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ABSTRACT: Telomeric DNA sequences in human cells and those of other vertebrates consist of long
d(TTAGGG) repeats. In somatic cells, telomeres shorten every cell division with shortening serving as a
mitotic clock that counts cell divisions and ultimately results in cellular senescence. Telomere length is
principally maintained by a ribonucleoprotein, telomerase. However, a non-negligible proportion of human
cells use a recombination-based mechanism for telomere maintenance, termed alternative maintenance of
telomeres (ALT). Although the molecular mechanism of ALT is not known, GT-rich sequences in
prokaryotes and eukaryotes display high levels of recombination relative to those of non-GT-rich DNA.
We show that human telomeric strand-exchange complexes mediated byEscherichia coliRecA protein
differ from those formed with nontelomeric sequences. Moreover, telomeric strand-exchange intermediates,
unlike those involving nontelomeric sequences, exhibit a tendency to form higher-order nucleoprotein
structures. We propose that the strong DNA unwinding activity inherent in the assembly of the RecA
strand-exchange complex promotes the formation of alternative DNA structures at human telomeric loci.
Organization of these noncanonical structures into higher-order complexes involving multiple DNA duplexes
could facilitate the search for homology on different DNA molecules and provide a framework for
understanding recombination-dependent mechanisms of telomere maintenance.

The Escherichia coliRecA system provides a valuable
paradigm for the complex mechanisms of homologous
recombination. In the presence of ATP, or its slowly
hydrolyzable form, ATPγS,1 the RecA strand-exchange
protein binds to single-stranded DNA to form a right-handed
nucleoprotein filament (1, 2). Subsequently, the nucleoprotein
filament searches for homologous sequences on target duplex
DNA, followed by pairing of the incoming strand and its
complement and displacement of the noncomplementary
single strand.

Molecular details of the search for DNA homology and
subsequent homologous pairing are not well understood.
Previous studies showed that during pairing of ssDNA and
dsDNA, the triple-stranded intermediate that forms has the
typical helical parameters of the RecA filament, where all
strands are stretched and underwound to give a helical repeat
of 18.6 residues per helical turn (3-5). The triple-stranded
intermediate consists of a newly formed duplex in which
the incoming single strand is base paired with its complement
from the original duplex and the nascent displaced strand is
wound around the newly formed duplex region (4). The

stretching of all DNA strands in the complex is believed to
be necessary to expose the DNA bases in a manner required
for homologous pairing interactions (6-8).

Homologous recombination strand-exchange proteins are
characterized by their ability to bind DNA in a sequence-
independent manner and to pair any homologous DNA
sequence with its partner (9). Similar fundamental mecha-
nisms are the basis for homologous strand exchange in
bacteria, yeast, and humans. RecA and its homologue in
Saccharomyces cereVisiae, Rad51, have preferential affinity
and enhanced pairing activity with GT-rich DNA sequences
(10, 11). In prokaryotes and eukaryotes, genomic loci
containing GT-rich sequences show enhanced levels of
recombination. Examples of such sequences are theE. coli
hot spot Chi (ø, 5′-GCTGGTGG-3′) (12), short tandemly
repeated motifs in human and mammalian systems known
as “satellite DNA” (13), CTG‚CAG repeat sequences (14),
and subtelomeric and telomeric sequences in yeast and
human cells that use homologous recombination-based
pathways for their maintenance (15, 16).

Telomeres, the GT-rich DNA sequences located at the ends
of eukaryotic chromosomes, have received considerable
attention due to the fact that these structures are the substrate
for the ribonucleoprotein telomerase, which is active in the
vast majority of tumor cells, but not present in normal
somatic cells (17). One strategy for treating malignant tumors
is to inhibit the lengthening of telomeres in neoplastic cells
by targeting telomerase activity (18). Recently, another
mechanism for telomere lengthening has been investigated,
termed alternative lengthening of telomeres (ALT). This
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mechanism is independent of telomerase activity and de-
pendent on homologous recombination. ALT-dependent
telomere maintenance can coexist with telomerase activity
in certain tumor cells, and as a consequence, control of
telomere lengthening in such cells will be less sensitive to
anti-telomerase drugs (19). Human ALT cells have been
characterized by the presence of novel nuclear structures
called ALT-associated PML bodies (APBs) (20). APBs
contain short fragments (approximately 1 kb) of telomeric
DNA [extrachromosomal telomeric repeats (ECTRs)] in
addition to telomere binding proteins, proteins involved in
homologous recombination (Rad51 and Rad52), and proteins
involved in DNA damage repair (20-22).

E. coli RecA protein and Rad51, its eukaryotic homologue
from yeast or human sources, have similar properties. The
Rad51 nucleoprotein filament has virtually the same structure
as that reported for RecA (23, 24), and Rad51-dependent
strand-exchange steps in recombination have been shown to
be very similar to the reactions carried out by RecA protein
(25-28). In this study, we examined topological aspects of
RecA protein-mediated strand-exchange intermediates formed
by human telomeric DNA (TTAGGG)n sequences (29).
Remarkably, strand-exchange complexes involving telomeric
single strands show a propensity to form higher-order
structures, behavior that is not observed using nontelomeric
single strands. We suggest the possibility that the enhance-
ment of recombination observed with telomeric sequences
in ALT cells may be due to the formation of higher-order
strand-exchange complexes involving more than one telo-
meric duplex, thereby increasing the efficiency of homolo-
gous recombination at telomeric loci.

