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DNA inverted repeats (IRs) are hotspots of genomic instability in
both prokaryotes and eukaryotes. This feature is commonly attributed to their ability to fold into hairpin- or cruciform-like DNA
structures interfering with DNA replication and other genetic
processes. However, direct evidence that IRs are replication stall
sites in vivo is currently lacking. Here, we show by 2D electrophoretic analysis of replication intermediates that replication forks
stall at IRs in bacteria, yeast, and mammalian cells. We found that
DNA hairpins, rather than DNA cruciforms, are responsible for the
replication stalling by comparing the effects of specifically designed imperfect IRs with varying lengths of their central spacer.
Finally, we report that yeast fork-stabilizing proteins, Tof1 and
Mrc1, are required to counteract repeat-mediated replication stalling. We show that the function of the Tof1 protein at DNA
structure-mediated stall sites is different from its previously described effect on protein-mediated replication fork barriers.
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T

he DNA repeats capable of forming unusual secondary
structures are common elements of various genomes and
were implicated in mutagenesis and gross chromosomal rearrangements leading to human disease (reviewed in refs. 1 and 2).
Inverted repeats (IRs) are among the best-studied examples of
such DNA motifs. IRs are abundant in both prokaryotic and
eukaryotic genomes (3, 4). They can form DNA hairpins in
single-stranded state or DNA cruciforms in double-stranded
state (5, 6). IRs, and other structure-forming sequences, have
been shown to block DNA replication in vitro (7–11). In vivo, the
most remarkable biological property of IRs is their propensity to
induce genomic instability in a wide variety of organisms. In
bacteria, IRs are highly unstable, which instability is known to
depend on DNA replication (12). In eukaryotes, they lead to
dsDNA breaks (13–16) and chromosomal fragility (17), stimulate homologous recombination (13, 18–20), and induce gross
chromosomal rearrangements, such as translocations and deletions (13, 16, 21–26).
It was hypothesized that formation of stable secondary DNA
structures by IRs may cause replication stalling that is, in turn,
responsible for genome instability (27–29). However, there is no
direct evidence of the replication stalling at IRs in vivo. Furthermore, it was not clear what secondary structure, DNA
hairpin, or DNA cruciform could be responsible for the replication fork blockage. Here, we looked at the replication fork
progression through long IRs in prokaryotes and eukaryotes,
using 2D gel electrophoretic analysis of replication intermediates. We show that replication fork stalling at long IRs in vivo is
a universal phenomenon that occurs in bacteria, yeast, and
mammalian cells. We further addressed the mechanism of fork
arrest by specifically modifying the IRs so that we differentially
affected the formation of hairpin and cruciform structures in
vivo. Our data indicate that fork stalling is caused by DNA
hairpins likely formed by IRs during the lagging strand synthesis.
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The stabilization of stalled replication forks is fundamental for
preventing genomic instability in eukaryotes (reviewed in ref.
30). This function primarily depends on the replication checkpoint proteins of the ATR pathway, including yeast Mrc1p
(mammalian claspin) (reviewed in ref. 31). More recently, it was
shown that stalled replication forks are additionally stabilized in
a checkpoint-independent manner where the key players were
yeast Tof1p (mammalian timeless) and Mrc1p (32, 33). Interestingly, Tof1p in a complex with the Csm3 protein is also implicated in the fork arrest at the protein-mediated replication fork
barriers (34, 35). Therefore, we studied the role of forkstabilizing proteins at DNA structure-mediated replication
stalls. We found that both Tof1 and Mrc1 proteins alleviate the
replication fork stalling at DNA hairpins. This result implies that
the function of Tof1 protein is fundamentally different at
hairpin-mediated replication stalls versus protein-mediated fork
barriers.
Results
Replication Fork Stalling at DNA IRs Is Structure-Mediated in Both
Prokaryotes and Eukaryotes. The most frequently occurring long

