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ABSTRACT

During the formation of a new macronucleus in the
ciliate Euplotes crassus , micronuclear chromosomes
are reproducibly broken at 110 000 sites. This chromo-
some fragmentation process is tightly coupled with de
novo telomere synthesis by the telomerase ribo-
nucleoprotein complex, generating short linear macro-
nuclear DNA mo lecules. In this study, the sequences of
58 macronuclear DNA termini and eight regions of the
micronuclear genome containing chromosome frag-
mentation/telomere addition sites were determined.
Through a statistically based analysis of these data,
along with previously published sequences, we have
defined a 10 bp conserved sequence element (E-Cbs,
5-HATTGAAaHH-3', H = A, C or T) near chromosome
fragmentation sites. The E-Cbs typically resides within
the DNA destined to form a macronuclear DNA molecule,
but can also reside within flanking micronuclear DNA
that is eliminated during macronuclear development.
The location of the E-Cbs in macronuclear-destined
versus flanking micronuclear DNA leads us to propose

a model of chromosome fragmentation that involves a

6 bp staggered cut in the chromosome. The identification

of adjacent macronuclear-destined sequences that
overlap by 6 bp provides support for the model. Finally,
our data provide evidence that telomerase is able to
differentiate between newly generated ends that contain
partial telomeric repeats and those that do not invivo .

INTRODUCTION

DDBJ/EMBL/GenBank accession nos$

the nuclear dimorphism displayed by this group of organisms
(reviewed in1-3), in which cells contain both micronuclei and
macronuclei. The micronucleus contains conventional chromo-
somes, but is transcriptionally inert during asexual reproduction. The
second nucleus, the macronucleus, is responsible for transcription
during vegetative growth. It possesses a polyploid genome of
subchromosomal DNA molecules that represent a subset of the
micronuclear genome. In the hypotrich group (d=gplotes
Oxytrichaand Stylonychid the macronuclear DNA molecules are
linear, very short[(2 kb on average) and generally contain single
coding regions. The ends of the macronuclear DNA molecules are
capped by telomeres, which consist dtCECCAAAA-3/
3-GGGGTTTT-5 (C4A4 or (4T ) repeats in the hypotrichg)(

The macronucleus is destroyed during sexual reproduction and
regenerated from a copy of the micronuclear genome. The
process begins with cell pairing (conjugation), followed by
micronuclear meiosis. Haploid products are exchanged between
the paired cells and fuse with a resident haploid nucleus to form
the zygotic nucleus. The zygotic nucleus then undergoes one or
more mitotic divisions. Some division products are retained as
micronuclei, while others undergo a DNA rearrangement process
that culminates in the formation of a new macronucleus. In
hypotrichs, macronuclear development begins with multiple
rounds of DNA replication that result in the formation of polytene
chromosomes. During this period, thousands of interstitial DNA
segments, termed IESs (internal eliminated sequences), are
excised from the chromosomes with rejoining of flanking DNA.
IESs consist of both short (<600 bp) unique DNA sequences and
large families of transposable elements (Tec elemerispiotes
crassug2,5). Once the polytene chromosomes have fully formed,
they are fragmented to generate the individual macronuclear DNA
molecules. Telomeric repeat sequences are added to the ends of th

All ciliated protozoa that have been examined at the moleculliiberated DNA molecules by telomeras®. (In E.crassus the
level have been found to undergo developmentally controlledlomeres are initially synthesized in an extended far8)(and
chromosome fragmentation. This is possible, in part, becausesobsequently timmed later in developmérti)( The final stages
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of macronuclear development involve additional rounds of DNAMATERIALS AND METHODS
replication that result in a mature macronucleus. , i
The chromosome fragmentation/telomere addition process h§!l culture and DNA isolation

been studied at the molecular level in only a few ciliate SpeCieEuplotes crassustrains X1, X2, ST9 and ST11 were grown in
It is generally a very reproducible process, but most .ciliates thattificial seawater prepared using Reef Crystals (Aquarium
have been examined display some heterogeneity with regardg9stems, Mentor, OH) and supplemented as described ietRoth
the exact position at which telomeric repeats are added (review&j;), except that vitamin B12 was omitted. Either the alga
in 1). The sole known exceptionkiscrassuswhere chromosome  pynajiella salinaor the bacteriurEscherichia colivere used as
fragmentation/telomere addition reproducibly occurs at the samge food source. Matings were carried out &4ising strains
nucleotide position(l). Sequence elements controlling chromo-x1 and X2 as previously describegj1(9).

some fragmentation/telomere addition have been best characterizeéupk)teS crassusegetative total cellular DNA was isolated
in Tetrahymena thermophila 15 bp sequence termed the Cbsysing established procedured. (Micronuclear DNA used in
(chromosome breakage sequence) resides in the developmentaiyR reactions was obtained by subjecting total vegetative
eliminated DNA flanking macronuclear-destined sequenicds (  cejlular DNA to electrophoresis in a low melting point agarose gel
and has been shown to be necessary and sufficient to dirg&fpco BRL Life Technologies, Gaithersburg, MD). Limit mobility
chromosome fra_gmentatlon/telomere additias) ( However, pnA was excised from the gel and used directly for PCR.

the Cbs element is found onlyTatrahymenand closely related  peyeloping macronuclei were isolated and DNA purified as
species 14). Candidatecis-acting sequences have not beenpreviously described(19), except that 3 mM Caghnd 50 mM

identified for most other ciliates, perhaps because of the observRgc| were used in place of spermidine in nuclear isolation buffers.
heterogeneity in the process.

For E.crassus previous studies have suggested a candida

sequence element that may direct chromosome fragmentatigzl:;g%rsn hybridizations and other molecular biological
telomere addition. First, bulk sequencing of total macronucledl