EXPERIMENTAL PROCEDURES

Plasmid DNA. Plasmid DNAs were derivatives of pRep225
BSK+, which contains 35 tandem copies of the human

telomeric sequence, d(TTAGGG), and was a gift from W.
Wright and J. Shay (University of Texas Southwestern
School of Medicine, Dallas, TX; see Figure 1). Several
plasmids with shorter telomeric sequences were generated,
twoofwhichwereused in thisstudy [pRep120([T2AG3]23T2A)
and pRep90 ([T2AG3]16T2AG); see also Figure 1A,B]. These
plasmids were generated by limited digestion withλ-exo-
nuclease (Roche) of pRep225 BSK+, which was linearized
at a uniqueEcoRV site located 18 bp from one end of the
telomeric insert. Exonuclease-treated plasmids were digested
with S1 nuclease (Roche), and blunt-end ligation was carried
out with T4 DNA ligase (New England Biolabs). Transfor-
mants were screened for the length of telomeric repeat inserts,
and insert sequences were confirmed by dideoxy DNA
sequencing. All plasmids were propagated inE. coli SURE
cells (Stratagene) grown at 30°C to maintain insert stability.
Plasmid DNA was isolated by an alkaline lysis procedure
and purified by precipitation with polyethylene glycol (30).
Insert sequences were confirmed by dideoxynucleotide
sequencing for every plasmid preparation. To eliminate
contributions from higher-order DNA structures that tend to
accumulate with prolonged storage of telomeric DNA
molecules, monomeric forms of the plasmid were purified
prior to each series of experiments and used within 24 h.

Single-Stranded DNA Fragments.Three 100-nucleotide
single-strandedDNAfragments([T2AG3]16T2AG,CTA2[C3TA2]16,
and a 100-nucleotide nontelomeric DNA sequence homolo-
gous to a 100-nucleotide region of pRep225 BSK+) were
synthesized commercially (IDT) and purified sequentially
by ion-exchange HPLC and denaturing polyacrylamide gel
electrophoresis. All other single-stranded molecules were
prepared by asymmetric PCR methods. The telomeric repeat-
bearing plasmids pRep225 BSK+ and pRep120 were used
as templates in symmetric PCR mixtures containing ap-
propriate forward and reverse primers suitable for amplifying

FIGURE 1: Sequences of telomeric repeat DNAs. (A) pRep90 and pRep120 were derived byλ-exonuclease digestion of pRep225 (see
Experimental Procedures). All three plasmids have anEcoRI recognition site that is part of the 3′-end of the G-rich sequence of the telomeric
insert, separated from an additional downstreamEcoRI site by 10 bp.EcoRI, HinfI, andPVuI restriction sites are located at similar positions
in pRep90, pRep120, and pRep225, respectively, upstream of the telomeric insert. (B) Sequences of telomeric inserts in the plasmid DNAs
described in panel A. (C) Sequences of single-stranded constructs prepared as described in Experimental Procedures.
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the telomeric inserts. Nontelomeric ssDNA controls were
derived from selected regions of pRep225 BSK+ using
appropriate primers. PCR mixtures (50µL) were subjected
to 40 cycles of amplification in high-fidelity PCR buffer
(Invitrogen) containing 0.2 mM dNTPs, 0.2µM primer, 1.5
mM MgSO4, and 1.5 units of Platinum Taq (Invitrogen).
Extraneous vector DNA at the 3′-end of the G-rich repeat
strand was removed from the symmetric PCR products by
digestion withEcoRI. The double-stranded repeat-bearing
DNAs were then used as templates to amplify the G-rich or
C-rich telomeric repeat strand. These reactions were carried
out under reaction conditions identical to those of symmetric
PCR, but the mixtures contained only a single forward
primer. The single-stranded product was isolated by gel
electrophoresis, and sequences were confirmed by dideoxy
DNA sequencing. The purity of the ssDNA molecules
prepared by this method equaled or exceeded that of shorter
ssDNA fragments that were prepared by oligonucleotide
synthesis and underwent two rounds of PAGE purification
(S. S. Zein, A. Vetcher, and S. D. Levene, manuscript
submitted for publication).

RecA-Dependent Strand InVasion Assay. Single-stranded
DNA samples in TE buffer [10 mM Tris-HCl and 1 mM
Na2EDTA (pH 8.0)] were denatured by heating to 95°C in
a thermal cycler for 5 min and cooling in situ to 25°C.
Denatured ssDNA was incubated with RecA (Roche) at a
ratio of 5:3 (moles of nucleotides to moles of RecA) in buffer
consisting of 20 mM triethanolamine-HCl (pH 7.2), 1 mM
magnesium acetate, 1 mM DTT, and 2 mM ATPγS (Sigma)
for 60 min at 37°C. Presynaptic complexes were separated
from RecA monomers by Sepharose CL-4B (Sigma) spin
column chromatography using columns that were pre-
equilibrated with 20 mM triethanolamine-HCl (pH 7.2), 1
mM magnesium acetate, and 1 mM DTT. ATPγS was added
to a final concentration of 2 mM to fractions containing the
RecA-ssDNA complexes. Presynaptic complexes were
mixed at a 5-fold molar excess with homologous plasmid
DNA relaxed by treatment with wheat germ topoisomerase
I (Promega). The magnesium acetate concentration was
adjusted to 6 mM, and the pairing reaction was allowed to
continue at 37°C for 2 h. Topoisomerase I (10 units/µg of
plasmid DNA) was added, and the relaxation reaction was
allowed to proceed for 1 h. Proteins were removed by
treatment with SDS (final concentration of 0.1%) followed
by two extractions with phenol, and DNA was recovered by
ethanol precipitation. Topoisomers were analyzed by elec-
trophoresis in 1.3% agarose gels for 24 h in TBE buffer [50
mM Tris-borate and 1 mM Na2EDTA (pH 8.3) at 22°C]
containing from 0 to 1.1µg/mL chloroquine phosphate. In
many experiments, multiple gels containing different con-
centrations of chloroquine were used to fully characterize
topoisomer distributions. After staining with ethidium bro-
mide had been carried out, gel images were collected with
a MicroMax Peltier-cooled, 12-bit (1:4096) CCD camera
(Princeton Instruments) having a spatial resolution of 1317
× 1024 pixels.

