tR&2 gene and
molecules were cut b0, this arc yields a much stronger signalA sequences but no ARS did not yield transformants with an
than the arc derived from the small proportion of the plasmi@pisome (data not shown). Taken together, these data show that
YLpRWA41 that was not cut. Nevertheless, a weak ‘bubble-to-Ythe linear 7 kb fragment left afteiO-mediated cutting of plasmid
pattern, which was virtually identical to the pattern observed iNLpRWA40 is unable to sustain efficient replication, whereas the
Figure 3A for the uncut plasmid, was discernible (open trianglesd4 kb fragment derived from YLpRW4land containing the

in Fig. 3). For the plasmid YLpRWA40 that was cut by i@ =~ ARSHd4replicates efficiently.
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genomic TRFs. For cells arrested in Bere was no signal for

T B oai e ik chromosomal telomeres nor for telomeres of the plasmids
TiZ25 5% dsGT 012253590 s GT (Fig. 4A and B, lanes 0, and Fig. 5). In DNA derived from cells
ol | | o) § containing either YLpRW40 or YLpRWA41, there was a signal at
15 - ™ o @0 18 2. c @40 1.3 !(b correspondmg to G-tails on the chromosomal TRFs fqr
10 - ke 10 - o wr cells in S-phase (Figs 4A and B and 5). We also detected G-tails
ns J 05 in S-phase on TRFs of the replicating plasmid at 600 bp (Figs 4B
oo deodiuced TioR:canhed and 5). It was shown previously that a linear plasmid forms
& ARS B +ARS telomere—telomere associations that are dependent on the presenc
G1_s_com 615 oczM of TG1_stails (14). Those circular forms of the plasmid (CFP) can
M () :f:?-" it e 22O be detected by 2D gel electrophorg$i). Thus, consistent with

denatured

denatunred

the G-tail analysis, a CFP was detected for the replicating
fragment (Fig. 3B, middle right, closed diamond), but remained
virtually undetectable for the non-replicating fragment. As

expected, the strongest signal for G-tails in cells containing the
plasmid YLpRWA41 was at 35 min after the release into S-phase

(13,14) Fig. 5, top panel). The strongest signal for G-tails on

genomic TRFs derived from cells containing the non-replicating
Figure 4. G-tails are only present on TRFs of a replicating plasricindB) ple;slinld Waf] az{%lztrr?lnda_\fffter the relet?]set_(Flg. ?,be[)ttlo(rjn)t V\:e do
Non-denaturing Southern blots prepared from synchronized cells. Total DNANOL KNOW Whetner this _' erence in the ime or G-tail de e‘_: IOU
was isolated from strain RWY100 containing YLpRW40 (-ARS) or YLpRw41 0N chromosomal TRFs is due to the presence of the replicating
(+ARS) at the following time points: 0, cells arrested inv@h o-factor and plasmid or whether it is a simple experimental variation. It is known
induced with 2% galactose for 5 h, 12, 25, 35 and 90, cells were released Intfhat |nd|v|dual Synchrony expenments may Vary CO”Slderably |n
a synchronous S-phase for 12, 25, 35 or 90 min, respectively. M, molecul ; e ot
weight standards. The DNAs were digested with the restriction entjiohe aihelr absolute timing of repl_|cat|on after th.e “?'.G(&M)' MO.St
and separated on a 0.6% agarose gel, which was then processed asif@Portantly, however, we did not detect significant G-tail signals
non-denaturing Southern blot and hybridized 38ralabeled telomeric repeat ~ for YLpRWA40-plasmid derived TRFs at any time point (Figs 4A
probe (14). Above the actual time points, the corresponding approximate celand 5). The same DNA as shown in Figure 4A and B was then
cycle phases are indicated. Lanes ds and GT contain linearized double-strand ; i i ati i
pMW55 DNA and single-stranded phagemid DNA derived from pGT75, %‘ﬁglyéedT?]y r$gRL|J:|ar ddeﬂat(lj,lr:cng S(t)rllj thell’ n hygrls:_zalgwdgzlg. 4C
respectively (16).¢ andD) Duplicates of the gels presented in (A) and (B) an ) e S em_/e rom the plasmi . _p . Were
respectively were prepared as standard denaturing Southern blots ar@learly detectable and yielded bands of very similar intensity to
hybridized to the same probe as (A) and (B). C, chromosomal telomeres; Rhose derived from the plasmid YLpRWA41, indicating that there
plasmid telomeres. Asterisks indicate the termitad restriction fragments were comparable quantities of DNA for the two plasmids in our
derived from theHO-uncut plasmids YLpRWA40 (2.6 kb, left panel) and : :
YLPRWA1 (2.1 kb, right panel). analysis (Fig. 4, compare C and D). . .