DNA termini using the chemical sequencing method hasouthern blots of agarose gels were prepared using GeneScreer
provided evidence that many macronuclear DNA moleculeslus membrane filters (NEN Research Products, Boston, MA)
share the sequence elemerTHGAA-3' beginning at base 18 and the alkaline blotting metho@l). Hybridizations and washes
following the telomeric repeatd,(5). Sequencing of individual were carried out as previously describ@d%2) using restriction
macronuclear DNA molecules has confirmed this, but has al3sagments or PCR products labeled wi#® by the random
shown that a significant number of termini lack the sequenggexamer priming metho@®) as probes.
element {1,16,17). However, sequencing of a limited number of - Random clones of macronuclear DNA molecules were isolated
micronuclear chromosome fragmentation sites (i.e. the junctiom@&m previously described plasmid recombinant libraried). (
between macronuclear-destined and micronuclear-limited DNAgolation of the micronuclear EC1 clone and identification of the
suggests that if the’'3TGAA-3' element is absent in the Mac C and Mac J macronuclear-destined sequences has beer
macronuclear-destined DNA, it is then found in the flankingiescribed Z4). Restriction fragments derived from EC1 were
micronuclear-limited DNAZ11). In these instances, the sequencesed to screen a recombinant macronuclear DNA libBaByirg
element is in an inverted orientation and located 12 bp from thgder to isolate clones of the Mac C and Mac J macronuclear
position at which telomeric sequences will ultimately be addeghyNA molecules.
A model was proposed to reconcile the different spacing of the Other molecular biological methods were performed using
sequence element when in micronuclear-limited as opposed detablished procedurez0j.
macronuclear-destined DNALL; Fig. 6A). Briefly, the model
suggests that the'-3TGAA-3' sequence serves to direct pya sequencing
chromosome fragmentation/telomere addition to a defined position
5' of itself and results in a 6 bp staggered cut in the DNA. The 6 bfpr sequencing PCR products, the reactions were first run on low
staggered cut is then filled-in prior to or during the process afelting point agarose gels. The specific PCR products were
telomere addition. In support of this model, an adjacent pair @xcised from the gels and the DNA purified as descriBégd (
macronuclear-destined sequences has been characterized Tee DNAs were then directly sequenced using the same primers
overlap by 6 bp(8). employed in PCR. Sequencing was carried out by the University
In the current study we more thoroughly examine sequence$ Connecticut Health Center Molecular Core facility using the
near chromosome fragmentation sites. A large sample @hq Dideoxy Termination Cycle Sequencing Kit (Perkin Elmer
macronuclear DNA termini has been analyzed and a moreetus, Norwalk, CT).
extensive conserved sequence element containing theSequencing of the cloned DNA segments was carried out using
5'-TTGAA-3' core has been identified. Additional micronuclearSequenase kits (US Biochemicals, Cleveland, OH). For sequencing
fragmentation sites have also been examined to test the hypothedithe EC1 micronuclear clone and the Mac J and Mac C
that the sequence element may be positioned in either macronucleaacronuclear clones, selected restriction fragments were subcloned
destined or flanking micronuclear-limited DNA. The results of thes@to pBS or pKS plasmids (Stratagene, La Jolla, CA). Synthetic
analyses provide new insights into the chromosome fragmentatiaigonucleotide primers (Gibco BRL Life Technologies Inc.)
telomere addition process khcrassusand lead us to suggest a were then used in some cases to extend sequences determine
modified model of the process. from the vector priming sites.
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Analysis of DNA sequences microliters of this PCR reaction were then used as the substrate
for a second round of PCR using the ETEL-3GETGAC-

Conserved sequence elements in macronuclear DNA termini agd CCATTTTTAAGG-3) and ETEL-4 (5TTGTTTGACAG-
micronuclear junctions were defined using a previously describely TTGACGG-3) oligonucleotides as primers. For ReL29gene
statistical method2(). Briefly, sequences in the sample werethe first round of PCR employed oligonucleotides r29:4T G-
aligned relative to a reference point, which in this case was either tfie TCATACCGTGCTTTCC-3 and r29-2 (SAGTTCCTCTC-
first subtelomeric base or the chromosome fragmentation/telomeBTTGTCAAGG-3) as primers and the second round used
addition site. The overall frequencies of each basér(fc and  oligonucleotides r29-3 (lSTGACCTCTGAGTTTCCTCG-3
fc), as well as the overall frequencies of each combination of thre@d r29-4 (SAGGTGCCTGTGTATTGAGAG-3. In all cases,
basesf@arc, frce, etc.), were then calculated for the entire samplezs cycles of amplification were carried out, with a cycle consisting
The average expected occurrence (expected mkBrior each  of 95°C for 1 min, 45 or 46C for 75 s and 7 for 135 s.
base or combination of three bases at each position was nextor PCR amplification of the macronuclear LTEL terminus,
calculated asifg, wheren is the number of sequences in the1.5gE.crassustrain X1 total cellular DNA were run ona 1.2%
sample. The expected standard deviation was calculated as [§\® melting point agarose gel and the region of the gel containing
square root ofnfg(1 — fg). Positions where the observed DNA moleculesl.4 kb in size was excised for use as the
occurrence of a base or a combination of three bases exdéedegubstrate. The first round of PCR was carried out using
+2 SD were considered to be significant. oligonucleotides LTEL1 (SGGCTTTAAGGTGAATCTGAG-3)

The sample of macronuclear DNA termini analyzed includednd GA4 28mer (5-CCCCAAAACCCCAAAACCCCAAAA-
the newly sequenced macronuclear DNA ends noted above. T CC-3) as primers. The second round of PCR employed
addition, the sample included sequence data from the following'E| 2 (5-CATCATTCTCTCAAGGTAAG-3) and GA,4 28mer
previously sequenced termini of macronuclear DNA moleculegs the primers. Each round of PCR consisted of 25 cycle$@f 95
most of which contain genes of known function, that wergor 1 min, 50C for 75 s and 7 for 1 min.
available in GenBank (accession nos are given in parentheses)some of the above two-step PCR strategies resulted in a weak
telomerase RNA (M33461JLEE (M73025), phosphoglycerate specific product band with additional background PCR products.
kinase (U97355); V3 (U47679x0nZA8 (AF061334); actin  To enhance specificity and product yield, once candidate PCR
(J04533) MACET3(M63336);y-tubulin 1 (X85234)y-tubulin  products were identified, first round PCR reactions were
2 (X85235); ribosomal protein L29 (U13207); histone H3sybjected to electrophoresis on low melting point agarose gels.
(U75429); histone H4 (U75430); telomere binding proteinThe region of the gel containing DNA fragments of the size
(M96818); telomere binding protein homolog (M96819); V2predicted for first round PCR products (usually weak or not

(M28500);B-tubulin (J04534); V1 (M28500); D7 (M28498); D8 yisible) was excised and this material was used as the substrate
(M28498 and M28499y,0nF5(AF063084),conZB1(U65646).  DNA for the second round PCR reactions.

A compilation of the sequence data used in the analysis is
available on request.
Using the above method, some single positions displayd®ESULTS
non-random base composition for both a single base and a , ) ,
combination of three bases. For the consensus sequences,ARalYsis of subtelomeric regions of macronuclear DNA

have chosen to display significant single bases in the consensys . . .
when their frequency is >0.60 in the sample and the three baiée analysis of macronuclear subtelomeric sequences examined

combination when the frequency of the single base is <0.60. Al btal sample of 100 macronuclear DNA termini. Forty two of the
included in the consensus are positions within or adjacent Srmlnal sequences were from previously characterized macro-

conserved clusters, where a single base was present at a frequ 2 li/laétlrjmoNdAs )m_cl_)cl)eiﬂélfesag]::r?éig%a'Ilzbslfzgn Sﬁ:gf‘g;ﬂgggﬁif
of >0.5. These positions are indicated in lower case. : P !