Methylation Protection Assays. One hundred-nucleotide
G-rich telomeric ssDNA or a 158-nucleotide sequence-
containing G-rich repeats and a 58-nucleotide 3′-nontelomeric
sequence extension (designated 100G58N3′; see Figure 1C)
were paired with pRep90 under our standard strand-exchange
assay conditions. Reaction mixtures were removed to 20°C;

dimethyl sulfate (Acros Organics) was added to a final
concentration of 0.24%, and incubation continued for an
additional 5 min. Methylation was terminated by chilling the
reaction mixtures on ice and adding 0.1 volume of 10× DMS
stop solution [3 M sodium acetate (pH 7.0), 0.2 Mâ-mer-
captoethanol, and 10µg/mL glycogen] followed by precipi-
tation with ethanol. DNA was resuspended in 0.1% SDS,
sequentially extracted with phenol, phenol and chloroform
(1:1), and chloroform, and recovered by ethanol precipitation.
Plasmid DNAs were digested at a uniqueNotI site and
labeled with [R-32P]dGTP (ICN) by using Klenow fragment
(New England Biolabs). The plasmids were then digested
with appropriate restriction endonucleases to remove the
redundant labeled end. Samples were chemically cleaved at
methylated sites by treatment with a 1 Msolution of freshly
diluted piperidine (Sigma-Aldrich) at 90°C for 30 min.
Reaction mixtures were analyzed on an 8% denaturing
polyacrylamide gel.

RESULTS

Topological Assays of Single-Strand InVasion. We exam-
ined topological aspects of single-strand invasion in telomeric
sequences by using plasmid DNAs subjected to RecA-
mediated strand exchange involving homologous telomeric
or nontelomeric single-stranded DNA sequences. These
experiments are based on a variation of the classic nucleo-
somal linking-number experiment, in which a change in a
plasmid’s linking number (Lk), or topoisomer, distribution
is induced by the binding of a ligand (31, 32). Covalently
closed DNAs are relaxed by topoisomerase I in the presence
and absence of the ligand, and these two samples are
subjected to agarose gel electrophoresis (Figure 2). If ligand
binding perturbs DNA twist, then the distribution of plasmid
topoisomers obtained for the ligand-DNA complex is shifted
relative to the distribution observed in the absence of the
ligand. In the case of ligand-induced DNA unwinding, the
center of theLk distribution observed for the topoisomerase-
relaxed complex after removal of the ligand will reveal a
linking number deficit (∆Lk < 0) relative to the relaxed
plasmid alone.

On the basis of this principle, changes in the link-
ing number distributions of plasmid DNAs that contain
known repeat lengths of the human telomeric sequence,
d(TTAGGG)n, were used as a reporter for single-strand
invasion in an assay involving homologous (either G strand
or C strand) telomeric repeat-containing single strands.
Incubation of these ssDNAs with RecA protein generates
stable ssDNA-RecA filaments, which bind to homologous
regions in plasmid DNA as a paranemic-joint complex, a
structure in which DNA strands are paired, but not topologi-
cally linked (33, 34). Relaxation of this complex with
topoisomerase I, removal of RecA and ssDNA, and subse-
quent agarose gel electrophoresis in the presence of an
intercalating agent have been previously shown to generate
pronounced shifts in plasmid topoisomer distributions with
nontelomeric DNA sequences (4, 35).

Topoisomer Distributions. We examined the topoisomer
distributions generated by topoisomerase I relaxation of
paranemic RecA-DNA complexes formed by nontelomeric,
telomeric G-rich, and telomeric C-rich single strands with
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homologous double-stranded sequences in plasmids contain-
ing telomeric repeat sequences (Figure 3). Control topoisomer
distributions for the target plasmid were obtained from mock
reactions that included all of the components of strand-
exchange reactions except for ssDNA. Striking differences
in the average values of∆Lk were observed between
nontelomeric controls and RecA-DNA complexes contain-
ing either G-rich or C-rich single strands. Homologous
pairing within the RecA strand-exchange complex results in
strong duplex unwinding that is a linear function of the length
of homologous DNA (4, 35). A plot of ∆Lk as a function of
the size of the homologous region (Figure 4) gives a linear
plot with a slope equal to the reciprocal of the helical repeat
within the RecA-DNA complex and ay-intercept that gives
the change in DNA twist due to helical distortion at the
boundaries of the complex.

Our results with nontelomeric ssDNAs yielded an estimate
for the helical repeat of the RecA-DNA complex that is
close to the canonical value of 18.5 bp per turn and consistent
with previously determined values (4, 36). The residual
homology length-independent value of∆Lk measured for the
invasion of nontelomeric DNA was also nearly identical to
the previously reported value, which corresponds to a
reduction in DNA twist of nearly two helical turns (4).

