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ABSTRACT

Repeating DNA sequences, such as telomeres, cen-
tromeres, and micro- and mini-satellites, comprise
50% of the genome and play important roles in regu-
latory and pathogenic mechanisms. In order to
study structures and functions of such repeating
sequences, itis important to have simple and efficient
methods for making them in vitro. Here, we describe
the efficient and convenient expansion of repetitive
telomeric and minisatellite DNA sequences starting
from small synthetic templates to final product
lengths of several hundreds to thousands of nucle-
otides by the thermostable DNA polymerase from
Thermococcus litoralis (Vent DNA polymerase).
This enzyme was so far unknown to catalyze repeat
expansion. Either single-stranded or double-
stranded DNAs could be produced, depending on
nucleotides present. Compared to earlier results
obtained with other enzymes, the expansion
reaction is highly efficient both in its yield and
product length, and proceeds without thermal cyc-
ling. Moreover, the products are characterized by a
narrow length distribution.

INTRODUCTION

Almost exactly half of the human genome comprises repetitive
sequences (1). Some of these repeats are known to play
important biological roles; e.g. telomeres, which are hexamer
repeats of TTAGGG, act to ‘cap’ the chromosomes and are
key components of regulatory processes such as the determina-
tion of cellular replicative life span (2—4). Other repeated
motifs, such as micro- and mini-satellite sequences, have
not yet been identified with a distinct function. These variable
number of tandem repeats (VNTRs) show high polymorphism
in length even in closely related individuals (5). This property

predestines VNTRs as genetic markers in a wide variety of
genetic analyses such as gene mapping, tumor diagnosis, and
in forensic and parentage applications such as DNA finger-
printing. Beyond these examples, other repetitive stretches of
the genome are very sensitive towards changes in length. For
example, deletions and expansions of certain repeats are linked
to a variety of diseases such as spinal and bulbular atrophy,
spinocerebellar ataxia and schizophrenia (6). The most abund-
ant class of unstable DNA, the trinucleotide repeat expansion,
can also lead to myotonic dystrophy, fragile X syndrome,
Huntington disease and other disorders (7).

Expansions and deletions, as well as the high polymorphism
of repetitive sequences, mainly arise from slipped-strand
mispairing, caused by a realignment of the primer/template
complex during DNA replication (Figure 1) (8-10). This
mechanism has been studied in vitro using a variety of poly-
merases (11-14). Importantly, most polymerases known to
catalyze expansion of repetitive sequences are only able to
add few repeats to the starting strands or otherwise need ther-
mal cycling (12,14). For example, the expansion of telomeric
sequences has been studied by Yoshida and co-workers (15),
who demonstrated that a DNA polymerase o//primase complex
can expand a template by a maximum of 40-90 nt. In a
different study, longer products of a polyG:polyC duplex
have been synthesized using the Klenow fragment of DNA
Pol I (16).

Here we describe the observation of efficient synthesis of
long repetitive DNA sequences based on repeat expansion
using Vent DNA polymerase, extending short templates to
a final length of >1000 nt. We have been developing
approaches for the synthesis of long telomeric DNA in
order to study its structure and function. Repetitive sequences
are especially prone to adopt non-B-DNA-like structures such
as quadruplexes (17) and i-motif (18). Telomeres are suspec-
ted to play an important role in regulatory pathways via altern-
ate folding of the DNA sequence as well (19,20). Although
telomeric structures have been studied in the context of small
synthetic DNAs, higher-order structures and cooperative
effects originating from interactions within long stretches of
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Figure 1. Possible mechanisms of repeat expansion by Vent DNA polymerase.
The repetitive nature of primer and template allows for dissociation and reas-
sociation of the elongated products, especially at elevated temperatures. If
misalignment of the two strands occurs [by full dissociation as in (A) or partial
melting as in (B)], additional extension can take place, resulting in products
longer than the original template.

these sequences are likely to be missed (21-23). In addition,
non-B-DNA structures in various repetitive sequences could
be part of regulatory and pathogenic processes. For example,
length dependence of such alternative structures has been
found in sequences connected to Friedreich ataxia. Depending
on the number of trinucleotide repeats related to the disease,
different species of H-DNA (a structure composed of an
intramolecular triplex) have been observed (24). Such findings
demand more detailed structural investigations, particularly of
long synthetic repeats, as a reference for possible structures
formed in vivo. In order to do so, convenient methods for the
synthesis of long stretches of repetitive sequences are needed.