an additional 33 randomly selected clone& @fassusnacro-
nuclear DNA molecules were sequenced. These new terminal
Polymerase chain reaction sequences have been deposited in GenBank under accession no
AF068575-AF068614, AF069914-AF069917, AF069919-
PCR was carried out using either a mixture of Taq polymerag&g-069931 and AF077371.
(Gibco BRL Life Technologies Inc.) and Vent polymerase (New A previously described statistical methasb) was employed
England Biolabs Inc., Beverly, MA) or KlenTag polymeraseto identify conserved sequence elements near the ends of
(Sigma, St Louis, MO), using buffers and reaction conditionsnacronuclear DNA molecules. This involved aligning the first
supplied by the manufacturers. All reactions were carried out B0 subtelomeric bases of the 100 macronuclear DNA ends and
a MJ Research PTC-150 MiniCycler (Cambridge, MA). then calculating the overall frequency of each base for the entire
For inverse PCR2(7) reactions to isolate sequences flankingsample. The first subtelomeric base is operationally defined as the
the micronuclealelRNAandRPL29genes, DNA isolated from one following the last block of four C residues in th€5A4-3'
developing macronuclei 40 h after mating was used as a substrédééomeric repeats. Based on the overall base composition, an
The 40 h DNA was digested witHindlll and then ligated at a expected mean occurrence and standard deviation for each of the
concentration of 2.5 ngl to foster intramolecular circle formation. bases at any given position, as well as for all possible combinations
Aliquots of 12.5 ng ligated DNA were then used as the substrabé three different bases (ATG, TGC, GCA and CAT), was
in 50 ul PCR reactions. calculated (analyses of all possible combinations of two bases
Forinverse PCR of tHeeIRNAgene, the first step PCR reaction were also performed, but provided little additional information
used primers ETEL-1 (BCATTTTGAATCCCTGACCTC-3) and will not be discussed). Subtelomeric positions where the
and ETEL-2 (5CTAAACGCACCTATTGATCG-3). Five actual (observed) frequency of a particular base or a combination
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of three bases exceedddl + 2 SD were considered to have likely to play a role in directing chromosome fragmentation/
significant deviations from random base composition. The analydislomere addition and will refer to the element asBbplotes

of three base combinations, in effect, provides a means of assessihgpmosome breakage sequence (E-Cbs).

whether single bases are under-represented at a particular positiothe above considerations indicated that a mixed sample was
It should also be noted that this statistical approach compensatestfeing considered in the original analysis of the 100 macronuclear
the overall AT-richness of the subtelomeric sequences (the sampIBIA termini, i.e. the sample contained ends with the E-Cbs core
of 100 termini had the following base composition: A = 0.40peginning at position 18, as well as ends lacking the E-Cbs or
T=0.35 C=0.10 and G = 0.15). having itin a slightly different position. As a result, we carried out

FigurelA graphically displays the results of the analysis for théhe same type of analysis on the 62 macronuclear termini
entire sample. Black bars are shown at all subtelomeric positiopsssessing a strong match to the E-Cbs core beginning at
where single bases displayed significant deviations from thgubtelomeric position 18 to determine if a more robust consensus
average expected occurrence; open bars are shown for positiengld be derived from this selected sample (H). The overall
where a combination of three bases were signifisadtwvhere  results were quite similar, but the actual frequencies of conserved
the frequency of a single significant base did not exceed 0.6@ses (or combinations of three bases) increased in the E-Cbs
(note that a single position can display a significant deviatioregion and additional positions with significant deviations from
from random base composition for more than one single bagghdom base composition were observed. The increase in the
and/or combination of three bases). Three clusters of positioagsolute frequencies of the BTGAA-3' core bases themselves
with significant deviations from the overall base composition argre not unexpected, as the sample was selected on this basis
evident. First, within positions 46-50 there are over-abundancktowever, the increases in frequencies at the flanking positions
of ACG, G and C. Both the' and 3 subtelomeric non-coding provides an indication that these positions co-vary with the core and
regions of macronuclear DNA molecules Encrassusare are likely significant for the function of the E-Cbs. The overall
extremely short, frequently <50 bp in lengtB)( Thus, this small  E-Cbs consensus sequence derived for subtelomeric positions 16-25
cluster of significant positions is likely the result of simplyiS Ho.95%0.6970.9510.9930.98%0.95%0.76%.50H0.97H0.95 (note that
impinging on coding regions, which are more GC-rich than théhe a at position 23 is not statistically significant by our criteria,
subtelomeric non-coding DNA. but is included in the consensus because it is within the cluster of

A second cluster of positions that has significant deviationgonserved residues and is present in 50% of the sample). This
from random base composition is positioned adjacent to tifgquence is shorter than, but generally similar to, the previously
telomere. The first subtelomeric base is rareljcCat position ~ suggested consensusl) of 5-ATAUUWUTTGAWWW-3'

1 = 0.02) and positions 2—4 all show a moderate bias for T. (W = AT, U = AG and Y = CT). This previous consensus was

The third cluster of significant positions extends from subbased on the analysis of only seven sequences. The much larger
telomeric position 16 to 24. It centers on thd BGAA-3' motif ~ sample size in the present study and the statistically based analysis
previously identified as a conserved element at the ends @fthe sequences indicate to us that the current E-Cbs consensus
macronuclear DNA moleculest,(5). The overall consensus IS @ much better representation of the well-conserved positions at
sequence that can be deduced 'isg33V0.79T0.85T 0.6530.72 the ends of macronuclear DNA molecules.

Ao.7R0.6NHp 933 (V = ACG, H = ACT and N = ACGT,;
subscripts denote the observed frequency of the base or combin
of bases at the given position in the sample).

Inspection of individual sequences for strong matches to tteven allowing for some variation in the position of the E-Cbs,
well-conserved coré 3 TGAA-3' sequence (i.e. matches at fourthere are numerous macronuclear DNA termini that lack
of the five positions) produced two intriguing observations. Firsteasonable matches to the consensus. It was previously suggestec
62 of the 100 macronuclear termini contained strong matches (to1) that for these cases, the same sequence element exists in the
the core beginning at subtelomeric position 18. A significanfianking DNA in the micronucleus in inverted orientation, but is
number of the remaining macronuclear DNA termini (16 of 38positioned six bases closer to the site of telomere addition. To
that lack a strong match to the E-Cbs core beginning at positigivestigate this further, we sequenced eight new micronuclear
18 displayed a strong match to the core sequence positioned 1-3dgions containing chromosome fragmentation/telomere addition
closer to the chromosome fragmentation/telomere addition sitsites (junction sequences), as well as compiled previously
Only two termini had a strong match to the core sequence locatgégtermined junction sequences available in GenBank.