IRs in the human genome are inverted Alu repeats (36). In yeast,
these repeats are hotspots of homologous recombination and
chromosomal fragility (13, 16, 18, 37). We, thus, analyzed the
effects of Alu IRs on the replication fork progression in bacterial,
yeast, and primate cells by using 2D electrophoresis of replication intermediates (38). Our basic constructs (Fig. 1) consisted
of two identical 320-bp-long human Alu elements placed in
either direct or inverted orientations relative to each other and
separated by 12-bp-long spacers. In addition, Alu IRs of 94%,
86%, and 75% homology between the repetitive halves were
used to assess the effect of sequence divergence on the replication fork progression. We also varied the length of the central
spacer from 0 to 52 bp for the IR with 100% sequence homology.
(Fig. 1 A).
Inverted Alu repeats caused a profound replication blockage
in Escherichia coli. (Fig. 2A). A quantitative analysis of this block,
defined as the ratio between the maximum radioactive count at
the stall site and that at the smooth arc (Fig. 2B), showed that
IR slowed DNA replication 6-fold (Fig. 2C). Although this
replication stalling is quite severe, it is not complete, as the Y arc
continues past the bulge. Direct Alu repeats that have the same
sequence composition as the inverted Alus, but cannot adopt
secondary structures, did not affect the replication fork progresAuthor contributions: I.V., K.S.L., and S.M.M. designed research; I.V. and V.N. performed
research; K.S.L. contributed new reagents/analytic tools; I.V., K.S.L., and S.M.M. analyzed
data; I.V. and S.M.M. wrote the paper.
The authors declare no conflict of interest.
§To

whom correspondence should be addressed. E-mail: sergei.mirkin@tufts.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0804510105/DCSupplemental.
© 2008 by The National Academy of Sciences of the USA

www.pnas.org兾cgi兾doi兾10.1073兾pnas.0804510105

sion. Thus, replication blockage caused by the IRs is likely a
result of their secondary structure, rather than sequence-specific
protein binding.
Our vectors used for E. coli replication studies contain an
SV40 origin that can support their episomal replication in
T-antigen transformed cells, such as COS-1 monkey fibroblasts.
The T-antigen functions both as an initiator and the replicative
helicase, whereas other components of the replisome come from
the host cell (reviewed in ref. 39). Replication intermediates
from COS-1 cells were isolated 24 h after transfection, extensively digested with DpnI to eliminate unreplicated plasmid
DNA, and analyzed by 2D gel-electrophoresis. Mammalian
replication forks stalled at the Alu-IR, whereas direct repeats
replicated smoothly (Fig. 2 A). Note that the IR in this case spans
nearly a quarter of the restriction fragment, yet the stalling is
limited to a discrete spot, suggesting that the replication fork
pauses consistently at the same site. Quantitatively, replication
was slowed down 2.7-fold (Fig. 2C), a substantial inhibition,
albeit less prominent than that observed in bacteria. The replication analysis of yeast pYES2 plasmids carrying direct and
inverted Alu repeats showed a distinct replication stall site at the
Alu IR, which was qualitatively and quantitatively similar to that
in mammalian cells (Fig. 2 A and C). We conclude that replication fork pausing at long IRs is a universal phenomenon that
occurs in prokaryotes and in lower and higher eukaryotes.
As mentioned above, IRs can form DNA hairpins and cruciforms. As these secondary structures are stabilized by intrastrand base-pairing, their formation and stability depend on the
degree of sequence homology between the two repeated halves.
To confirm that replication stalling at the Alu IR was caused by
a DNA structure, we analyzed quasipalindromic repeats with
different levels of sequence homology between their Alu halves.
The diverged Alu IRs with 94%, 86%, and 75% homology
contain base pair mismatches, small deletions, or insertions. In
E. coli, the severity of the replication stalling at Alu IRs
decreased markedly with the increase in sequence divergence
Voineagu et al.

Fig. 2. Replication forks stall at inverted Alu repeats in E. coli, S. cerevisiae,
and COS-1 cells (A) 2D gels showing replication through direct (D-100) and
inverted (I-100) Alu repeats with 100% sequence homology in E. coli, COS-1
cells, and S. cerevisiae. Arrows indicate replication stall sites. (B) Radioactive
signal along the Y arc containing a replication stall site. The strength of the
replication slowing was measured as the ratio between the maximum radioactive count at the stall site (peak) and that at the smooth arc (average
between two flanking points on the Y arc, arc1 and arc2). (C) Quantitative
analysis of the replication stalls shown in A.

