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Abstract

There is accumulating evidence to suggest that palindromic AT-rich repeats (PATRRS) represent hot
spots of double-strand breakage that lead to recurrent chromosomal translocations in humans. As a
mechanism for such rearrangements, we proposed that the PATRR forms a cruciform structure that
is the source of genomic instability. To test this hypothesis, we have investigated the tertiary structure
of a cloned PATRR. We have observed that a plasmid containing this PATRR undergoes a
conformational change, causing temperature-dependent mobility changes upon agarose gel
electrophoresis. The mobility shift is observed in physiologic salt concentrations and is most
prominent when the plasmid DNA is incubated at room temperature prior to electrophoresis. Analysis
using two-dimensional gel electrophoresis indicates that the mobility shift results from the formation
of a cruciform structure. S1 nuclease and T7 endonuclease both cut the plasmid into a linear form,
also suggesting cruciform formation. Furthermore, anti-cruciform DNA antibody reduces the
electrophoretic mobility of the PATRR-containing fragment. Finally, we have directly visualized
cruciform extrusions from the plasmid DNA with the size expected of hairpin arms using atomic
force microscopy. Our data imply that for human chromosomes, translocation susceptibility is
mediated by PATRRs and likely results from their unstable conformation.

The constitutional t(11;22)(g23;q11) is the only known recurrent non-Robertsonian
translocation in humans. Its recurrent nature implicates a specific genomic structure at the t
(11;22) breakpoints. Analyses of numerous independent t(11;22) cases have localized the
breakpoints within palindromic AT-rich repeats (PATRRS)1 on 11923 and 22q11 (1-4). Most
11,22 translocations show breakpoints at the center of the PATRRS, suggesting that the center
of the palindrome is susceptible to double-strand breaks, leading to the translocation (5,6).
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Indeed, translocation-specific PCR detects a high frequency of de novo t(11;22)s in normal
sperm samples (7).

The breakpoints on 22q11 are located within one of the unclonable gaps in the human genome
(8,9). Extensive screening of YAC/BAC/PAC libraries has not been successful in cloning this
breakpoint region. However, experimentally derived sequences from numerous t(11;22)
junction fragments demonstrate that the 22g11 breakpoints reside within a larger PATRR. The
breakpoints of a variety of translocations involving 22q11 cluster within this region, suggesting
that the 22911 PATRR is highly unstable (10-13). More recently, molecular cloning of
translocation breakpoints has demonstrated similar palindromic sequences on partner
chromosomes, such as 17q11, 4935.1, and 1p21.2 (14-16).

It has been suggested that for palindromic sequences in double-stranded DNA, the interstrand
base pairs might convert to intrastrand pairs, producing a set of hairpin structures described as
a cruciform (see Fig. 1A). In appropriate conditions, these structures can be generated from
palindromic DNA in vitro and visualized directly by electron microscopy (17). Under
physiological conditions, cruciform extrusion is usually kinetically blocked,; it appears to take
place only in response to heating, suggesting that a considerable amount of energy is required
for cruciform extrusion (18). However, under appropriate conditions, palindromic DNA prefers
to extrude cruciform arms even at physiological temperatures (19). In a previous report, we
demonstrated that the PATRRs on 11923, 17911, and 22g11 are all comprised of a long AT-
rich region with relatively GC-rich ends (5,14). We have proposed that the AT richness of the
PATRRS contributes to strand separation at physiological temperatures, whereas the relatively
GC-rich ends contribute to the stable intrastrand complementary interaction of the PATRR.
These characteristics are likely to induce or favor the formation of a cruciform structure.

In this study, we have investigated the in vitro tertiary structure of the 11g23 PATRR and
demonstrated that it forms a cruciform structure at physiological conditions. Our data suggest
that PATRRs may form unstable structures that lead to chromosomal translocations in humans.
These data also implicate a biological role for the temperature-sensitive conformational change
characteristic of palindromic DNA.