Topoisomerase I relaxation of paranemic-joint complexes
containing either G- or C-rich telomeric single strands gave
values of-∆Lk that were consistently and markedly lower
than those measured for nontelomeric DNA strands similar
in length. A plot of-∆Lk versus the extent of homology
for G- and C-rich single strands gave a value for the slope
similar to that obtained for nontelomeric sequences. This

indicates that the helical repeat of the RecA-DNA complex
formed with telomeric single strands does not differ ap-
preciably from that of nontelomeric sequences. However, the
homology length-independent value of-∆Lk found for both
G- and C-rich telomeric repeats was 0.3 turn, approximately
one-sixth of the nontelomeric value. Our interpretation of
this result is that an essentially constant length of telomeric
ssDNA amounting to 1.7 turns of B-form duplex DNA does
not participate in strand invasion of the target molecule.

Stability and Polarity of Strand-Exchange Complexes.
pRep90, target plasmid of the 100-nucleotide, G-rich telo-
meric ssDNA, has 16.5 tandem repeats of TTAGGG.
Therefore, there are 16 possible invasion sites for the 100-
nucleotide G-rich or C-rich ssDNAs, which would be
expected to yield a heterogeneous population of strand-
exchange intermediates. We examined whether the average
values of∆Lk obtained in the topological assay were due to
stochastic alignment of the invading strand, which could
result from random invasion of the tandemly repeated ssDNA
sequence in the various target sequence frames. The first
approach that we used is a time-dependent assay. Previous
studies reported that in the presence of either ATP or the
nonhydrolyzable analogue ATPγS, RecA-mediated pairing
of DNA repeats that results in suboptimal alignments is
resolved in a time-dependent manner following an initial
arbitrary mode of pairing (37, 38). If the low values of∆Lk
obtained for telomeric single strands relative to those
measured for nontelomeric DNA strands similar in length
were due to an initial arbitrary alignment of incoming single
strands within the repeat sequence in the target plasmids,
we expect that the topoisomer distribution of the target
plasmid would change with time. We analyzed the topoiso-
mer distribution of 100-nucleotide G-rich ssDNA pairing
with pRep90 with the pairing step carried out for intervals
between 1 and 5 h. Figure 5 shows that the plasmid
topoisomer distribution was independent of time over this
range, indicating that RecA-mediated alignment of the 100-
nucleotide G-rich ssDNA reached a steady state within the
first hour of the pairing reaction. Therefore, the∆Lk values
obtained are likely to reflect an optimized alignment of
telomeric single strands during pairing with target duplexes.

Second, we aimed to limit the initial mode of invasion of
the repetitive sequences to a unique, single site on the
plasmid. We used our asymmetric PCR procedure to make
chimeric 158-nucleotide single-stranded DNAs consisting of
100 nucleotides of G-rich telomeric repeats fused to 58
nucleotides of flanking, nontelomeric DNA at the 5′- or 3′-
end of the single strand (100G58N5′ or 100G58N3′, respec-
tively; see Figure 1C). The nontelomeric extensions are
homologous to sequences located at either the 5′- or
3′-boundaries of the telomeric repeat sequence in the target
plasmid. The expected consequence of the nontelomeric
flanking sequences was that alignment of the incoming single
strand would be forced to occur in register with the first
telomeric repeat next to the nontelomeric target sequence in
the plasmid duplex. Previous reports indicate that the 58-
nucleotide nontelomeric extension is above the size threshold
for ssDNA molecules capable of forming stable strand
invasion complexes in the presence of RecA and ATPγS
(39).

Using the topological parameters deduced in Figure 4, the
expected∆Lk shift for these 158-nucleotide constructs should

FIGURE 2: Schematic diagram of the RecA-mediated strand invasion
assay. (A) Incubation of relaxed plasmid DNA with a ssDNA-
containing RecA filament results in the formation of a paranemic
ssDNA-dsDNA complex bound to RecA. Relaxation of this
complex with topoisomerase I removes extraneous supercoils from
the locally underwound paranemic complex. The change in DNA
twist attributable to the paranemic complex is revealed by agarose
gel electrophoresis in the presence of the intercalator chloroquine,
which is present at sufficiently high concentrations in the gel to
generate positive supercoiling and attendant loss of ssDNA. (B)
Measurement of the linking difference (∆Lk) by agarose gel
electrophoresis. The distribution of topoisomers is quantitated from
digital images of lanes corresponding to samples relaxed in the
presence and absence of ssDNA-RecA complexes. The values of
Lk used in computing∆Lk are those corresponding to the most
probable topoisomer in each distribution. The position of the open
circular DNA band is indicated by oc.
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FIGURE 3: Topoisomer distributions in telomeric plasmids subjected to RecA-mediated strand invasion. (A) Digitized gel image of the
topoisomer distributions of pRep225 BSK+ in the presence and absence of a homologously paired 100-nucleotide nontelomeric ssDNA-
RecA complex (left) and of pRep90 in the presence and absence of a 100-nucleotide C-rich or G-rich telomeric ssDNA-RecA complex
(right). The position of the most probable topoisomer in the free plasmid distribution is indicated by the black triangle; positions of the
most probable topoisomer belonging to the strand invasion complexes are indicated by the white triangle. Note that the position of relative
positions of the most probable topoisomer in each distribution may have been obtained from several gels that contained different concentrations
of chloroquine (see Experimental Procedures). (B) Quantitated topoisomer distributions of the data shown in panel A. (C) Gel images of
topoisomer distributions observed for plasmid pRep225 BSK+ in the presence and absence of a homologously paired 151-nucleotide
nontelomeric ssDNA-RecA complex (left) and for plasmid pRep120 with RecA-ssDNA complexes containing either 151-nucleotide
C-rich or G-rich ssDNA (right). (D) Quantitated topoisomer distributions of the data in panel C. (E and F) Gel images and topoisomer
distribution data for plasmid pRep225 BSK+ with RecA-ssDNA complexes containing either 223-nucleotide nontelomeric or G-rich
ssDNA. Positions of open circular and linear bands are indicated by oc and lin, respectively.
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correspond to unwinding by approximately 7 helical turns;
this is simply the weighted average of contributions from
100 nucleotides of G-rich telomeric sequence and 58
nucleotides of nontelomeric DNA. In the absence of any
asymmetry in the strand invasion complex, this shift should
be the same independent of whether the nontelomeric
extension is located at the 3′- or 5′-end of the telomeric single
strand. Figure 6A shows the topoisomer distribution of
strand-exchange complexes formed with 100G58N5′. The
∆Lk shift obtained for this construct agrees with the expected
value of approximately-7. We obtained a similar effect on
∆Lk with a 209-nucleotide ssDNA composed of 151 nucle-
otides of G-rich telomeric repeats and 58 nucleotides of
nontelomeric homologous DNA at the 5′-end (data not
shown). The 209-nucleotide construct gave a∆Lk shift equal
to -9.5, again equal to the weighted∆Lk value predicted
from the properties of telomeric and nontelomeric ssDNA.