(Fig. 3 A and B). As mentioned above, the replication slowdown
caused by a 100% homologous IR is exceptionally strong (6fold), thus mild replication blockage is still evident even at 75%
sequence homology. Because our replication studies were performed in the SURE 2 strain deficient in the SbcC nuclease,
which cleaves hairpin and cruciform DNA structures (27), we
wondered whether the lack of this enzyme contributes to the
profound replication stalling. Since imperfect IRs can be maintained in the WT E. coli strains, we looked at the replication
stalling caused by the Alu IR with 86% sequence homology in the
sbcC⫹ (DH5␣) strain. We found no differences in the intensity
of the IR-mediated replication stalling between the latter strain
and the sbcC⫺ (SURE 2) cells (Fig. 3C).
The replication fork slowdown at the Alu IRs strongly depended on their sequence homology in mammalian cells as well.
PNAS 兩 July 22, 2008 兩 vol. 105 兩 no. 29 兩 9937
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Fig. 1. Alu repeat plasmid constructs. (A) Alu repeat constructs used (arrows
point to the 3⬘ ends of the Alu sequences) (20). (B) (Upper) Alu repeats cloned
into the SmaI site (S) of the pSV2neo plasmid. The EcoRI (E), NcoI (N) fragment
was analyzed by 2D electrophoresis. (Lower) Alu repeats cloned into the
multiple cloning site of pYES2, between XhoI (X) and BamHI (B) sites. The BglI
(Bg), BseRI (Bs) fragment was analyzed by 2D electrophoresis. Dashed lines
indicate hybridization probes.

Fig. 3. Replication stalling at the inverted Alu repeats depends on the level
of sequence homology and is independent of the presence of the SbcC
nuclease. (A) 2D gels showing replication through Alu IRs with different
degrees of sequence homology in E. coli and COS-1 cells. (B) Quantitative
analysis of the replication stalling caused by Alu IRs with various sequence
divergence. }, E. coli; 䊐, COS-1 cells. (C) Replication fork stalling at Alu IRs with
86% homology in the WT and sbcC⫺ E. coli strains.

The replication fork block was 1.6-fold weaker at 94% sequence
homology, 2-fold weaker at 86% sequence homology, and virtually eliminated at 75% homology (Fig. 3 A and B). The
dependence of the replication stalling on the repeat’s sequence
homology demonstrated the same pattern in eukaryotes as in
bacteria. This tendency strongly indicates that a secondary
structure formed by the IR is responsible for the replication
blockage in both prokaryotes and eukaryotes.
Replication Fork Stalling at IRs Is Caused by DNA Hairpins. To

determine whether the fork is stalled by preexisting DNA
cruciforms or DNA hairpins (Fig. 4A) that could be formed
during replication, we compared the replication-inhibition potentials of inverted Alu repeats that have 100% sequence identity
but differ in the length of their central spacers. As the initial step
of the cruciform extrusion requires complete unwinding of the
dsDNA spacer at the center of the IR, the likelihood of the
cruciform formation decreases drastically even with a modest
increase in the spacer’s length (40). At the same time, formation
of the hairpin in the ssDNA is much less sensitive to the spacer’s
length. Thus, varying the length of the central spacer provides an
9938 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0804510105

Fig. 4. Replication fork stalling at inverted Alu repeats with varying lengths
of the central spacer. (A) Schematic representation of hairpin and cruciform
structure formation by an IR. (B) 2D gels and quantitative analysis of replication stalling at Alu IRs with 100% sequence homology and either 0 bp (s0), 12
bp (s12) or 52 bp (s52) spacers in E. coli, COS-1 cells, and S. cerevisiae

opportunity to tune the rate of the cruciform extrusion in vivo
without affecting the hairpin formation or stability. Based on the
previous analysis (41), an increase in the spacer length from 12
to 52 bp should make cruciform extrusion virtually impossible.
We observe, however, that in E. coli cells the intensities of the
replication stalling caused by Alu IRs separated by these two
spacers are indistinguishable (Fig. 4B). We conclude that replication blockage caused by IRs in bacteria is due to the
formation of DNA hairpins.
DNA hairpins likely form on the lagging strand DNA template, when an IR within the single-stranded Okazaki initiation
zone (OIZ) snaps back into the stem-loop structure (42). Thus,
the size of the OIZ might be a limiting factor in the process of
hairpin formation. In prokaryotes, the OIZ is at least 1.5 kb long,
making it possible for the entire 650-bp Alu IR to fold into a
hairpin. In eukaryotes, the OIZ is ⬇200 bp long; thus, only a
third of the Alu IR can fold into a hairpin during DNA
replication (43, 44), and only if OIZ overlaps with the center of
the repeat. Therefore, increasing the length of the IR’s central
spacer by 40 bp would abolish both its cruciform- and hairpinforming potential in eukaryotes. Alternatively, we completely
Voineagu et al.