We have described previously a new strategy for the
synthesis of long repetitive DNA based on a rolling circle
replication mechanism (25). Circular, single-stranded
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templates encoding the human telomeric sequence have
been applied as effectively infinite templates in extension
reactions to yield very long telomeric sequences, allowing
for the synthesis of single-stranded G-rich and C-rich
telomeric stretches (26,27). In control experiments for these
former studies, we observed a surprising phenomenon when
using Thermococcus litoralis (Vent) DNA polymerase. During
characterization of the circle-dependent replication we per-
formed controls with non-circular templates. As expected,
no extension of the primers beyond the linear templates
was observed for several enzymes; however, Vent DNA
polymerase unexpectedly yielded long products (25,27).
This intriguing observation gave rise to the present study.

MATERIALS AND METHODS
Oligonucleotides

All DNA oligonucleotides were synthesized on 1 pmol scale
using standard phosphoramidite solid-phase chemistry using
an ABI 394 synthesizer followed by purification by
15% PAGE.

Telomeric oligonucleotides

G-rich 2lmer (TG21): GGG(TTAGGG)s; C-rich 21lmer
(TC21): CCC(TAACCC);;  G-rich  45mer (TG45):
GGG(TTAGGG); C-rich 45mer (TC45): CCC(TAACCC);
G-rich 69mer (TG69): GGG(TTAGGG);;; C-rich 69mer

(TC69): CCC(TAACCC);;; G-rich  93mer (TG93):
GGG(TTAGGG);s; and C-rich 93mer (TC93):
CCC(TAACCC);s.

Scrambled sequences

Primer (SC-P): TCTACATCCTACCACCCC; template

(SG-T): TGTGGTGGAGAGTTGTAGTGTTGTGGGGTGG-
TAGGATGT.

Mini-satellite sequences

MS-primer: TGGGAGAGGCTGGGAGAGGC; MS-
template: GCCTCTCCCAGCCTCTCCCAGCCTCTCCCA-
GCCTCTCCC.

Polymerase extension reactions

The reactions were carried out in 20 mM Tris—HCI buffer, pH
8.8, containing 10 mM (NH,4),SO,4, 10 mM KCl, 2 mM MgSO,
and 0.1% Triton X-100 (Thermopol buffer) in a final volume
of 5 ul. The reactions contained a primer and a template at
1 uM concentration each, 1 mM dNTPs except dTTP at
0.05 mM in Figures 2 and 5 and Supplementary Figure S1,
at 0.25 mM in Figure 3. The products were visualized by
including 0.025 pCi of [0->*P]dTTP in 5 pl each. Experiments
using 5'-**P-labeled primer (Supplementary Figure S1) were
carried out at 1 mM dNTPs each. The reactions were initiated
by adding 1 U Vent DNA polymerase (NEB) or 2.5 U of Tag
DNA polymerase (NEB), followed by incubation at the given
temperatures for 1 h. The reactions were quenched in 5 ul
PAGE loading buffer and analyzed by 10% PAGE and
autoradiography.
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Figure 2. Effect of template length and sequence on expansion by Vent DNA
polymerase. (A) A non-repetitive, scrambled sequence results in extension only
to the template end. Lane 1: reaction lacking primer and template; lane 2:
reaction containing primer SC-P but lacking template; lane 3: reaction contain-
ing template SG-T but lacking primer; and lane 4: reaction containing both
SC-P and SC-T. (B) Varying template length. Lane 1: reaction containing only
TC21; lane 2: reaction containing TC21 and TG21; lane 3: reaction containing
only TG21;lane 4: TC21 and TG45; lane 5: TG45 only; lane 6: TC21 and TG69;
lane 7: TG69 only; lane 8: TC21 and TG93; and lane 9: TG93 only.

