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The end replication problem hypothesis proposes that the ends of linear DNA cannot be replicated com-
pletely during lagging strand DNA synthesis. Although the idea has been widely accepted for explaining telo-
mere attrition during cell proliferation, it has never been directly demonstrated. In order to take a biochemical
approach to understand how linear DNA ends are replicated, we have established a novel in vitro linear simian
virus 40 DNA replication system. In this system, terminally biotin-labeled linear DNAs are conjugated to
avidin-coated beads and subjected to replication reactions. Linear DNA was efficiently replicated under
optimized conditions, and replication products that had replicated using the original DNA templates were
specifically analyzed by purifying bead-bound replication products. By exploiting this system, we showed that
while the leading strand is completely synthesized to the end, lagging strand synthesis is gradually halted in
the terminal ~500-bp region, leaving 3’ overhangs. This result is consistent with observations in telomerase-
negative mammalian cells and formally demonstrates the end replication problem. This study provides a basis

for studying the details of telomere replication.

Semiconservative DNA replication is achieved by a harmo-
nious cooperation between two distinct modes of DNA syn-
thesis, leading and lagging strand DNA syntheses. These pro-
cesses have been extensively characterized in vitro using the
simian virus 40 (SV40) DNA replication system, the results of
which are summarized as follows (reviewed in reference 37). In
leading strand synthesis, the direction of DNA synthesis is the
same as that of the replication fork movement. Consequently,
leading strand synthesis, performed by DNA polymerase & and
g, is processive. On the other hand, in lagging strand synthesis,
DNA is synthesized in a direction opposite to replication fork
movement, as short pieces that are eventually ligated to form
a continuous DNA strand. This process involves repeated syn-
thesis of RNA primers (~10 nucleotides [nt]), which are elon-
gated into Okazaki fragments. The RNA primer synthesis and
the initial phase of DNA elongation (up to 40 nt) are carried
out by the DNA polymerase a-primase complex, which pro-
duces RNA-DNA primers. Subsequently, a DNA polymerase
switch takes place, and the RNA-DNA primer is elongated by
DNA polymerase 8 to the full length of its respective Okazaki
fragment. Finally, consecutive Okazaki fragments are ligated
by removal of RNA primers to form an uninterrupted progeny
strand.

In replication of linear DNA molecules, the 3’ end of the
nascent strand is synthesized by leading strand synthesis,
whereas the 5’ end is synthesized by lagging strand synthesis. In
the early 1970s, it was first suggested that the lagging strand
synthesis of linear DNA templates would be incomplete for
two reasons (28, 39). First, there is no known mechanism that
ensures priming of the most distal Okazaki fragment synthesis
from the very end of the template molecule. Accordingly, the
template sequence between the end and the most distal Oka-
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zaki fragment would not be replicated. Second, there is no
known mechanism for the most distal RNA primer to be re-
placed by DNA. Consequently, the sequence of the most distal
RNA primer would be lost in the daughter strand. In contrast
to lagging strand synthesis, leading strand synthesis is thought
to continue to the very end of the template molecule.

The native ends of linear chromosomes are called telomeres.
Telomeres contain the ends of linear genomic DNA. All stud-
ied eukaryotic cells maintain linear chromosomes and thus
have telomeres (reviewed in reference 19). Telomere lengths
are reduced as cells proliferate (14, 15). In most eukaryotes, a
specialized reverse transcriptase called telomerase is responsi-
ble for counteracting this progressive telomere size reduction
during cell growth by synthesizing telomeric DNA de novo (13,
25). The telomere reduction rates have been estimated to vary
between organisms. For example, in a telomerase-negative
Saccharomyces cerevisiae mutant, telomeres were reduced at an
approximate rate of 3 bp per generation (33). In contrast to
this relatively small reduction rate in yeast, telomeres in telo-
merase-negative human diploid cells are lost at rates of ~50 to
200 bp per cell division (reviewed in reference 18). A similar
estimate was obtained in vivo using TERC (this gene encodes
the mouse telomerase template RNA, mTR) knockout mice
(1). These telomere shortenings in telomerase-negative cells
are generally attributed to the end replication problem. How-
ever, inability of DNA polymerases to replicate the end of the
linear DNA molecule during lagging strand synthesis has not
been directly demonstrated. Therefore, we do not know the
extent of the end replication problem caused by the DNA
replication machinery per se. Could the end replication prob-
lem be caused by priming failure of the Okazaki fragment at
the extreme end, failure of the most distal RNA primer to be
replaced by DNA, or both? What might be the reason for the
large difference of telomere reduction rates per division be-
tween yeast and mammalian cells? To answer these questions,
it is necessary to have a biochemical system in which the end
replication problem hypothesis can be directly analyzed. There-
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fore, we developed a novel in vitro system for linear SV40
DNA replication. Results show that the end replication prob-
lem indeed occurs in this simple system and may solely explain
the telomere reduction rates reported in human cells.

MATERIALS AND METHODS

Preparation of cytoplasmic S100 extracts, SV40 T-ag, and plasmid DNAs used
for in vitro replication reactions. Preparation of cytoplasmic extracts from 293
cells and immunoaffinity purification of SV40 T antigen (T-ag) from recombinant
SV40 T-ag-expressing baculovirus-infected insect cells were performed as de-
scribed previously (5). Plasmid DNAs used for replication reactions were pre-
pared by purifying closed circular plasmid DNA by equilibrium centrifugation in
CsCl-ethidium bromide (EtBr) gradients.

In vitro replication of linear DNA. Linearized plasmid filled in with biotinyl-
ated deoxynucleoside triphosphates (ANTPs) was prepared as follows. pSVO11,
a plasmid carrying an origin for SV40 replication (29), was first digested with
BsrF1. BsrFI cuts the plasmid at a single site, which is located approximately
opposite the origin. BsrFI produces a 4-nt 5" protruding end, which was filled in
with dGTP and biotinylated dCTP (Pharmacia) using Klenow enzyme. Biotin-
labeled pUC19 was also prepared as described above. Biotin-labeled pSVO10
was digested with AfIII and filled in with dATP and biotin-labeled dUTP. Biotin-
labeled DNA was then bound to avidin-coated beads (MagneSphere Magnetic
Paramagnetic Particles; Promega). By this procedure, more than 50% of DNA
was labeled with biotin and captured on beads (data not shown). DNA captured
on the beads was subjected to an in vitro replication reaction, basically under the
conditions described (36). Products obtained from in vitro replication were
purified by phenol extraction and chloroform extraction followed by ethanol
precipitation and subjected to the subsequent analysis. Biotin-labeled DNAs
captured on beads were recovered efficiently (more than 75% was recovered) by
this method.