1-3 bp more distal of the usual placement. This suggests that th&he first approach to obtaining new junctions involved
sequence element can sometimes be positioned closer to $aguencing portions of a previously characterized cloned segment of
telomere of macronuclear DNA molecules. Second, for thmicronuclear DNA (clone EC24), as well as the termini of two
macronuclear DNA molecules where the subtelomeric sequena@gcronuclear DNA molecules (Mac J and Mac C) that are
of both ends were known, one could find instances where the caterived from this region of the micronuclear genome. The
was present at both ends, neither end, only the'@fithe coding  sequencing analysis is outlined in Fig@rend the obtained
region or only the end 8f the coding region. This is significant, junction sequences are shown in Figlirds is typical for other

as the conserved sequence element could potentially play a rofacronuclear-destined sequences, Mac J and Mac C are separate
in transcription, translation, DNA replication or chromosomeby a 417 bp spacer DNA segment that is eliminated during
fragmentation/telomere addition. The fact that the sequendevelopment (Fig2). The micronuclear copy of Mac J was also
element exists at thé-Jand/or 3-ends of coding regions lessens found to contain one 62 bp IES. Micronuclear Mac C completely
the likelihood that it is involved in transcriptional or translationalacked IESs, which is highly unusual, as only one other
control. While it remains formally possible that the sequencmacronuclear-destined sequence has been found to lack IESs in
element plays a role in DNA replication, we consider it morell hypotrich species studied at the molecular [e¥8J2@). In

aronuclear chromosome fragmentation sites
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Figure 1. Analysis of the subtelomeric sequences of macronuclear DNA molecules. Histograms display the results of statisticdl lzasdysamposition at each
subtelomeric position for the entire data set of macronuclear teAfifm € 100; Materials and Methods) and for the selected macronuclear DNA t@)rimi<( 62).
Black bars are shown only at those positions that have statistically significant deviations from random base compasiierb&sesi (A, C, G or T). Open bars
are shown at positions where a combination of three bases (ATC = H, TCG = B, CGA =V or GAT = D) displayed a statistiicalfyt sigviation from random
base composition, except for those positions where a statistically significant single base whose frequency was >0.6@sat.al$w@ pverall base composition
for the 100 termini analyzed in (A) was: A =0.40, T =0.35, C =0.10, G = 0.15. Bases or combinations of three basgzsetbaba particular position in excess
of the following values to be considered significant: A> 49, T>44,C>16,G>21,H>92, B > 69, V > 74 and D > 85dgoetices analyzed in (B), the overall
base composition was A = 0.40, T = 0.36, C = 0.10, G = 0.14. In this case, bases or combinations of three bases hatt &t beppréselar position in excess
of the following values to be considered significant: A> 32, T >29, C > 11, G > 14, H > 58, B > 45,V > 47 and D > 60.

regard to the E-Cbs, all four of the newly sequenced junctiomfbosomal protein L29RPL29 17) genes. The inverse PCR
possess good matches to the E-Cbs consensus within the registinategy for thefTelRNAgene is outlined in FigurdA. DNA
that will form the ends of the Mac J and Mac C macronucleasolated from developing macronuclei at the late polytene
DNA molecules (Fig4). chromosome stage (40 h after the start of mating) was used as the
In the second approach, we specifically sought to characterizabstrate for inverse PCR, rather than micronuclear DNA. The
micronuclear junctions where the corresponding macronucleeationale for this is that the inverse PCR procedure requires that
DNA molecule was known to lack the E-Cbs at one end. This waise substrate DNA be digested with a restriction enzyme that does
accomplished using inverse PCR)(to determine the micronuclear not cut within the region of known sequence and then ligated at
junctions for the two previously characterized macronucleaa low DNA concentration to foster circle formation (Fag).
chromosomes that carry the telomerase RIRARNA 29) and  While the sequences of the macronuclBelRNAand RPL29
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macronuclear DNA molecules (Mac J and Mac C) derived from this region of the -
genome. Sequenced regions are indicated by stippled rectangles and the positio L. PCR with ETEL1 + ETEL2
of an IES is indicated by a black box.S8}; E, EcaRl; H, Hindlll; X, Xbd. 2, PCR with ETELS + ETEL4
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genes are known, the micronuclear copies of the genes me
contain IESs that introduce unanticipated restriction sites. Thit C
potential problem is reduced by using the 40 h DNA from the : 500 bp _310bp
developing macronucleus, as most IESs have been removed | e Fdo
this time but chromosome fragmentation has not yet occurre: - ; ]
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We obtained a 1.6 kb PCR product for Te#dRNAgene from
the two-step inverse PCR procedure (Bijand C) and a 0.9 kb
PCR product for th&PL29gene (data not shown). Sequencing Figure 3.Inverse PCR of the chromosomal copy of TRERNAgene. A) The
of the junction regions from the PCR products revealed that fopverse ﬁg;TZ}s&?yeisedéﬁgreimrrgcetgh bggigrr]“”?E"SVisth rae ;‘Zﬁ;ejgnafgitosnhg\flvge
the two ends where the macronuclear-destined Seq.uence lacgaagr?lgﬂﬁing micronugclear D%A (Iines).??oysitioﬁs of oIFi)gonucIeotides used as
the E-Cbs, a good match to the element was present in the flankiBgr primers are indicated below the maps, with the arrows denoting the
micronuclear DNA (Fig4). In both cases, the orientation of the direction in which they prime DNA synthesi)(Agarose gel displaying the
E-Cbs is inverted and the coreTd GAA-3' is positioned beginning  PCR product obtained from tfielRNAinverse PCR procedure (lane PCR),
at base 12 from the fragmentation/telomere addition site. along with size markers (lane M). Sizes of selected marker DNAs are indicated

Fiqure4 pr nts a compilation of all the known micronuclearm kb. (C) Restriction map of the 1.6 kb PCR product obtalne(_j using the inverse
_ rlgure4 prese p . h PCR strategy for th&IRNAgene TelRNAmacronuclear-destined sequences
junction regions. Seventeen of the 21 junction sequences hayg indicated as open boxes. The location of the LTEL macronuclear-destined
strong matches to the E-Cbs core within the macronuclear-destineeluences are also indicated (shaded box), along with locations of PCR primers
sequence, beginning at either 17 or 18 bases from the chromosofREELL and LTEL?) used in later analyses.
fragmentation/telomere addition site. The four junctions that do
not have a good E-Cbs core match in the macronuclear-destined
DNA (TelRNA5', RPL295', V2-I and V3-I), all have a strong be found in the adjacent micronuclear DNA in inverted orientation
match to the E-Cbs core in the flanking micronuclear DNA &ig. and positioned with the core beginning 12 bp from the site of
In each of these instances, the element is inverted and positiorielbmere addition.
with the core beginning at position 12 from the telomere addition Finally, we would like to note two additional aspects of the
site. Two of the junction&=FA1-3' and D8-r) have good matches known micronuclear junctions. First, the V2-r junction contains
to the E-Cbs in both the macronuclear-destined antkiflg the poorest match to the E-Cbs (4/10 positions overall and only
micronuclear DNA. 3/5 positions in the core; Figl. Interestingly, one of us