EXPERIMENTAL PROCEDURES
PATRR Plasmid

A plasmid containing the chromosome 11 PATRR (204 bp) was constructed by PCR and TA
cloning as described previously (psPATRR11) (1). The control plasmid that deletes the PATRR
region was constructed using BAC 442e11, which deletes almost the entire PATRR region
(pPAPATRR11). Plasmid DNA was isolated by means of alkaline lysis (denaturing) or Triton
lysis (non-denaturing) methods and purified using ion-exchange columns (Qiagen) without the
use of phenol. Isopropanol-precipitated DNA was dissolved in phosphate-buffered saline/1
mM EDTA. All of the procedures were performed at 4 °C in a cold room to avoid artifactual
cruciform extrusion during the procedure. Isolated plasmid DNA was divided into small
aliquots and immediately frozen until used in an experiment. The plasmid was quickly thawed,
incubated at a given temperature, and then cooled on ice before electrophoresis.

DNA topoisomers containing different linking numbers were prepared by relaxation of the
DNA with topoisomerase | (Invitrogen) in the presence of varied concentrations of ethidium
bromide as described (20). Several samples with different ranges of linking numbers were
pooled to produce a mixture with a broader distribution of topoisomers.
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Two-dimensional Gel Electrophoresis

Standard agarose gel electrophoresis was performed in horizontal gel slabs immersed in 1x
Tris/borate/EDTA (TBE) electrophoresis buffer. The 0.7% agarose gel was prepared in TBE
inasquare gel tray. Electrophoresis was performed at 45 V for 20 h at 4 °C. The gel was stained
in water plus ethidium bromide at 1 xg/ml for 2 h followed by extensive destaining in several
changes of water before photography. For two-dimensional gel electrophoresis, the sample
was applied at the left upper corner. Electrophoresis in the first dimension was performed using
the same conditions as for standard electrophoresis. The gel was then soaked in TBE plus
chloroquine (0.75 ug/ml) (Sigma) for 8 h with gentle agitation for equilibration. After soaking,
the gel was rotated clockwise 90° from the original position. Electrophoresis in the second
dimension was performed in TBE plus chloroquine at 45 V for 20 h. The gel was then soaked
in several changes of deionized water to remove the chloroquine. The gel was stained in water
plus ethidium bromide in similar conditions as for standard agarose gel electrophoresis. To
stabilize the cruciform structure, two-dimensional gel electrophoresis was also performed in
MgZ*-containing buffer (0.5x TBE, 10 mM MgCl,) for the first dimension (21).
Electrophoresis was carried out at 45 V for 30 h at 4 °C, replacing the electrophoresis buffer
every 6 h (22).

Nuclease Sensitivity Assay

T7 endonuclease (New England Bio-Labs), S1 nuclease (Takara), and nuclease P1 (Roche
Applied Science) digestions were performed at room temperature for 1 h in the appropriate
buffers. 10 units of T7 endonuclease, 1 unit of S1 nuclease, and 0.1 units of nuclease P1 were
used for digestion of 1 ug of plasmid. After digestion, the plasmid DNA was precipitated with
ethanol and then subjected to 0.7% agarose gel electrophoresis.

For mapping of the cleavage sites, the nuclease-digested plasmids were purified, digested with
EcoRI or BstXl, and then subjected to 2% agarose gel electrophoresis. The fragments were
purified and sequenced using internal primers.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as described previously (23), using a monoclonal antibody against
cruciform DNA, 2D3 (24). To shorten the DNA fragment, psPATRR11 and pAPATRR11 were
digested with BamHI and Hincll and subcloned into pT7Blue. 100 ng of supercoiled plasmid
DNA was incubated at 4 °C for 1 h in 20 ul of binding buffer (10 mM Hepes, pH 7.8, 100 mM
NaCl, 1 mM EDTA, and 5 mM MgCl,) with or without 2D3. A second circular plasmid was
added simultaneously into the reaction for nonspecific competition. After the addition of 2 ul
of 10x restriction digestion buffer, the plasmid was digested for 30 min at room temperature
with 5 units of both BamHI and Hindlll. Subsequently, 1 unit of Klenow fragment and 10 mCi
of [a-32P]dCTP were added to the reaction mixture, and incubation continued for 10 min. The
fragments were resolved on 4% non-denaturing polyacrylamide gels at 4 °C at 5 VV/cm. Gels
were dried and exposed for an appropriate time.