Preparation of products for sequencing

A 50 ul Vent DNA polymerase reaction was carried out as
described above except that all ANTPs were provided at 1 mM
concentration and radioactivity was omitted. The reaction was
extracted with phenol/CHCI; (1:1) and passed through a G25
Sephadex spin column (Amersham Biosciences). Sequencing
was carried out (Stanford PAN facility) following the Sanger
procedure [primer: (CCCTAA)3].

RESULTS

In early studies we observed that 18mer C-rich telomeric
repeat primers in the presence of longer 42-60 nt
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Figure 3. Effects of time and temperature on expansion of telomeric sequences
by Vent DNA Polymerase using TC21/TG69 as primer/template. (A) Time-
course of expansion reaction at 70.9°C. Lane 1: 1 min; lane 2: 2 min; lane 3:
5 min; lane 4: 15 min; lane 5: 30 min; and lane 6: 60 min. (B) Expansion
reactions at varied temperatures (after 60 min). Lane 1: 60.0°C; lane 2: 61.6°C;
lane 3: 65.6°C; lane 4: 70.9°C; lane 5: 76.0°C; and lane 6: 79.6°C.

complementary templates could be extended with Vent
DNA polymerase to lengths exceeding the templates. With
this polymerase there have been reports describing primer-
and template-free de novo synthesis of DNA oligomers
(28,29). To exclude the possibility of a primer and/or
template-independent polymerization reaction in the current
studies, we performed three control reactions (Figure 2A,
lane 1: lacking primer; lane 2: lacking template; lane 3: lack-
ing primer and template). Under these conditions, none of the
reactions displayed any detectable product formation. A dif-
ferent source of uncontrolled polymerization might arise from
the ability of the telomeric sequences to fold into higher-order
structures such as G-quadruplexes and i-motifs which in prin-
ciple could facilitate DNA synthesis by a self-priming mech-
anism. Such a primerless polymerization has been described
for other repetitive sequences using Vent DNA polymerase
(30). For each primer/template-containing reaction we there-
fore performed a control experiment that lacked the primer.
There was no polymerization visible within these controls
(Figure 2B, uneven lanes). Even with long templates (up to
93 nt; Figure 2B, lane 9), no self-priming was observed.
Vent DNA polymerase is frequently used as a thermostable
enzyme in DNA preparation and PCR amplification tech-
niques for non-repetitive sequences, without the occurrence
of extension beyond the template. We, therefore, tested
whether the repetitive nature of our sequence was a
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Figure 4. Electropherogram of sequenced expansion products. A Vent DNA polymerase expansion reaction using TC21/TG69 as primer/template was purified and

Sanger sequenced using the primer (CCCTAA);.

requirement for the expansion phenomenon. We performed a
reaction with a non-repetitive primer—template pair that
was derived by scrambling the telomeric repeat sequence.
As expected, the extension reaction generated a product
that corresponded to the length of the template used
(Figure 2A, lane 4).

In contrast, if the repetitive telomeric sequence was used,
products much longer than the present template were
observed. Four reactions were carried out with increasing
template lengths (21, 45, 69 and 93 nt; lanes 2, 4, 6 and 8
in Figure 2B). With increasing template sizes, longer products
were generated. We next raised dTTP concentration since it
seemed limiting in the expansion reactions (dTTP was present
at low concentrations for assisting the visualization of pro-
ducts by incorporating [0i->?P]dTTP). Significantly, by raising
the dTTP concentration from 0.05 to 0.25 mM, a more narrow
distribution of length was observed (when all four ANTPs were
present at | mM concentration, a very sharp length distribution
of products was generated, see below). At a temperature of
70.9°C, an increase in product quantity as well as of length was
observed over time. After 1 h, the majority of products had
grown to a length of 500 nt, starting from a 69 nt template and
a 21 nt primer (Figure 3A). We next characterized the tem-
perature dependence of the isothermal reaction. When testing
a range of temperatures from 60 to 79.6°C, an increase in
product quantity and length was observed, with lengths reach-
ing 1 kb at 76°C. Interestingly, at higher temperatures no
significant product formation was observed. This is most prob-
ably owing to inefficient primer—template annealing, as the
calculated melting point for the primer/template interaction
using nearest neighbor algorithms is 58.4°C.

