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ABSTRACT

Among the polymerases, DNA polymerase a-primase
is involved in lagging strand DNA synthesis. A previ-
ous report indicated that DNA polymerase a-primase
initiates primer RNA synthesis with purine bases on
a single-stranded G-rich telomere repeat. In this
study, we found that DNA polymerase o-primase
precisely initiated with adenosine opposite the
3’-side thymidine in the G-rich telomere repeat
5-(TTAGGG),-3’ under rATP-rich conditions. Then,
DNA polymerase o-primase synthesized the nascent
DNA fragments by extending the primer. It was
remarkable that DNA polymerase o-primase further
expanded the product DNA far beyond the length of
the template DNA, as ladders of multiple hexanucleo-
tides on polyacrylamide gel electrophoresis. Using
an oligomer duplex 5-A(GGGTTA);-3"/5-(TAA-
CCC);T-3’ as a template—primer, we show that both
the Klenow fragment of Escherichia coli DNA
polymerase | and HIV reverse transcriptase could
expand telomere DNA sequences as well, giving
products greater than the size of the template DNA.
The maximum product lengths with these polymer-
ases were ~40-90 nt longer than the template length.
Our data imply that DNA polymerases have an intrin-
sic activity to expand the hexanucleotide repeats of
the telomere sequence by a slippage mechanism and
that DNA polymerase o uses both the repeat DNA
primers and the de novo RNA primers for expansion.
On the other hand, a plasmid harboring a eukaryotic
telomere repeat showed remarkable genetic instabil-
ity in E.coli. The telomere repeats exhibited either
expansions or deletions by multiple hexanucleotide
repeats during culture for a number of generations,
suggesting involvement of the slippage mechanism
in the instability of telomeric DNA in vivo.

INTRODUCTION

Instabilities in homopolymeric and dinucleotide repeat
sequences are associated with biological functions and
diseases, adaptive mutations in Escherichia coli genes (1,2)

and the p53 tumor suppresser gene in human cancers (3) and in
human hereditary colon cancers (4—6). These repeat instabili-
ties may be caused by replication errors through a realignment
of templates—primers (7,8). Trinucleotide repeat expansions
are also associated with various human genetic diseases (9).
The expansion of CAG/CTG, for example, is found in
Huntington’s disease, spinal and bulbar muscular atrophy,
spinocerebellar ataxia types 1, 2, 6 and 7, dentatorubral-
pallido-luysian atrophy and Machado—Joseph disease in the
coding regions and myotonic dystrophy in the non-coding
regions (9—14). Trinucleotide repeat expansions appear to be
byproducts of DNA replication rather than DNA recombination,
because the expansions occur mainly towards the 3’-ends of
the repeat tracts and are in linkage disequilibrium with
franking markers (15). Consistent with this hypothesis, insta-
bility is detectable in in vitro experiments using synthetic
oligonucleotide repeats and DNA polymerases (16,17). In
order to elucidate what triggers these unusual DNA syntheses,
we introduced one to six mismatches in CAG/CTG repeats
flanked by non-repetitive sequence and observed a mismatch-
dependent repeat expansion (18). Recently, mismatch-
dependent repeat expansion has also been shown in AAT/ATT
repeats (19) and to be affected by temperature, Mg concen-
tration (19), abasic sites (20) and hairpin stability (21,22).

In this work we have analyzed the extension and expansion
of a telomere repeat sequence by DNA polymerases. In all
vertebrates, including humans, the telomere sequences consist
of hexanucleotide tandem repeats, such as d(TTAGGG/
CCCTAA),, each of which may extend to 2-30 kb (23).
Telomerase is a unique enzyme that adds telomere repeats at
the chromosomal terminus using an RNA subunit as template
(24). In cells that are defective in telomerase, chromosomes
become shorter by tens to hundreds of nucleotides per cell divi-
sion (25,26). However, telomeres may not be maintained by a
simple addition of telomere repeats, but be under a certain
equilibrium of synthesis and degradation (27-30). Most of the
telomere repeat sequences, which flank the chromosomal
sequence, may be replicated by conventional replicative DNA
polymerases, because it takes many generations to erase the
telomere repeats in humans (25,31), mice (32,33) and yeast
(34) that lack telomerase. Thus both telomerase and replicative
DNA polymerases are employed in leading strand telomere
replication. On the other hand, the replicative polymerases
may be absolutely required for lagging strand synthesis on
telomeres (35,36). In order to address telomere repeat stability
during conventional DNA replication, we performed de novo
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DNA synthesis reactions and primer extension using
sequences of hexanucleotide repeats and DNA polymerases.
The stability of the eukaryotic telomere repeat was also meas-
ured in transformed E.coli as a model for the in vivo replication
of telomere DNA without telomerase.