Atomic Force Microscopy (AFM) Experiments

The plasmid DNA sample (10 ul) was dripped onto a mica substrate coated with spermine,
rinsed with 1 ml of water, and blown with dry nitrogen gas. AFM analysis was carried out
using a Nanoscope I11a Multimode system (Digital Instruments Inc., Santa Barbara, CA) in the
tapping mode at room temperature in air. Silicon cantilevers of 127 um in length with a spring
constant of 48 newtons/m were purchased from Nanosensors (Wetzlar-Blankenfeld). Typical
resonant frequencies of these tips were 340 kHz. The 512 x 512 pixel images were collected
at a rate of two scan lines/second. The contour lengths of the DNA were determined using NIH
Image software.
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To lock the PATRR plasmid into the cruciform structure, DNA cross-linking was performed
by a method similar to that described previously (25). In brief, plasmid DNA was dissolved in
a solution of 4,5',8-trim-ethylpsoralen (100 xg/ml) and exposed to UV light at 365 nm for 5
min. The DNA was digested with EcoRl, purified, and then subjected to AFM.

PATRR Plasmid Prefers to Be in lts Relaxed State

We have hypothesized that the PATRR forms a cruciform structure even in physiological
conditions, leading to genomic instability in humans. To test this hypothesis, we have examined
the tertiary structure of a cloned 11923 PATRR. This PATRR is too unstable to be cloned into
a plasmid vector in its entirety. The 11923 BAC including the t(11;22) breakpoint region
inevitably deletes the PATRR during bacterial culture. YACs that span this region also delete
the PATRR, suggesting that it is unstable even when yeast is used as the host. Previously, we
identified a short polymorphic version of the PATRR (Fig. 1B) that can be stably expanded as
a plasmid in Escherichia coli (5). We prepared the short PATRR-containing plasmid
(psPATRR11), as well as a plasmid that deletes the PATRR (pAPATRR11), in a buffer at
physiological salt concentration (phosphate-buffered saline/EDTA) and used them for the
following studies.

First, we analyzed the plasmids prepared by the standard alkaline lysis method. Upon standard
agarose gel electrophoresis, a plasmid usually yields three bands, which correspond to
supercoiled, linear, and open circular DNA. In addition to the expected bands, the psPATRR11
showed a ladder migrating at the position for supercoiled DNA. The pAPATRR11 did not yield
such a ladder (Fig. 1C). Each band of the ladder corresponds to a topoisomer containing
different linking numbers. Relaxed topoisomers move slowly in the gel. The observed ladder
suggests that the PATRR-containing plasmid, unlike the plasmid without the PATRR, prefers
to be in its relaxed state in solution.

Cruciform formation involves unpairing of the complementary strands and thus reduces the
interstrand twist number. For negatively supercoiled DNA, a reduction in twist number reduces
the degree of supercoiling and thus would cause a reduction in electrophoretic mobility. The
observed ladder is consistent with cruciform formation of the PATRR plasmid.

Nuclease Sensitivity Assay

Cruciform DNA is known to be digested by S1 nuclease, nuclease P1, or T7 endonuclease
(26). To confirm cruciform extrusion of the psPATRR11 and exclude the possibility of other
conformational variants, we examined the nuclease sensitivity of the PATRR plasmid prepared
by the alkaline lysis method. S1 nuclease, which is known to cut single-stranded DNA at the
tip of the cruciform structure, cleaved most of the supercoiled psPATRR11 into a linear form
(Fig. 2, lane 2) but cleaved only a small amount of the pAPATRR11 or TA cloning vector (Fig.
2, lanes 6 and 10). Since the pH for the S1 nuclease reaction buffer is so low, it may nick the
plasmid and affect the results. Thus, we also incubated the plasmid with buffer, which resulted
in no background linearization (data not shown). Nuclease P1, which can react at physiological
pH, produced similar results (data not shown). To exclude the possibility that S1 nuclease
cleaves single-stranded DNA of the psPATRR11 only because of the AT-rich nature of the
palindrome, we used T7 endonuclease, which can cut the four-way junction of the cruciform
structure. When incubated at room temperature, a considerable amount of the ps-PATRR11
was digested by T7 endonuclease into a linear form (Fig. 2, lane 3). In contrast, the
endonuclease did not cut either pAPATRR11 or the TA cloning vector (Fig. 2, lanes 7 and
11).
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Two-dimensional Gel Electrophoresis

To confirm cruciform extrusion of the psPATRR11 further, we performed two-dimensional
gel electrophoresis. The first dimension, run in the absence of intercalative ligands, resolves
the topoisomers on the basis of torsion in the backbone. Since structural transitions due to
unwinding torsion are reversed in the presence of chloroquine, a second dimension run in the
presence of this ligand resolves the topoisomers on the basis of linking differences.