To check whether the sequence expansion proceeds from a
small or large fraction of primers, we carried out an expansion
reaction as before but instead of visualizing products by
incorporating [a->>P]dTTP, we used a 5'-**P-end-labeled pri-
mer. The results show that >95% of the primer was elongated
to very long products (Supplementary Figure S1). The dNTP
concentration was 1 mM each in this case, which resulted in a
very narrow length distribution of the expanded products.
Comparison with markers suggested that >90% of the products
fell into the 550-650 bp range. This finding suggests that the

0.25 mM dTTP concentration used in the Figure 3 experiments
was limiting the reaction.

Next we evaluated whether the DNA strands synthesized are
polymerized in a template-specific manner, yielding repeats of
the telomeric hexamer sequence. First we sequenced the
obtained products using an 18 nt primer (CCCTAA)s,
which confirmed that the hexamer repeat of the telomeric
sequence was indeed obtained (Figure 4). In addition, we
performed expansion reactions lacking specific dNTPs.
Owing to the nucleotide sequence of the hexamer repeat, prod-
uct formation should not take flace in reactions lacking dATP
and dTTP. Since we used [Oc- P]dTTP to monitor the reaction,
we only performed the reaction lacking dATP. No product was
observed for C-rich primer/G-rich template reaction (lane 2,
Figure 5) as well as G-rich primer/C-rich template reaction
(lane 6, Figure 5) in accordance with a sequence-specific poly-
merization mechanism. Since the telomeric sequence contains
no guanines in one strand and hence no cytosines in the com-
plementary strand, one would expect that only one strand can
be synthesized in reactions lacking either dGTP or dCTP.

When using a G-rich template strand and a C-rich primer,
product formation was in fact observed for the reaction lacking
dGTP (lane 3, Figure 5), suggesting the production of a long
single strand of the C-rich sequence. The same was observed
with reactions containing the C-rich template strand and the
G-rich primer lacking dCTP (lane 8, Figure 5), suggesting
synthesis of single-stranded G-rich sequence. In these pro-
ducts, the length distribution was considerably broader than
that observed with all 4 nt. These experiments suggested that
the 69 nt template is able to slip along the extending primer as
it increases in length.

In contrast, no synthesis was observed when dCTP was
omitted in reactions containing C-rich template and G-rich
primer, as well as when dGTP was omitted when a G-
rich template and C-rich primer was used (lanes 4 and 7 for
G-rich template and C-rich template, respectively) This find-
ing established that the template cannot be extended when the
complementary primer is not extended as well. In other words,
the longer oligonucleotide always acts as a template; no ‘prim-
ing’ of the shorter oligonucleotide (primer) by the longer one
occurred. These experiments showed that the formation of
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Figure 5. Vent expansion lacking distinct ANTPs. Lanes 1-4: TC21/TG69 as
primer/template; lanes 5-8: TG21/TC69 as primer/template, all reactions con-
tained dTTP at a concentration of 0.05 and 1 mM of the indicated dNTPs. Lane
1/5: all four dNTPs present; lane 2/6: lacking dATP; lane 3/7: lacking dGTP;
and lane 4/8: lacking dCTP.

long single-stranded G-rich as well as C-rich telomeric repeats
is possible, although with reduced efficiency compared with
double-strand synthesis. The most efficient product formation
was obtained in reactions containing all four dNTPs (lanes 1
and 5, containing 0.05 mM dTTP). Taken together, the experi-
ments complement the sequencing data by demonstrating that
mis-insertion is not observed and, thus, the telomeric sequence
is generated in a template-specific manner.

