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ABSTRACT

Telomeres are essential repetitive sequences at the
ends of chromosomes that prevent chromosome fusion
and degradation. We have successfully recapitulated
these two protective functions
incubating blunt-end DNA constructs having vertebrate
telomeric ends in  Xenopus eggs and egg extracts.
Constructs with telomeric ends are stable as linear
molecules; constructs with non-telomeric ends undergo
intramolecular fusion. In extracts, 99.8% of the telomeric
constructs from 78 to 700 bp in length are assembled
into ‘model telomeres’ in <5 min and have an extra-
polated half-life of >3.5 years. Non-telomeric constructs
circularize with first order kinetics and a half-life of 4 h.

In living eggs the telomeric constructs are protected
from fusion and degradation. The stability of the
telomeric constructs is not due to covalent processing.
Extract can protect [11.00 pM telomeric ends (equivalent
to 1.7 x 107 ends/egg) even in the presence of a 20-fold
excess of double-stranded telomeric DNA, suggesting
that protection requires end-specific factors. Constructs
with (TTGGGG) ,, repeats are unstable, suggesting that
short tracts of this and other telomere-like sequences
found within human telomeres could lead to genome
instability if exposed by partial telomere erosion
during aging.

INTRODUCTION

in vivo and in vitro by

In human, two double-strand-specific telomere binding factors,
TRF1 and TRF2, have been isolated and cloh2dl@). The factor
XTEF bindsin vitro to the junction of double- and single-stranded
telomere DNA and is a candidate telomere-protective factor in
Xenopusand humans 1(7). Unusually compact and regular
nucleosome arrays are also present on animal telomM&res).

The significance of telomeres was first discovered by McClintock
(22) and Muller £3). In yeast, chromosomes with broken ends
are unstable, fusing with sister chromatids to form dicentric
chromosomes that undergo a breakage—fusion—bridge cycle
during cell division, leading to exonucleolytic degradation, arrest
of the cell cycle and chromosome instabilidd) Telomeres of
human lymphocytes shorten by 20-90 bp/ye#s26) and
telomeres of cultured mortal human cells shorten an average of
40-200 bp/cell doublin@(?). The fact that primary and immortal
human cells have Serminal gaps 100-200 nt long suggests that
an endogenous 5 3' exonuclease activity might be responsible
for the rapid shortening6). Most human cancer cells and
immortal cell lines maintain telomere length, usually coincident
with telomerase activity2@,29). Erosion of telomeres during
aging of humans and human cell cultures is correlated with
increases in the frequency of dicentric chromosomes and genome
instability, which could contribute to canc&0). The telomere
hypothesis for cell senescence and transformation states that
shortening of telomeres eventually leads to arrest of the cell cycle
or chromosome fusion, causing abnormal control of cell growth
or chromosome instability3(). Because human cells senesce or
die as the average length of the telomeres approaches 2283,kb (
the validity of the telomere hypothesis depends on some
chromosome ends being significantly shorter than others or on a

Telomeres are structurally and functionally specialized sequencegchanism whereby chromosome integrity is dependent upon
at the ends of eukaryotic chromosomes, usually consisting ofl@ng telomeric tracts. In principle, long telomeres could be

simple tandem repeat (reviewed jg), (TTAGGG), in vertebrates.
The G-rich strands are invariably oriented-3' toward the

necessary for assembly of a stable nucleoprotein ‘cap’, for correct
regulation of genes present in the subtelomeric region or correct

terminus. The terminal structure of telomere DNA is now knowrchromosome localization in the ce3lQ).

for a number of eukaryotes. Shoftsingle-strand extensions
have been found in macronuclei of ciliat8gl( and transiently

To understand the molecular mechanisms of telomere stabilization
it is important to understand the behavior of telomeric and

at the end of S phase in yedgt Recently it has been found that non-telomeric DNA ends in cells. Manipulation of telomere

human telomeres have 100-200'rd\&rhangs throughout most sequences with mutant telomerase RNA leads to cellular
of the mitotic cycle®-8). Little is known about the nucleoprotein senescence ifietrahymena31). Transfection of human cells
structure of telomere©xytrichahas tightly bound end-specific using linear constructs with (TTAGGGENds can seed the
proteins, which probably function to protect the erf)sYeast formation of new human telomeres, whereas (TTGGGEY
andTetrahymendave less stable large end-complexXes1(l).  other heterologous ends failegl). Non-telomeric linear DNA
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transfected into mammalian cells integrates at random locations in . oso0bp  Ball 2500bp .
the genome or undergoes intramolecular and intermolecular end- . i X N-N
joining (33). End-joining in cells and extracts is very permissive, ., ssoobp Bl 250059 700 p
capable of joining blunt or even non-compatible overhanging ends = 1 !
This process is likely to be responsible for the repair of double-strand
breaks and for fusion of broken chromosomes. In the only %™, 2500 bp .
controlled use of end-joining as a functional test of chromosome i - VhsgVTass
protection from fusion, linear constructs containirfgasamecium
telomere tract at one end were injected iRtaramecium
macronuclei 4). Only the telomeric ends were protected from
fusion and degradation. p—t I

Xenopuseggs and oocytes should be useful to investigate < > @l
vertebrate telomere structure and function. They and their
extracts are capable of gene expression, DNA replication, DNA - -
repair, chromatin assembly, nuclear assembly and cell cycle
regulation and should be good sources for activities for telomere
protection, because they havé-110 1P-fold excesses of many Figure 1. Linear blunt-end DNA constructs. N-N, with non-telomere ends;
nuclear factors 35). Most importantly, egg cytoplasm can tetTypo-tetTipp With 120 bp Tetrahymenatelomere (TTGGGG) ends;
efficiently recombine non-homologous DNA end36,87).  'A700V/T700 with 700 bp_telomere tracts with (TTAGGG)ends;