Examination of psPATRR11 prepared by the standard alkaline lysis method reveals two non-
continuous downward-sloping curves on the gel, suggestive of an abrupt structural transition
(Fig. 3A). Next, we treated psPATRR11 with topoisomerase | in the presence of various
amounts of ethidium bromide so as to prepare plasmids with broader topoisomer distribution.
After topoisomerase | treatment, psPATRR11 yields an additional curve above the original
two (Fig. 3B). This additional curve corresponds to more relaxed topoisomers generated by
topoisomerase | treatment. In the first dimension, the electrophoretic mobilities of cruciform-
containing topoisomers are retarded in comparison with the same topoisomers without the
cruciform, whereas these two forms migrate identically in the second dimension. This is the
result of the elimination of cruciform structures in the presence of chloroquine, which acts to
reduce torsional stress. Since a greater degree of negative supercoiling is known to accelerate
cruciform extrusion (17,18), the two minor curves on this gel are likely to originate from
cruciform DNA.

We digested topoisomerase I-treated psPATRR11 with S1 nuclease or T7 endonuclease prior
to the two-dimensional gel electrophoresis. As expected, the two minor curves virtually
disappeared as a result of nuclease digestion, whereas the other curve remained unchanged
(Fig. 3, C and D). Large spots indicative of open circles and linear DNA appeared instead.
These results demonstrate that two minor arcs originate from cruciform DNA and that,
combined with the data derived from undigested psPATRR11, the majority of psPATRR11,
when isolated by the alkaline lysis method, forms a cruciform extrusion.

Mg?2* is known to stabilize a cruciform structure (21,22). We repeated the two-dimensional
gel electrophoresis experiments in Mg2*-containing buffer for the first dimension. The results
were similar to those seen for standard TBE buffer (data not shown).

Mapping of Nuclease Cleavage Sites in the PATRR

The presence of two curves on the two-dimensional gel indicates that the psPATRR11 adopts
two types of cruciform conformations. To localize the subregion of the PATRR responsible
for cruciform extrusion, we mapped nuclease cleavage sites using restriction enzyme digestion
(Fig. 4, A and B). Both T7 endonuclease and S1 nuclease yielded several fragments that were
shorter than that of the PATRR-containing fragment, whereas the intensity of the original
fragment was reduced by treatment with the nucleases. The pattern of cleavage provides
additional support toward confirming cruciform extrusion of the PATRR region of the plasmid.

To further map the cleavage sites, we performed sequence analysis of each nuclease-cleaved
fragment. Four EcoRI-T7 endonuclease fragments were sequenced, and we localized the
cleavage sites at two positions (Fig. 4C). Thus, we conclude that psPATRR11 forms large and
small cruciform extrusions as was predicted from the two-dimensional gel analysis. The small
cruciform extrusion originates from the 36-bp region at the center of the PATRR. Further, the
PATRR has a relatively GC-rich region at both ends (1,5). Thus, the large cruciform originates
from the region that excludes this GC-rich region. The cleavage sites of S1 nuclease were rather
complicated. One of the cleavage sites colocalized with the precise center of the PATRR, the
putative tip of the cruciform structure (Fig. 4C). The rest of the cleavage sites of S1 nuclease
were mapped at the mismatch regions between the proximal and distal arms of the PATRR.
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These results suggest intrastrand annealing within the PATRR, which is also consistent with
cruciform formation.

Temperature-sensitive Structural Transition of the PATRR

EMSA

AFM Study

To determine whether the PATRR plasmid adopts cruciform conformation in E. coli, we have
prepared the plasmid by a Triton lysis method (non-denaturing method) since denaturation of
the PATRR can induce artifactual cruciform formation. Unlike plasmids isolated by the
alkaline lysis method, psPATRR11 did not yield a characteristic ladder in standard agarose gel
electrophoresis (Fig. 5A, lane 1). This suggests that the psPATRR11 does not form a cruciform
in E. coli.