It could be argued that the ends of the linear plasmids created
by theHO endonuclease contained some 50 bp of non-telomeric
DNA, precluding a proper telomere processing and detection in
our non-denaturing Southern assay. However, it is important to
realize that in each case, the end opposite tel@eut was an
in vivo established telomere, which we presume had a natural
end-structure. Thus, at least this end (half of all plasmid-born

d telomeres) is expected to be in a natural configuration, and if
nf>-tails were generated only on this end, they would have been
detected as were the G-tails for the TRFs derived fi@rcut
YLpRWA41. Taken together, the data thus demonstrate that G-tall
formation on plasmid telomeres only occurs if the plasmid is
plicating.

The exonuclease activity is dependent on replication fork
passage

The above results strongly suggest that ortBecut fragments
derived from YLpRWA41, initiation of replication occurre
efficiently, while on the corresponding fragments derived fro
YLpRWA40, virtually no initiation occurred. During telomere
replication, single-stranded TG DNA appears at the end of
S-phase (15,16). To examine whether thiéviac required to
produce G-tails is dependent on a passage of the reguff
replication machinery or whether they are generated by a
cell-cycle-regulated process that is independent of the actualSCUSSION

replication of telomeres, we used the RWY100 strain containing

either YLpRW40 or YLpRWA4L1. The cells were synchronized ad/aintaining a functional tract of telomeric repeats is essential for
described above; total DNA derived from cells at different timehromosome stability in eukaryotic ce{ts9,48). It is hought
points after the release into S-phase was then digestedhdth that the actual length of the repeats will be determined by complex
and analyzed by non-denaturing Southern hybridizgtl@).  mechanisms that include shortening as well as lengthening
Most terminal restriction fragments (TRFs) for genomic DNAactivities. Much recent effort has been placed to elucidate the
digested withXhd are[11.3 kb in size due to a conservéud site  regulation of the enzyme telomerase, but it is also clear that this
in the yeast subtelomeric’' ¥lement that is present at mostenzyme will only be able to synthesize telomeric repeats of the
telomeres (46). TRFs generated Xiyd digestion and shorter G-rich strand (8). The C-rich strand is generally believed to be
than 1.3 kb are not observed for genomic DNA. The lineaynthesized by the polprimase complex, but there is very little
plasmids YLpRW40 and YLpRW41 were constructed such thatirect evidence for this notion (reviewed in 49). One study proposed
after theHO-induced cleavage, both TRFs derived from thesa telomere-specific primase, synthesizing telomeric repeats of the
plasmids wer&b00 bp (Fig. 1), and thus clearly distinct from anyC-rich strand for the initiation of replication on the gene-sized linear
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fill-in process on the G-tails, the telomeres shorteribyp/
generation in such straifs0). On the other hand, C-straiitih
synthesis may regulate the extent of G-strand elongation. It has
been hypothesized that defects in the replication machinery
needed to fill in the G-tails may disrupt a negative regulation of
G-tail elongation by telomeraggb).

In order to obtain further insights into the precise events taking
place during telomere replication in yeast, we have started to
investigate the nature of the C-strand recessing activities. We
show here that C-strand resection on plasmid telomeres is
dependent on the passage of a replication fork. On a linear DNA
fragment without a bona fide ARS element, no G-tails can be
detected in S-phase and no telomere—telomere associations are
formed (Figs 3B, 4A and 5). Conversely, an equivalent construct
containing an ARS acquires G-tails in late S-phase and circular
forms of the plasmid are detectable (Figs 3B, 4B and 5). We
conclude that the generation of G-tails on plasmid telomeres is
dependent on the passage of the conventional replication machinery.
These results exclude the possibility that the C-strand recessing
occurs in a replication-independent fashion and suggest that the

activities responsible for this telomere processing are associated with
_ — , the conventional replication machinery. Alternatively, the chromo-
Figure 5. Quantification of TG_3 tails on chromosomal "Ytelomeres and

telomeres OHO-cut plasmids YLpRWA0 (—ARS) and YLpRWA41 (+ARS). The SOME ends may be protected from this exonuclease activity by the

relative intensities of the signals shown in Figure 4A and B were determinedl€S€nce of end-bin_ding fa_Ctors such as the Ku prof2djs
using a Phosphorlmager and corrected for DNA loading using gels shown iwhich may be associated with chromosome ends throughout the