These results indicate that the differences in∆Lk obtained
for telomeric sequences were due to intrinsic properties of
these sequences rather than random alignment between the
incoming single strand and multiple repeats in the duplex-
DNA target.

In contrast, when we repeated the same assay using the
158-nucleotide ssDNA consisting of 100 nucleotides of
G-rich telomeric sequence and a 58-nucleotide, nontelomeric
3′-extension (100G58N3′), the observed∆Lk shift was-4
turns, virtually identical to that of the 100-nucleotide G-rich
single strand without the extension (Figure 6B). This can be
explained if unwinding of the homologous sequence in the
plasmid duplex was caused by pairing of either the telomeric
or nontelomeric portions of the invading single strand, but
the value is inconsistent with homologous pairing along the
entire length of the single strand.

DMS Probing. Experiments designed to investigate the
nuclease sensitivity of ssDNA-RecA and three-stranded
RecA synaptic complexes were unsuccessful, probably due
to protection of the DNA strands from enzymatic activity
(data not shown). We therefore used chemical modification
by dimethyl sulfate (DMS) to interrogate the structure of
telomeric RecA-mediated paranemic-joint complexes. DMS
predominantly methylates the N7 position of guanine, a
position that is protected from methylation in some DNA
triple helices and also in G-quartet (G4) structures (40-42).
Methylation of the N3 positions of adenine and cytosine also
occurs through DMS modification, although to a much lower
extent. Previous studies with DMS have shown that the N7
position of G is susceptible to DMS attack in the ssDNA-
RecA complex, the dsDNA-RecA complex, and all three
strands involved in RecA-mediated D-loop structures (6, 8,
43). These data indicate that, relative to free DNA, G residues
in ssDNA-RecA and dsDNA-RecA complexes show an

FIGURE 4: Dependence of∆Lk induced by RecA-mediated strand
invasion as a function of the length of ssDNA homologous to
telomeric repeat-containing plasmids. The linking-number change
(∆Lk) was defined as the difference inLk values corresponding to
the most probable topoisomer in plasmid populations relaxed in
the presence and absence of ssDNA-RecA filaments, respectively.
The topoisomer distributions for all RecA complexes were centered
at Lk values that were less than those of the native plasmid alone
and thus gave uniformly negative values for∆Lk: (b) nontelomeric
DNA sequence data, (O) data of Kiianitsa and Stasiak (4), (9)
G-rich telomeric repeat data, and (]) C-rich telomeric repeat data.
The best-fit length dependencies of∆Lk for nontelomeric and
telomeric sequences (both G-rich and C-rich) are given by the solid
lines; the best fit to the data of Kiianitsa and Stasiak (4) is given
by the dashed line.

FIGURE 5: Time course of telomeric strand alignment by RecA.
Topological unwinding assay of the pRep90 telomeric plasmid in
the presence and absence of the homologously paired 100-nucleotide
G-rich strand. RecA-coated single strands were incubated with the
relaxed pRep90 at a ratio of 1:5 (plasmid:nucleoprotein filament).
The pairing reaction was carried out for up to 5 h, after which
complexes were treated with topoisomerase I at 37°C for 1 h.
Complexes were deproteinized with phenol, and topoisomers were
analyzed by electrophoresis for 24 h in 1.3% agarose gels run in
TBE buffer containing 0.5µg/mL chloroquine phosphate.

FIGURE 6: Unwinding induced by 158-nucleotide G-rich single
strands with nontelomeric extensions. (A) Agarose gel analysis of
pRep90 unwinding induced by pairing of a chimeric 158-nucleotide
single strand, 100G58N3′, consisting of a 100-nucleotide segment
of G-rich telomeric repeats and a 58-nucleotide nontelomeric 3′-
extension (see Figure 1C). (B) Agarose gel analysis of the 158-
nucleotide 5′-chimera, 100G58N5′. Both reactions were carried out
under our standard strand-exchange assay conditions. Reaction
products were run for 24 h in 1.3% agarose gels in TBE buffer
containing 0.9µg/mL chloroquine phosphate.
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up to 2-fold increase in reactivity to DMS. G residues in all
three DNA strands present in RecA-mediated D-loop struc-
tures display a more modest 25-30% increase in DMS
reactivity (43).