Analysis of replication intermediates by neutral-neutral 2D gel electrophore-
sis. In order to detect intermediates in the replication reactions, we employed
neutral-neutral two-dimensional (2D) gel electrophoresis (4). Samples obtained
from circular DNA replication were digested with the restriction enzymes indi-
cated in the figure legends before loading on the gels. The first dimension was
run in 0.45% agarose in 1X TBE without EtBr, and the second was run in 1.2%
agarose in 1X TBE with EtBr. The gel was photographed, dried on a Whatman
3MM paper, and exposed to X-ray film.

Analysis of replication products by denaturing gel electrophoresis. Products
obtained from in vitro replication performed in the presence of [a->?P]dATP
were purified as outlined above. The purified DNA was either treated with or
without N\ exonuclease (GIBCO), exonuclease IIT (Takara), and exonuclease I
(New England BioLabs). Exonuclease III treatment was performed for 1.5 or
3 min at 15°C, and \ exonuclease treatment was performed for 1 or 2 min at 15°C.
DNA fragments were further digested with restriction enzymes and separated by
6% denaturing acrylamide gel electrophoresis. To calculate the efficiency of
lagging strand synthesis as shown in Fig. 5B, the radioactivity level of each band
in the acrylamide gels was quantified by an imaging analyzer.

In-gel Southern hybridization. Strand-specific probes originating from posi-
tions 1 to 197 and 2681 to 2884 of pSVOI11 were prepared as follows. PCR
primers were synthesized with sense and antisense sequences derived from po-
sitions 2681 to 2700 (primer A; ATG AAG CCA TAC CAA ACG ACG AGC G)
and 178 to 197 (primer B; CAA TCT AAA GTA TAT ATG AGT AAA C),
respectively. Primer A was phosphorylated using T4 polynucleotide kinase. PCR
was performed against circular pSVO11 with phosphorylated primer A and
nonphosphorylated primer B to obtain double-stranded products. The products
were then treated with N exonuclease to digest phosphorylated strands to com-
pletion. To prepare replication products for in-gel Southern hybridization, in
vitro replication was performed without a-*?P-labeled dNTPs. In-gel Southern
hybridization under native conditions was performed as described previously
(26). Strand specific probes originating from positions 1 to 197 and 2681 to 2884
of pSVOL11 (prepared as described above) were used as probes for the hybrid-
izations.

RESULTS

Requirements for SV40 replication origin-containing linear
DNA to incorporate ANMPs in vitro. To study the end-repli-
cation problem in vitro, we first examined whether linear DNA
could be replicated in the in vitro SV40 DNA replication
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system. In order to establish optimal conditions for linear
DNA replication, we examined deoxyribonucleoside 5'-mono-
phosphate (dNMP) incorporation levels under various
amounts of purified SV40 T-ag, S100 cell extracts derived from
293 cells, and circular or linearized purified pSVO11 DNA.
pSVO11 is a 2,880-bp plasmid containing the SV40 replication
origin (29). The BsrFI restriction site, positioned approxi-
mately opposite to the origin, was used for linearization of the
plasmid (see Fig. 4). Replication reactions were carried out in
the presence of [a-**P][dATP to monitor the incorporation of
dNMPs into synthesized DNA. As shown in Fig. 1A to C,
linear pSVOL11 significantly incorporated [**P][dAMP in an
SV40 T-ag-dependent manner, although in agreement with
previous studies (21, 34, 43) the efficiencies were lower than
those of circular pSVO11 under all conditions examined. In-
terestingly, the optimum conditions for the incorporation of
dNMPs into circular and linear pSVO11 were different. For
example, increased amounts of S100 extracts resulted in more
[**P]dAMP incorporation for circular pSVO11, except at the
highest S100 concentration (200 pg of S100 extract/25 pl of
reaction mixture) (Fig. 1C). In contrast, incorporation to linear
pSVOL11 reached a plateau with relatively small amounts of
S100 extracts (50 pg of S100 extract/25 wl of reaction mixture)
(Fig. 1C). Increased amounts of T-ag resulted in more
[*’P]dAMP incorporation for both linear and circular
pSVO11, but this effect was more profound for the linear DNA
(Fig. 1A). In addition, due to the SV40 T-ag-independent
incorporation of dNMPs, it was hard to detect SV40 T-ag-
dependent DNA synthesis when more than 100 ng of DNA was
included in the 25 pl reaction (Fig. 1B and data not shown).
Accordingly, under optimal conditions for the linear DNA
(750 ng of SV40 T-ag, 50 ng of pSVO11 DNA, and 100 pg of
S100 extract per 25 pl of reaction mixture), which are signifi-
cantly different from those for the circular DNA, 36 pmol of
dAMP was incorporated in the linear DNA in a 25-pl reaction
mixture during the 2-h incubation (Fig. 1D). Although this
value was still lower (1/5.6) than the corresponding value for
circular pSVO11 (202 pmol), the incorporation level was 45
times higher than that of a T-ag-minus sample, suggesting that
this incorporation was the result of replication. As will be
described below, T-ag-dependent DNA synthesis of linear
DNA fulfills characteristics for DNA replication products.
Therefore, we concluded that linear DNA can be replicated
significantly in the SV40 origin-based in vitro system; hereafter
in this work we will refer to these DNA synthesis reactions
simply as “DNA replication.” In the following experiments, we
used the DNA replication conditions optimized for linear
DNA molecules.