Figure 4C and D. Relative intensity (arbitrary units) is plotted with respect to cg|| cycle. Consistent with this hypothesis, in cells lacking Ku,
the number of minutes after release into S-phase. chromosome ends display G-tails constitutiv@s).
These results suggest a model for the consecutive steps involved
in telomere processing in yeast. In theggBase of the cell cycle, the

DNA fragments in théxytricha novamacronucleug50). How-  €nds of chromosomes are bound by a terminal protein complex and
ever, such a mode of replication initiation appears not to occur fhe lengths of the repeats as well as the terminal DNA structure are
many organisms since at least in yeast, linear DNA fragmengéable. After initiation of DNA replication at chromosome internal
with telomeric ends but without an internal origin of replicationsites, the replication fork machinery passes through the telomeric
are not replicated (51; thistusly). A possible coordinate DNA, displacing the terminal complex. At this stage, the ends can
regulation of the C- and G-rich strands has been inferred froRecome accessible to exonucleolytic attack degrading tiedS
studies inEuplotes crassysin which an inhibition of DNA and long G-tails are generated. It remains possible that this
polymerase activity by aphidicolin resulted in abnormal lengthgesectioning of the 'Sends only occurs on ends replicated by
of the C- and G-strands (52). Consistent with this idea, telomeraéading-strand synthesis. On ends replicated by lagging strand
RNA was found to colocalize with the regular replicationsynthesis, priming could stop at a distance from the actual ends,
machinery in specific subnuclear compartments in cili@®y  resulting in such G-tails without the necessity of additional
For yeast, it was demonstrated that mutations affecting Rfocessing by an exonuclease. The G-tails are then substrates for
number of proteins that are part of the replication fork machinefglomerase mediated elongation and for fill-in synthesis by
lead to abnormal telomeric repeat lengths. For instance, mutatigp@o—primase. Rebinding of the terminal complex and the setup of
affecting the catalytic subunit of polymeras¢CDC17POL1)  a heterochromatin-like domain would preclude further lengthening
or mutations in the large subunit of replication factor Cor shortening of the telomeric repeats and the ends would be stable
(CDC44RFCY)) yield elongated telomeres when the strains arentil the next round of replication. In support of this model, genes
grown at semi-permissive temperatures (54,55). Toigation  placed in the vicinity of telomeres can switch from a repressed to a
is dependent on an active telomerase, suggesting that there existepressed state only after replication is virtually complete and
a cross-regulation between telomerase and the replication fdskfore the next gphase (56). In g G, and early S-phase, at least
(55). In aldition, yeast telomeres acquire long G-tails at the end subset of transcriptional transactivators cannot overcome the
of S-phase, after conventional replication is virtually completsilencing imposed by the telomeric chromatin domain and
(13,14). Theimgle-stranded extensions are the product of at leagerepression requires the passage of a replication fork (56).
two processes, namely a shortening of the C-strand due to art will be of interest to know which gene product(s) are
exonuclease and a lengthening due to telom¢tas#6). Since responsible for the resection of the C-rich strand at telomeres.
these G-tails will provide the template for C-strand synthesis, tHgearching the literature for known yeast exonucleolytic activities
activities involved in their generation may provide a means aind using an alignment of the identified sequence motifs in known
regulating the extent of double-stranded telomeric repeats that &e3 exonucleases with the yeast genome, we identified a number
maintained. For example, in yeast strains devoid of telomeragsa, candidate genes for this activity (57-59; and data not shown).
the G-tails observed at the end of S-phase are presumablgwever, yeast strains carrying deletions of eif01, RAD17
generated by C-strand resection and no net elongation can ocR4tD24 RNCINUC2or YER041Wiid not show any differences in
(15). Therefore, due to the engplieation problem during the G-tail formation or telomere length when compared with wild-type
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strains (I.Dionne, S.Gravel and R.J.Wellinger, unpublished datel@ Sheng,H., Hou,Z., Schierer,T., Dobbs,D.L. and Henderson,E. (1995)
TheRADSUMRE1IXRS2complex has also been proposed to have Mol. Cell. Biol, 15 1144-1153.