- ) : . VT258-VTo5g With 258 bp vertebrate telomere endsygT7g, with 78 bp

However, earlier attempts to recapitulate telomere function iRertebrate telomere ends. All were oriented with G-rich t&mini.
Xenopushave given ambiguous results on the degradation aneiT2sgvT2sg, fusion construct with internal telomere—telomere junction. Thin
fusion of telomeric and non-telomeric ends. Artificial constructsline, vector sequence; thick line and arrow, vertebrate telomere sequence;
with Tetrahymenatelomeric ends were not protected from Nolow line and arowjetrahymenaelomere sequence.
degradation inXenopusoocytes or eggs3g—40). In contrast,
linear DNA consisting of intact isolatéi@étrahymenaDNA or . . .
constructs passaged through yeast to acquire native yve%eg%g'le”c er?“'?- The Igng}h of thitelomerlctlrac_t W?\IS ester|1ated by
telomeres were not degraded in oocytes unless first treated i restriction and electrophoretic analysis. Non-telomere

heat and S1 dBal31, suggesting that unusual DNA structure isconstruct N-N was obtained Ema removal of the telomere

! tracts from vTgo-vT700 The vertebrate telomere construct
necessary for protectior3,39). In the only test of vertebrate A
telomere ends iXenopus eggs replicated a small fraction of VTﬁg?r_J(:,rtzeso? fvrv(;tr:]] 25l—£|guIggste(loumriazszgﬁrgﬁnbg\tgeerirzzisr; v_\r/ase
degraded linear molecules with telomeric tracts of unspecifie P X yp

- . - . ulture Collection, Rockville, MD)NIalV and Pst restriction
length having non-telomeric termini, although end-joining was ’ . : .
not observed even with non-telomeric construt. ( released a fragment with a blunt telomeric end (-TTAGGGT),

We have studied the assembly of model telomenésiopus which was purified and ligated to both ends of a non-telomeric

eggs and extracts using very low concentrations of blunt—en%Iyll Bolll-Pst fragment dimerized at theglll site. The

! : tebrate telomere constructFvT7g, with 78 bp telomere
constructs short enough to be studied on sequencing gelsﬁ% ;
nearly as short as the shortest viable telomeres in human cell li ﬁé‘@tbboghsggj’ g]azr?gr:(s}\r/llijﬁtecxirtﬁrg %;Ivtl)teltle l(grirgzdtrgggq
(<500 bp) ¢1). The behaviors of the constructs mimicked thos® Mtell)\//vés out \)//vitrCsp45I. de gﬁos ho Iateg cut wisiad '
expected of telomeres. The assembly and stability of the moa% » dephosphory X ’

o o : erized with E.coli ligase and digested with mung bean
telomeres were quantified by kinetic analysis. Several hypothesn L%ease. Thaetrahymenaelomere construct, tetT—tetT, was

protecton were (cs(od by Charactening he SiruclLTe of e DZTSTUCted rom paP 11, a gif from Dr E.Blackbum. A
ma-Pst fragment was dimerized at tist site, yielding the

before and after incubation in the egg extract. construct with a 120 bp TTGGGG repeat at both ends. The fused
vertebrate telomere construct, ¥ Toss, was made by

VT700' VT700

Bgl l
9 2500 bp !258 bp,

} 78bp ; 4370 bp ' 78 bp!

vTg-vTg

120 bp, 2900 bp Sac | 2900 bp 120bp
t |

- VIsgVsg

MATERIALS AND METHODS dephosphorylating thé’st telomere-containing fragment of
pHUR93, restricting witiNlalV to expose a blunt telomere end
Construct preparation and fusing the blunt ends with T4 ligase producing the junction

-TTAGGTACCTAA-. All constructs were gel purified one to two
Linear DNA constructs are shown in FigureThe vertebrate times and quantified by ethidium bromide staining. DNA
telomeric construct vipo-vT700 With 700 bp telomeric tract at sequencing showed that 4FvT7g contained a single variant
both ends, was constructed from plasmid Sty11, derived fropepeat, TTTAGGG, 36 bp from the distal end, anggg?T700
pSp73 (a gift from Dr T.de Lange, with a 800 bp telomeric tractkonsisted of perfect TTAGGG repeats over the distal 200 bp but
Styll was cut withClal, dephosphorylated with alkaline contained a large number of islands of TTGGGG repeats near the
phosphatase, cut witBglll, dimerized with Escherichia coli  proximal end. The vIsg-vTos5g construct consisted of perfect
ligase, purified by agarose gel electrophoresis, precipitated aggrtebrate repeats.
resuspended, digested wihl31 (50 s at 37C using 3 U enzyme
with 3 ug DNA in 100ul 600 mM NaCl, 10 mM CaGJ] 10 mM
MgCly, 20 mM Tris—HCI, pH 8.0, 2 mM EDTA), precipitated and
resuspended and digested with mung bean nuclease (20 mirkahopudaeviswas obtained fronXxenopud (Ann Arbor, MI).
37°C using 60 U enzyme in 1050 mM NaCl, 30 mM sodium Egg extract was prepared according to Schtal (42), with
acetate, pH 4.5, 1 mM Zng110% glycerol) to expose blunt modifications to minimize extract dilution and proteolysis.