We next analyzed the replication products by agarose gel
electrophoresis. As shown in Fig. 1E, an apparently full-length
product was detected in both the circular and linear pSVO11
reactions (Fig. 1E). These signals were significantly stronger in
T-ag-plus samples than in T-ag-minus samples, indicating that
most are replication products. The template plasmid DNA
used in this study was prepared from a dam™ (DNA adenine
methyltransferase gene) strain. Accordingly, the GATC sequence
on both strands of the original template DNA was methylated
and sensitive to Dpnl digestion. When the semiconservative
replication happens, one expects the DNA product to become
resistant to Dpnl digestion, since the nascent strand is not
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FIG. 1. Invitro replication of circular and linear pPSVO11 DNAs. (A to C) Titrations of the amounts of SV40 T-ag, template DNA, and cytosol
S100 extracts derived from 293 cells in DNA synthesis from circular and linear pPSVO11 DNA templates. Reactions were conducted using varied
amounts of the immunoaffinity-purified SV40 T-ag (A), pSVO11 template (B), and 293 cell S100 (C) extracts, as indicated in the figure. Other
components in the reaction mixture (25 pl each) were 50 ng of DNA template and 80 pg of S100 extracts (A), 600 ng of T-ag and 80 pg of S100
extracts (B), and 50 ng of DNA template and 600 ng of T-ag (C). The samples were incubated at 37°C for 1.5 h. The average incorporation of
[**P]dAMP (in picomoles) under each condition was measured. (D) Kinetics of DNA synthesis. Reaction mixtures (25 ul each) containing 50 ng
of either circular or linearized pSVO11 DNA, 750 ng of T-ag, and 100 pg of cytosol S100 extracts were incubated for the times indicated, and the
average incorporation of [**P]JdAMP (in picomoles) was measured. (E) Gel electrophoresis analysis of the DNA products obtained from circular
and linear pSVO11 template DNAs. One-fifth (for 20 to 60 min) or 1/2.5 (for 5 to 15 min) of each product obtained in the reactions containing
the linear pSVOI11 templates and 1/10 (20 to 60 min) or 1/5 (5 to 15 min) of each product obtained in the reactions containing the circular pSVO11
templates were run in a 0.8% agarose gel. For circular DNA reactions, the products were analyzed either with (Circular/BsrFI) or without
(Circular) BsrFI restriction digestion prior to gel loading. Following electrophoresis, the gel was dried and autoradiographed. A DNA digested with
HindIII was used as a size marker. The closed and open circles indicate the positions of relaxed and supercoiled circular DNAs, respectively. The
thin arrow marks the position of full-length linear DNA products. The linear dimer DNA products potentially produced by the endogenous DNA
ligase activity present in S100 extracts are indicated by the thick arrow.

methylated and Dpnl fails to digest the hemimethylated GATC
sequence. We found that the labeled DNA products derived
from linear templates as well as circular templates were resis-
tant to Dpnl digestion (data not shown). This result further
supported the idea that the DNA products were synthesized by
replication reaction. Finally, the full-length products were de-
tected with similar time courses in both the circular and linear
pSVOL11 reactions. These results suggested that although the
efficiencies of DNA replication were lower for the linear DNA
(Fig. 1D), the processivity of DNA synthesis in the linear DNA

replication was comparable to that of the circular DNA repli-
cation. The weak signals observed in the T-ag-minus linear
DNA sample are most likely derived from DNA repair reac-
tions (Fig. 1E, lane 15). This signal was higher than those
found in T-ag-minus circular DNA samples (Fig. 1E, lanes 1
and 8), suggesting that linear DNA molecules are prone to
repair reactions at their ends. We also noticed a signal, the size
of which is approximately double that of the original template
DNA, that appeared as the linear DNA replication reactions
proceeded (Fig. 1E, lanes 18 to 21). This molecular species is
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FIG. 2. Method to analyze DNA products that have undergone a
single round of replication reaction on an original DNA strand tem-
plate. Plasmid DNA is linearized by BsrFI producing two ends with
5'-protruding 5'-CCGG-3' sequences. The 3'-recessive ends are sub-
sequently filled in with biotinylated dCTPs and dGTPs by the Klenow
enzyme. The resultant DNA molecules possess two biotinylated, blunt
ends. Both ends are conjugated to avidin beads. When these bead-
captured linear DNAs are used as templates for in vitro DNA repli-
cation, their daughter DNA molecules remain bound to the beads,
whereas daughter DNA molecules that have been replicated using
nascent DNA strands as templates are liberated to the aqueous phase.
By simply collecting the DNA molecules bound to the beads after
replication, it is possible to analyze the products of a single round of
DNA replication on the original DNA strand. Labeled biotin is rep-
resented by the small filled circles. Nascent DNA is shown by the
dotted lines.

linear DNA (see Fig. 3B) and probably is produced by an
endogenous DNA ligase activity present in the S100 extracts.

In vitro replication of linear DNA captured on beads. SV40
DNA replication in vitro can proceed for multiple rounds of
replication (34). To know if the end replication problem occurs
during linear DNA replication, it is essential to examine DNA
replication products that have undergone a known number
(preferably, a single round) of replications of the original DNA
template. Towards this goal, we have developed a novel system
to monitor linear DNA replication in vitro, in which the tem-
plate DNA is conjugated to beads (Fig. 2). pSVOL11 is first
digested with BsrFI to produce linear DNA whose two ends are
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3" recessive (BsrFI digests an R/CCGGY sequence, where R
and Y represent any purines and pyrimidines, respectively).
Subsequently, both ends are filled in by the Klenow enzyme
using biotinylated dCTP, and the DNAs are captured on avi-
din-coated beads (pSVO11-beads). The beads are used as tem-
plates for the in vitro replication reactions as described in
Materials and Methods. In preliminary experiments, we found
that irrespective of the DNA concentrations we used, both
ends of linear DNA were conjugated simultaneously to the
beads (data not shown). In this context, daughter DNA mole-
cules replicated using the original template are expected to
remain bound to the beads. In contrast, daughter DNA mol-
ecules that have undergone multiple rounds of replication us-
ing nascent DNA as templates will likely have lost biotinylated
nucleotide and be dissociated from the beads and released into
the aqueous phase. Consequently, by purifying DNA bound to
the beads after replication reactions, we can recover the rep-
lication products that arose only from the original templates.

As shown in Fig. 3A, when the bead-captured pUC19 DNA
lacking the SV40 replication origin (pUC19-beads) was used as
a template in replication reactions, T-ag-dependent incorpo-
ration of [*?P]JdAMP was not observed. On the other hand,
when pSVO11-beads were used in the reactions, T-ag-depen-
dent incorporation was observed. If the observed labeling of
DNA was the result of DNA replication, fragments proximal to
the replication origin were expected to be labeled earlier than
distal fragments (29). With this in mind, we digested the la-
beled DNA products derived from pSVO11-beads with restric-
tion enzymes, ran the products in a gel, and examined the time
course of [**PJdAMP incorporation into restriction fragments
that were positioned at various distances from the replication
origin. In DNA products obtained from the pSVO11-beads
and circular pSVOL11, origin-proximal fragments were selec-
tively labeled in the earlier stages of DNA synthesis, whereas
origin-distal fragments appeared in the later stages (data not
shown). This result supports the notion that the labeled DNA
products resulted from DNA replication and not from nonspe-
cific DNA synthesis, such as that in DNA repair reactions.

To confirm that the reaction was indeed DNA replication,
we employed a neutral-neutral 2D gel electrophoresis assay
that exhibits replication intermediates as the slower-migrating
species in the second dimension of the electrophoresis (4). The
labeled DNA products obtained from circular pSVO11 and
pSVO11-beads were subjected to 2D gel electrophoresis
(Fig. 3B). As expected, DNA products obtained from circular
pSVO11 templates were observed as slow-migrating DNA rep-
lication intermediates (Fig. 3B, right two panels). The bound
fraction of pSVO11-bead products showed two slow-migrating
species which were interpreted as a Y arc and a bubble arc
(Fig. 3B, second panel; the relative positions of these two arcs
are illustrated below the autoradiographs). Taken together, the
T-ag-dependency, the earlier labeling of origin-proximal frag-
ments, and the 2D gel migration pattern characteristic of rep-
lication intermediates strongly indicate that the pSVO11-bead
reactions are DNA replication.