IRELLA . ., Larrivée, M. P. inger,R.J. (1568
exonucleolytic activity(60—62), and ecently it was shown that g&vﬂ’f_’?ﬂ”\’ea'\ﬂ + Labrecque,P. and Welinger,R.J. (1598hce

yeast strains with mutations in either of these genes display Bertuch,A. and Lundblad,V. (1998jends Cell Bial 8, 339-342.

shortened telomeric repeat tracts (63,64). These and other data tevesikorski,R.S. and Hieter,P. (1985gnetics 122, 19-27.

led to the proposal that this complex is thereiclease responsible 23 é",?‘;‘?%? f;;athem@'-’\‘-v Klar,A.J., Hicks,J.B. and Heffron,F. (1983)
H ell, - .

for .C-Strand processmg.(65). quever’ whergtosomal DNAS 24 Raghuraman,M.K., Brewer,B.J. and Fangman,W.L. (1G@#es Dey8,

derived from cells carrying deletions of th#RE11or theRAD50 554-562.

gene were analyzed for their terminal DNA configurations, n@s Bouton,A.H. and Smith,M.M. (1986)ol. Cell. Biol, 6, 2354-2363.

differences between these DNAs and DNAs derived from isoger#é Conrad,M.N., Wright,J.H., Wolf,A.J. and Zakian,V.A. (1968, 63

R ; i i 739-750.
nvrglgutgﬁ):h:g)ams were observed (1.Dionne and R.J.Wellmgerz? Henikoff,S. and Eghtedarzadeh,M.K. (19&8netics117, 711-725.

. AT . : . . 28 Rothstein,R.J. (1988jethods Enzymgl101C 202-211.
Since maintaining telomeric repeats is an essential requiremedt Roman,H. (1956F0ld Spring Harbor Symp. Quant. Bid1, 175-185.
for the stability of eukaryotic chromosomes, a comprehension 80 Maniatis,T., Fritsch,E.F. and Sambrook,J. (198@lcular Cloning:
all the factors involved in these mechanisms will be of utmost é'—lgbgra_toryHMaglualNlit edn. Cold Spring Harbor Laboratory Press,
H H H H (o] rn arpor, .
|mpo_rtance to our understanding Of. C.hromosome replication a%q Rose,l\F/IJ.D.?V\ﬁnston,F. and Hieter,P. (199@}thods in Yeast Genetics:
function. We show here that an activity that processes telomeriC A | aporatory Course ManuaCold Spring Harbor Laboratory Press,
C-strands is either associated with the conventional replication cCold Spring Harbor, NY.
machinery or only gains access to chromosome ends aft lltgéHiesl;ukuda,Y-, Murata,K. and Kimura,A. (1983)Bacteriol, 153
e eI oK b (R P3S°30% Giew 0. and Sciest .. (1500l Col B, 5 255260

. . Brewer,B.J. and Fangman,W.L. (1984, 51, 463-471.
now allow an identification of the presumed exonuclease and thg Huberman,J.A., Spotila,L.D., Nawotka,K.A., El-Assouli,S.M. and

study of its regulation will shed new light into the mechanisms Davis,L.R. (1987 Cell, 51, 473-481.

governing telomere maintenance in yeast and mammals. 36 Livingston,D.M. and Kupfer,D.M. (1977) Mol. Biol, 11§ 249-260.
37 Wellinger,R.J., Wolf,A.J. and Zakian,V.A. (1992 romosomal02
S150-S156.
ACKNOWLEDGEMENTS 38 Feinberg,A.P. and Vogelstein,B. (1983jal. Biochem 132 6-13.

39 Johnston,R.F., Pickett,S.C. and Barker,D.L. (1&&trophoresis1l,

; 355-360.

We thank M. K. Raghuraman, W. L. Fangman and M. M. Smith, [0 h | scen R . (1omithods Enzymol194 132-146.
for generous gifts of plasmids and yeast strains. This research was Kramer,K.M. and Haber,J E. (1993nes Dey7, 2345-2356.
supported by a grant from the Medical Research Council @b Sandell,L.S. and Zakian,V.A. (1993}l 75, 729-739.

Canada (Grant MT 12616). I.D. is supported by a studentsh§8 Krysan,P.J. and Calos,M.S. (19849. Cell. Biol, 11, 1464-1472.
from the Fonds pour la Formation de Chercheurs et I'Aide a ff Linskens,M.H.K. and Huberman,J.A. (199@)cleic Acids ResL8
Recherche (FCAR). RJ.W.isa C,hercheu,r-BourS|er Senior of tllg Boeke,J..D., LaCroute F. and Fink.G.R. (1986). Gen. Genef197
Fonds de la Recherche en Santé du Québec (FRSQ). 345-3486.