Xenopusextract preparation
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Mature females were boosted with 50 U human chorionibriefly, cooled on ice and precipitated by addition of an equal
gonadotropin 5 days before egg collection and primed with 1000 &blume of ethanol. The pellets were then digested in 800
12 h before egg collection. Eggs were collected iA*@ae 150 mM NaCl, 30 mM EDTA, 50 mM Tris—HCI, pH 8.0, 1% SDS,
saline, dejellied in 2% cysteine—HCI (pH adjusted to 7.9 witl250 ug/ml proteinase K at 3T for 4 h. The DNA was extracted,
NaOH). Good quality eggs were sorted and treated wiflgdrdl ~ precipitated, resuspended and electrophoresed as described above
calcium ionophore A-23817 (Sigma) in 100 mM NaCl, 2 mM
KCI, 1 mM MgSQ, 2 mM CaC, 5 mM HEPES, pH7.8,0.1 mM Ligation assays

o ; .
5;:@ Vl\gllt,l?f(:/oaagoILbE?gt?n\:\éesrevfl?t?]n gg sPnel\(j f(})(u(;ltywng%s Irr:]mﬁ'o test the ability of once-protected telomeric ends to be religated

HEPES—KOH, pH 7.8, 10 mM N&g| hosbh H7 in extract, vigo-vT7ooconstruct was incupated in the extract at
2 mM SéG-IC-)A ,1pmM ?DT‘IE) rgggs weyec i?r?tri?jge(? tli g SW?A,,15O ng/ml for 4 h to fully protect the ends, digested with proteinase

rotor at 27 000 r.p.m. for 30 min at@. The supernatant was K/SDS, phenol extracted and ethanol precipitated. The purified

recentrifuged for 30 min. The second supernatant was collectggloA V\//asl rgir:]cubateltlj Iin fresr|1 e_ﬁrfact r:‘or differentTtimes ﬁ‘t
and made 1Qig/ml in pepstatin A, chymostatin and aprotinin. > ©. ng F”hw't a paraiie cc&n[t)rlsl AWItI rest con;trucg I'O test dtbe
Final protein concentration was 30-40 mg/ml. Extract wa_@Il ity of the once-protecte telomeric ends to be ligated by

o ; ; P 4 ligase, 5 ng once-protected and 5 ng fresbsaiTosg
divided into 10Qul aliquots, frozen in liquid nitrogen and StorEdﬁonstructS were each ligated with 1 U T4 ligase in 10 ligase

at —-80C. The extract was evaluated for protein concentratiorr, & L 16C ioht. Th duct vzed b
exonuclease activity and end-joining of non-telomeric DNA eng®uffer at 16C overnight. The products were analyzed by
chtrophoress in 0.8% agarose.

Only the batches of extracts with non-detectable exonuclea
activity and high ligation efficiency were used. Extracts with the ) .
highest ligation activity were isolated in December and used fgtnalysis of the lengths of the 3 and S-ends of vI7g-vT7g
all experiments described in this paper. Extracts prepared in M&{fer extract incubation

had [B times lower ligation activity and high exonucleaseThe vT,g-vT7gconstruct was incubated in the extract &C1for
activity. Several batches of extract were not used because they hath, purified by proteinase K/SDS digestion, phenol/chloroform
little or no ligation activity unless diluted 5- to 10-fold. The extracted and ethanol precipitated. The termini were released
telomeric constructs were protected from ligation in all extractsyith EcaRl, electrophoresed in 10% denaturing polyacrylamide,
regardless of the level of exonuclease or ligation activities.  glectrotransferred onto Zeta Probe GT membrane in TBE and

probed separately for the G-rich strand and C-rich strand using
End-joining reactions kinase-labeled (CCCTAA)and (TTAGGG).

Extract aliquots were thawed in hand for 1 min and ATP an
Mg2* were added to final concentrations of 1 and 5 m ESULTS

respectively. End-joining reactions were started by addingertebrate telomere ends are specifically protected from
constructs at low (50 ng/ml) or high (500 ng/ml) concentratiorfysion in vitro

After mixing for 10-20 s, the zero time point aliquots were

withdrawn and quenched by adding 10 vol 20 mM Tris—HCIWe tested the abilities oKenopusegg extracts to protect
pH 7.6, 0.3 M NaCl, 10 mM EDTA, 1% SDS, 1 mg/ml proteinaséelf)merev tglpmere;hke and non-telomere DNA enqls from fusion
K and digesting at 3T for 3 h. The remainder of samples were!Sing conditions similar to those'shown to result in end-to-end
incubated at 18C and quenched at different time points. Thegusion of double-stranded DNA iXenopuseggs and extracts
DNA was extracted twice with phenol/chloroform and ethanofSee for example37,44) Figure 1 shows the four types of
precipitated. Isolated DNA was electrophoresed on 0.8% agarcyénmetrical blunt-ended DNA constructs used in this study,
with 0.5ug/ml ethidium bromide for 10 h at 5 V/cm. The gel wagnade by restriction of plasmids or T4 ligase treatment of plasmid

vacuum blotted and hybridized with radioactively labeledestriction fragments: (i) N-N, with non-telomeric ends; (i) vI-vT,
plasmid probe. with vertebrate telomeric ends, (TTAGGG)(iii) tetTio0-

tetTiog Wwith Tetrahymenatelomeric ends, (TTGGGR)

(iv) VT o5/ Tosg, with an internal telomere—telomere junction. The
terminal vertebrate telomeric constructs were made with telomeric
Eggs were stabilized in &&free buffer according to Wangh tract lengths of 78, 258 an@700 bp, denoted E-VvT7g,

(43). Stabilized eggs were washed three times in 120 mM NaGIT25g-vTosgand Vgo-VT7g0 Each linear construct was incubated
7.5 mM KCI, 22.5 mM HEPES, pH 7.4 with NaOH, and thenat 16°C in the high speed extract prepared from activdegwpus
incubated in the same buffer enriched with ABDEDTA, 485uM eggs and the construct stability determined by electrophoretic
Mg?*, 114 uM Ce*. Injection needles were prepared fromanalysis. Low concentrations of construct were used to prevent
siliconized glass tubing (Drummond) with an inner diameter ofxceeding the capacities of the extract to join non-telomeric
0.2 mm drawn to a tip with an outer diametef% um. An  double-stranded ends by non-homologous recombination and to
aliquot of 15 nl solution containing 15 pg DNA was injected intgrotect telomeric ends from such joining. The low concentrations
the animal pole using a Drummond microinjector. Injected eggdso prevented concatenation of the DNA so that the solution
were separately incubated in enriched buffer &C#6r 10 h. At  species were limited primarily to monomeric linear reactants and
time points following injection, groups of 10 eggs were rinsed igircular products.