Leading strand but not lagging strand is synthesized to the
end. Using the linear DNA replication system described above,
we next analyzed whether or not linear DNA was replicated to
the end. pSVOI11-bead replication reactions were performed
with [a-*?P]dATP, and the replicated DNA (bound fraction)
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FIG. 3. DNA replication of linear DNA molecules bound to beads. (A) One-dimensional gel electrophoresis of DNA products. Circular
pSVOL11, linear bead-captured pUC19 (pUC19-beads) and linear bead-captured pSVO11 (pSVO11-beads) were subjected to the replication
reaction. Circular DNA was replicated in solution as described in the legend to Fig. 1. For pUC19-beads and pSVO11-beads, three batches of beads
that had been incubated with three different amounts of DNA (60, 20, and 6.6 ng, indicated as the graded triangles) were used as templates. In
a separate experiment, it was confirmed that the volume of beads used in these experiments had the capacity to bind these amounts of DNA. In
the pSVO11-bead reactions, DNA products liberated from beads were discarded, while the bound DNA fractions (bound fraction) were collected
and further analyzed. Aliquots of the DNA products were run on an agarose gel as described in the legend to Fig. 1. Reactions were assembled
with (+) or without (—) T-ag. (B) 2D gel electrophoresis of DNA products. The labeled DNA obtained from circular pSVO11 and pSVO11-beads
(bound fraction) was assayed by neutral-neutral 2D gel electrophoresis assay (4). A DNA digested with HindIII was run in parallel and is shown
in the leftmost panel to serve as a marker for the linear DNA species. The bound fraction obtained from the pSVO11-bead reaction was run in
the second panel. DNA products obtained from circular pSVO11 were digested with either BsrFI or Ncol prior to gel loading. Both enzymes digest
the circular DNA products at a single site. The BsrFI site is positioned approximately opposite the replication origin, whereas the Ncol site
neighbors the origin. Typical Y arcs were observed for both BsrFI-digested and Ncol-digested circular pSVO11 products (the third and fourth
panels). Although bubble-form intermediates, and not Y-form intermediates, were expected to comprise the majority of DNA species in the
BsrFI-digested circular pSVO11 products, a bubble arc was not observed in the autoradiograph (the third panel). It has been reported that for an
unknown reason, restriction enzymes disrupt bubble structures (3). Typical Y and bubble arcs were observed for the bound fraction of the
pSVO11-bead reaction (the second panel). A schematic representation of the relative positions of linear DNA, bubble arcs, and Y arcs is shown
below the electrophoresis data. n and 2n represent the positions of full-sized and double-sized linear DNA molecules. The strong signal found at
the 2n position of linear species in the pSVO11-bead products probably represents the linear dimer, which is also denoted by an asterisk in panel
A, in addition to replication intermediates.
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was digested with Dral, which produces 199- and 497-bp frag-
ments derived from the bead-linked ends of the left and right
arms, respectively (in the orientation illustrated in Fig. 4A).
After digestion, the size of nascent terminal fragments was
examined by denaturing polyacrylamide gel electrophoresis.
As shown in Fig. 4B, both the 199- and 497-nt labeled frag-
ments were detected in a T-ag-dependent manner (compare
lanes 6 and 7). We then treated Dral-digested samples with
NaOH to remove RNA primers that may exist at the 5" ends of
nascent lagging stands. However, there was no detectable dif-
ference in the length of the 199- and 497-nt fragments between
NaOH-treated and untreated samples (data not shown). This
result indicated that the labeled 199- and 497-nt fragments do
not contain species with alkali-labile RNA regions and sug-
gested that they did not represent the DNA strands produced
by the lagging strand synthesis. To test this hypothesis, we
treated the products with \ exonuclease, a 5'-to-3" exonucle-
ase, or exonuclease III, a 3'-to-5" exonuclease, prior to restric-
tion digestion (Fig. 4A). Since the replication products sub-
jected to the analyses used the original (cold) DNA strands
bound to the beads as templates, they are hybrids of an original
template strand and a radiolabeled nascent strand. Thus, ra-
diolabeled nascent strands positioned 3’ to the origin are syn-
thesized solely by leading strand synthesis, and those 5’ to the
origin are synthesized by lagging strand synthesis. Conse-
quently, A exonuclease specifically digests the labeled nascent
lagging strand signals from the 5" end, whereas exonuclease III
specifically digests the labeled nascent leading strand signals
from the 3’ end. When replication products were treated with
exonuclease 11, the 199-nt fragment was not detected, and the
497-nt fragment became significantly shorter, indicating that
both fragments are susceptible to exonuclease III (Fig. 4B,
lanes 13 and 15). In contrast, when products were treated with
\ exonuclease, no significant change in migration rates was
observed, indicating that both fragments are resistant to \
exonuclease (lanes 9 and 11). It was possible that this N exo-
nuclease-resistance was caused by residual RNA primers
(which was not detected by the NaOH-treatment experiments)
present at the 5" ends of the lagging strand fragments. If this
had been the case, however, at least some fractions of the
fragments should have been resistant to exonuclease II1, which
we did not observe. Therefore, the 199- and 497-nt labeled
single-stranded fragments present in lane 7 are terminal frag-
ments synthesized by leading strand synthesis. Because these
labeled nascent leading strand Dral-digested fragments (Fig.
4B, lane 7) were precisely the same length as those of the
control terminal fragments (Fig. 4B, lanes 2 and 3), we con-
cluded that leading strand synthesis occurred completely to the
very ends of the template DNA, thus likely producing blunt
ends. Lagging strand synthesis was apparently defective since
we did not observe NaOH or \ exonuclease-sensitivity or exo-
nuclease III-resistance of the radiolabeled fragments. The lag-
ging strand synthesis may have ended before the two terminal
Dral regions were reached. Alternatively, the synthesis may
have been halted at various points in these regions, giving rise
to products of different lengths that resulted in smears of
labeled Dral fragments. An experiment presented in the fol-
lowing section suggests the latter possibility.