MATERIALS AND METHODS

Chemicals, enzymes and oligomers

The Klenow fragment of E.coli DNA polymerase I (Klenow
fragment) was purchased from NEB Inc. (Beverly, MA) and
HIV reverse transcriptase (HIV-RT) from Seikagaku Kogyo
(Tokyo, Japan). Recombinant Tag DNA polymerase (Taq pol)
was purchased from TaKaRa Corp. (Kyoto, Japan). Calf
thymus DNA polymerase a-primase (pol a-primase) was puri-
fied as described previously (37). One unit of DNA
polymerase was defined as the amount that catalyzes the incor-
poration of 1 nmol [*'H]dTTP into an acid-insoluble product in
60 min at 37°C on activated calf thymus DNA. DNA
polymerase € (pol €) was a gift from Dr Stuart Linn of the
University of California, Berkeley. Oligomers were synthe-
sized and gel purified by Amersham Pharmacia Biotech (Little
Chalfont, UK). RP-A was isolated from HeLa cells according
to Kenny et al. (38).

De novo DNA synthesis on the single-stranded G-rich
telomere sequence by pol o-primase

The rATP-rich reaction mixture (25 pl), for the detection of
DNA synthesis coupled with primer RNA synthesis (de novo
DNA synthesis), contained 50 mM Tris—HCl, pH 7.5, 2 mM
DTT, 5 mM MgCl,, 50 uM each dATP, dTTP, dCTP, rCTP
and rUTP, 0.5 uM [0-32P]dGTP (800 Ci/mmol), 2 mM rATP
and 100 ng 5-C(TTAGGG)¢-3” (G-6 template). The rCTP-rich
reaction mixture was the same as that for the rATP-rich condi-
tions except that 50 UM rATP and 2 mM rCTP were used in
place of 50 uM rCTP and 2 mM rATP, respectively. As a nega-
tive control, all four INTPs were omitted (rNTPs minus condi-
tions). Reactions took place at 37°C for 60 min and the reaction
products were analyzed by 15% denaturing PAGE.

DNA primer extension reaction

Oligomers 5-A(GGGTTA)s-3" (G-5) and 5’-(TAACCC)sT-3’
(C-5) were purified by PAGE and equal amounts of both
strands were annealed by heating at 70°C for 15 min and
cooling slowly at room temperature. The reaction mixture
(25 ul) for HIV-RT contained 5 pmol annealed G-5/C-5,
100 uM each of three dNTPs, 10 uM [0-3?P]dNTP, 10 mM
Tris—HCI, pH 8.3, 50 mM KCl, 1.5 mM MgCl, and the indi-
cated amounts of HIV-RT. [0-*?P]dGTP and [c-*2P]dCTP
were used for the extension of G-5 and C-5, respectively.
Reaction mixtures for the Klenow fragment and pol o.-primase
were essentially the same as for HIV-RT except that 50 mM
Tris—HCI, pH 7.5, 2 mM dithiothreitol (DTT) and 5 mM
MgCl, were used in place of the corresponding buffer, divalent
cation and KClI, respectively. Reactions were performed at
37°C for 15 min for the Klenow fragment and HIV-RT and
60 min for pol o-primase, respectively. Reaction products
were analyzed by electrophoresis on 12% polyacrylamide gels
containing 8 M urea (denaturing PAGE). The bands at 67 nt or
larger represent the expanded products. The frequency of

annealing of the longest template—primer mediated by only one
nucleotide (Fig. 2A, topmost panel) would be much lower than
those by a hexanucleotide or a multiple of a hexanucleotide.
Therefore, the product band at 61 nt may also represent the
expansion of originally shorter products as well as the normal
product on the 1 nt annealed template—primer.

