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ABSTRACT

The human fragile-X syndrome, a major cause of
inherited mental retardation, is associated with expan-
sion of the trinucleotide repeat GGC:GCC. Repetitive
sequences in DNA are subject to slippage during
catalysis by DNA polymerases. We characterized the
extent of slippage of synthetic GGC:GCC repeats by
various DNA polymerases: Taq DNA polymerase,
Klenow fragment of DNA polymerase I, DNA Seque-
nase  , DNA polymerase- α and polymerase- β, as well
as HIV reverse transcriptase. All of these enzymes
were found to expand GGC:GCC repeats, with the most
extensive expansion exhibited by Taq DNA polymer-
ase. Starting with a template and primer, each 15
nucleotides (nt) in length, the product of one round of
synthesis by Taq polymerase is as long as 250 nt.
Sequence analysis of cloned DNA fragments
expanded by Taq polymerase indicates that expansion
involves multiple triplet additions and that it is asym-
metric. The asymmetric distribution of terminal
nucleotides in the expanded product is consistent with
active expansion of the GCC strand and passive
additions onto the GGC strand. The preferential
elongation and expansion of the GCC strand was
confirmed in studies utilizing longer repeats within a
single-stranded M-13 template.

INTRODUCTION

Trinucleotide repeat expansions are associated with many human
inherited diseases (1). Expansion of repetitive sequences may
involve unequal crossing-over between the repeats, gene conver-
sion, or misalignment of DNA strands during DNA replication or
repair (2,3). In humans, expansion of a tandemly reiterated
GGC:GCC sequence (also described as CGG/CCG, see ref. 4 for
discussion of nomenclature), is associated with the expression of
different fragile chromosomal sites: FRAXA (5,6), FRAXE (7),
FRAXF (8,9), FRA11B (10) and FRA16A (11); the first two of
these fragile sites are associated with mental retardation. The

best-studied fragile site, FRAXA, is a cytogenetic marker for
fragile-X syndrome, the most common cause of inherited mental
retardation. Most fragile-X patients have an expansion and
hypermethylation of a GGC repeat in the 5′-untranslated region
of exon 1 of the fragile-X mental retardation gene, FMR1 (5,12).
In normal individuals the number of GGC repeats varies from 6
to 56; in unaffected carriers it varies from 43 to ∼200; and in
individuals with fragile-X syndrome it is >200 (13). In normal
individuals, CGG repeats contain occasional single base interrup-
tions and it appears that an initial step leading to instability for
trinucleotide repeats is loss of single base interruptions in the
repeat sequence (14–17).

The association of the GGC repeat with genetic disease
prompted us to reinvestigate the ability of a GGC:GCC duplex to
expand during in vitro replication. Schlotterer and Tautz (18)
studied the role of DNA slippage synthesis during trinucleotide
repeat expansion in vitro using a variety of complementary
oligomers and bacterial DNA polymerases. Most trinucleotide
repeats did undergo expansion, including a CAG:CTG repeat that
has been implicated in several human inherited diseases (19,20).
In contrast, the GGC:GCC duplex underwent little or no DNA
slippage synthesis under their assay conditions (18). Here we
demonstrate that this repeat can be expanded in vitro by
eukaryotic and prokaryotic DNA polymerases as well as by
reverse transcriptase, and we infer from cloning the product of the
reaction that there is a striking asymmetry in the propensity of the
two complementary strands to expand.