A statistical analysis of the micronuclear junction sequencdgs.A.Klobutcher, unpublished results) has recently obtained
using the same procedure employed for the macronuclear DN&vidence that this particular fragmentation site is sometimes not
termini was also carried out (data not shown). In this case wailized during macronuclear development, i.e. in some cell lines
aligned all the junction sequences relative to tRET8&AA-3'  generated by independent episodes of macronuclear development
core (i.e. junctions with the E-Cbs in flanking micronuclear DNA(exconjugant clones), a subset of the V2 macronuclear DNA
were inverted for the analysis and junctions where the core begamolecules retain the flanking spacer micronuclear DNA. The
at position 17 were shifted by 1 bp). The results again indicatgmor match to the E-Cbs may explain the inefficient use of this
that there is a cluster of positions with significant deviationfragmentation site. Second, there are six junctions where the
from random base composition with the consensumicronuclear-limited base, or bases, directly adjacent to the
V0.96T0.87T0.8751.0020.9720.89\NA g 61. This consensus sequence chromosome fragmentation/telomere addition sites (position —1,
is quite similar to that obtained for the samples of total an#ig.4) are C residues. These junctions, in fact, represent cases where
selected macronuclear DNA ends (Fig, but some of the we cannot unambiguously define the chromosome fragmentation/
significant positions observed for the macronuclear DNA endglomere addition site, because the telomeric repeat begins with
are not observed. This is likely the result of the smaller sampfeur C residues on thé-Bnds of macronuclear DNA molecules.
size for the micronuclear junctions. Overall, the results indicate thettriguingly, three of the four caseRFRL293', C1-r and Ec2-%
the E-Cbs is most frequently present in the macronuclear-destinetiere the core 'sSTTGAA-3' of the E-Cbs is positioned
DNA. However, in cases where it is absent in this position, it cameginning at position 17 from what is shown as the ‘telomere
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Chrom. Frag./Tel. Add. Site

'

Macronuclear-destined DNA

-30 -20 -10 10 20 30

Junction * * * * * *

Mac C-r TTGTCCACAAAATATCCTTTCAAGCTTATC TTAAAGAATATTAAAATTGAAAAATCATCT
Mac C-1 CAGCATGCTAACTGCATGGTTTGCATATTC TTAAGATCCACATTTTATTGAACTTATTGA
Mac J-1 TGAGCGCTGGGAATTGAATTTTGGGGTAAG TAATTCTTCATAAAATATTGAAAATTTAGA
Mac J-r AAGAATAATTTATACCAGCATGGTTAGAAA TATCGAACAGTCAAGTTTTGAAACCTAAAA
TelRNA-S’ (LTEL) TATAAATTTATAATTTCTATAAAAAGTTCG AAATCTGATAAAATTATTACGAATAGAATT
TelRNA-3’ TAATACAAAATTGTGATGCTAACAATAGCA TTTCAATCCTTCCCAAATTGAATATAATGG
RPL29-5’ TGATTGAGGGTGGCTTCAATGGAGTCTGAG ACATTATATTATTATTTTATAACTAAAAAC
RPL29-3’ ATTTGTAGAGAGTTCCATAAGAATAGACCC TCGCAATACCTCTTGCCTGAATAT CGAGAT
Vi-r(v2-1) AAGAATACTTATTTITCAAGATTTATATAA GTAAAATAATTATAATTAAATATGAGCGAA
v2-r AGAGGTGAGGGGAGGTTGGGAATTTAGGGG GATTTAAGTGGTGGGGGTTGGTTAGATTAT
v3-1 AGAGAAATTAGGGAATCAATTTTTTTGGGA GAAAATATTCAAATTTTAAAAACATTATTT
EFA1-5’ TAAGGGTAGTTTATGTATAAAATGACTAAC GCGATAAATTTTCCGAGTTGAGCGATTTTT
EFA1-3’ CAATTCGCGAAGTATTCAATAACTTCATTA ATATGATGACTATACTATAGAAGAGAGAAA
EFA2-5’ ATTTTAGAGAATAATTTTGAGGAATCTATA ATACTCTCAATTTGTGTAGAATAATAAGTA
EFAZ2-3’ ATGCAGGAACAAAAATCCTCAAGAACCTTC GAATTTCTGATGAGAAGTTGAATTATTTTC
Ec2-5’ ... ACTAAAATTTTCTTGATGTGAGTCAAC TTGAGTTACTTTCTAGATGAAAAATACAAT
Ec2-3’ TTTTAGGGGGTATCCTAATGTCTAAATTTA TTCAGTTAAGAAATTAATTGGACATGCTAT
D8-r TAATCAATAATATTITCAATATTTATGAAA GTTAAAATTATAAATACTTGAAATTTTAAT
D8-1 TATTCCATTATGGCTTATAGTATTTCTCCA ATTTTAGAGTACAGTAGCTGAATTAATAAT
D7-r AATACTATAAGCCATAATGGAATACCTACA TTCGTTTTGTATTTGAGTITGAAAAATGAAC
conZA8-1 ATCTTAGAGTAGATATTTAGGATTTGAAGA ATTTGCTTCTAAAGCAGTTGACAAGGAAAA

Figure 4.Micronuclear junction sequences. The first eight junction sequences shown are those determined in this study, whildeheezenpirblished previously.
The positions of the chromosome fragmentation/telomere sites are indicated and macronuclear-destined sequences arevgeiethkyrigfht. Matches to the
5'-TTGAA-3' E-Cbs core are double underlined and flags denote cases where the E-Cbs core begins at position 17, as opposed fiocdhpasitisntyg, when
positioned in macronuclear-destined DNA. In the sequence namesnd5-3 denote the junctions upstream and downstream of coding regions in
macronuclear-destined sequences, where known. In cases where coding regions have not been identified, -| and -r dandtaghgjlefttions of macronuclear
destined sequences relative to previously published maps. For the two junctions where overlapping macronuclear-desterdreepremant, the name of the
second macronuclear DNA molecule is given in parentheses. The full names of the genes present in the macronuclear-dastsenf fegjjunctions and their
GenBank accession numbers or appropriate reference sources are as follows: Mac C (AF072706 and AF072708); Mac J (AFOFR7Q7CH)TARNA
(telomerase RNA, AF061108 and AF0611@PL29(ribosomal protein L29, AF061111 and AF061112); V2 and V28B00); V3 (protein kinase, M2850@FAL
(elongation factor-d-1; 41); EFA2 (elongation factor-d-2; 41); Ec2 (M73022 and M73023); D8 (M28498 and M28499); D7 (M28488¢ A8(AF063083).