Cloning of the expanded repeat

Reaction products with the Klenow fragment at 37°C for
60 min were separated by non-denaturing PAGE and visual-
ized with SYBR™ Green I (Molecular Probes, Rockland ME).
DNA fragments >66 nt were recovered from gels and ligated
into a pGEM3Zf(+) vector cleaved by Smal. Inserts in
individual transformed clones were sequenced using a
universal primer and an ABI model 373A DNA sequencer
(Perkin-Elmer, Foster City, CA).

Insertion of mammalian telomere repeats into E.coli
plasmids

The plasmids harboring 28 and 30 repeats of telomere units were
constructed by ligating pGEM®-T Easy vector (Promega,
Madison, WI) with the expanded reaction products using 7aq pol
I at 72°C for 60 min. They are named pGEM-G28 and pGEM-
C30, because the G-rich repeats and the C-rich repeats are
arranged as templates for leading strand DNA synthesis, respec-
tively (Fig. 3). Orientations and sequences of inserts in individual
transformed clones were confirmed with a DNA sequencer.

Expansion and deletion of telomere repeats in plasmids
during long culture of E.coli

pGEM-G28 or pGEM-C30 was introduced into E.coli IM109
by means of electroporation. Escherichia coli was cultured on
an agar plate and colonies were picked after incubation for
14 h at 37°C. Clones that had the correct lengths and orienta-
tions of the inserts were selected and grown in LB medium
containing 100 pg/ml ampicillin. Genomic instability over the
generations was measured according to Kang et al. (39). In
brief, when cells grew until ODgy, = 0.9 in liquid culture they
were diluted 1-5 x 10° times with fresh medium. This process
was repeated to maintain the cells in logarithmic phase. We
estimated the cell generation by counting the colony number
on an agar plate inoculated with an aliquot of culture at the
time of dilution. The plasmid DNA, isolated by alkaline lysis
from the colony on the plate, was digested with EcoRI and
subjected to 7.5% native PAGE. The insert bands were visual-
ized by ethidium bromide staining.

RESULTS

Lagging strand synthesis by pol o-primase on the G-rich
strand

Lagging strand DNA synthesis is required to complete the
double-stranded telomere DNA (40). To examine whether the
telomere repeat is used as a template for nascent DNA
synthesis, we prepared a new 37 nt oligonucleotide,
5-C(TTAGGG),, and performed de novo DNA synthesis
using pol a-primase. This template was designed such that the
initiation nucleotide is known from the product length detected
with [*?P]JdGMP incorporated at the 3’-terminus (41). Pol
o-primase initiated ribonucleotide-dependent DNA synthesis
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Figure 1. Lagging strand synthesis by pol o-primase on the telomere G-rich
strand. (A) Initiation of RNA primer synthesis at a specific sequence. Reactions
were performed with four ANTPs and four rNTPs using 0.08 U pol o-primase
as described in Materials and Methods (rATP-rich conditions). As templates, 0,
10, 50 and 100 ng G-6 template were used (lanes 1-4, respectively). The reaction
products, primer RNA-DNA conjugates, labeled with [0-*2P]JdGMP at the 3’-end
of the DNA, were resolved by denaturing PAGE to show the initiation sites.
The sequence of the G-6 template, constructed to incorporate dGMP at the 3’-end,
as well as the positions of size markers are indicated. Numbers on the left side
of panels indicate products sizes. (B) Shift of initiation sites by changing the
ratio of rNTPs. Reactions were performed as described for (A) except that, in
addition to rATP-rich conditions (lane 1), rCTP-rich conditions were employed
(lane 2) using 100 ng G-6 template and 0.16 (lane 1) or 0.32 U (lane 2 and 3)
pol o-primase (Materials and Methods). Reactions without INTPs were performed
as a negative control (lane 3). Sizes of the products are indicated on the left side
of the figure. (C) Expansion of RNA-primed DNA products on the G-rich
telomere strand by pol o-primase. The rNTPs-dependent DNA synthesis reaction
was performed under rATP-rich conditions with 100 ng G-6 template and 1.6 U
pol o-primase (lane 1). As a positive control for expansion, 1.0 U Klenow
fragment was further added (lane 2). As a negative control (lane 3), primase
(pol o-primase) was omitted from the reaction mixture used for lane 2. Products
were labeled with [0-3?P]dGTP at the 3’-ends of the the DNA that was
extended from RNA primers and their sizes were estimated from positions of
32P-labeled oligonucleotides. The asterisks indicate non-specific products.