150 mM NaCl, 30 mM EDTA, 50 mM Tris—HCI, pH 8.0, Figure2 shows the results of the extract incubation experiments.
homogenized by rapid pipetting and suspended inBd® M Low concentrations of constructs with non-telomeric ends
guanidine—HCI, 0.1 M EDTA, 0.15 M NaCl, 0.05% sarkosyl,underwent circularization, first to relaxed and then supercoiled
pH 8.0. Samples were then heated to@G%r 10 min, vortexed monomeric circles (Fig2A). Supercoiling indicates covalent

Egg injection



Nucleic Acids Research, 1998, Vol. 26, No. 12903

A B as slowly migrating species of unknown structure, similar to those
R R s, e RS R described before iKenopuseggs, oocytes and extracts, previously
' - " attributed to homologous and non-homologous recombination
2 | g —TEEEE (46-48). The rapid loss of linear, monomeriketrahymena
T - R constructs was reproducible, however, the ratio of slowly
= & o o migrating to covalently circularized products varied considerably
e e from reaction to reaction. Denaturing electrophoresis showed that
= most of the DNA in the slowly migrating band had not undergone
- ligation, suggesting that a stable intermediate or alternative product
MW O 5 930 b 2 dh 6h 8 don D had formed (data not shown). On the other hand, constructs with one
s T R Tetrahymendelomeric end and one non-telomeric end underwent
- covalent circularization but did not form the slowly migrating
- : & - o species (not shown). Thus (TTGGG®&rminal repeats were not
= P e e v et et et et protected from fusion in the extract.

— e

|

Several potential artifacts in protection of the telomeric ends were
ruled out. The protection of telomeres from both intramolecular and
intermolecular ligation (Fi@C) shows that the protection is not
I T caused by factors that merely increase the persistence length of

A AL F the DNA to prevent circularization. Intermolecular products are
o R R not detectable even after 10 h reactions of thgysUT7g0
- constructs. To rule out the possibility that vertebrate telomere
L --.... v ends were protected because they ‘poisoned’ or depleted critical
factors for ligation, N-N constructs were added 3 h after
] ; 4 incubation was begun with vygo-vT790 constructs. The
N - . VT700-VT700 constructs were protected throughout the reaction,
- ' but the N—N constructs were ligated at the same rate and to the
same extent as if they had been added to fresh extract, showing
that the ligation machinery had remained fully active (not shown).

i B ) o To control for the unlikely possibility that the wp-vT700
Flgure2.V¢rtebratetelomer¢ endsspec_lflcallyre5|stend—10|n|ngroatloyv constructs were inherently unable to be Iigated (e_g. due to
concentration. Constructs incubated Xenopusextract at low or high damage during preparation), we used T4 ligase to ligate untreated
concentration for various times and analyzed by electrophorégidN+N g - gprep R4 > " g g
construct incubated at 14 pMB)N-N construct incubated at 140 pM. telomeric and non-telomeric DNA in T4 ligase buffer. We found
(C) vT700-VT700 construct incubated at 12 pMD)(vT700-VT70p construct the same rates of reaction of the telomeric and non-telomeric ends
1 u;ﬁteg)attelt?ro p'\:leEtoTVTZi?)_r\\/;ﬁg? ?r?c\ljggt_e‘ggCi’gsg,\‘ft,s\ﬂ'\%a?ﬁé‘ﬁ? at (not shown), proving that the telomeric constructs were ligation

. 120-tetTi20 . ; . N
marker; remaining lanes labeled with time of incubation in extract. multi, competent. To exclude p_055|b_le artifacts due to prec_lpltatlon, we
multimers; d, dimer; rc, relaxed circle; m, linear monomer; ccc, covalently Cent”_fUQed extract reaction mixtures at 12 g@ér 20 min, afte':
closed circle. allowing the end-joining reactions to proceed for 2 h. Neither
VT700-VT700 Nor the N-N constructs nor their ligation products
were pelleted (not shown), indicating that the protection of

closure as well as assembly of nucleosomes, which occurs ofgiomere ends had not been caused by inhomogeneities in the
[% h (see for exampl5). Concatenation of a small percentage€action mixtures (e.g. removal of 36b-VT7oo constructs from
of the constructs occurred at a much slower rate. Highﬂ%:aa with extract to decrease their reaction or aggregation of

]

concentrations of N-N constructs were extensively concatenatitf N—N constructs to accelerate their reaction). .

in a rapid reaction that slowed considerably after 15 min ZBig. Ve conclude that the egg extracts have activities that mimic
Low concentrations of vip-vT700 constructs were stable as fusion of the ends of broken chromosomes and sequence-specific
linear monomers throughout the 10 h assays, except for mindabilization of the ends with intact vertebrate telomere repeats.