addition site’ in Figuret fall into this ambiguous category. This sequence an@50 bp of flanking micronuclear DNA, showed no
raises the possibility that chromosome fragmentation/telomets/bridization to macronuclear DNA (FigA). This indicates that
addition is actually occurring to the left of the —1 position for thesthe sequences adjacent to the chromosome fragmentation/telomere
three junctions, so that the distance relationship to the E-Cbsadddition site at the'@&nd of theTelRNAgene represent spacer
actually constant. The potential significance of this latteDNA that is eliminated during macronuclear development.
observation with regard to the telomere addition process will bgimilar hybridizations with probes from tR®L29micronuclear
addressed further in the Discussion. PCR product indicated that both ends off#.29macronuclear-
destined sequence are flanked by eliminated spacer DNA (data
A second macronuclear-destined sequence overlaps the not shown). In contrast, a 500 blindlll fragment, containing
micronuclear TelRNA gene only 164 bp of the "send of theTelRNAmacronuclear-destined

In the micronuclear genome, adjacent macronuclear-destin88duence, hybridized strongly to 1.4 kb macronuclear DNA
sequences are typically separated by a developmentally eliminafB@lecules (FighA; note that hybridization to the 0.67 kKBIRNA
spacer DNA segment & this study). However, i.crassusone ~ macronuclear DNA was also seen on longer exposure). This
pair of adjacent macronuclear-destined sequences has been fotli§érates that a second macronuclear-destined sequence exists ir
to over|ap by 6 bp1(8) To determine if other macronuc|ear.destinecplose prOXimity to the fragmentation/telomere addition site at the
DNA sequences were located adjacent tdéti@NAandRPL29  5'-end of theTelRNAmacronuclear-destined sequence. We refer
genes in the micronucleus, Southern hybridizations to macronucldar this as the LTEL éft of TeRNA macronuclear-destined
DNA were carried out using restriction fragments from thesequence (Fig3C).

inverse PCR products as probes. A 310Nuf# restriction To determine the position of the chromosome fragmentation/
fragment from theTelRNA inverse PCR product (Fig3C), telomere addition site that generates LTEL, we employed a
containing 64 bp of thé-&nd of theTelRNAmacronuclear-désed  procedure termed MAC-end PCB3] to isolate a terminus of the
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Mac-end Mic.
PCR

0.3 kbp

Hde 1
05 kbp
Himad N1

3.0
2.u~r L]
1.6_1, -—1.4
1.0—

0.5—

D.

TedRNA Mae. S LTOTTAAAATICTATICG TAATAATTTTATCAGATT At.’.\.[(i_"l'_‘j-]'
Mie. S GTUTTAAAATTCTATTOG TAATAATTTTATCAGATTTAGAACTTTTTATAGAAATTATAAATTTATAAAAG,..-F
LTEL Mag, 5'-I('4_\_|] TTTAGAACTTTTTATAGAAATTATAAATT TATAAAAL...-}

Figure 5. Analyses of the LTEL macronuclear-destined sequeAgeAtoradiographs of Southern hybridizations of the 0.8l&d and 0.5 kiHindlll fragments

of the 1.6 kb inverse PCR product from the micronudleBRNAlocus toE.crassusvhole cell DNA. B) Agarose gel displaying the product obtained fdind kb
E.crassusnacronuclear DNA after two cycles of PCR using primers LTELLA4@8mer and LTEL2 + gA4 28mer (lane Mac-end PCR), along with DNA size
markers (lane M).Q) Agarose gel displaying the product obtained ferassusnicronuclear DNA after two cycles of PCR using primers ETEL2 + LTEL1 and
ETEL4 + LTEL2 (lane Mic PCR), along with DNA size markers (lane M). Sizes of selected marker DNA fragments, hybridizinggbi¢Atsand PCR products

are shown in kb.[¥) Comparison of the micronuclear sequence off#iRNAgene and its left-flanking region (Mic.) with the termini of feRNAand LTEL
macronuclear DNA moleculeS€lRNAMac. and LTEL Mac., respectively). The telomeric repeats at'{t@n8 3-ends of the macronuclear DNA molecules are
abbreviated as 24 and GTj, respectively, and the region matching the E-Cbs core is underlined. The sequence of the macronuclear LTEL termines is deposit
in GenBank under accession no. AF061110.

LTEL macronuclear DNA molecule. MAC-end PCR takesobtained from the 40 h DNA. This indicates that there are no IESs
advantage of the fact that all macronuclear DNA molecules hauetheTelRNALTEL junction region in the micronucleus and that
telomeric repeats at their ends, so thata@ligonucleotide can the two adjacent macronuclear-destined sequences do indeed
serve as a universal PCR primer. A PCR reaction usingverlap by 6 bp. This represents the second example of
gel-purified 1.4 kb macronuclear DNA molecules flerorassus  macronuclear-destined sequences with a 6 bp overijaiid
strain X1 as substrate was first carried out using LTEL1 8Elyy.  suggests that this situation may be relatively common in the
and a 28 bp oligonucleotide consisting ghgtelomeric repeats micronucleus. Thus, any model of the chromosome fragmentation/
(C4A428mer) as primers. A portion of this PCR reaction was thetelomere addition process must provide an explanation for how
re-amplified using LTEL2 (Fig3C) and GA4 28mer as the primers. such adjacent macronuclear-destined sequences can be resolvec
This procedure resulted in @200 bp PCR product (FigB) that
was then sequenced using LTEL2 as the primer. The obtaingfscyssion
sequence exactly matches the micronuclear DNA flanking
TelRNAin the micronucleus, except for the presence of telomeria this study we have examined a large number of macronuclear
repeats at the LTEL macronuclear terminus (BiD). More  DNA termini, as well as junction sequences in micronuclear
important, the data reveal that, in the micronucleus, the LTEDNA. Our results provide a number of new insights into the
macronuclear-destined sequence overlaps tif@RNAby 6 bp  E.crassushromosome fragmentation/telomere addition process,
(Fig. 5D). as well as substantiate and clarify previous observations. First,
Because the ‘micronuclear’ sequence of TRRNALTEL  through analyzing 100 macronuclear DNA termini, we have
region was obtained from a PCR product generated from 40phesented strong evidence for a conserved DNA element which
developing macronuclear DNA, it remained formally possibleve term the E-Cbs. The E-Cbs is found at one or both ends of most
that an |IES separated fhelRNAand LTEL macronuclear-destined macronuclear DNA molecules, most typically with the highly
sequences. To test for this possibility, a step-in PCR procedurenserved 5TTGAA-3' core beginning at subtelomeric position
was used to PCR amplify across fRelRNALTEL junction  18. By selecting and analyzing the subset of macronuclear DNA
directly from E.crassusstrain X1 micronuclear DNA. The first termini that show a strong match to the core, we have deduced an
round of PCR employed oligonucleotides ETEL2 and LTEL1 a&-Cbs consensus sequence @fobAo.6970.9570.9950.9820.95
the primers, while the second round used oligonucleotidesy 780 50H0.97H0.95 for subtelomeric positions 16-25. This
ETEL4 and LTEL2 (Fig3A). A PCR product of 0.34 kb was sequence is generally similar to a previously derived consensus
observed (FighC), which is the size predicted from the sequencéll), but the current statistically based analysis of a much larger
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A,

Mac B

Mac A

DNA, the E-Cbs is in inverted orientation and thd 5GAA-3'

core is positioned beginning at 12 bp from the telomere addition
site. The observation that the E-Cbs sometimes resides in flanking
DNA suggests to us that the most likely role of the E-Cbs is in

(RO .. .- spec!f_ymg chromosome fragmentation, rather than some fu_nctlon
3' . ‘nnnnnnnnnnnnRanRROnAONRRONRARNAACTTARNN . . 5! specific to macronuclear DNA molecules, such as replication or
A transcriptional control. In addition, the E-Cbs is unlikely to be
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directly responsible for telomerase recognition dudegnovo
telomere synthesis, as there are numerous cases where the E-Cb
is in flanking micronuclear DNA yet the macronuclear-destined
end still receives a telomere.