on 5"-C(TTAGGG), and gave a product ladder with an interval
of 6 nt (Fig. 1A and B), which were degraded by several
nucleotides on treatment with RNase (data not shown).

It has been reported that the RNA primer exclusively initiates
with purine and that the highest concentration of ribonucleotide
defines the eventual second nucleotide of the RNA sequence
(41-43). Consistently, the initiation sites on the telomere repeats
were also influenced by the concentration of ribonucleoside
triphosphate. Under rATP-rich conditions, the major products
were 21, 27 and 33 nt long, which initiated opposite the second
(3’-side) thymine in the 5-TTAGGG-3’ repeat unit (Fig. 1A).
When the reaction was performed with an increased concentra-
tion of rCTP (40-fold rATP), new product bands appeared at 20,
26 and 32 nt, corresponding to a new initiation site at the first
thymine (5”-site) in the repeats (Fig. 1B).
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Expansion beyond the template size was not seen when the
molar ratio template:pol o-primase was 1:1.5 (Fig. 1A). We
increased the amount of pol o-primase by 20-fold. Interest-
ingly, under the new conditions expanded reaction products
beyond 37 nt long were observed. Additional Klenow fragment
further increased the products beyond 37 nt long (Fig. 1C). In
both cases the reaction products migrated with an interval of
6 nt. These reaction products were not observed when rNTPs
were omitted (Fig. 1B, lane 3) and are considered to be primed
by pol a-primase.

Primer extension by DNA polymerases

To determine whether other DNA polymerases can also
expand the products beyond the template length, we performed
the primer extension assay using various DNA polymerases.
We prepared two synthetic oligonucleotides, 5’-A(GGGTTA);
and 5-(TAACCC)sT, which were annealed and used as the
template—primer. Since each strand was of 31 nt containing
five repeat units plus one nucleotide, the length of reaction
products was expected to be 61 nt or shorter unless the primer
slipped on the template oligomer during DNA synthesis (Fig.
2A). Reactions were carried out at 37°C with either pol
a-primase, HIV-RT or Klenow fragment. The polymerases
extended primer 5-A(GGGTTA); up to 61 nt and then further
elongated it as long as 67 nt or more (Fig. 2B and C). The reac-
tion products migrated at intervals of 6 nt, although some of
them were found to be doublets (17,18). The maximum
product lengths with pol o-primase, Klenow fragment and
HIV-RT were ~100, 150 and 130 nt, respectively (Fig. 2B).
We also analyzed Tag pol I and pol € under the same condi-
tions. Taq pol I did not support efficient expansion at 37°C,
which was far below the optimum temperature, nor did pol €
extend the primer more than the template length (data not
shown).

If slippage of the template—primer caused the expansion of
the primer DNA, the reaction products should consist of the
repeat sequences. We purified and cloned the 67 nt and longer
reaction products produced by Klenow fragment. All the
clones exclusively contained 11-14 repeat units (data not
shown). From these results we concluded that the telomere
repeat sequence is capable of being expanded by slippage
DNA synthesis in vitro.

Orientation-dependent expansion and deletion have been
reported in CTG and GGC repeats (39,44). To study if the
C-rich telomere strand is also expanded during the reaction, we
used [??P]dCTP to label the products. Roughly the same
amount of 5-(TAACCC);T primer was expanded as
5’-A(GGGTTA); primer by pol o-primase, Klenow fragment
and HIV-RT (Fig. 2C).