amounts of relaxed circular products produced within the initial
5 min (Fig. 2C). At high concentration, the ¥do-vT700  Vertebrate telomeric ends are specifically protected from
constructs reacted to a greater extent for a longer ime2(jg.  degradation and fusionin vivo
Paradoxically, the small fraction of vertebrate telomeric constructs
that circularized did not supercoil during the 10 h incubationsfo test the physiological significance of the extract results, 15 pg
perhaps because both strands were not ligated. To test whetNeiN and vTqg-VvT7gg constructs in 15 nl were injected into the
shorter telomeric tracts could be protected constructs withnimal poles of unactivated livindenopuseggs, incubated for
telomeric tract lengths of 258 and 78 bp were also tested in th@ h at 16C and analyzed by electrophoresis. Figigshows the
extract. FigureE shows that the \WEg-VvTosg and vig-VvT7g  results. The vertebrate telomeric constructs were reproducibly
constructs were stringently protected. protected from end-joining and degradation, always remaining
To test whether the protection from fusion was highly sequendi@ear monomers. N-N constructs were consistently unstable,
specific, we also tested thEetrahymenatelomeric sequence forming circular monomers, concatenates and degraded species,
(TTGGGGG, which is frequently found within human chromo- as observed by other33-40,49). Different batches of eggs gave
somes. Figur@F shows that the constructs witetrahymena different amounts and conformations of the N-N products,
telomeric ends were unstable, forming circular molecules as wéibwever, the reason for the irreproducibility in behavior was not
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Figure 3. Vertebrate telomere ends resist end joining and degradatoro.
Aliquots of 15 ng N-N or vIgg-vT7go constructs were injected inkenopus
eggs. In some cases, N-N constructs were concatenated and/or degraded

(experiment 1 of N-N), in other cases, N-N constructs were joined into circular gig e 4. Kinetic analysis of the stability and specificity of telomere protection
forms similar toin vitro reactions (experiment 2 of N-N). »6-vT700 in Xenopusextract. Autoradiograms were quantified with a Molecular
con_structs were conS|_st_entIy stable in sev_eral_ |nject|_on exp_erlrr_]ents. MW, Dynamics PhosphorimageA) Linear plot of VEo-vT700 (X), N-N (0) and
)\/H|r_1d||| m_arker; remaining lanes labeled V\_nth time of_ incubation in extract. tetTioo-tetTioo (0) reactions, showing almost complete stabilization of
multi, multimers; d, dimer; rc, relaxed circle; m, linear monomer; ccc, .o "\ T, constructs and ligation of N-N constructs at 12 pM (solid lines),
covalently closed circle; de, degradation product. whereas only partial protection and ligation occurred at 120 pM (dotted lines),
accelerated by concatenation.o¥g-vTosg and VEg-vT7g constructs gave
identical results.E) An expanded plot of the w§o-vT7gg reaction, showing
investigated. Thus the two protective functions of naturmthe initial reaction and subsequent stability. At 12 pM concentration,

. : . L VT700-VT700 VT258-VT258 and vg-vT7g constructs were 99.8% protected
telomeres can be recapitulaidivoand the protective activities om’ figation. ¢ and D) Sen?f_ijg "Dlots of reactions of NN o

of the _extract are probably physiologically rﬁfleVam to  thetetT;»q-tetT; 20 constructs showing first order kinetics withof 244+ 12 and
protection of the ends of chromosomes from fusion. 238+ 10 min respectively.

Kinetic analyses of the end-joining reactions demonstrate
the extreme stability of vertebrate telomere ends and finite
capacity of the extract activities

We can estimate the rate constants for the assembly and fusion
of the protected telomeres. Because the telomeres are fully protected
by 5 min, an apparent first order rate constant for assembly of the
Figure4 shows the kinetics of end-joining. At low concentrationsprotected ends is 3710-3s. Assuming that the telomeric ends have
(24-28 pM ends), non-telomeric and telomere-like constructsecome fully protected by 5 min, a linear regression analysis of the
reacted to near completion at similar rates (B&), whereas data from 5 min to 10 h in Figu#B indicates an apparent rate
vT700-VT700constructs were only joined to a small extent (0.2%gonstant for fusion of the protected vT—vT constructs ok 3310
during the first 5 min and were completely stable thereafter 6 x 10-9s. Thus the best estimate for the apparent half-life of the
(Fig. 4B). Figure4A also shows that incubation of constructs atvertebrate telomere ends is 66 years. However, given the large
high concentrations (240-280 pM ends) gave faster initiagftandard deviation of the measurements, we prefer the more
reactions due to intermolecular end-joining. The N—N constructsonservative limit to the half-life of >3.5 years. This is >8000 times
were only partially joined, apparently due to saturation of thenore stable than the non-telomeric ends. The rates and extents of the
ligation activity of the extracts. The ydo-VvT700 constructs reactions of telomeric, telomere-like and non-telomeric constructs
reacted long after 5 min, apparently due to exhaustion of theere highly reproducible using the same batch of extract and very
telomere-protective capacity of the extract. similar using extracts that did not have strong exonuclease activities.

Kinetic analyses of the reactions at low concentration show th@n the basis of the specific and quantitative protection of the
the reactions of the N-N and tetT—tetT constructs could bgertebrate telomere ends from end-joining, which recapitulates the
expressed as an irreversible first order reaction Bwith arate  primary functiorin vivoof protecting ends of chromosomes from
equation d[A])/d = k[A], wherek= 4.8x 10-%/s (Fig.4C and D).  fusion, we describe the stabilized telomeric constructs as ‘model
ThusTetrahymenaelomeric ends were not afforded even partiatelomeres’.
protection from reaction. The reactions initiated without a
noticeable lag phase for assembly of a putative ligation complgy,qe| telomeres are not protected by covalent processing
and had a fixed rate constant throughout the reaction, showiggihe DNA ends
that the extracts did not lose activity during at least 10 h and that
the rate of ligation is independent of the presence of nucleosomé&bgere are two possible ways to protect the termini of nucleic
which accumulate in 4 H§). The fact that the N—N and tetT—tetT acids: (i) covalent modification, used at the ends of mRNA and
constructs underwent change at the same rates but formeeftain linear viral DNA; (ii) protein binding, used to protect
products that were covalently attached and primarily covalentligiliate telomeres; (ii) a combination of the two. Figuse
unattached, respectively, suggests that the reaction rate was itlostrates these protective schemes, including four specific
limited by ligation but at an earlier step. hypotheses about possible covalent modifications: (i) cleavage of
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factor(s) ligase A B Mw 1 2