EXPERIMENTAL PROCEDURES

Chemicals and enzymes

Recombinant Taq DNA polymerase was purchased from
Boehringer Mannheim Corp. The Klenow fragment of Escherichia
coli DNA polymerase I [Pol I(kf)], human immunodeficiency virus
reverse transcriptase (HIV-RT) and calf thymus DNA polymerase-α
(Pol-α) were purified as previously described (21,22). Recombinant
mouse DNA polymerase-β (Pol-β) was a gift from Dr S. Wilson
(University of Texas at Galveston). DNA Sequenase , a modified
T7 DNA polymerase and T4 polynucleotide kinase were purchased
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from United States Biochemicals; T4 ligase was purchased from
Gibco-BRL. One unit of Pol-α or HIV-RT catalyzes the
incorporation of 1 nmol of [α-32P]dTTP into an acid-insoluble
product in 30 min at 37�C on activated calf thymus DNA (22).
One unit of the other DNA polymerases is the amount of enzyme
required to incorporate 1 nmol of [3H]TTP into an acid-insoluble
product in 10 min at 37�C using poly dA as a template. Deoxy-
and dideoxy-ribonucleoside triphosphates were purchased from
Sigma. DuPont-NEN supplied [γ-32P]ATP used for end-labeling
and [α-32P]dCTP for DNA synthetic reactions. In the case of
oligonucleotides with repetitive sequences, the subscript after the
parenthesis indicates the number of repeated units.

DNA synthesis

Oligomer (20 pmol) was labeled at the 5′-end with [γ-32P]ATP
and mixed with 20 pmol of a complementary unlabeled oligomer
[or single-stranded M13 DNA containing FMR-1 DNA (see
below)] in 10 µl of 40 mM Tris–HCl pH 8.0, 50 mM NaCl,
20 mM MgCl2. The primers were annealed by heating the
mixture to 95�C for 10 min, followed by incubation at 70�C for
10 min, and by cooling to room temperature for 30 min. These
conditions are not sufficient for the formation of quadruplex
structures (23). The standard reactions in a final volume of 15 µl
contained: 1 pmol of each of the annealed complementary
oligonucleotides, 100 µM each of dCTP and dGTP, 1 U each of
the indicated DNA polymerase and buffer. Incubation was at
37�C for 90 min. The buffer for Taq polymerase, Pol I(kf), DNA
Sequenase and HIV-RT contained 50 mM Tris–HCl pH 8.0,
10 mM NaCl and 4 mM MgCl2. The buffer for DNA polymerase-α
contained 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (pH 7.8), 1.0 mM dithiothreitol and 3 mM MgCl2, and
for DNA polymerase-β the buffer contained 20 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid (pH 8.4), 50 mM NaCl and
10 mM MgCl2. The elongated oligonucleotides were desalted by
centrifugation through a Sephadex G-50 mini-column, electro-
phoresed on 8% polyacrylamide/7.0 M urea gels, and quantified by
scanning the gels with a PhosphorImager (Molecular Dynamics).

Cloning of the extended and expanded repeats

The expansion reaction catalyzed by Taq polymerase was
incubated for 60 min at 37�C, followed by an additional 30 min
incubation with 1 mM dATP. The reaction mixture was extracted
with phenol/chloroform, and DNA was purified by centrifugation
through a Sephadex G-50 mini-column prior to cloning. The
DNA fragments were ligated into a linearized TA vector
(containing a 3′-overhanging dT residue), pCRTM II (Invitrogen)
by incubation overnight at 16�C in 10 µl of 50 mM Tris–HCl at
pH 7.6, 10 mM MgCl2, 1 mM ATP, 1 mM DTT, 5% polyethylene
glycol-8000 and 1 U T4 ligase; the product was transfected into
E.coli CSH50 [∆(pro-lac) thi ara strA/F′(proAB IacIa-z∆M15)]
using a ‘Gene-pulser’ electroporator (BioRad). Recombinant
DNA from individual transformed clones was isolated and
sequenced with a universal primer as described (24,25).

Converting FMR-1 fragment into single-stranded DNA
template

A human fragile-X trinucleotide DNA fragment from a normal
individual was PCR-amplified from genomic DNA using the
method of Fu et al. (13). In order to clone repetitive sequences in