Primer extension was also performed in reaction mixtures
lacking one or more dNTPs (minus conditions). Under either
minus dATP or minus dTTP conditions, primer
5’-A(GGGTTA), was extended, but this ceased 1 nt before the
sites where dAMP or dTMP would be incorporated and was
then degraded by a few nucleotides due to the 3'—5’
exonuclease associated with the Klenow fragment (Fig. 2D,
lanes 2 and 3). Under the conditions where two or more
nucleotides were omitted, DNA synthesis was severely
impaired (Fig. 2D).

Interestingly, amounts of extension/expansion products of
55 nt and longer under the minus dCTP conditions were not the
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Figure 2. In vitro expansion of telomere repeats by DNA polymerases. (A) Templates—primers. Possible combinations of synthetic oligomers G-5 and C-5 are
shown with expected product sizes without expansion. (B) In vitro expansion of the G-rich telomere strand. Reactions were carried out using 0.32, 0.8 and 1.6 U
pol o-primase (lanes 1-3), 1.2, 2.4 and 6.0 U HIV-RT (lanes 4-6) and 1.0, 4.0 and 12.0 U Klenow fragment (lanes 7-9). The reaction products were resolved by
denaturing PAGE and the incorporated [0-*?PJdGMP was monitored with a BAS 2000 image analyzer (Fuji Film, Tokyo, Japan). Sizes of the reaction products
were estimated in comparison with 32P-labeled marker oligonucleotides of 22, 31, 37, 49 and 69 nt length (not shown). Numbers on the left side of panels indicate
products sizes. (C) In vitro expansion of the C-rich telomere strand. Reactions were carried out as for (B) except that [0-3?P]dCTP was used instead of [0-3?P]dGTP,
with 0.32 and 1.6 U pol a-primase (lanes 1 and 2), 1.2 and 2.4 U HIV-RT (lanes 3 and 4) and 1.0 and 4.0 U Klenow fragment (lanes 5 and 6). Numbers on the left
side of panels indicate product sizes. (D) Nucleotide requirements of the telomere repeat expansion by Klenow fragment (4.0 U). Reactions were carried out with
all four dNTPs (lane 1), without dATP (lane 2), without dTTP (lane 3), without dCTP (lane 4), without dATP and dCTP (lane 5), without dTTP and dCTP (lane 6),
without dATP and dTTP (lane 7) or without dATP, dTTP and dCTP (lane 8). Products were labeled with [0-*?P]dGTP. (E) Effects of RP-A. In vitro expansion of
the G-rich strand by pol o-primase (1.6 U; lanes 1 and 2) and Klenow fragment (4.0 U; lanes 3 and 4) were carried out with (lanes 2 and 4) or without (lanes 1 and
2) 1.0 ug RP-A purified from HeLa cells. Numbers on the left side of the figure indicate nucleotide sizes of products.

same as under the complete conditions (Fig. 2D, lanes 1 and4),  5-A(GGGTTA);s. Under the complete conditions expanded
although dCTP is not required for extension of  products over 61 nt were more frequent than under the minus



dCTP conditions. In contrast, reaction products of 55 and 61 nt
were less frequent than under minus dCTP conditions. These
data indicate that extension of the 5’-(TAACCC),T strand is
required for efficient expansion of the 5'-A(GGGTTA); strand
and argues against possible contamination by any templates
longer than 61 nt. We observed essentially the same results
using 5’-(TAACCC);T as the primer (data not shown).

Effects of RP-A

Replication protein A (RP-A) is one of the components
comprising the eukaryotic DNA replication machinery. This
single-stranded DNA-binding protein is essential for SV40
DNA replication (38,45). To determine whether this single-
stranded DNA-binding protein may accelerate or stabilize loop
formation in slippage expansion, we performed DNA synthesis
on telomere repeats in the presence of human RP-A. RP-A
markedly enhanced telomere repeat expansion by Klenow
fragment (Fig. 2E, lanes 2 and 4), but affected the expansion by
pol a to a lesser extent. Although stimulation of expansion by
pol o. was observed at 67 nt, it was not evident at greater sizes.
RP-A enhanced the 61 nt band (Fig. 2E, lanes 1 and 2), which
is presumably composed of the expanded products of origi-
nally shorter sequences (see Materials and Methods).