— —_—
complex Tblum Ttused
resolvase

=
exonuclease,
clomerase
Pz ™\

Tnodified Thnodified Toverhang

-
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Figure 5. Schematic representation of tenopuxtract reactions that might
protect blunt telomeric ends from fusion. Clockwise: resolution of fused
telomere junctions at a much faster rate than the ligation reaction, leading to a
low steady-state level of fused ends; exonucleolytic creation (and/or telomerase
addition) of single-strand overhangs that are inherently unligatable or able to C-rich strand G-rich strand
bind to single-strand factors; irreversible modification to the DNA, reversible

maodification to the DNA; reversible binding of factors to the blunt ends.

fiw ¥
EORR R R

c

frash extract-axposed
construct construct

. . . . . MW 0" 5 15 30°1h 2h 0 5 15 30° 1h 2h
telomere—telomere junctions formed by end-joining; (i) formation W
of a 3 single-strand overhang able to form G quartet secondary
structure or bind specific proteins; (iii) irreversible covalent multi
blockage of the telomeric DNA ends; (iv) reversible covalent — i of < 44 THw
blockage of the telomeric DNA ends. In principle, any of these '
. « o e 0 o o D -
processes could be necessary and/or sufficient to protect telomeres P‘
from fusion. We tested the four hypotheses of covalent modification
and found them inadequate to explain telomere protection in
Xenopusextracts.
If the presence of 0.2% circular vT—vT molecules in our
experiments reflects a steady-state between the known end-joini@ure 6. There is no covalent processing of telomeric DNA ené&impus
activity and a putative resolvase activity, the expected half-life forgg extract.A) Autoradiogram showing that telomere—telomere junctions are
resolution would be 5000 times less than that for ligation, namel?table in extract. MW, 100 bp ladder; lane 1, monomeric 2Mlaly—Pst
3 s. Thus this hvoothesis predicts that telomere—telomer ragment of pHUR93 with one 258 bp telomeric end; lane 2, 556 bp fusion
. . yp - p : _gonstruct, -VhsvVosg; lane 3, -vbsavVWosg sample after 4 h extract
junctions would be rapidly resolved in the extracts. To test thishcubation, showing lack of cleavage at the telomere—telomere junction to
hypothesis the -vilsgvTosg fusion construct was incubated in produce monomers. (Note that the original fusion construct contafféd
Xenopuwgg extract for 4 h, isolated and ana|yzed by e|ectr05h0ﬁel’ fragments.B) The lengths of the G-rich and C-rich telomeric ends are
. - : ; - : not altered in extract. The ygvT7g construct was incubated for 10 h in
phore_S|s (Fig6A). The inverted 'Felpmerlc Junction was Stable.'b%tract, extracted, cleaved wiltcaRl, electrophoresed in 10% denaturing
showing that cleavage of telomeric junctions cannot be responsiblgryiamide and electrotransferred to a filter. (Left) Filter hybridized with
for the stability of telomeric ends in the extract. random primed marker and kinase-labeled (TTAGS@)ght) same filter
In principle, telomeres could be sequestered from the end-joininkybridized with labeled marker and (CCCTAA)ane MW, 10 bp ladder; lane 1,

machinery by creation of G-rich single-strand overhangs whiclqenstruct without incubation; lane 2, construct after incubat@rkRé€incubation
! experiment showing that fresh and extract-exposed telomeric ends are partially

m'ght form unusual secondary St_rucwres' such as quadruplef)ﬂotected and partially ligated to the same extents at high concentration (120 pM).
triplex and duplex structures stabilized by G:G hydrogen bondingiw, A/Hindlll marker; remaining lanes are labeled with extract incubation
(reviewed in50) and/or bind specific proteins. Oocytes (and times. multi, multimers; d, dimer; rc, relaxed circle; m, linear monomer.
potentially eggs) contain strong-53' exonuclease activitied9)
and it has been speculated that such an exonuclease might
produce the G-rich telomere overhangs founfldncharomyces protected ends suggests that single-stranded G-rich DNA is not
cerevisiaeand human cell$(51). In addition, telomerase activity necessary for protection of telomere ends. Using the same tests,
is found inXenopusextracts $2) and is capable of extending or we did not find degradation of either end of the non-telomeric
degrading 3telomeric overhanga vitro (53,54). Therefore, itis constructs (data not shown), showing that exposure of a
important to test whether the ends of our constructs have besingle-strand is not required for the end-joining reaction.
degraded or extended. To detect any irreversible protection of the DNA from ligation,
Figure6B shows the lengths of the C-rich and G-rich strandw/e tested whether telomeric ends that were protected during one
of the vI7g—vT7g constructs before and after 10 h incubation irextract incubation were automatically protected during a subsequent
the extract. The C-rich and G-rich telomeric fragments arextract experiment. To prepare completely protected telomere
expected to have lengths of 100 and 104 bases, respectively, ands, vTgg-vT70o constructs were incubated in the egg extract
the C-rich strands have anomalously high mobility in this andt low concentration (24 pM ends, as in RRgsand4B). The
other constructs (not shown). Almost 20% of the C-rich strandaodel telomeres were then digested with proteinase K/SDS,
werel[B bases shorter than expected, perhaps caused by the mphegnol extracted and separated by electrophoresis. These once-
bean digestion. The identical length distributions of both strangsotected linear molecules and fresh7ygFvT79o constructs
before and after incubation in the extract indicate a lack of netere separately incubated at high concentration (240 pM ends) in
processing by nuclease or polymerase. The lack of overhangthe egg extract. As expected at high concentration (seéAjig.

re
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the fresh constructs were partially ligated and partially protected A B