To test the accessibility of G residues in telomeric repeat-
containing paranemic-joint complexes to methylation by
DMS, synaptic complexes were made by incubating pRep90
with presynaptic complexes containing either the 100-
nucleotide G-rich or 100G58N3′ strand (Figure 1C). Com-
plexes were treated with DMS and deproteinized, and the
DNA was cleaved with piperidine after labeling the displaced
G-rich duplex strand with32P. To resolve the G-dependent
cleavage pattern over the entire telomeric sequence tract,
samples were subjected to electrophoresis for different
periods of time from 50 to 170 min. As a control, a mock
reaction mixture consisting of the target plasmid and all
components except ssDNA was probed using the identical
protocol. Figure 7A shows the resulting cleavage patterns
of the G-rich strand in the target duplex. Bands were mapped

to the corresponding region in the plasmid sequence and
quantitated from the digital autoradiogram. The intensity of
each band (normalized to the intensity of a G band located
25 bp outside the area of interest) revealed that a subset of
G residues in the homologous region were up to 30% more
susceptible to piperidine cleavage and hence more strongly
modified by DMS (Figure 7B). Enhancement of methylation
in both the 100-nucleotide G-rich and 100G58N3′ synaptic
complexes was limited to the telomeric repeat region
extending from the 5′-end of the displaced strand past the
middle of the synaptic complex. None of the G residues
located in the last three repeats at the 3′-end of the telomeric
sequence exhibited enhancement in reactivity to DMS
relative to those residues in the control plasmid. Moreover,
homologous G residues located in the contiguous 3′-
nontelomeric sequence of the 158 bp 3′-chimera showed no
changes in reactivity relative to that in the plasmid alone,
suggesting that those G residues in both cases participate in
normal base pairing interactions. In contrast, quantitative

FIGURE 7: DMS sensitivity assays of RecA-mediated synaptic complexes. Autoradiogram of a 8% polyacrylamide sequencing gel showing
the results of DMS sensitivity experiments carried out on the displaced G-rich strand of RecA synaptic complexes formed by telomeric
single strands. (A) pRep90 was paired with 100-nucleotide G-rich telomeric or 158-nucleotide 3′-chimeric sequences (100G58N3′), treated
with DMS, and cleaved with piperidine (see Experimental Procedures). Parallel application of samples to the gel took place after different
detention times (the electrophoresis pattern shown in the inset corresponds to a lane that was run 120 min longer than those in the main
figure). Bands resulting from G-specific cleavage are labeled according to the location of their respective telomeric repeat elements; the
first repeat at the 5′-end of the G-rich duplex strand is designated R1. A reference ladder of telomeric single strands made by asymmetric
PCR methods is shown in the far left lane with the sizes of the ssDNA (in nucleotides) as indicated. (B) Relative DMS accessibility of
guanine residues spanning the repeat region plotted as a function of G residue location. The intensity of each G-specific band was determined
relative to that of a reference G position located outside the region of homology (see Experimental Procedures). Cleavage signals arising
from guanine tracts within individual telomeric repeats were summed for each repeat element and are plotted as a single data value located
at the position of the central G residue. Representative error bars, indicating one standard deviation, are shown in cases for which three or
more replicate values were available. Telomere repeat numbers shown in panel A are indicated above the corresponding peaks in the
histogram.
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probing of G reactivity using the 100-nucleotide nontelomeric
single strand, 100-nucleotide NTS, showed a similar 30%
increase in reactivity to DMS across the entire homologous
region in the plasmid duplex (see the Supporting Informa-
tion). These results suggest that, on average, only 13 of the
16 complete telomeric repeats located in plasmid duplex
participate in the paranemic-joint complex and that the three
motifs located at the 3′-end or contiguous sequence elements
that are located 3′ to this region are not involved in formation
of a continuous synaptic filament.

Stimulation of Plasmid Dimerization by Telomeric Parane-
mic-Joint Complexes. Previous studies have reported that
plasmids containing telomeric sequences show a tendency
to aggregate under some solution conditions (44, 45). Under
our plasmid storage conditions, we find that such aggregation
is a slow process that occurs on the time scale of weeks. In
all of the experiments described here, we used the monomeric
forms of these plasmids exclusively, which were separated
from any residual higher-order forms by agarose gel elec-
trophoresis (see Experimental Procedures). The purified
plasmid DNA was used within 24 h; storage of plasmid
DNAs in TE buffer during this brief period was accompanied
by no detectable evidence of aggregation or formation of
higher-order complexes. However, we observed the presence
of DNA bands of reduced mobility in strand-exchange
experiments that were carried out with G- and C-rich
telomeric single strands. These low-mobility bands have the
same mobility as noncovalent plasmid dimers and multimers
generated by long-term storage of the telomeric repeat-
bearing plasmids, and are consistent with the noncovalent
association of single plasmid molecules in forming higher-
order structures (Figure 8).

We investigated this phenomenon further by using32P-
labeled ssDNA in strand-exchange assays under our standard
reaction conditions. RecA protein was removed prior to
electrophoresis, and in the presence of levels of chloroquine
too low to destabilize the triple-helical complex ([chl])
0-0.3µg/mL), we observed monomeric, dimeric, and higher-
order plasmid structures in the case of strand invasion by
either G- or C-rich single strands (Figure 8). Higher
chloroquine concentrations disrupt the strand invasion com-
plex via high levels of positive supercoiling (through
reductions in DNA twist), which drives dissociation of these
multimeric structures (data not shown). Such higher-order
structures were never observed with strand invasion com-
plexes containing nontelomeric single strands, as shown in
Figure 8.