Lagging strand synthesis is halted within 500 bp from the
end. The results described above suggest that lagging strand
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synthesis was not completed to the terminal regions in the
linear DNA replication system. We therefore analyzed relative
efficiencies of lagging strand versus leading strand synthesis in
more detail. Towards this goal, we exploited restriction length
polymorphisms of two strands of restriction fragments. For
example, when a DNA region is digested by a restriction en-
zyme leaving a 4-nt 5’ overhang at one end and by another
enzyme leaving a 4-nt 3’ overhang at the other end, one would
expect to see an 8-nt difference between the longer and shorter
strands. We thus performed double restriction digestions of
labeled replication products with different combinations of re-
striction enzymes and ran the digested fragments in denaturing
polyacrylamide gels. By comparing the intensities of the two
distinctly migrating labeled strands derived from the same re-
striction fragments, we were able to estimate the relative DNA
synthesis efficiencies of the two strands. These analyses were
performed throughout the length of the linear DNA, and typ-
ical results are shown in Fig. S5A. The band intensities could be
influenced by relative densities of the nucleotide used for la-
beling (adenine in this case). Results obtained similarly for
circular pSVO11 products (completely replicated in both lead-
ing and lagging strand syntheses) served as a good reference in
accounting for this sequence-specific variation in labeling effi-
ciencies. When band intensities were roughly examined, the
circular pSVOL11 products apparently gave rise to approxi-
mately the same band intensities for the two strands in all the
restriction fragments examined (Fig. 5A). In contrast, frag-
ments derived from the pSVO11-bead products varied in rel-
ative intensity of the two strand signals. Intensities from the
lagging and leading strand syntheses were approximately the
same for restriction fragments derived from the site neighbor-
ing the replication origin (see, for example, the Msel-Fspl
fragment in Fig. 5A). Interestingly, however, nascent lagging
strands derived from restriction fragments close to the two
ends of the pSVO11-beads showed highly reduced intensities
compared to corresponding leading strands (see, for example,
the Bsal-Eam11051 and FspI-Bgll fragments in Fig. 5SA). To
qualify the observations more accurately, we first measured the
intensities of leading and lagging strand bands and calculated
their relative intensities by dividing intensity values of the
lagging strand by those of the leading strand. A similar calcu-
lation was done for the corresponding strands derived from
circular pSVOI11 products. Finally, to compensate for se-
quence-specific variations in labeling efficiencies, values ob-
tained from the pSVO11-bead products were normalized to
those obtained from circular pSVO11 products. The relative
lagging versus leading strand synthesis efficiencies for the var-
ious restriction fragments obtained from the pSVOl11-bead
replication system are plotted in Fig. 5B. Results showed that
leading and lagging strand synthesis efficiencies are approxi-
mately equal for internal fragments derived from regions
greater than ~0.5 kb from both ends. In contrast, in the two
end-proximal 0.5 kb regions, the closer the examined fragment
was positioned to the ends, the less efficiently lagging strand
synthesis occurred compared to the leading strand synthesis.
Indeed, the nascent lagging strand synthesis was not detected
as discrete bands for the two terminal fragments Bsal-
Eam1105 1 (20 to 85 bp away from the left end) and Alul-Bgll
(38 to 109 bp away from the right end).

The inefficient lagging strand synthesis may have been caused
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two bands were resistant to N exonuclease (lanes 9 and 11). In contrast, the 199-nt band was completely digested, and the 497-nt band was significantly
trimmed by exonuclease III (lanes 13 and 15; shorter-sized 497-nt bands are indicated by a bracket). These results indicate that the observed 497- and
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represent unligated lagging strand DNA molecules derived from internal template regions. It seemed that A exonuclease had reached the Dral site
on the template (cold) strand of some molecules, because the signal intensity of the 199-nt band decreased after the A exonuclease treatment.
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FIG. 5. Relative efficiencies of local leading and lagging strand syntheses in the linear DNA replication system. (A) Labeled replication
products from circular (lanes C), and linear (lanes F) pSVOL11 in solution, and from pSVO11-beads (lanes B), were digested with the combinations
of restriction enzymes indicated. The samples were run in 6% denaturing acrylamide gels and autoradiographed. Signals deriving from leading
strand syntheses are shown by open circles, and those from lagging strand syntheses are shown by filled circles. Fragments are presented in the same
order as their restriction sites are located along the linear pPSVO11 DNA. The replication origin is shown by an arrow. Since linear DNA was
digested with BsrFI and subsequently filled in by the Klenow enzyme, whereas circular DNA was only digested with BsrFI, there is a small difference
in fragment size at both ends, as seen in panel Msel-BsrFI. (B) Relative efficiencies of lagging versus leading strand synthesis were calculated for
different regions on the linear pSVO11 molecule. Experiments similar to those in panel A were done extensively, thus covering many regions of
the replication products derived from pSVO11-beads and circular pSVOI11. Nascent lagging and leading strand fragments for each restriction
fragment were inferred from their expected DNA lengths. Then, the lagging strand intensity was divided by the leading strand intensity (I;,4/Iicaq)
for each restriction fragment. Because the circular pSVO11 products are completely replicated, the corresponding values serve as a reference for
the variation in labeling efficiencies caused by nucleotide compositions. I;,,/1;.,q Was divided by this factor to compensate for the labeling efficiencies
before plotting. The position of the SV40 replication origin is shown by an arrow. Most values are means of at least two replicate experiments. (C)
Similar analyses were done for the pSVO10 molecule, which is a 7,933-bp SV40 origin-containing plasmid. Most values are means of at least two
replicate experiments.

not because these fragments are close to ends but because system was that the DNA replication complex may have been
these fragments are distant from the replication origin. To excluded from the terminal regions because of steric hindrance
exclude this possibility, we examined a second 7,929-bp plas- caused by the proximity to the bead surface. However, such a
mid, pSVO10, containing the SV40 replication origin. We lin- spatial constraint appears not to be the case, because we ob-
earized pSVO10 such that the position of the origin was not served similar inefficient lagging strand synthesis in the DNA
at the center but relatively close to one end of the molecule. replication of free linear pSVO11 in solution (for example,
Again, fragments derived from the internal region (>0.5 kb compare F and B lanes of Bsal-Eam11051 and FspI-Bgll frag-
from both ends) showed approximately equal replication effi- ments in Fig. 5A, where F and B are results of free and

ciencies between the leading and lagging strand syntheses (Fig. conjugated pSVOL11, respectively). Thus, we believe that the
5C). In contrast, lagging strand synthesis in the terminal 0.5-kb bead-conjugated replication system accurately reflects natural

regions decreased in efficiency towards the ends. Importantly, replication reactions in solution.

the efficiency of lagging strand synthesis apparently depends on Lagging strand synthesis leaves 3’-overhanging ends, and
the absolute distance of the fragment from the ends of the leading strand synthesis leaves blunt ends. The results shown
template, rather than on the distance to the replication origin above suggest that ends produced by lagging strand synthesis