The E-Cbs sequence is intriguing in that a very similar
conserved sequence element resides within the terminal inverted
repeat of Tec transposon IESs and at one end of the short IESs of
E.crassus(5 and references therein). This has led to the
suggestion that there may be a link between chromosome
fragmentation and IES excision (e.g. a shared interacting protein;
5 includes a discussion of this issue). With regard to protein
recognition, studies of both macronuclear chromatin and naked
macronuclear DNA indicate that the BIGAA-3' core of the
E-Cbs contains DNase I-hypersensitive sites and is particularly

sensitive to DMS methylatiod §). This suggests that the element
B. _ 5 3 has an alternative DNA structure, which might aid in protein
f\ __./" L -_/,' recognition. _
ARAACCCE nag. . 3° AAARCCCC nonj. 3’ It should be emphasized, however, that even the extended
HNNINHNHHK . . 5* AR . 51 E-Cbs consensus does not appear to contain sufficient information
to restrict chromosome fragmentation to all appropriate positions
in the genome during macronuclear development. We have
. " carried out computer searches for the E-Cbs and have found
. 2 strong matches at internal regions of mature macronuclear DNA
f‘mcccc __f:___n. g Lmyﬁ_ﬂ;‘n 3 _molecules. Since these sites are not subject to fragmentati_or), this
TTTTGCCCHMNMNNNEN . | 5° TTTTGEEGHNNNNNG - . 5 implies that other features must be involved in specifying
chromosome fragmentation. This could include a second sequence
element that was not identified in our analyses. Alternatively, the
sequence context of the E-Cbs may be important, and the overall
Figure 6. (A) Model of chromosome fragmentation adée novotelomere Al-richness of the SUbtel.ome”C regions 15 nOteW.orthy n thIS_
formation inE.crassusA stretch of micronuclear DNA containing overlapping regard. Also, r_ecent Stqdles suggest that alternative chromatin
macronuclear-destined sequences (Mac A and Mac B) is shown at the top iftructures are involved in the DNA rearrangement processes of
association with proteins that interact with the E-Cbs (blue oval) and carry oumacronuclear development in b&ltrassu$34) andTetrahymena
chromosome fragmentation (yellow circle). Mac A and Mac B macronuclear-éia_ It is possible that some E-Cbs-like sequences in the genome

* De nove Telomere Synthesis

destined sequences are shown in blue and red, respectively, except for the 6 . . - .
shared between them (black) and the core of the E-Cbs is underlined. Bas e mas!@d from the fragmentat|on maChmery by virtue of their
romatin structures.

synthesized during the chromosome fragmentation/telomere addition proces8 - ) o .
are shown in green. See text for additional details of the m@&jee novo Finally, the E-Cbs shares little sequence similarity with the 15 bp
telomere addition by telomerase. Telomerase is represented as a green oval withs element (BAAAGAGGTTGGTTTA-3) in Tetrahymena
a portion of telomerase RNA shown in red with the telomeric repeat templat ; :
region (3-CCCCAAAA-3) highlighted. At the left, telomerase is shown hat has been.s.hown to. be requwed for Chromosome fragmentation/
interacting with a newly generated terminus of a macronuclear-destined€/omere addition (reviewed if). Moreover, in contrast to the
sequence (blue lettering) where thée8minus does not have a G residue (H). E-Cbs, theTetrahymenaCbs always resides within flanking,
De novotelomere synthesis initiates by adding four G residues followed by foureliminated micronuclear DNA and appears to work in an
T residues. At the right, thé-8nd of the macronuclear-destined DNA has a G orientation-independent manner. This suggests that there may be
residue that aligns with part of the template of telomerase RNA. In this situation,_. ificant diff in the ch : f tati
telomere synthesis begins by adding three G residues followed by four T residueSignificant di erences in the chromosome fragmentation processes
of these two distantly related ciliates. With regard to other
hypotrichs, our results are probably relevant to okhglotes
species, as many macronuclear DNA termintiaediculatus
sample indicates to us that the newly derived consensus providesctocarinatugndE.eurystomupossess at least the core of the
the better representation of the E-Cbs. E-Cbs at the same positionEasrassug4; GenBank entries). For
Second, although most macronuclear DNA termini possess theore distantly related hypotrichous ciliates, sucBtgonychia
E-Cbs, there is a significant minority that lacks it. By analyzinggndOxytrichaspp., one can often find reasonable matches to the
micronuclear junction sequences, we have found that strong matcBe€bs core near fragmentation sites and some of these are
to the E-Cbs can be found in the flanking micronuclear DNA in alositioned as inE.crassus Moreover, there is one case of
cases where an E-Cbs is absent from the terminus of tbeerlapping macronuclear-destined sequend@gytricha nova
macronuclear-destined sequence (Bjg.When in micronuclear where the overlap can be viewed as being 86p However, the
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observed heterogeneity in the fragmentation/telomere additian vivo, as Southern hybridization studies have consistently failed
process in these more distantly related hypotrichs (reviewigd into detect newly fragmented forms that lack telomes&3. (This
greatly complicates the interpretation of these data and makesitggests that a protein complex may be carrying out the two
unclear if the E-Cbs is a relevant feature for hypotrichs other thgmocesses. While there is as yet no direct evidence for the
Euplotes association of fragmentation activity with telomerase, there are
other indications that telomerase interacts with other proteins.
During de novotelomere addition, synthesis of the G-rich and
C-rich strands are coordinated, suggesting that telomerase and
DNA polymerase are part of an interacting complé&x).(
Moreover, Bednenket al (39) have presented evidence that
telomerase interacts with a novel factor during macronuclear