(results shown in FighC). The phenol-extracted once-protected

DNA was ligated to the same extent as the fresh DNA, showing

that the telomeric ends had no memory of the protected stateg

although the reincubation experiment does not rule out theg 10

possibility that the DNA was reversibly modified by the extract. = .
As a final test, sensitive to both irreversible and reversible 0] +

modifications to the DNA in the extract, the inherent ligatability T T T T

of the extract-treated telomere ends was tested outside the extract 0 100 200 300 400 z

using purified components. T4 ligase was used to join DNA concentration (pM ends)
isolated from the fresh and once-protecteghyvT7gg constructs. .
The ligase was able to join both types of constructs to the same [ TS
extent (not shown). Thus the constructs were inherently ligatable
before and after incubation in the extract, indicating the retention ‘
of blunt ends with accessibl&®H and 5P termini.
Because all four hypotheses about covalent processing tested
false, we conclude that covalent modification of the blunt
telomeric ends is not necessary for protection of telomeric endsigure 7. The telomere protective activity of the extracts is saturable and end

from the extract ligation activities. specific. f) Stepwise addition of Vio-vT70p (+) or VTasg-VTasg (L) _
constructs to 24, 48, 96, 144, 192, 288 and 480 pM ends saturated the protective
activities at the same molarity of telomere ends0Q pM) independent of

Model telomere protection is saturable and end specific length. Constructs were added stepwise to the extracts at 15 min intervals and
aliquots removed and incubated for an additional 9 h &€ 18on-telomeric

- - : jgation activity w hown nstant in h ali ing 12 pM
Exclusion of all the possible mechanisms whereby the moddg=ien SC vas shann lo be contan i eac o, by acing 12
telomeres could be protected by covalent modifications leads Uganded telomeric DNA for protective factors. Ligation reactions were done on
to test the last hypothesis in Figuethat factor binding is 12 pM construct, without and with addition of Sty11 plasmid competitor before
responsible for protection. If terminus binding factors arethe reaction. Lane 1, y§g-vT7g0 without competitor; lane 2, vibo-vT700
responsible for telomere protection there should be a limit to th¥ith 1 "M competitor.
number of ends that can be protected, with little competition from
excess amounts of double-stranded telomere DNA.

Figure 7A shows that stepwise addition of 36g-vTosgand  protection is limited by end binding factors, although great
vT700-VT700 constructs saturated the protective activitiesgxcesses of double-stranded telomeric DNA interfere with
suggesting a limiting amount of protective factor. The constructelomere protection from ligation and nucleases. Thus we cannot
were [09.8% stable to a concentration of 50 pM constructule out participation of double-strand binding factors present in
(100 pM ends). At higher concentrations, the telomeres were orgiyeater excess or factors that bind to double-stranded
partially protected. The extract was able to ligate non-telomerid TAGGG), more weakly than to telomere ends. Taken together
ends at the same rate throughout the entire concentration rang&ih the fact that double-stranded telomeric tracts as small as 78 bp
vT—vT constructs, confirming that the telomeric ends did noare stringently protected, these results suggest that end-specific
compromise ligase activity (data not shown). These resulfgactors are required for protection of the telomeres iXém®pus
suggest that it is unlikely that protection is merely due t®@gdg extract.
formation of unusual DNA secondary structure at the ends and
suggest a requirement for factors that bind to the end. AssumiggscyssioN
a volume of lul extract/egg, the saturation results suggest that
one egg has the capacity to tightly protect at leasx11®’  This report is the first documented recapitulation of vertebrate
telomeric ends. This is more than sufficient to protect all théelomere protectioim vitro. It is difficult to compare most earlier
chromosomes even at the mid-blastula transition, when thelomere studies iXenopuswith our results, because the high
embryos are expected to hawex 10P telomeres. Some batches construct concentrations (0.6-320 nMB{40) were probably
of extract have a protective capacity about twice as large.  beyond the end-joining capacities (280 pM ends in our extracts)

To test the ability of larger amounts of bulk double-strandednd well beyond the capacity to protect vertebrate telomeric ends
telomeric DNA to compete for the protective factors, extract€l00 pM ends in our extracts). The high concentrations of
were preincubated for 1 h atX®with 1 nM intact Sty11 plasmid constructs could explain previous observations of partially
before adding 12 pM vboVvT700 This amount of bulk protected yeast telomeres, poorly ligated non-telomeric ends and
telomeric DNA was 20 times more than the maximum amounf3NA degradation. The single exception is the study by Berg and
protected in Figur@A and 83 times more than the amount ofGall (48), showing thatTetrahymenatelomeres at a low
VT700-VT700iNn the reaction. FiguréB shows that the telomeric concentration (15-45 pM) readily fuse, in agreement with our
ends were totally protected from ligation. The same result wassults. Our results are consistent with the successes of transfection
found for vIo5g-vTo5g (data not shown). Addition of competitor experiments using constructs with one vertebrate telomeric end
reduced the efficiency of ligation of the N—N construct 2- tdo seed the formation of new human telomeres and failure using
3-fold (data not shown). Addition of a 330 times excess of Stylieterologous ends$¥?).
competitor enabled partial ligation of ¥b-VvT7gg as well as The inherent advantages of tKenopusegg and egg extract
exonucleolytic degradation of both the N-N angggfvT700  Systems are that: (i) the chromosome ends can be assembled an
constructs (data not shown). These data suggest that telomsigdied under conditions with excess amounts of stoichiometric
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and catalytic factors; (ii) the two protective telomere functionss justified to call the nucleoproteins that are assembled model
can be studied independent of the broader roles of telomeregtd@omeres. To the extent that the behavior of the model telomeres
replication, cell cycle control and chromosome localizationfesembles the activities of telomeres in chromosomes, our results
(iii) the structure of the DNA constructs can be manipulated toan be used to test hypotheses about the roles of telomere length
study the role of DNA in telomere function; (iv) the molecularsequence, covalent and non-covalent DNA structure and cellular
events of DNA processing, nucleoprotein assembly and protectif@ctors in protection of chromosomes from fusion.