(note that the left arm end is more distant from the origin than have single-stranded 3’ overhangs, whereas ends produced by
the right arm end). Therefore, we concluded that lagging strand leading strand synthesis are blunt. However, end structures
synthesis is compromised in terminal regions of linear DNA. may be modified by postreplication mechanisms, such as 5’

One concern about the bead-conjugated DNA replication exonucleases, as has been suggested in vivo (24, 41). To ana-
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lyze the structure of the ends more accurately, we applied a
nondenaturing in-gel hybridization technique, which is com-
monly used to detect single-stranded overhangs at telomeres in
vivo (40). Replication reactions of circular pSVO11 or pSVOL11-
beads were carried out with cold dNTPs. The circular pSVO11
products were digested with BsrFI (which was used to linearize
pSVOL11 on beads) and HindIIl. The pSVO11-bead products
were digested with HindIII only. These digests were run in
agarose gels and hybridized with a mixture of strand-specific
probes corresponding to the upper strands of the fragments
from nt 1 to 197 and nt 2681 to 2884 (Fig. 6A). The probe
for nt 1 to 197 was expected to hybridize with a 3’-protrud-
ing 1,574-bp BsrFI-HindIII fragment, whereas the probe for
nt 2681 to 2884 was anticipated to bind with a 5'-protruding
1,306-bp BsrFI-HindIll fragment. The predictions were con-
firmed by the results shown in Fig. 6A, lanes 1 to 3, where

BsrFI-HindIII fragments artificially modified to possess 5', 3/,
and blunt ends manifested the expected hybridization pattern.
Under these conditions, the digests of circular pPSVO11 products
did not hybridize with either probe, as expected (Fig. 6A, lanes
4 to 7). On the other hand, the 1,574-bp HindIII fragment de-
rived from pSVO11-bead products hybridized with the nt 1 to
197 upper-strand probe, indicating that at least a fraction of
replicated DNAs had 3’-overhanging left ends (Fig. 6A, lane
10). These 3’ overhangs were not accidentally formed during
preparation of the DNA materials, since prior treatment of the
replication product with exonuclease I, which specifically re-
moves single-stranded 3’-overhangs, abolished the signal (Fig.
6A, lane 11). Furthermore, the signal was observed only in
samples that were incubated with T-ag during the replication
reactions (Fig. 6A, lanes 8 and 9), indicating that the 3’ over-
hangs we observed resulted from DNA replication. In contrast,



5762 OHKI ET AL. MoL. CELL. BIOL.

A control
g2 Circular Linear
1]
.g .‘;5 § = + s + Tag
m&m =+ =+ =+ =+ Eol
: b : 157
Native - » -_ : '4_1306
Denatured ;'bh - o | 4—1574
i, =TT Tl4—1306
123 4567 89 101 bp
ss-probe Hind I —
nt1-197 ¢ nt 2681-2884

L Y R
e | ) —— T

origin
1574 bp 1306 bp
B
Circular Linear Circular Linear
Exol - + - + Exol - + - +
147—p
145—»:-, g 2
143—>{ we 92— Pl
it 90—Pa
nt
1 2 3 4 1 2 3 4
left end right end

FIG. 6. Analysis of the end structure of replicated DNAs. (A) Nondenaturing hybridization analysis of the replicated products. The circular
pSVOI11 (Circular) and pSVO11-bead (Linear) replication reactions were carried out in the absence (—) or presence (+) of SV40 T-ag with cold
dNTPs. The replication products were treated (+) or not treated (—) with exonuclease I. pSVO11 products were subsequently digested with BsrFI
(used to prepare pSVO11-beads) and HindIIl, while pSVO11-bead products were digested with HindIII only. The approximate positions of the
HindlIlI site on the linearized pSVO11 are shown. The restriction digests were run in an agarose gel and then subjected to in-gel hybridization with
strand-specific probes. A mixture of two strand-specific probes, corresponding to the upper strands of the regions from nt 1 to 197 and nt 2681 to
2884, was used. Control DNA BsrFI-HindlIII fragments possessing 5'-protruding (5" overhang), 3'-protruding (3" overhang), or blunt BsrFI sites
were run in parallel. The 5'-protruding and 3'-protruding DNAs were prepared by treating the end-filled DNA with exonuclease III and A
exonuclease, respectively. (B) The ends containing the terminal nascent leading strand do not have 3’ overhangs. In vitro replication was performed
with circular pSVO11 and pSVO11-beads in the presence of [a-**P]JdATP. The products were treated with (+) or without (—) exonuclease 1,
followed by restriction enzyme digestion. The circular pSVO11 products were digested with BsrFI and Msel. The pSVO11-bead products were
digested with Msel only. By Msel digestion, 147- and 94-nt signals deriving from both ends are expected as a result of leading strand synthesis for
pSVO11-bead products without exonuclease I treatment. The digests were run in a 6% denaturing acrylamide gel and then autoradiographed. The
reason for the observed difference in size between circular and pSVO11-bead replication products is described in the legend to Fig. 5A.

the 1,306-bp HindIII fragment of pSVO11-bead products failed possessed 3'-overhanging right ends, and there was no indi-
to hybridize with the nt 2681 to 2884 upper-strand probe (Fig. cation that left ends had 5’ overhangs (data not shown).

6A, lane 10), suggesting that the right end did not have a 5’ These results can be most simply explained by assuming that
overhang. In a comparable experiment performed using a mix- lagging strand synthesis left 3’-overhanging ends due to the
ture of two lower-strand-derived probes, a similar conclusion end replication problem, while leading strand synthesis left
was obtained: At least a fraction of replicated molecules blunt ends. To confirm this possibility more vigorously, we
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investigated the origin of the 3’-overhanging ends. Circular
pSVO11 and pSVO11-beads were replicated in the presence of
[«-*?P]dATP. The circular pSVO11 products were linearized
with BsrFI and digested with Msel (Fig. 6B, lanes 1 and 2). The
pSVO11-bead products were digested with Msel only, produc-
ing two end-derived fragments of 145 and 92 bp (Fig. 6B, lanes
3 and 4). These digests were run in a denaturing polyacryl-
amide gel and then autoradiographed. The terminal radiola-
beled fragments derived from pSVO11-beads were solely de-
rived from leading strand synthesis and have 3’-OHs at their
ends (as shown in Fig. 4). If these ends had been modified to
possess 3’ overhangs by a postreplication mechanism, such as
5" exonuclease activity that digests 5" ends of the cold template
strand, treatment of the products with 3’-overhang-specific
exonuclease I would digest the labeled strand. However, this
was not the case as no size difference was observed between
terminally labeled leading strands incubated with or without
the exonuclease I (Fig. 6B, lanes 3 and 4). Therefore, we con-
cluded that the 3’-overhanging ends detected in Fig. 6A were
derived by lagging strand synthesis, and most probably oc-
curred due to the end replication problem. On the other hand,
because the terminal nascent leading strand fragment showed
the same length as its template fragment (Fig. 4), ends pro-
duced by leading strand synthesis remain blunt following the
replication process.