Because telomeric sequences consist of tandemly repeated
elements, there is an increased probability of multiple single
strands invading the target duplex relative to nonrepetitive
ssDNA. The relative probability of realizing multiple inva-
sion events with repetitive ssDNA versus a unique strand-
exchange intermediate is difficult to estimate, particularly
since RecA-mediated strand invasion with circular single-
stranded substrates has shown that strand invasion does not
require a free single-strand end (46). Moreover, intermo-
lecular strand invasion can occur in principle with both
repetitive and nonrepetitive single strands whenever the target
duplex is present in multiple copies (47-54). However, we
took several steps to minimize the potential for multiple
invasion events. First, we carried out titration experiments
to determine the minimum molar ratio of presynaptic

complex to target duplex that successfully depleted the free
plasmid topoisomer population to negligible levels. The
optimum ratio of presynaptic complex to target was found
to be 5:1 for both telomeric and nontelomeric ssDNA (data
not shown). Second, we reduced the likelihood of forming
intermolecular strand-exchange complexes via plasmid-
plasmid association by omitting K+ and Na+ ions in the
strand-exchange buffer, which can promote the aggregation
of plasmids through interactions involving polypurine/
polypyrimidine sequences or G4 structures (42, 55). Under
these conditions, controls involving invasion of nontelomeric
single-stranded DNA with plasmids bearing telomeric repeats
showed no evidence of plasmid dimers or higher-order
structures (Figure 8). This suggests that G- and C-rich
paranemic-joint complexes exert specific effects on the
formation of higher-order plasmid structures under solution
conditions that do not favor the formation of higher-
molecular weight species.

DISCUSSION

Little is known about the behavior of repeated sequence
DNA in RecA-mediated strand exchange. To better under-
stand general mechanistic aspects of homologous pairing
involving repetitive DNA sequences, we have examined
aspects of DNA structure in RecA-mediated strand exchange
involving defined single-stranded human telomeric se-
quences. We have usedE. coli RecA protein in our studies,
as opposed to its human homologue, hRad51, for several
reasons. First, these strand-exchange systems are essentially
identical with respect to the structure of the intermediate

FIGURE 8: Noncovalent association of plasmids promoted by
formation of telomeric strand invasion complexes. Telomeric and
nontelomeric paranemic-joint complexes containing32P-labeled
single-stranded DNA were prepared in the presence of RecA
protein. After deproteinization, the multistranded complexes were
analyzed by electrophoresis in 1.3% agarose gels in the absence of
chloroquine. (A) Phosphorimager scan of32P-labeled paranemic-
joint molecules formed by 151-nucleotide single strands with
plasmid pRep120: L, 1 kb ladder standards; NTS, 151-nucleotide
nontelomeric control; and G-rich, 151-nucleotide, G-rich telomeric
single strand. Lane-to-lane variations in product intensities are likely
due to sequence-dependent differences in the stability of strand-
exchange intermediates in the absence of RecA (10, 11, 39). (B)
Agarose gel (1.3%) separation of higher-order forms of pRep120
obtained by prolonged storage and visualized by staining with
ethidium bromide. Association states of different species are as
indicated: M(sc), supercoiled monomer; M(oc), nicked monomer;
and D(sc), supercoiled dimer. Bands collectively labeled H consist
of nicked dimer and other higher-order forms.
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nucleoprotein filament and employ closely similar mecha-
nisms of strand exchange. Second, the biological context of
hRad51 and the role of accessory factors in strand exchange
remain highly controversial (56). Indeed, the kinetics of
strand exchange observed with purified Rad51 from either
yeast or human sources are significantly slower than that of
RecA in vitro; this may be due to the absence of accessory
factors that are present in the in vivo strand-exchange
complex (57). Our choice of RecA is therefore motivated
by the need for a well-defined system, which is essential to
uncovering the molecular mechanisms of sequence-dependent
strand exchange. Finally, in vivo studies of recombination
in or near repeated sequence elements inE. coli cells have
provided insight into the biological basis of instability in
repeat-containing loci present in the human genome (14).
By examining RecA-DNA structural intermediates in a well-
characterized, model in vitro system, we may uncover

universal aspects of homologous strand exchange that are
relevant for telomere maintenance.

Using a topological method, we examined the shift in the
topoisomer distribution (∆Lk) of paranemic complexes
formed by single-stranded telomeric DNAs with homologous
duplex DNA. The topological results indicate that the helical
repeat of the RecA-DNA ternary complexes containing
telomeric single-stranded DNA does not differ significantly
from that of nontelomeric sequences. We therefore conclude
that the local helicity of telomeric strand-exchange complexes
is similar to that postulated for nontelomeric DNA, namely,
a triple-helical structure in which all strands have a helical
repeat of approximately 18-20 residues per turn. However,
relative to nontelomeric DNA, telomeric sequences show a
constant and reproducible offset in the dependence of∆Lk
on the length of the homologous region. This offset is equal
to 1.7 turns of B-form DNA or, all other factors being equal,