A refined version of the model is presented in Figumnsidering development that appears to be importantitonovotelomere

a case of overlapping macronuclear-destined sequences. T¥fgeat addition.
arrangement was chosen because it, in effect, mimics the two
general situations we have observed; the E-Cbs resides withifiplications for telomere addition
what will become the subtelomeric region for one of the
macronuclear-destined sequences Eidlac B) and in whatis The analysis of macronuclear DNA termini also revealed a
in effect flanking micronuclear DNA for the other macronuclearnon-random base composition at the first four subtelomeric
destined sequence (F& Mac A). In our model the E-Cbs serves positions: the first position is almost never a C residue, while
as a positioning element that interacts with the chromosonp®sitions 2—4 have a significant bias for T residues {rigince
fragmentation machinery. This interaction may be with the¢he absolute frequencies of the bases at these positions do not
protein that actually carries out strand cleavage or, alternativelpcrease substantially in the data set selected for matches to the
with a second protein that interacts with the proposed endonucledSeCbs core (FidlB), it seems unlikely that the sequences at these
The positioning serves to direct the machinery to produce gositions serve to direct chromosome fragmentation. We suggest
double-stranded break in the DNAdbthe E-Cbs. The top strand that they are important for the telomere addition process.
is cut 11 bp from the’SF TGAA-3' core of the E-Cbs, while the Specifically, the T residues, which would be A residues on the
bottom strand is cut 17 bp upstream of E-Cbs, producing a 6 bpposite DNA strand to which telomerase adds telomeric repeats,
3'-overhang. The'overhang serves as a substratedfonovo may be involved in interacting with either the protein or RNA
telomere addition by telomerase, which adds repeats of tieemponents of telomerase. Such interactions could serve to
sequence I 4in a 5- 3' direction. Finally, the gA4 strand of  position the 3end for telomeric repeat addition.
the telomere appears to be synthesized by a conventional DNAThe strong bias against having a C at the first subtelomeric
polymerase 37) and we postulate that the gap formed by thegosition, which corresponds to an absence of G on the opposite
initial cleavage event is also filled-in by this process. strand, is likely a reflection of the mode of action offt@assus
A key virtue of the model is that the proposed 6 bp staggeradlomeraseln vitro, telomerase from both vegetative cells and
cut explains the two observed positions of the E-Cbs, relative tells undergoing macronuclear development efficiently adds
the telomere addition site, in macronuclear-destined as oppogetbmeric repeats to thé-8nds of oligonucleotides consisting of
to flanking micronuclear DNA. As can be seen in Fighrthe  the telomeric repeat sequen&®,40). The developmental, but
E-Cbs core is located beginning at base 18 from the telomere fuoot the vegetative, telomerase will also add telomeric repeats to
Mac B, while for the Mac A macronuclear DNA molecule, it issingle-stranded oligonucleotides that have a single telomeric
located 12 bp away from the ultimate site of telomere additiomepeat at the'send but non-telomeric DNA at thé&nd (39,40).
The model also provides a straightforward scheme for howhe latter situation somewhat mimics the typdeohovaelomeric
overlapping macronuclear-destined sequences can be processgeat addition that must occur on the ends generated by chromo-
into two separate macronuclear DNA molecules that share 6 bpme fragmentation. Melekt al (40) have shown that the
of subtelomeric sequencél( contains a discussion of other developmental telomerase usually begins telomere addition onto
means of resolving overlapping sequences). It should be notedn-telomeric 3ends by adding four G residues, followed by four
that while the data suggest an end with a 6 bp overhang as theesidues (FigGB). However, when the non-telomerieshd of the
product of fragmentation, they do not predict whether it will beoligonucleotide contains a G residue, only three additional G
a 3- or 5-overhang. The previous model of chromosomeesidues are added, followed by four T residues (Bi),
fragmentation suggested adverhang {1), which was filled-in  i.e. telomerase recognizes the terminal G (or G residues),
by a DNA polymerase prior to the telomere addition procesgresumably through Watson—Crick base pairing with the template
Based on what is now known about telomerase activity, we favoegion of telomerase RNA (FigB) and adds only enough
a 3-overhang.In vitro, telomerase prefers to add telomericadditional G residues to form a complete repeat. The almost
repeats to oligonucleotides with single-strandégn@ls, as complete lack of C residues (G on the strand subject to telomere
compared with blunt-ended double-stranded oligonucleotidexddition) at the first subtelomeric position provides an indication
(38). Ultimately, studies aimed at detecting the predictedhat the same mechanism is operaimgivo.
fragmentation intermediates with eithér & 3-overhangs will This type of model also helps explain the subset of macronuclear
be needed to resolve this issue. DNA termini containing the E-Cbs sequence located 1-3 bp
Finally, while the model shown in FiguBesuggests that the closer to the telomere. In our analysis of micronuclear junctions,
chromosome fragmentation proteins and telomerase are sepafate junctions had the E-Cbs shifted 1 bp closer to the telomere
entities, this may not be the situation vivo. Chromosome (Fig. 4). For three of these junctions, the first micronuclear base
fragmentation and telomere addition appear to be closely coupldnking the ‘chromosome fragmentation/telomere addition’ site

A refined model of chromosome fragmentation/telomere
addition

Our results generally support a previously proposed model
chromosome fragmentation/telomere additioR.icrassug11).
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is a C (Fig4), corresponding to a G on the opposite strand. As w0 Vermeesch,J.R. and Price,C.M. (1981). Cell. Biol, 14, 554-566.
have noted, these represent cases where the telomere addition'gjté3aird.S.E. and Klobutcher,L.A. (198Ggnes Dey3, 585-597.
b

is ambiguous, i.e. fragmentation/telomere addition could
occurring at the position indicated in Figute Alternatively,

Yao,M.-C., Zheng,K. and Yao,C.H. (19&%ll, 48 779-788.
Yao,M.-C., Yao,C.H. and Monks,B. (1990ll, 63 763—772.

14 Coyne,R.S. and Yao,M.-C. (199B¢netics 144 1479-1487.

chromosome fragmentation may have occurred 1 bp to the leftof Price,C.M. (1990Mol. Cell. Biol, 10, 3421-3431.
the position indicated (Fid, position —1), if telomerase initiated 16 Shippen-Lentz,D. and Blackburn,E.H. (199@)ence247 546-552.
telomere synthesis by adding only three G residues in forming thé Jahn.C.L., Erbeznik,M., Jaraczewski,J.W., Melek,M. and Shippen,D.E.

first repeat. We favor the latter situation, as it implies that theg
E-Cbs consistently directs cleavage to a defined upstream
position. Further evidence for this hypothesis may come frore

(1994)Geng 151, 231-235.

Baird,S.E., Fino,G.M., Tausta,S.L. and Klobutcher,L.A. (1989)
Mol. Cell. Biol, 9, 3793-3807.

Roth,M., Lin,M. and Prescott,D.M. (198B)Cell. Biol, 101, 79-84.

analyzing the micronuclear copies of some of the macronucledt Ausubel,F.M., Brent,R., Kingston,R.E., Moore,D.D., Seidman,J.G.,

DNA ends where the E-Cbs appears to be shifted 2 or 3 bp closer

to the telomere. We would predict that the immediately flanking,
micronuclear DNA in these instances should consist of two ang
three C residues, respectively.
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