either orientation, the FMR-1 fragment was amplified with two
sets of PCR primers. The FMR-1 fragment was then inserted into
an M13 vector to obtain a single-stranded template. Both sets of
PCR primers contain restriction sites for EcoRI or BamHI at a 5′
termini, as well as the FMR sequence complementary to the
region from –20 to –1 upstream or from +19 to +38 downstream
of the trinucleotide repeats: FMRJJ1, 5′-CGG GAA TTC CAG
GGG GCG TGC GGC AGC G-3′; FMRJJ3, 5′-CGC CGG ATC
CAG GGG GCG TGC GGC AGC G-3′; FMRJJ2, 5′-CCG GGA
TCC CGC CCC CGA GAG GTG GGC TG-3′; and FMRJJ4,
5′-CCG GAA TTC CGC CCC CGA GAG GTG GGC GTG-3′.
The PCR-amplified FMR-1 fragments and M13mp19 vector
DNA were, respectively, incubated in a 50 ml reaction mixture at
37�C for 60 min, containing: 50 mM Tris–HCl pH 8.0, 10 mM
MgCl2, 100 mM NaCl and 10 U of both EcoRI and BamHI. The
DNA was extracted with phenol/chloroform and precipitated
with ethanol. The oligonucleotide ends were removed by
Centricon-30 filtration (Amicon). The FMR-1 fragment was
ligated into M13 DNA and single-stranded DNA was prepared
(25).

RESULTS

Slippage during DNA synthesis has been postulated to cause both
frameshift mutations (2), and the expansion of homoduplexes and
other short repeats (2,26). To measure slippage of the fragile X
repeats, we annealed a radiolabeled (GGC)5 oligomer to an
unlabeled (GCC)5 oligomer and incubated the duplex with
different polymerases in the presence of dCTP and dGTP. The
reaction products were resolved on denaturing polyacrylamide
gels (Fig. 1). Each of the tested DNA polymerases extended a
fraction of the GGC oligomers to a length greater than 30
nucleotides (nt), the combined length of the primer and template
strands. In the absence of slippage the product would correspond
to the length of the primer plus that of the template minus the
number of complementary nucleotides required for the initiation
of DNA synthesis by the polymerase (27). Taq DNA polymerase
synthesized the longest fragments, with chain lengths approach-
ing 250 nt. In the experiment reported here, the percentage of
GGC primers extended to sizes >30 nt varied from 6% for Pol-α
to 79% for Taq DNA polymerase, suggesting that the capacity for
DNA expansion is a property of the individual DNA polymerases.

In order to gain insight into the mechanism for chain expansion,
we cloned the product synthesized by Taq DNA polymerase. We
took advantage of the ability of Taq to add single deoxyadenosine
residues in a template-independent fashion onto the 3′-end of
duplex molecules (28). The dA-terminated extended oligonu-
cleotides were subsequently inserted into a vector pCRTMII
containing a 3′dT-overhang. Following ligation, the recombined
DNA was introduced into E.coli, individual clones were isolated,
purified, and the repetitive segment was sequenced using an
upstream primer. As shown in Figure 2, the expanded sequence
was recovered in two orientations. Of the isolated clones, 11 had
their trinucleotide repeats in the 5′-GCC-3′ orientation (I) and 12
had the repeats in the 5′-GGC-3′ orientation (II). Hence, no bias
was observed in the orientation of the expanded repetitive
sequences in the vector. The number of residues within each
cloned repeat varied from 17 to 64, indicating that the polymerase
extended the original 15 nt primer by as much as 49 residues. The
reported inability of E.coli to maintain repetitive sequences
longer than 150 nt could account for the lack of even longer
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Figure 1. Expansion of trinucleotide repeats of GGC:GCC with various DNA polymerases. A 32P-labeled (GGC)5 oligomer was annealed with a (GCC)5 oligomer
and incubated with 1 U each of various DNA polymerases as described in ‘Experimental Procedures’. The reaction products were resolved on an 8% denaturing
polyacrylamide gel and quantified using a PhosphorImager. The extent of expansion in each reaction is estimated from the percentage of the radioactivity present in
molecules extended longer than 30 bases.

inserts (29). The distribution of lengths of the cloned and
sequenced products is heterogeneous (Fig. 2), as also reflected in
the gel pattern of the extended chains (Fig. 1). Of the 23 clones,
seven were longer than twice the length of the template and
therefore must have resulted from slippage of the primer relative
to the template during synthesis. The size of the longest repeats
suggests that multiple slippage events must have occurred during
synthesis. The uninterrupted trinucleotide sequence in most of the
clones indicates that expansion involves slippage of 3 nt at a time.
The only exceptions were the terminal residues (vide infra) and,
in two of 23 clones, an internal adenine residue interrupted the
trinucleotide array. In these two cases, a GCC repeat was added
after the incorporated adenine residue, suggesting that Taq
polymerase can extend beyond a mismatched 3′ terminal
nucleotide.