Next we studied the expansion of a DNA sequence different
from the telomeric repeats. We tested a mini-satellite sequence
composed of a repetitive unit 10 nt in length (31). In these
experiments the satellite DNA was also efficiently expanded
by Vent DNA polymerase, but with an optimum temperature
higher than the telomeric sequence (Supplementary
Figure S2). A possible explanation lies in the increased
length of the decamer repetitive unit compared with the
telomeric hexamer repeat. For expansion by a slipped strand
mispairing mechanism, a larger stretch of double-stranded
DNA (dsDNA) would need to be melted, requiring higher
temperatures.

To check whether the expansion activity of Vent DNA
polymerase is a more general feature of thermostable poly-
merases when acting on repetitive sequences, we next tested
the DNA polymerase of Thermus aquaticus in our studies. Tag
DNA polymerase has been reported to moderately facilitate
the expansion of repeats (11,12,14,15). No product formation
was observed under our conditions (data not shown). This
discrepancy could be explained by the fact that no thermal
cycling was carried out in our experiments, in contrast to the
previous studies with this enzyme.

DISCUSSION

We have shown that the Vent DNA polymerase isolated from
the archaeon T'/itoralis can be used to generate long repetitive
sequences with high efficiency. The mechanism of repeat
expansion is most probably based on strand slippage resulting
in primer—template misalignment. The mechanism depicted in
Figure 1A represents primer—template slippage after full dis-
sociation of the two strands; however, partial melting of the
ends of dsDNA followed by mis-annealing to leave a loop
would be sufficient to give an extendable structure (Figure 1B).

A possible explanation for the efficient expansion activity of
Vent DNA polymerase when replicating repetitive sequences
might be represented by its combination of low processivity
(7 nt are incorporated at each enzyme binding event) and a
relatively high extension rate (4000 nt/min) (32). This com-
bination results in high turnover of polymerase-bound and free
primer—template complex compared with other thermostable
polymerases such as Taq (33). Such rapid turnover would
facilitate primer/template mis-annealing which can probably
only occur if the enzyme is not bound (34). This hypothesis
would also explain the activity of Taqg and other enzymes in
repeat expansion when thermal cycling is carried out, since the
elevated temperature results in dissociation of the enzyme as
well as the primer—template complex.

As a preparative method, the use of Vent DNA polymerase
to generate long, repetitive stretches of DNA has some distinct
advantages over other approaches. Compared with other
enzymes used previously (12,14,16), Vent DNA polymerase
is more efficient both in terms of product quantity (as judged
by fraction of primer extension) and by length of the products.
In addition, the products are characterized by a narrow length
distribution. Importantly, the observed expansion occurs with-
out thermal cycling, which greatly simplifies the reaction and
obviates the need for costly thermal cyclers. Moreover, the
polymerase displays high replication fidelity (32,35), and the
length of the generated product can be controlled by adjusting
incubation time and temperature.

A rolling circle strategy has been reported to produce long
telomeric repeats isothermally as well (25-27). The new Vent-
catalyzed expansion may be complementary to that approach,
since the current strategy most efficiently generates double-
stranded products, while the rolling circle strategy produces
single strands. For single-stranded expansion, the current
approach generates shorter products than the rolling circle
approach, but is simpler since it does not require the prepara-
tion of a circular template.

Finally, the current isothermal mechanism of DNA
polymerase-mediated expansion of repetitive sequences



could have biological significance. Although most human
tumors express telomerase to maintain their telomeres, a frac-
tion (7-10%) were demonstrated to use an alternative form
of telomere maintenance (36). Alternative lengthening of
telomeres is believed to occur via a recombination mechanism
(possibly involving inter-telomeric copying, t-loops, as well as
linear and/or circular extrachromosomal telomeric DNA),
although the precise mechanism remains unknown (37).
Therefore, it cannot yet be ruled out that DNA polymerase-
mediated strand slippage expansions of telomeric sequences
contribute to alternative mechanisms of telomere elongation.
Notably, it has been proposed that the polymerase o/primase
complex could be involved in telomere maintenance (15).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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