DISCUSSION

Since its first proposal in the early 1970s, the end replication
problem hypothesis has provided a possible explanation for a
large body of puzzling biological phenomena, such as the lim-
ited capacity of normal cells to proliferate (cellular senes-
cence) (2) and the chromosomal instabilities in cancerous cells
(11). However, no in vitro system explored thus far has been
suitable for direct analysis of replication at linear DNA ends.
In this study, we have established a novel in vitro linear SV40
DNA replication system. Although it is generally believed that
the SV40-based system replicates linear DNA very poorly (21),
we have found that linear DNA can be efficiently replicated
under optimized conditions. Taking advantage of SV40’s effi-
cient replication reactions in vitro, we were able to show the
presence of the end replication problem at molecular levels.

Linear DNA in vitro replication system. We first examined
replication efficiencies of circular and linear DNAs under a
variety of conditions. In agreement with previous reports, un-
der all conditions examined, linear DNA templates incorpo-
rated dNMPs less effectively than circular DNAs. One remark-
able finding was that optimum conditions for replication
reactions of circular and linear DNAs were different. We need-
ed to add relatively large amounts of T-ag and relatively small
amounts of S100 extracts and template DNAs to obtain max-
imal replication efficiencies for linear DNA (750 ng of SV40
T-ag, 50 ng of pPSVO11 DNA, and 100 pg of S100 extract per
25 pl of reaction mixture, for example). This reaction compo-
sition is different from that found in typical replication reac-
tions of circular DNAs. We speculate that linear DNA repli-
cated very poorly in the SV40-based system, because previous
experiments were done under conditions optimal for circular
DNA but not for linear DNA. Recently, it has been reported
that when linear double-stranded DNA was preincubated with
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S100 extracts, efficiencies of the SV40 in vitro-replication sys-
tem were reduced, probably due to activation of endogenous
DNA-dependent protein kinase (DNA-PK) by the linear DNA
molecules (38). However, our system does not include this
preincubation step and, thus, is considerably different from the
reported system. Furthermore, increasing the amount of tem-
plate DNA did not profoundly reduce the replication efficien-
cies (Fig. 1B). Therefore, we think that the effect of DNA-PK
activation, if any, is not significant in our system.

In order to analyze changes at the ends of linear DNA
precisely, we developed a novel system in which linear DNAs
conjugated to beads were used as templates. By purifying DNA
still attached to beads after replication reactions, it was possi-
ble to isolate products that had replicated from original tem-
plates. Three lines of evidence support the notion that DNA
replication indeed occurs in this system. First, DNA synthesis
reactions depended on the presence of the SV40 replication
origin on the DNA template, as well as on the presence of T-ag
in the reaction. Second, typical replication intermediates, re-
vealed as the bubble and the Y arcs, were observed following
2D gel electrophoresis of the products. Finally, the time course
of DNA synthesis of fragments located at different distances
from the origin supported the expectation of propagation of
DNA synthesis occurring from the origin towards the ends.

End replication problem. From the analysis of linear DNA
replication products, we showed that leading strands are syn-
thesized completely to their end, while lagging strand synthesis
leaves nascent DNAs incomplete at their 5’ ends, thus, for the
first time, formally demonstrating the end replication problem.
SV40 T-ag is a 3'-to-5" helicase and forms a hexameric ring-
shaped complex (reviewed in reference 7). It is believed that
the T-ag hexamer moves ahead of replication forks along the
leading strand template. Therefore, in the leading strand syn-
thesis, T-ag may continue to unwind DNA until the very end of
the linear leading strand template to assure the completion of
DNA synthesis. In vivo, DNA replication-coupled helicases
may execute a similar function in place of T-ag, although the
identity of such helicases remains unknown.

As DNA polymerization progressed towards the ends, lag-
ging strand synthesis occurred less efficiently. By plotting the
relative replication efficiencies for lagging and leading strand
syntheses, we specified that lagging strand synthesis is gradu-
ally halted within the most distal ~500-bp regions. Two mo-
lecular mechanisms have been proposed for the end replica-
tion problem. The first idea suggests an inability for the most
distal RNA primer to be replaced by DNA, explaining only an
~10-nt (the length of one RNA primer) loss from the nascent
DNA end. Since we found that lagging strand synthesis fails to
replicate an average length of ~250 nt (roughly 25-fold the size
of a primer) at ends of linear DNA templates, it is highly
unlikely that the lack of end primer replacement is the sole
basis for the end replication problem. Accordingly, the second
hypothesis, which predicts an inability for DNA polymerase
a-primase to initiate lagging strand synthesis from the very end
of linear DNA, should be a major cause of the end replication
problem.

Typical Okazaki fragments formed in the in vitro SV40
DNA replication system are ~200 to 500 nt long (for example,
see reference 23). A consensus sequence for initiating the
primer synthesis on the SV40 genome has been reported (6).
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However, the consensus is very short and was calculated to be
present every 19 nt on average. Therefore, priming events in
lagging strand synthesis of SV40 DNA apparently happen in a
relatively random manner. If such random priming holds true
for the end replication of linear DNA, it could explain why the
most distal ~500-bp region of linear DNA suffers from incom-
plete lagging strand synthesis. This is because since two neigh-
boring Okazaki fragments need to be ligated to form a contin-
uous nascent DNA strand, a priming event should happen at
least once per 500 nt (the maximum Okazaki fragment length).
Therefore, in lagging strand synthesis, any region of >500 bp
interior to the DNA ends is expected to be replicated at a
probability close to 1, whereas the very ends will be replicated
at a probability near 0. Because the priming happens ran-
domly, any point in the terminal 500-bp region will be repli-
cated at a probability proportional to its distance from the
ends. These predictions are consistent with the observation in
this study that replication efficiency decreased towards the
ends of linear DNA (Fig. 5B and C). However, the experimen-
tal resolution was not high enough to vigorously test this pre-
diction, and thus further study is necessary.

It is possible that the 3’-terminal single-stranded regions
resulting from the incomplete lagging strand synthesis may be
reprimed by the polymerase a-primase complex and be mod-
ified in a postreplication manner. However, we think that this
possibility is unlikely, because it is known that the single-
stranded DNA-binding protein RPA is present abundantly in
the SV40 replication system and suppresses such nonspecific
DNA synthesis from single-stranded regions (8).