FIGURE 9: (A) Proposed secondary and higher-order structures induced by telomeric single-strand invasion. The G-rich telomeric duplex
strand is colored black, the C-rich repeat strand red, and the invading telomeric repeat strand (G-rich in this case) green. The RecA filament
is shown as an array of dashed ellipses. Formation of G‚G base pairs along the G-rich strand takes place (indicated by horizontal dashed
lines connecting G residues), accompanied by unwinding of the complementary sequence in the C-rich strand, depicted as an unpaired loop
or as an extrahelical duplex structure. Local duplex unwinding may occur in addition to the formation of the G‚G paired loop, and this is
indicated by broken base pairs in the figure. Formation of multimers, demonstrated in Figure 8, could be mediated by interactions between
G‚G loops, but might also involve G‚C base pairing interactions involving unpaired residues in the C-rich strand. The invading single
strand has been omitted in the right-hand figure for clarity. (B) A model for telomere maintenance in ALT Cells. Diagrammatic representation
of proposed steps involved in telomere maintenance via homologous recombination. Telomere G-rich and C-rich strands are shown in
green and yellow, respectively; the color coding of other strands follows that in panel A. Processing of the C-rich strand may lengthen the
G-rich overhang to promote subsequent strand-exchange steps (64). Rad51 and associated factors facilitate invasion of the G-rich overhang
into multiple telomeric duplexes, such as those present on extrachromosomal telomeric repeats (ECTRs). Lengthening of the telomeric
duplex region can then occur through multiple homologous recombination events with extension of the 3′-overhang occurring via an
independent leading strand synthesis pathway.
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∼3 of the hexamer repeats that comprise the human telomeric
sequence. The simplest interpretation of our results is
therefore that on the order of three duplex telomeric repeats,
on average, do not participate in formation of the RecA
paranemic-joint complex. These repeat elements may be
driven into an alternative DNA conformation, perhaps
involving G‚G base pairing, by the strong unwinding activity
of the RecA presynaptic filament. Similar shifts in∆Lk
values were obtained using both C-rich and G-rich telomeric
single strands (Figures 3 and 4), suggesting that the sequence-
dependent effects are not specifically due to sequence-
dependent differences in DNA structure within the RecA-
DNA filament.

Additional topological experiments with chimeric single
strands composed of a fixed length of telomeric sequence
and a 58-nucleotide segment of homologous nontelomeric
DNA located at either the 5′- or 3′-end suggest that there is
a stability bias inherent in the binding of the 5′- and 3′-ends
of the single-stranded telomeric sequence. The 5′-region of
the invading chimeric sequence is evidently more tightly
associated with the RecA synaptic complex than is the 3′-
end of the single strand. The fact that there is a stability
bias that favors association of the 5′-region of the repeat
sequence relative to the 3′-end suggests that the 3′-end of
the telomeric synaptic complex (relative to the invading
ssDNA) is more dynamic and may be available for targeting
additional duplex sequence elements. These conclusions are
further supported by methylation protection data that are
consistent with unperturbed levels of DMS modification in
the region that is apparently excluded from invasion.

Remarkably, our experiments indicate a propensity for
target plasmids to form multimers in strand-exchange reac-
tions that involve telomeric single strands. This effect was
specific to strand invasion complexes formed using telomeric
ssDNA and was never observed with nontelomeric ssDNA.
A previous report that RecA presynaptic filaments are
capable of forming higher-order complexes with duplex DNA
(58) also suggested a connection between levels of homolo-
gous pairing and plasmid-plasmid association. However,
results from electron microscopy suggested that those RecA-
mediated aggregates were essentially nonspecific and, unlike
the higher-order complexes reported here, do not require
telomeric repeat sequences (59).

A recent study by Duquette et al. (60) showed that the
strong unwinding activity accompanying in vitro and in vivo
transcription can drive G- and C-rich tracts, including human
telomeric DNA sequences, into loops that contain G4
structures. This finding is notably consistent with our
proposal that RecA-dependent unwinding leads to alternative
helical structures in telomeric duplexes. However, the fact
thatbothG-rich and C-rich RecA complexes exhibit behavior
different from that of nontelomeric strand invasion complexes
strongly suggests that this putative alternative structure is
formed outside the paranemic complex. We considered
scenarios in which unwinding generates an altered helical
structure at a boundary of the paranemic complex and
displaces a corresponding length of invading ssDNA. As-
suming identical values for the helical repeat of telomeric
and nontelomeric paranemic complexes, the observed re-
sidual twist difference of+1.7 turns between these com-
plexes is probably too small to be consistent with formation
of an intramolecular G4 structure. However, our measured

twist difference can easily be accommodated by alternative
structures containing intramolecular G‚G base pairs belong-
ing to two successive repeats. The unusual propensity for
plasmid molecules containing strand invasion complexes to
form dimeric plasmid structures could be consistent with an
equilibrium involving intermolecular association of G‚G pairs
to form G4 structures (Figure 9A). Similar intermolecular
interactions involving association of G‚G base pairs (61) and
other repeated sequence motifs (62) have been reported.

Bechter et al. (63) have shown that the increased levels
of recombination observed in human ALT cells are a
telomere-specific phenomenon as distinguished from a
nonspecific increase in homologous recombination level that
affects all chromosomal loci. Our finding that RecA-mediated
invasion of telomeric single strands does not result in a fully
paired synaptic complex along with the observation that
telomeric synaptic complexes favor plasmid-plasmid as-
sociation suggests a model for ALT-dependent telomere
maintenance via homologous recombination (Figure 9B).
Pairing of telomeric duplexes may be favored by the
association of G‚G pairs in forming G4 structures. If the 3′-
end of the presynaptic complex is free, this end could invade
a second duplex, facilitating homology searches during
homologous recombination. Such structures may be them-
selves quite dynamic and may provide additional mechanisms
for extending the 3′-telomeric overhang by DNA replication.
Alternatively, homologous recombination between extrach-
romosomal telomeric sequences (ECTRs) and the chromo-
somal telomeric duplex may account for the increased
variation in telomere length observed in ALT-dependent
cells.
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