Next, we incubated the psPATRR11 at various temperatures for 1 h prior to agarose gel
electrophoresis. Mobility retardation of the supercoiled plasmid was observed as a
characteristic ladder in samples incubated at temperatures between 16 and 37 °C (Fig. 5A).
This band shift must be the result of a transition from non-cruciform to a cruciform
conformation. Unexpectedly, mobility retardation was most prominent in the plasmid
incubated at room temperature. The ladder appeared as soon as 1 min after the start of
incubation at room temperature, and the fraction of upward shifted bands expanded with
increasing duration of incubation (Fig. 5B). Since the band pattern of the sample after 1 h of
incubation was similar to that prepared by the alkaline lysis method, incubation at room
temperature for 1 h appeared to be sufficient for a large fraction of the plasmid to form the
cruciform extrusion. The sample incubated for 1 h at room temperature was subjected to two-
dimensional gel analysis, producing similar results to that prepared by the alkaline lysis method
(data not shown).

We performed EMSA using the anti-cruciform antibody 2D3, which recognizes cruciform
DNA (24). Toreduce the size of the PATRR fragments, we subcloned BamHI/Hincll fragments
into a plasmid vector (Fig. 1B). The sizes of the subfragments from psPATRR11 and
pPAPATRR11 are 375 and 162 bp, respectively. Plasmid DNA samples prepared by the Triton
lysis method were used for EMSA. Without any preincubation of the plasmid, the addition of
the 2D3 antibody did not result in a band shift for the subfragments from ps-PATRR11 (Fig.
6, lanes 9 and 10) or from pAPATRR11 (data not shown). However, when the plasmids were
incubated at room temperature for 7 days prior to the reaction to maximize the fraction adopting
cruciform conformation, subfragments from psPATRR11 demonstrated a robust band shift in
an antibody concentration-dependent manner (Fig. 6, lanes 1-3). The subfragment from
pAPATRR11 did not show a band shift even after incubation at room temperature for 7 days
(Fig. 6, lanes 4-6). Since retardation of psPATRR11 was not observed with control monoclonal
antibodies (Fig. 6, lanes 7 and 8), this band shift indicates that the 2D3 antibody bound
specifically to the PATRR plasmid incubated at room temperature.

We used atomic force microscopy to examine the tertiary structure of the PATRR plasmid and
to directly visualize the cruciform extrusion (27). We examined ps-PATRR11 prepared by the
Triton lysis method. Initial examination revealed no overt cruciform extrusion (Fig. 7A).
However, after incubation of the DNA samples at room temperature for 7 days, 37 of 45
plasmids analyzed (82.2%) showed cruciform extrusions (Fig. 7, B and C). The mean length
of extrusions was 23.2 + 4.3 nm. Since the size of the PATRR is 204 bp, the predicted size for
the cruciform arm is 34.68 nm. When the GC-rich region at both ends of the PATRR (31 bp
each) was excluded, the predicted size of the cruciform arm is 24.14 nm, which nearly
corresponds to the observed size. Two types of extrusions are expected; those with extended
or those with acute geometry of the cruciform arms. However, all of the observed cruciforms
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had acute geometry (X-type), with a mean cruciform arm angle of 89.3 + 35.2°. The small
cruciform, the size of which was predicted to be 6.12 nm from its nucleotide size (18 bp), was
too small to be identified by AFM.

To localize the cruciform extrusion of the psPATRR11 within the PATRR region, we separated
the insert including the PATRR (1 kb) from the plasmid vector (4 kb). psPATRR11 was cross-
linked with psoralen and UV prior to EcoRI digestion. Cruciform extrusion was observed at
the center of the 1-kb fragment but not in the 4-kb fragment (Fig. 7D), demonstrating that the
PATRR formed a cruciform extrusion.