The position of the terminal residues suggests a mechanism for
expansion. Of the 23 clones that were sequenced, 16 contained
non-triplet terminal additions only on the 3′-terminus of the GCC
strand, whereas none contained non-triplet terminal additions on
the 5′-end of the GCC repeat. In control reactions, non-triplet
additions were lacking in all three sequenced clones derived from
oligomers that were not extended by the polymerase (data not
shown). The bias in the position of the terminal nucleotides is not
due to unidirectional insertion of the expanded repeats or to
selection during cloning, since nearly an equal number of clones
were recovered in either orientation. Of the 11 clones in
orientation I, eight contained non-triplet residues at the 3′-terminus
and no non-triplet residues at the 5′-terminus of the GCC strand
(Fig. 2). In contrast, eight of the 12 clones recovered in orientation
II contained non-triplet residues at the 5′ terminus of the GGC
strand, but there were no non-triplet residues at the 3′-terminus.
A consensus sequence for all 23 clones is, therefore:

5′-(GCC)5–21N-3′
3′-(CGG) 5–21N-5′

Figure 2. The nucleotide sequence of trinucleotide repeats expanded by Taq
DNA polymerase. The expansion of the GGC:GCC repeats by Taq polymerase
and the cloning of the expanded products is given in ‘Experimental
Procedures’. Based on the orientation of the repetitive segments, 23 clones were
sequenced and divided into two groups. The DNA sequence of the transcribed
strand is written in the 5′ to 3′ direction and the number of repeats is given as
a subscript.

All known DNA polymerases add nucleotides exclusively onto
the 3′-terminus. Addition of nucleotides onto the GCC strand
provides a direct explanation for the variable sequences found on
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Figure 3. DNA slippage synthesis on circular single-stranded DNA template containing repetitive trinucleotide sequence. (A) DNA sequence of single-stranded M13
recombinant DNA containing GGC:GCC repeats. The single-stranded M13 phage containing fragile-X trinucleotide repeats of either (GCC)n or (GGC)n were
identified and sequenced using the universal primer (24). Each dideoxy A, C, G, T reaction mixture was loaded onto an 8% denaturing polyacrylamide gel. The
sequences shown in (A) are that of a trinucleotide repeat of 22 U in opposite orientations with arrows indicating the orientation of trinucleotide repeats. (B) DNA
slippage synthesis on FMR-1 DNA. The single-stranded M13 DNA containing trinucleotide repeats of either (CGG)22 or (GCC)22 was annealed with the
complementary oligomer and incubated with the indicated DNA polymerases, in the presence of dGTP and [α-32P]dCTP at 37�C for 90 min. The extended DNA
molecules were analyzed by electrophoresis on an 8% denaturing polyacrylamide gel and quantified by using a Phosphorimager. Percent expansion in each lane reflects
the percentage of counts incorporated into extension products >66 nt. (C) DNA slippage synthesis on FMR-1 DNA. The single-stranded M13 DNA containing
trinucleotide repeats of either (CGG)22 or (GCC)22 was annealed with the complementary 5′-end labeled 15mer primer and incubated with the indicated DNA
polymerases, in the presence of dGTP and dCTP. The extension products were analyzed by electrophoresis on an 8% denaturing polyacrylamide gel and quantified
by using a Phosphorimager, using a 5′-end labeled 81 nt oligomer as the marker for full extension (66 nt repeats plus 15 nt primer). The percent expansion in each
lane reflects the percentage of counts incorporated into expansion products larger than 81 nt. The bracket indicates the presence of expansion products of 160 nt in
the 5′-GCC-3′ strand, as determined by comparison to a labeled 10 bp DNA size ladder.

the 3′-terminus of the GCC strand in orientation I. In contrast, the
lack of terminal additions at the 3′-terminus of the GGC strand in
orientation II suggests that this strand is less subjected to slippage
during catalysis. Since DNA synthesis occurs exclusively in a 5′
to 3′ direction, the 5′ sequence variability observed in orientation
II clones could not be the result of nucleotide additions by Taq
polymerase, but instead must have occurred by elongation of the
vector during cloning of the expanded product.