Expansion and deletion of the mammalian telomere repeat
in E.coli during culture

The involvement of DNA replication in telomere repeat expan-
sion in vivo was examined with proliferating E.coli cells trans-
formed with pGEM plasmids harboring mammalian telomere
sequences. The 28 and 30 telomere unit repeats were inserted
into pGEM plasmids in different orientations, so as to measure
expansion of the repeat sequence in both leading and lagging
strand synthesis (Fig. 3A and B; pGEM28G and pGEM30C in
orientations I and II, respectively). pGEM is a derivative of
pUC that has a unidirectional replication origin of ColEl (the
sense strand of the B-lactamase gene corresponds to the leading
strand in replication). A recombination-deficient strain of
E.coli, IM109 (recAl), was transformed with the plasmids and
then cultured for a large number of generations. At 40 genera-
tions (Fig. 3) the sizes of inserts had changed in only a small
fraction, <10% of the total colonies. After 185 generations
(Fig. 3), both deletion and the expansion of the inserts by
multiples of 6 nt appeared as ladders at high frequencies, in
>80% of total colonies. These results indicate that expansions
and deletions of the telomere repeat sequence occur frequently
in vivo in E.coli cells, presumably by the slippage synthesis
mechanism. Besides the 6 nt ladders of expansion or deletion,
larger deletions (Fig 3A, lane 8) or expansions (data not
shown) were also detected. The large changes occurred in four
of 30 clones at 185 generations. These changes were observed
with both pGEM28G and pGEM30C and no significant differ-
ences were seen between these two orientations.

DISCUSSION

De novo DNA synthesis and repeat expansion

We analyzed replication of the G-rich telomere repeat using
pol o-primase, a unique complex that initiates lagging strand
synthesis. A previous study has shown that a-primase may
initiate RNA priming on pyrimidines in the telomere G-rich
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Figure 3. Expansion and deletion of the eukaryotic telomere repeats in E.coli.
(A) The 28 repeats of telomere units were inserted into pGEM plasmid DNA
(pGEM-G28) in an orientation arranging the G-rich strand as the template for
the leading strand (orientation I, illustrated at the top of the panel). The plas-
mid was introduced into E.coli IM109 and cultured for 40 (lanes 2-5) or 185
generations (lanes 7-10). Plasmid DNA was isolated from each culture, cut
with EcoRI and subjected to 7.5% native PAGE as described in Materials and
Methods. In lanes 1 and 6, the repeat sequence from the construct before cul-
ture is shown as a control. (B) The 30 repeats of telomere units were inserted
into pPGEM-C30 in an orientation reverse to that in (A), arranging the C-rich
strand as the template for the leading strand (orientation II, see illustration).
Other conditions were the same as described for (A). Lanes 1 and 6, controls;
lanes 2-5, cultured for 40 generations; lanes 7—-10, cultured for 185 genera-
tions. Arrowheads indicate the original size of the repeats. Closed boxes indi-
cate the polycloning sites (PCS).

strand (40). The G-rich strand, (GGGTTA),, contains a puta-
tive preferred initiation site for primase, which is the dT adja-
cent to a dA (42,46). We performed de novo DNA synthesis
reactions under rATP- and rCTP-rich conditions and observed
two distinct initiation products that migrated at the predicted
positions (Fig. 1A). Consistent with the previously known
characteristics of o-primase (40), a unique RNA priming was
preferentially initiated from the position opposite the 3’-side
thymine in the G-rich telomere repeat under the rATP-rich
conditions, and the initiation site shifted 1 nt under the rCTP-
rich conditions. It has been shown that the three contiguous
guanines next to TTA in the telomere repeat may not be
favored by primase as priming sites (43). In cells, where RP-A
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acts as a molecular tether between G-rich strands and pol
a-primase (47), priming efficiency would be higher than in the
in vitro system.

DNA synthesis took place by successively extending the
RNA primer. Expansion of the telomere repeats beyond the
template sizes was clearly observed when an excess of pol
ao-primase was used (Fig. 1A). The expanded products
migrated as ladders on PAGE with an interval of 6 nt. There-
fore, the expansion that follows de novo DNA synthesis may
operate by the slippage mechanism, as in the expansion of
mono-, di- and trinucleotides.