DISCUSSION

In this study, we have demonstrated that the 11923 PATRR located at the t(11;22) breakpoint
region can form a cruciform structure in vitro. Most individuals carry a 445-bp PATRR with
an AT content of 93%. The homology between the proximal and distal arms is 98%, comprising
a nearly complete palindromic structure (5). Previously, we identified a short polymorphic
allele of the PATRR among a group of individuals. The total size of the short PATRR is 204
bp, with an AT content of 88%. The homology between the proximal and distal arms is 88%,
with a 34-bp asymmetric center. Since it is difficult to clone DNA containing the complete
palindrome, the plasmid we used for structural analysis contained this shorter version of the
11923 PATRR. Our results clearly demonstrate that the short 11g23 PATRR forms a cruciform
configuration at physiological conditions. Although there is no direct evidence that the short
PATRR is involved in genesis of the translocation, one exceptional t(11;22) case appears to
have originated from a short PATRR (5). Thus, it seems likely that the short PATRR behaves
similarly to the long PATRR. It is reasonable to predict that the long 445-bp PATRR, as well
as other PATRRs involved in chromosomal translocations, may also form cruciform structures
that induce genomic instability.

It has been suggested that palindromic DNA capable of forming unstable cruciform structures
induces both homologous and illegitimate recombination, leading to translocations. The data
presented here support this proposed mechanism. Although the mechanism of PATRR-
mediated double-strand break induction remains unknown, it is possible that the cruciform
structure blocks progression of the replication fork, generating free ends that must be repaired
(28,29). Alternatively, a conformation-specific endonuclease may cleave at the center of the
PATRR. However, no key enzyme to catalyze this cleavage has been identified. Cruciform
structures that comprise a four-way junction resemble Holliday junctions, which may be a
target for Holliday junction resolvase. Such a break might be repaired by non-homologous end
joining, for there are symmetrical bx; 1deletionsba at the center of the PATRR, and there is no
homology between the sequences of the translocation breakpoint partners (16).

In this report, we have demonstrated that cruciform extrusion is temperature-sensitive.
Interestingly, cruciform formation is most efficient at room temperature, consistent with
previous observations by Panyutin et al. (19). We have often observed strand separation of the
PATRR fragment even at 37 °C.2 The temperature-induced drop in cruciform formation might
be attributed to the competition for superhelix energy release, taking place between cruciform
and open regions within the premelting range. We previously reported that only meiotic cells
undergo this translocation (7). This prompted the hypothesis that PATRR-mediated
translocations may represent errors in meiotic recombination and that the double-strand break
catalytic enzyme involved in meiotic recombination might recognize a specific DNA
conformation. Male meiosis might be permissive to such temperature-sensitive cruciform
extrusion, and we have previously identified frequent de novo t(11?22)5 in male meiosis.

2B, s. Emanuel and H. Kurahashi, unpublished data.
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Unfortunately, a similar opportunity does not exist to examine female meiotic cells. We have
analyzed only one case of a de novo t(11;22), and it indicated an origin in the paternal germ
line.2 Thus, it is not unreasonable to imagine that PATRR-mediated translocations might occur
only in male meiotic cells generated at a lower body temperature.

In vivo cruciform extrusion is still controversial. No report has directly demonstrated in vivo
cruciform structures in palindromic DNA. Although previous studies addressed cruciform
DNA in E. coli, others have argued against the phenomenon (18,26,30). Based on the fact that
PATRR plasmids prepared by the non-denaturing method do not demonstrate cruciform
extrusion, the favored PATRR cruciform conformation is likely to be inhibited in E. coli.
Cruciform extrusion is known to require sufficient negative superhelicity. The natural negative
superhelicity of a plasmid in E. coli may not afford it the opportunity to adopt a cruciform
configuration. Since the replication of a plasmid may be too rapid for a transition to a cruciform
arrangement to take place, this may be the reason why the observation of cruciform
configurations is rare in bacteria. In mammals, the doubling time is sufficiently long to permit
palindromic DNA to generate cruciform extrusion configurations. Thus, although a cruciform
configuration is generally thought to be energetically unfavorable, our results indicate that the
PATRR prefers to adopt a cruciform configuration even at physiological conditions. Further,
recent studies have demonstrated that mammalian chromatin remodeling factors induce
negative superhelical torsion of DNA, leading to cruciform extrusion of palindromic DNA
(31). This suggests that palindromic DNA may adopt a cruciform conformation within the
chromatin scaffold. The conformational status of genomic DNA affects many cellular functions
through the regulation of DNA replication or transcription (23,32). Thus, the elucidation of an
invivo cruciform structure may lead to a further understanding of the regulation of such cellular
functions.
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Fig. 1. Agarose gel electrophoresis of the PATRR plasmid