To determine whether biased slippage also occurs on repetitive
trinucleotide sequences embedded within the flanking sequences
found in the FMR-1 gene, we constructed single-stranded M13
vectors containing either (GGC)22 or (GCC)22 inserts and
verified the position of the inserts by DNA sequencing (Fig. 3A).
Onto each of these constructs we annealed the corresponding
complementary oligonucleotide primer (GCC)5 or (CGG)5.

Incubation was carried out with either DNA Sequenase or Taq
DNA polymerase in the presence of dGTP and [α-32P]dCTP. In
principle, the primer could anneal to any of the 22 trinucleotide
units in the template, and as a result the newly synthesized
molecules could be as long as 81 bases (66 plus the primer) in the
absence of slippage. In control experiments, we annealed specific
non-repetitive oligonucleotide primers complementary to nucleo-
tide sequences that flank the trinucleotide repeat region and we
did not observe any expanded DNA products (data not shown).
In contrast, the results presented in Figure 3B indicate that
products >81 nt were produced in reaction with either the (GGC)5
or (GCC)5 primers, suggesting slippage DNA synthesis occurs on
both strands. Expansion products through slippage synthesis with
the oligomer (GCC)5 usually resulted in longer products than
those obtained with (GGC)5 as a primer, suggesting that with the
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M13 template (GCC)5 is also more frequently subject to slippage
DNA synthesis. In a second set of experiments, we utilized
32P-labeled primers. The extent of expansion was greater for the
(GCC)5 primer (26.6%) than the (CGG)5 primer (7.7%)
(Fig. 3B). Furthermore, extensive pausing at triplet repeats was
observed only with CGG primed synthesis. A comparison of
expansions observed in Figures 1 and 3 indicates that expansion
is greater when both the primer and templates are not flanked by
non-repetitive sequences.

DISCUSSION

Our results support suggestions that expansion of repetitive
trinucleotide sequences in the FMR1 gene is caused by slippage
of nascent polymerized DNA strands during replication or repair
(26,29). The expansion of trinucleotide repeat sequences during
DNA synthesis in vitro is consistent with earlier studies in which
DNA polymerases produced long products using homopolymer
or copolymer templates (18,30). In studying the replication of
triplet repeats using oligonucleotide templates of 15 residues and
complementary primers of nine residues, Schlotterer and Tautz
(18) observed that E.coli DNA polymerase I yielded products
longer than 50 nt. Notable exceptions were GGC:GCC duplexes,
which failed to undergo significant expansion. In contrast, by
using greater amounts of DNA polymerases we find that
trinucleotide GGC:GCC repeats can be expanded in vitro by
various DNA polymerases.

Our studies suggest that slippage of the primer relative to the
template can drive an expansion process, and that with expansion
of GGC:GCC repeats this slippage occurs in multiples of three
nucleotides. A model based on our results indicates that slippage
expansion would involve the looping out of a trinucleotide repeat
or its multiple (Fig. 4A). This looping out would result in a
repositioning of the primer strand with respect to the template
(Fig. 4B). As a result, the primer strand is lengthened by the size
of the looped out segment. From these results, we cannot
determine the template site for continued synthesis, but the
absence of inversions in the sequenced clones argues against
dissociation of the polymerase. Interruptions in repeats, such as
AGG trinucleotides found in the normal population, are predicted
to significantly impede slippage (15–17). Indeed, premutation
genotypes that lack the AGG punctuations have been shown to be
prone to further expansion (15,17,31–33).