Primer extension analysis

To determine whether other DNA polymerases could also
expand telomere hexanucleotide repeats beyond the template
length, we performed the extension assay using E.coli pol 1
Klenow fragment and HIV-RT. They were capable of
extending both 5-A(GGGTTA); and 5’-(TAACCC),T strands
more than the template length (Fig. 2B and C). These expanded
products were shown to be composed exclusively of the
telomere repeat sequences (data not shown). It is likely that the
products shorter than the template may be generated by hairpin
formation of the template strand, though this cannot be meas-
ured precisely in our detection system. These results imply that
these DNA polymerases have an intrinsic activity for expan-
sion of the hexanucleotide repeats such as telomere repeats as
well as for simpler tandem repeats.

Expansion was observed when the reaction was carried out
in an excess of polymerase over template (Fig. 2B and C). The
polymerases that showed expansions are all distributive. A
processive DNA polymerase, human pol €, in contrast, did not
produce expansion beyond the template length (data not
shown). These results suggest that frequent dissociation and re-
association of DNA polymerases with the primer terminus are
essential for expansion, in agreement with the model that
expansion is mediated by a slippage-based template—primer
realignment (7,8,16,17,48,49).

Orientation-dependent repeat instability has been reported
using CTG/CAG repeats in E.coli (39) and in yeast (50). In an
in vitro experiment using the GGC/GCC triplet repeat in
Fragile X syndrome, active expansion was found in the GCC
strand and addition to the GGC strand was passive (16). At first
we expected that the G-rich strand would be preferentially
expanded by hairpin structure formation, as occurs with other
G-rich trinucleotide repeats. However, approximately the same
number of 5-(TAACCC),T primers were expanded as the
5’-A(GGGTTA); primer by pol o-primase, Klenow fragment
and HIV-RT (Fig. 2C). Thus, preferential G-rich strand
expansion was not apparent with any DNA polymerase (Fig.
2B and O).

In this context, symmetrical expansion was confirmed by the
experiments under the minus one nucleotide conditions.
Because the telomere repeat sequences were composed of
three kinds of deoxynucleotides, each of the two primers was
selectively extended while another was forced to cease exten-
sion (Fig. 2D). This ‘forced’ asymmetrical reaction produced
less expanded product than the symmetrical reaction (Fig. 2D).
These results show that both strand extensions are required for
efficient primer expansion.

Effects of single-stranded DNA-binding protein

Various protein factors are involved in DNA replication.
Among them, single-stranded DNA-binding proteins, such as
eukaryotic RP-A and E.coli SSB, play important roles in DNA
metabolism, including DNA replication, repair and recombina-
tion (38,45,51). Here we have examined the effects of RP-A on
the expansion of telomere repeats.

As shown in Figure 2E, RP-A markedly enhanced the reac-
tion, accompanied by enhanced expansion of repeats by both
pol o-primase and Klenow fragment (Fig. 2E, lanes 2 and 4).
On the other hand, SSB did not enhance but suppressed
synthesis of not only the expanded products, but also the prod-
ucts less than 61 nt long in both DNA polymerase reactions
(data not shown).

It has been shown that RP-A is essential for the formation of
replication foci and the initiation of cellular chromosomal
DNA replication (52,53). RP-A reduces pausing by DNA pol
o-primase at specific sites in the single-stranded templates
(54,55) and increases the accuracy of DNA pol o-primase
(51,54). Besides the interaction with DNA, RP-A stimulates
DNA polymerases by a protein—protein interaction and this
direct interaction may also result in the stimulation of telomere
repeat expansion.

These results indicate that DN'A-binding proteins may affect
slippage expansion in telomere DNA replication. In telomere
DNA replication, telomerase may work in concert with DNA
polymerases and primase, in the presence of telomere-binding
proteins such as TRF1, TRF2 and TIN2. These telomere-
specific proteins might modulate the secondary or tertiary
structures of telomere DNA and regulate telomere mainte-
nance.