Fig. 5. Tof1 and Mrc1 proteins counteract replication fork stalling at inverted Alu repeats. (Upper) 2D analysis of replication of perfect inverted Alu
repeats (I-100-s0) in the WT, tof1⌬, and mrc1⌬ strains of S. cerevisiae. (Lower)
Quantitative analysis of replication stalls shown in A. P values are 0.025 for
tof1⌬ and 0.018 for mrc1⌬.

eliminated the central spacer, which would markedly increase
the rate of cruciform extrusion (40), without changing the rate
of the hairpin formation.
Our data show that changing the length of the repeat’s central
spacer from 12 to 0 bp has no effect on the replication fork
stalling in either primate cells or yeast (Fig. 4B). As expected, we
did not detect the replication blockage at the IR with a 52-bplong spacer in eukaryotic cells (Fig. 4B), which supports the
hypothesis that hairpin structures are formed on the lagging
strand template. Overall, our data indicate that the replication
fork pausing at IRs is caused by the formation of the DNA
hairpins, likely during lagging strand synthesis in both prokaryotes and eukaryotes.
Mrc1 and Tof1 Stabilize Replication Forks Stalled at DNA Hairpins in
Yeast. The Saccharomyces cerevisiae, Mrc1, and Tof1 proteins, as

well as their Schizosaccharomyces pombe and mammalian homologues, are involved in stabilizing stalled replication forks and
in replication fork progression under normal conditions (reviewed in ref. 45). We thus compared the replication fork
progression through a perfect Alu IR in the WT, tof1⌬, and
mrc1⌬ strains of S. cerevisiae. The IR-mediated fork stalling was
markedly increased in the tof1⌬ strain compared with the WT
(Fig. 5). This result was somewhat unexpected, as it was previously reported that protein-mediated replication stalling at
replication fork barriers decreases significantly in a Tof1 knockout strain (34, 35). Therefore, our results indicate that Tof1p
functions primarily as a fork stabilizer at DNA structuremediated stalls, while it facilitates the replication fork pausing at
protein–DNA complexes.
In the mrc1⌬ background, we also observed an increase in the
replication fork arrest at the IR, consistent with a role of Mrc1
in stabilizing stalled replication forks at hairpin structures (Fig.
5). The increase over WT was very similar in the Mrc1 and Tof1
knockout strains. These results show that both Tof1 and Mrc1
counteract replication fork stalling at DNA secondary structures, and that they are equally important for fork stabilization
at these stall sites.
Discussion
We show here that long IRs are replication stall sites in bacteria,
yeast, and primate cells. The replication inhibition at Alu IRs
Voineagu et al.

could be caused by the repeat’s secondary structure or a protein
bound to it. Sequence-specific protein binding can be ruled out,
as the replication forks progress smoothly through direct Alu
repeats (Fig. 2). One could also envision a protein that binds
specifically to the secondary structure formed by the repeat,
inhibiting replication. Such a protein should stabilize this secondary structure, however, which is inconsistent with a profound
decrease in the replication stalling upon a modest 6% decrease
in sequence homology between the repeat halves (Fig. 3). We
conclude, therefore, that the replication blockage at the IR is
caused by its secondary DNA structure.
IRs can adopt two types of secondary structures: DNA
hairpins and DNA cruciforms (46), which were both implicated
in genomic instability (37). We show that replication stalling at
long IRs is mediated by DNA hairpins rather than cruciforms. By
modifying the length of the spacer region, we drastically changed
the likelihood of cruciform extrusion without affecting the
hairpin formation (40). Yet decreasing the spacer’s length from
12 to 0 bp did not alter repeat-mediated replication blockage in
any of our systems. Furthermore, the spacer can be increased up
to 52 bp in bacteria without consequence for the replication
blockage. Consistent with our conclusions, the SbcC nuclease
induces double-stranded breaks at long IRs in E. coli, by acting
primarily on DNA hairpins (47). Because the presence of the
SbcC nuclease did not affect the severity of replication stalling
at long IRs (Fig. 3), the cleavage must occur after the replication
fork escapes the stall site (Fig. 6 Left).
The transition of long IRs into hairpin-like structures requires
significant unwinding of the dsDNA. This event occurs during
DNA replication (Fig. 6), where a portion of the lagging strand
template stays single-stranded to allow priming of the Okazaki
fragments (reviewed in ref. 44). The hairpin can thus be formed
when an IR overlaps with the OIZ and stalls lagging strand
synthesis (Fig. 6). How could this effect translate into an arrest
of the whole replisome? When a lesion on the lagging strand
template arrests the lagging strand polymerase, the leading
strand synthesis continues and the lagging strand polymerase is
eventually released and reprimed downstream of the lesion. The
polymerase release is triggered by the accumulation of ssDNA
resulting from the uncoupling between the helicase and polymerase (48). In the case of repeat-mediated blockage, this restart
mechanism could be impaired, as ssDNA exposed by the advancing helicase might continue folding into a hairpin (Fig. 6).
Our data support the idea that the length of the OIZ is a
limiting factor in the formation of DNA hairpins during DNA
replication. First, in prokaryotes, where the OIZ is much longer
than in eukaryotes, IRs cause a much stronger fork arrest (Fig.
2), likely because of the formation of longer and more stable
PNAS 兩 July 22, 2008 兩 vol. 105 兩 no. 29 兩 9939