46 Chan,C.S.M. and Tye,B.-K. (198B)Mol. Biol, 168 505-523.
47 McCarroll,R.M. and Fangman,W.L. (1988¢ll, 54, 505-513.

REFERENCES 48 Lee,H.-W.,, Blasco,M.A., Gottlieb,G.J., Horner,J.W., Greider,C.W. and
DePinho,R.A. (1998Nature 392 569-574.
1 Zakian,V.A. (1996 Annu. Rev. GeneB0, 141-172. 49 Price,C.M. (1997Biochemistry (Moscowp2, 1216-1223.
2 Wellinger,R.J. and Sen,D. (19%r. J. Cancer33, 735-749. 50 Zahler,A.M. and Prescott,D.M. (1989)cleic Acids Resl7, 6299-6317.
3 Kilobutcher,L.A., Swanton,M.T., Donini,P. and Prescott,D.M. (1981) 51 Wellinger,R.J. and Zakian,V.A. (198joc. Natl Acad. Sci. USA6,
Proc. Natl Acad. Sci. USAS, 3015-3019. 973-977.
4 Henderson,E.R. and Blackburn,E.H. (198@). Cell. Biol, 9, 345-348. 52 Fan,X. and Price,C.M. (199¥)ol. Biol. Cell 8, 2145-2155.
5 Makarov,V.L., Hirose,Y. and Langmore,J.P. (19G@)|, 88, 657—-666. 53 Fang,G. and Cech,T.R. (1996)Cell. Biol, 130 243-253.
6 McElligott,R. and Wellinger,R.J. (199EMBO J, 16, 3705-3714. 54 Carson,M.J. and Hartwell,L. (1985¢ll, 42, 249-257.
7 Lingner,J., Cooper,J.P. and Cech,T.R. (1835¢nce269 1533-1534. 55 Adams,A.K. and Holm,C. (1996)al. Cell. Biol, 16, 4614—-4620.
8 Greider,C.W. (1996Annu. Rev. Biochen®65, 337-365. 56 Aparicio,0.M. and Gottschling,D.E. (1998¢nes Dey8, 1133-1146.
9 Lundblad,V. and Szostak,J.W. (19&)l, 57, 633-643. 57 Tishkoff,D.X., Boerger,A.L., Bertrand,P., Filosi,N., Gaida,G.M., Kane,M.F.
10 Singer,M.S. and Gottschling,D.E. (19%tjence266 404—409. and Kolodner,R.D. (199'Broc. Natl Acad. Sci. USAR4, 7478-7492.
11 Greider,C.W. and Blackburn,E.H. (19&3ll, 43 405-413. 58 Lydall,D. and Weinert,T. (199%cience270Q 1488-1491.
12 Shampay,J., Szostak,J.W. and Blackburn,E.H. (1¢&4)ye 31Q 154-157. 59 Moore,P.D., Simon,J.R., Wallace,L.J. and Chow,T.Y.-K. (1993)
13 Wellinger,R.J., Wolf,A.J. and Zakian,V.A. (1993pl. Cell. Biol, 13 Curr. Genet, 23, 1-8.
4057-4065. 60 Nairz,K. and Klein,F. (199Genes Dey11, 2272—-2290.
14 Wellinger,R.J., Wolf,A.J. and Zakian,V.A. (19932l 72, 51-60. 61 Ivanov,E.L., Sugawara,N., White,C.l., Fabre,F. and Haber,J.E. (1994)
15 Wellinger,R.J., Ethier,K., Labrecque,P. and Zakian,V.A. (1@ed) 85, Mol. Cell. Biol, 14, 3414-3425.
423-433. 62 Tsubouchi,H. and Ogawa,H. (1998)l. Cell. Biol, 18 260-268.
16 Dionne,l. and Wellinger,R.J. (1998joc. Natl Acad. Sci. USA3, 63 Kironmai,K.M. and Muniyappa,K. (199%enes Cells2, 443-455.
13902-13907. 64 Boulton,S.J. and Jackson,S.P. (182€BO J, 17, 1819-1828.
17 Gottschling,D.E. and Zakian,V.A. (1988Bll, 47, 195-205. 65 Nugent,C.l., Bosco,G., Ross,L.O., Evans,S.K., Salinger,A.P., Moore,J.K.,

18 Price,C.M. (1990Mol. Cell. Biol, 10, 3421-3431. Haber,J.E. and Lundblad,V. (1998yrr. Biol., 8, 657—660.