can be studied with high spatial and temporal resolution. The usel he extracts were used to test a number of hypotheses about the
of well-defined DNA substrates circumvents a major problem ifiole of covalent processing in protection of vertebrate telomeres.
studying vertebrate telomeres, namely the inherently long aride inability of the extract to cleave telomere—telomere junctions
heterogeneous length. However, there are also limitations to tAggests that vertebrate cells do not have a mechanism to resolve
interpretation of our results, which are shared by studies &tch junctions once formed. The inability to detect any covalent
replication, repair, transcription and chromatin assembly imodifications to the telomeric ends that inhibit telomere joining
extracts. First, the extracts represent a unigue stage in the &yithe permissive endogend(snopugnd-joining activity, orby
cycle of a gamete and might not reflect activities at other stag€ Stringent T4 ligase activity, suggests that telomere protection

in the cell cycle or in somatic cells. Second, the nucleoproteirfl9€S Not require a covalent ‘cap’ at the end of vertebrate telomere
have been assembled on pre-existing DNA rather than duri A. The demonstrations that a reversible or irreversible covalent

replication. Third, different batches of extract can have differerff@P IS not formed in théenopusgg extracts and that the protective

properties. Fourth, the primary or secondary structure of the DN573\ctivity is saturated by excess telomere ends suggest thatiprotec

introduced into the extract might be different than that présent is mediated by factors bound to the termini. L :
vivo. The first two limitations are difficult to address. because The factors that protect telomeres from recombination are still

there are insufficient numbers of frog nuclei to determine thgncertain.The findings that the protective capacity of the extracts

. g tends to telomeric tracts as short as 78 bp suggests that the
structure or function of the egg telomeres and no efficient mea(ﬁaéctors can form small end complexes and thus do not depend

to replicate the constructs in the extracts. The third limitation iﬁpon the telomere-specific nucleosome arrays. Because it is

ad_lt_jr:es?ed ter 'l\./la.tf rtlgls "?md l\l/lethotdst.) th . reasonable that telomere protection involves blocking bottthe 3
€ lourth imitation 1S reievant, because the primary ann,q g tarminj from ligation, we expect that the protective factor
secondary structures of the DNA at the ends of vertebra

2 9or factors will be able to bind to double-stranded telomeric
chromosomes are not completely known. If end replication iSeqences. TRF1 and TRF2 are two double-strand telomere
only incomplete during lagging strand synthesis, then 50% of t;ﬁﬁoteins potentially involved in protecting the ends of chromosomes
termini should be blunt in cells lacking telomerasg activity. Yeastom fusion. By itself, TRF1 has no apparent preference for a
have long 3overhangs at the end of S phase, which later heal {grminys, whereas the limiting factor in the extracts seems to bind
form blunt ends or very short overhangy (e have found that 1o pylk telomeric tracts less strongly than termini. Expression of
>80% of human telomeres have G-rich overhangs, averagingjominant negative mutant of TRE1 does not lead to noticeable
100-200 nt€), although others report overhangs on only half othromosome instability, suggesting that TRF1 is not required for
the ends §). Even if most vertebrate telomere ends have Jyrotection of chromosome ends from fusi@)( Recently a
overhangs, the protection of blunt ends might have physiologicgbminant negative mutant of TRF2 has been found to arrest
relevance in those cases where a few ends are blunt, at cer@@iowth and cause chromosome fusion, indicating a direct or
stages in the cell cycle when many ends are blunt or as a backit@irect role in chromosome cappirfs.
mechanism to protect telomeres that have undergone incomplet®ur finding that (TTGGGG)ends are unable to resist fusion
processing, recombination or breakage. It is also possible that atiXenopusxtract suggests that vertebrate chromosome function
model telomeres became single-stranded in the extract dueiswery specific for the vertebrate telomeric sequence. Because the
binding of telomere-specific single-strand binding proteins ocritical length for vertebrate telomere protection is <78 bp, even
helicases (e.g. Ku or a homolog of PIF1, which is implicated ishort tracts of non-homologous telomere sequences, as found
maintenance of yeast telomeres),66). embedded in the centromere proximal portion of human telomeres
In contrast to the uncertainty about the native structure ¢b9,60), might interfere with telomere function. We suggest that
telomere DNA and whether our constructs have adopted thexposure of such sequences during aging followed by end-joining
structure, we are confident that a primary function of telomerespuld be key mechanistic steps in age-related chromosome
is to protect chromosome ends from fusion and that we haestabilities, such as dicentric chromosont&s,(which recent
recapitulated that function Kenopuseggs and extracts. In eggs speculation has linked with carcinogenesis and senescice (
the telomeric ends are also protected from unknown activities thEiese results suggest a plausible explanation for the observation that
sometimes degrade non-telomeric ends. The characteristics of pigliferative senescence and crisis occur in tissue culture cells still
protection from fusion agree with reasonable expectations §Pssessing 1-4 kb of telomeric DNA on the ends of chromosomes
natural telomeres. The protection is very rapid (<5 min), complefd that terminal telomere sequence might be more important than
(99.8%) and persistent,{ > 3.5 years). The protection is not telomere length in protecting chromosomes from fusion.
afforded to the telomere-like sequence (TTGGG@hich has
been shown to be non-functional in human cél3.(More than
10 telomeric ends can be protected in the extract from one e KNOWLEDGEMENTS
which agrees with the expectation that the eggs stdretd0 ) ) ] .
10°-fold excesses of factors for early development. While théhis work was supported by National Science Foundation grant
rates and extents of the fusion and protection reactions in th&€B9514196 and the Office of the Vice-President for Research,

extracts cannot be extrapolated to the situatiofivo, we feel it~ University of Michigan.
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