Vertebrate telomeres consist of tandem repeats of six nu-
cleotides (T,AG3;) (10, 27). The T,AGs; strand is oriented in a
direction of its 3" end being toward the telomeric ends and is
replicated by the leading strand synthesis. The complementary
C;TA, repeat is replicated by the lagging strand synthesis. We
also examined in vitro replication reactions of linear DNA
molecules having a telomeric repeat sequence at one end (R.
Ohki and F. Ishikawa, unpublished data). We found that the
telomeric end possessed 400- to 500-nt single-stranded T,AGj,
repeats after replication, but no single-stranded C;TA,-repeat
was detected. The single-stranded T,AGj; repeats were found
specifically at telomeric ends that had been synthesized by the
lagging strand synthesis, but not at those synthesized by the
leading strand synthesis. This result indicated that the leading
strand was synthesized completely to the ends, but the lagging
strand was not. Therefore, the end replication problem hap-
pens similarly at both telomeric and unique DNA ends in our
system.

These results, however, were not expected straightforwardly.
Telomeric DNA replication may be unique in a variety of ways
during and after replication. For example, a primase activity
that specifically synthesizes telomeric C-rich strands using sin-
gle-stranded telomeric G-rich strand, has been observed in
Oxytricha nova (47). We think it is unlikely that any telomere-
specific frans-acting factor provided by the S100 extract would
have been sufficient enough to react with the substrates, be-
cause telomeric DNAs existed abundantly in our in vitro rep-
lication system (~3 X 10'° ends/25 pl of reaction mixture).
Therefore, it is difficult to characterize frans-acting factors in
the present system. cis elements present on telomeric DNA,
however, may have modified the replication reactions. For
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example, single-stranded G-rich sequences are known to form
specialized tertiary structures called G quartets (17, 32, 42).
The G-quartet structure is a poor substrate for telomerase
(48). It is possible that during the T-ag-induced melting of
double-stranded telomeric DNA in the replication reaction,
the G-rich strand forms a G-quartet structure, which does not
serve as an efficient template for the DNA replication. In
addition, it is known that mammalian DNA polymerase o-pri-
mase preferentially initiates priming at or near pyrimidine-rich
(more than six consecutive pyrimidines) sequences (9, 35). This
is clearly not the case in mammalian telomeric G-rich strands
since they have only two thymines in one repeat. Thus, it is
possible that mammalian primase does not initiate the lagging
strand synthesis efficiently. However, as far as within the lim-
itation of experimental sensitivity, we found that telomeric
ends were replicated in a similar manner as unique ends (R.
Ohki and F. Ishikawa, unpublished data). Therefore, telomeric
DNA sequences appear not to have significant effects on the
general DNA replication machinery. Indeed, using purified
DNA polymerase a-primase and synthetic oligonucleotide
templates containing G-rich telomeric repeats, it has been
shown that RNA priming happens at the 3’-thymidine (under-
lined) of the template 5S’TTAGGG3’ sequence in vitro (30).
However, the question of whether lagging strand synthesis
occurs at telomeric repeats as efficiently as at unique sequences
remains to be answered.

Telomere structures in vivo. In 1981, it was first discovered
that both ends of linear gene-sized minichromosomes present
in macronuclei of hypotrichous ciliates possess 12- to 16-nt
GT-rich 3’ overhangs (20). In the yeast S. cerevisiae, it was
demonstrated that >30-nt G-rich overhangs (G tails) are
present on telomeres at the end of S phase (40). In addition,
from an analysis of linear minichromosomes in these yeasts, it
was concluded that both ends of one linear DNA molecule
possess G tails (41). In contrast, the precise structure of telo-
meric DNA termini in higher eukaryotes is not well under-
stood. In human cells, relatively long (100- to 300-nt) G tails
reside at telomeres throughout the cell cycle for virtually all
types of cells examined, including telomerase-positive trans-
formed cells, telomerase-negative normally dividing cells, and
dormant cells (24, 26, 44). These observations suggest that G
tails are general features of eukaryotic telomeres, a hypothesis
consistent with the idea that telomere single-stranded DNA-
binding proteins may play an important role in telomere pro-
tection (22). However, the question of whether both ends of
one linear DNA molecule in higher eukaryote chromosomes
simultaneously have similar G tails or not, remains controver-
sial. In one study, it was concluded that the two ends of a single
chromosome have relatively long G tails (24). The end repli-
cation problem does not explain the presence of G tails at both
ends. Moreover, deletions of genes essential for telomerase
activity did not significantly affect the G-tail structure in yeast
and mice, indicating that G tails occur independent of telome-
rase (12, 16, 46). Accordingly, it has been suggested that some
modification mechanisms, such as C-rich strand-specific 5’ exo-
nucleases, might be responsible for the formation of G tails
(24, 41). In contrast, another study argued that in normal
human fibroblasts, a single chromosome has one telomere with
a long G tail (200 £ 75 nt) and one with a short G tail or a
blunted end (44). Very recently, it was found that only a half
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fraction of the total telomeres in plant cells possess detectable
G-tails, suggesting that two ends of a single chromosome have
different telomeric structures (31). Since the end replication
problem produces one blunt end and one 3'-overhanging end
in a single replicated linear DNA (Fig. 6), it is possible that this
mechanism is the primary cause of the “asymmetrical telo-
meres” observed in mammalian and plant cells. A postrep-
lication mechanism (such as C-strand-specific 5’ exonucle-
ases) may form short G tails at telomeres that were originally
blunt immediately after replication, although the presence of a
short G tail at this end has not been proven yet. In this sce-
nario, telomere attrition during cell proliferation is mostly
caused by the end replication problem (44, 45). In this study,
we report for the first time the magnitude of the end replica-
tion problem caused by the general replication machinery. The
estimated DNA loss at the DNA ends replicated by the lagging
strand synthesis (250 nt on average) remarkably agrees with
the estimated values in a previous study proposing the “asym-
metrical telomere model” (44, 45). Because our present exper-
imental system does not address the effects of telomere-
specific trans-acting factors, the present study does not provide
evidence supporting specifically either of the two current mod-
els concerning the structure of human telomeric ends. In yeast,
the nascent asymmetrical telomeres produced by the repli-
cation machinery may be postreplicationally modified into
“symmetrical telomeres” by virtue of telomerase-associated ac-
tivities, such as DNA polymerase o and C-strand-specific 5’
exonucleases. Different postreplicational activities may ex-
plain the different telomere attrition rates between telomerase-
negative yeast and mammalian cells. Alternatively, yeast may
have specialized factors associated with the replication ma-
chinery, which minimizes effects of the end replication prob-
lem. A system including recombinant proteins of molecules
involved in these telomere-specific reactions will provide a
good opportunity for us to study the mechanistic details of
telomere maintenance in human cells.
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