A, putative cruciform structure of the PATRR of chromosome 11. B, schematic representation
of psPATRR11 and pAPATRR11. The box indicates the inverted repeat region, whereas each
arrow indicates the repeat unit. pAPATRR11 deletes almost the entire 204-bp PATRR region.
Bold vertical lines indicate the cloning sites of the plasmids. The thin vertical lines indicate
restriction sites for the following enzymes: BamHI (B) and Hincll (H). C, agarose gel
electrophoresis of psPATRR11 and pAPATRR11. Lane M, molecular size marker; lane 1,
psPATRR11; lane 2, pAPATRR11. OC, open circle; L, linear; SC, supercoiled circle.
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FIG. 2. Nuclease sensitivity assay of the PATRR plasmid

The original plasmid, plasmid with S1 nuclease digestion, plasmid with T7 endonuclease
digestion, and plasmid with restriction enzyme digestion that cuts the plasmid only once were
subjected to agarose gel electrophoresis in this order. Lanes 1-4, psPATRR11; lanes 5-8,
PAPATRR11,; lanes 9-12, TA cloning vector. The arrows indicate the position of the linear
form of psPATRR11 (a), pAPATRR11 (b), and TA cloning vector (c). S1, S1 nuclease; T7,
T7 endonuclease; RE, restriction enzyme.
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FIG. 3. Two-dimensional gel electrophoresis of the PATRR plasmid

A, psPATRR11 prepared by the alkaline lysis method. B, psPATRR11 treated with
topoisomerase | in the presence of various amounts of ethidium bromide. C, topoisomerase I-
treated psPATRR11 digested with T7 endonuclease. D, topoisomerase I-treated psPATRR11
digested with S1 nuclease. Two downward-sloping curves originating from cruciform
extrusion are observed at the lower right side on both the A and the B gels, but neither are
observed in the C nor in the D gel. Spots at the upper left side on the gels originate from open
circular nicked plasmids, whereas spots near the center of the gels are from nuclease-cleaved
linear plasmids.
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FIG. 4. Mapping of nuclease cleavage sites in the PATRR

A, mapping by digestion with restriction enzyme. S1, S1 nuclease; T7, T7 endonuclease; RE,
restriction enzyme. B, restriction map of the PATRR-flanking region. C, mapping by
sequencing. The entire PATRR is shown as a putative hairpin structure predicted by mfold
software (mfold.burnet.edu.au/dna_form). The arrows indicate cleavage sites with T7
endonuclease, whereas the arrowheads indicate those with S1 nuclease. the relatively GC-rich
region is indicated by a bracket.
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FIG. 5. Temperature-sensitive structural transition of the PATRR

A, temperature-dependent gel mobility shift of the PATRR plasmid. psPATRR11 prepared by
the Triton lysis method was incubated at various temperatures shown on the top. A,
psPATRR11 prepared by the alkaline lysis method. M, molecular size markers. B, atime course
of incubation at room temperature. psPATRR11 was incubated at room temperature for periods
indicated on the top.
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FIG. 6. Gel electrophoresis mobility shift assay of the PATRR fragment

psPATRR11 (lanes 1-3) or pAPATRR11 (lanes 4-6) prepared by the Triton lysis method was
incubated at room temperature for 7 days and then reacted with anti-cruciform antibody, 2D3.
For psPATRR11, another monoclonal antibody was used as a control (lanes 7-8). psPATRR11
without incubation at room temperature was also reacted with 2D3 (lanes 9-10). The
concentration of 2D3 antibody is indicated at the bottom. The arrow indicates the shifted band.
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FIG. 7. AFM image of the PATRR plasmid

A, an AFM image of psPATRR11 prepared by the Triton lysis method. B, an AFM image of
the psPATRR11 after incubation at room temperature. C, another image of psPATRR11 at a
higher magnification. D, an AFM image of psPATRR11 after DNA cross-linking followed by
restriction digestion. The arrows indicate the cruciform extrusion. Longer fragments without
cruciform structure may originate from the cloning vector. The scale bar is indicated in xm.
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