Instability of the telomere repeat sequence in E.coli

Expansion and deletion of the CTG trinucleotide repeat in
E.coli have been reported by Kang et al. (39). They proposed
the possibility of orientation-, length- and generation-
dependent instability. To determine if the telomere hexa-
nucleotide repeat is also deleted and expanded in vivo, we also
used E.coli cells as a model for in vitro telomere DNA replica-
tion. We constructed plasmids in which 28 and 30 telomere
repeats were inserted in both orientations into pGEM plasmids
and introduced them into a recombination-deficient E.coli
strain, which was cultured for a number of generations (Fig. 3).
It can clearly be seen that the inserted telomere repeats under-
went deletion or expansion, giving a ladder of product bands
with an interval of 6 nt. These results support the involvement
of DNA replication in the instability of telomere repeats in
vivo. The instability was dependent on the number of genera-
tions (Fig. 3) and on the length of inserted telomere repeats
(10-100 repeats; data not shown), as was observed with the
CTG repeat. On the other hand, the orientation-dependent
difference was not obvious in expansion or deletion of
telomere repeats either in vivo (Fig. 3) or in vitro (Fig. 2). This
suggests that, unlike the trinucloetide repeats, both strands of
mammalian telomere repeats form loops at similar frequency.
Furthermore, the telomere sequences in the plasmids showed
much larger deletions and expansions in four of 30 clones after
culture for 185 generations (Fig. 3A, lane 8, and data not
shown). Recently, Morag et al. showed that difficulties in
DNA replication may trigger recombinational expansions and



deletions of two 787 bp repeats (56) The large changes in
telomere repeats in the plasmids, therefore, might be produced
either by forming a large hairpin structure or by a recombina-
tion process. Furthermore, conditions such as length of repeat,
copy number of plasmid, generation of the cell, genetic make-
up of host cell and site of insertion in the vector may influence
the frequency of deletions and/or expansions.

Slippage DNA synthesis in telomere maintenance

At present we are not able to assess precisely the frequency of
single template—primer slippage or a single repeat expansion,
because of the absence of strict kinetic studies. Since relatively
enzyme-rich conditions were required to achieve visualization
of the expansions (Fig. 1C), the probability of repeat expansion
may not be as high under the usual assay conditions. Obvi-
ously, slippage-mediated expansion by pol o-primase would
not normally compensate for telomere maintenance in vivo,
since chromosomes become shorter by tens to hundreds of
nucleotides per cell division in cells that lack telomerase
(25,31). Nevertheless, the intrinsic potential of slippage expan-
sion by pol o-primase may be important in genomic instability.
Genetic analyses have indicated that the lagging strand is more
susceptible to genome instability than the leading strand in
E.coli (39,49,57) and in yeast (50), presumably due to the
asymmetrical nature of DNA synthesis. Pol o mutants of
Schizosaccharomyces pombe, as well as mutants of other
protein factors involved in lagging strand DNA synthesis,
show genome instability due to aberrant DNA synthesis at the
semi-permissive temperature (58). Abnormal telomere elonga-
tion has been observed in a pol o mutant cdcl7-1 strain of
Saccharomyces cerevisiae (59). Diede and Gottshling (36)
have recently shown, in contrast, that telomerase is unable to
add nucleotides onto the 3’-end in the absence of pol o and pol
8, while it does so without pol €, suggesting that extension of
the TG _; strand of the yeast telomere by telomerase is closely
coordinated with replication of the lagging C,_;A strand. All of
these results strongly suggest that pol o-primase plays a part in
telomere DNA replication.

Telomerase is found in immortalized cells as well as in
cancer cells, which can add telomere repeats at the telomere
ends to preserve telomere length (60). However, some immor-
talized cell lines maintain their telomere length without detect-
able telomerase activity (61,62), which suggests that one or
more unknown mechanisms other than via telomerase exist in
these telomerase-negative cells to preserve telomere length.
Our present results, showing that the telomere hexanucleotide
repeats are expanded beyond the template length by pol
a-primase and other DNA polymerases, indicate the possible
involvement of this intrinsic activity in telomere maintenance
under certain conditions.

Overexpression of pol o and/or other events causing replica-
tion errors leading to instability of the double-strandedness of
telomere DNA would induce expansion of the telomere
sequences by slippage, followed by telomere instability.
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