BIOCHEMISTRY

Fig. 6. A model for the hairpin-mediated replication fork stalling in prokaryotes and eukaryotes. Blue and red lines, halves of an IR; orange circles,
DNA polymerases; hexameric rings, DNA helicases, green oval, Tof1/Csm3/
Mrc1 complex; yellow circle, Cdc45p.

hairpins (Fig. 6 Left). Second, increasing the length of the central
spacer of the IRs up to 52 bp abolished the replication fork
stalling in eukaryotes (Fig. 4). As the OIZ in eukaryotes is only
⬇200 nt long (43), the longer central spacer would significantly
decrease both the likelihood and the area of overlap between the
IR and OIZ. This might explain the tolerance of eukaryotes to
long palindromes, as only relatively short hairpins can extrude
during DNA replication (Fig. 6 Right).
The fork-stabilizing proteins Mrc1, Tof1, and Csm3 are required to prevent dissociation of replisomes stalled upon cell
treatment with hydroxyurea (32). Mrc1 is also required to
maintain the optimal replication speed under normal growth
conditions (49). Fork pausing at replication fork barriers, in
contrast, is facilitated by the Tof1 protein (33–35), which was
attributed to the Tof1p ability to counteract the Rrm3 helicase
(35). We show that the severity of the replication stalling at DNA
hairpins increases significantly in the tof1⌬ and mrc1⌬ backgrounds. The two proteins seem to be equally potent in stabilizing the replisome (Fig. 5). Thus, both Tof1 and Mrc1 proteins
may act as fork stabilizers at DNA structure-mediated stalls.
Maintaining the normal architecture of the replisome at the stall
site by fork-stabilizing protein would allow the efficient restart
of the lagging strand synthesis (Fig. 6 Right). At the same time,
the replication-pausing function of Tof1 protein did not apply to
hairpin-mediated replication stalls, implying that the Rrm3
helicase is not involved in fork progression through DNA
hairpins, consistent with our model of hairpin structure formation behind the advancing helicase.

cerevisiae CH1585 strain (MATa leu2-⌬1, trp1-⌬63, ura3–52, his3–200), and
COS-1 fibroblasts (ATCC CRL-1650). The tof1⌬ and mrc1⌬ strains were obtained by one-step gene disruption using a kanamycin cassette PCR-amplified
from the pFA6A-KanMX4 plasmid (50). Various Alu repeats were cloned from
pHS plasmids (20) into pSV2neo and pYES2 [see Fig. 1 and supporting information (SI) Text and Table S1].
Isolation of Replication Intermediates and 2D Electrophoresis. Replication
intermediates from E. coli were isolated as described (51). Yeast replication
intermediates were isolated according to ref. 52 with minor modifications (see
SI Text). Replication intermediates from COS-1 cells were isolated by using
Hirt’s protocol (53) (see SI Text). 2D electrophoresis was carried out as described (54).
Quantitative Analysis of 2D Gels. Quantitative analysis of 2D gels was performed on either a Storm 860 PhosphorImager using Imagequant software or
a BioRad Pharos FX PhosphorImager using Quantity One software. The severity of replication fork slowdown was calculated as the ratio between the
maximum radioactive count of the bulge (Fig. 4A) and an average between
the radioactive counts of two points on the adjacent arc (Fig. 4A). The values
for each construct are averages of at least three independent experiments
with corresponding standard deviations. The comparison of replication slowing in WT and mutant yeast strains were carried out by t test. Differences were
considered significant for P ⬍ 0.05.

Strains and Plasmids. Cloning was carried out in the E. coli SURE 2 strain
(Stratagene). Replication studies were performed in E. coli SURE 2 strain, S.
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