The sequence of the cloned expanded products (Fig. 2) suggests
that the mechanism for expansion of the trinucleotide repeats is
strand-biased in that slippage occurs more frequently at the
3′-terminus of the GCC strand. Of the 23 cloned in vitro expanded
repeats that we sequenced, 16 contained terminal additions; all of
these are compatable with slippage of the GCC strand but not with
slippage of the GGC strand. Our finding that recombinant clones
are recovered in nearly equal numbers argues against the
possibility that this bias resulted from a cloning artifact. The
simplest explanation for the biased extension of the GCC strand
is, therefore, that it occured in the course of DNA synthesis. A
bias in slippage of repetitive sequences is not without precedent.
In studies on CTG repeats, Kang et al. (33) observed that both
expansion and deletion of repetitive sequences were orientation-
dependent during replication in E.coli. Furthermore, our designa-
tion that the GCC strand is more likely to expand is in agreement
with predictions of Chen et al. (34), based on physical charac-
terization of oligomers similar to those used here.

Figure 4. Model for slippage synthesis of trinucleotide GCC repeats. (A) Our
preferred interpretation of the sequence data in Figures 1 and 3 is that the GCC
strand is the predominant strand forming hairpins consisting of one or more
repeats, and leading to slippage replication. The 5′ end of the GGC/GCC repeat,
oriented relative to the transcription polarity of the FMR1 gene, contains
interruptions in the repeat, here denoted as GGA repeats in the GGC strand.
Such interruptions were not used in our experiments, but are included in the
diagram to indicate polarity. In principle, hairpins could be formed on either the
lagging (upper) or leading (lower) strand. Our inference that the newly
synthesized GCC strand is the one more likely to be actively expanded suggests
that determining the in vivo direction of DNA replication through the FMR1
gene would help distinguish the roles of leading and lagging strand synthesis
in slippage events. (B) The slippage of the GCC strand could result in an
overhang at the 3′-terminus. The gap on the GGC strand could be filled in by
elongation during cloning of the insert.

The formation of an unusual secondary structure by repetitive
DNA could stall DNA synthesis and account for the strand bias
we observe in copying GCC:GGC repeats by Taq DNA
polymerase. Non B-form DNA conformations, formed by both
GGC and GCC repeats, including hairpins (27,32,34–37) triplex
(38) and quadruplex structures (23), could stall the progression of
DNA synthesis. Stable hairpins and intrastrand tetraplexes
formed on the GGC strand (35,38) could cause pausing by the
polymerase and looping out of the GCC strand. Pausing by DNA
polymerases at regions of secondary structure has been shown to
result in increasing misincorporations (39) and could also result
in increased DNA slippage. This scenario would predict that
sequences surrounding the fragile-X site would contain a high
frequency of mutations, particularly single-base substitutions that
result from errors by DNA polymerases.

The expansion of GCC sequences that we observe with purified
DNA polymerases could be the underlying mechanism for the
pathogenesis of fragile-X syndrome. Since expansion is observed
with purifed DNA polymerases, it is not obligatory to postulate
a requirement for other proteins that comprise the DNA
replication apparatus, or for proteins that bind specifically to the
repetitive GGC:GCC trinucleotide repeats. However, the much
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larger expansion of hundreds of nucleotides that characterizes the
fragile-X syndrome could involve either multiple slippage events
(33) or sister chromatid exhanges, and could be facilitated by
specific binding proteins. An additional possibility concerns the
significant hypermethylation of the CpG dinucleotides within the
GGC repeat and flanking DNA of affected individuals (35). This
hypermethylation may facilitate aberrant replication of FMR1
(40,41).

The strand bias that we observe may serve in determining
whether expansion occurs on the lagging (Fig. 4) or leading strand
during DNA replication. It has been noted that the size of triplet
repeats above which instability occurs is similar to the size of the
Okazaki fragments on the lagging strand (15,16). Our in vitro
results would be consistent with involvement of the lagging
strand if the direction of DNA replication in vivo were from the
5′ end of the FMR1 gene.
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