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ABSTRACT: Unusual DNA conformations including cruciforms play an important role in gene regulation
and various DNA transactions. Cruciforms are also the models for Holliday junctions, the transient DNA
conformations critically involved in DNA homologous and site-specific recombination, repair, and
replication. Although the conformations of immobile Holliday junctions in linear DNA molecules have
been analyzed with the use of various techniques, the role of DNA supercoiling has not been studied
systematically. We utilized atomic force microscopy (AFM) to visualize cruciform geometry in plasmid
DNA with different superhelical densities at various ionic conditions. Both folded and unfolded
conformations of the cruciform were identified, and the data showed that DNA supercoiling shifts the
equilibrium between folded and unfolded conformations of the cruciform toward the folded one. In
topoisomers with low superhelical density, the population of the folded conformation is 50-80%, depending
upon the ionic strength of the buffer and a type of cation added, whereas in the sample with high superhelical
density, this population is as high as 98-100%. The time-lapse studies in aqueous solutions allowed us
to observe the conformational transition of the cruciform directly. The time-dependent dynamics of the
cruciform correlates with the structural changes revealed by the ensemble-averaged analysis of dry samples.
Altogether, the data obtained show directly that DNA supercoiling is the major factor determining the
Holliday junction conformation.

DNA cruciforms play an important role in the regulation
of biological processes involving DNA. These structures are
formed by inverted repeats and require DNA supercoiling
for their stable existence (1). Inverted repeats are associated
with the origin of replication (1-3). Cruciforms are sug-
gested to be involved in the regulation of gene expression
(1, 4) and may also play a role in nucleosome structure and
function (5). In addition, the cruciform is an inherent model
for the Holliday junction, an intermediate in homologous and
site-specific recombination (reviewed in ref6). Holliday
junctions are also targets for many architectural and regula-
tory proteins such as histones H1 and H5, topoisomerase
IIâ, HMG proteins, HU, p53, and proto-oncogene protein
DEK, to mention a few (7-15). The biological role for some
of these interactions is still unclear. Thus far, immobile
Holliday junctions or four-way DNA junctions were primary
experimental models for structural studies of Holliday
junctions by the use of a variety of methods [electrophoresis,
fluorescent resonance energy transfer (FRET),1 X-ray, ther-
modynamics, and chemical and enzymatic probing (reviewed
in refs6, 14, and16)]. According to these studies, it can be
summarized that the Holiday junction adopts two distinct
conformations: folded and unfolded. An unfolded conforma-

tion, in which adjacent arms are nearly perpendicular to each
other and the structure, has a 4-fold symmetry and exists at
a low concentration of metal ions. A folded conformation
(or stacked, X-type), in which four arms undergo pairwise
coaxial stacking, could be modeled with two duplexes
exchanging strands at the junction point. This conformation
is stabilized by high ionic strength di- or polyvalent cations
in particular (e.g., Mg2+ cations at a concentration of more
than 100 µM). Sodium cations also shift equilibrium
distribution toward a folded conformation, although much
higher concentrations of cations are required (17). Also, a
folded conformation of cruciform can be parallel or anti-
parallel. The synthetic immobile DNA junction exists in
antiparallel geometry, and no parallel geometry was observed
(6, 16, 18, 19). However, computer modeling showed that
the interarm angle can vary in a broad range of values (20).
Furthermore, thermodynamic studies on short Holliday
junctions tethered to form parallel or antiparallel orientation
revealed that there is no significant difference in free energy
between these orientations (21).

Atomic force microscopy (AFM) was successfully applied
for imaging cruciforms in supercoiled DNA (5, 22-24).
These early studies showed that the cruciform in supercoiled
DNA can adopt folded and unfolded conformations, but in
a folded conformation, a parallel rather than an antiparallel
orientation of the helical strands is observed. It was
hypothesized that DNA supercoiling is an important factor
in such a conformational preference for the cruciform (5,
24). To test this hypothesis, we systematically analyze the
structural and dynamic properties of the cruciform in
plasmids with different superhelical densities. We employed
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AFM, including the time-lapse imaging in aqueous solutions,
to study the cruciform structure in buffers with different
concentrations of metal ions. The results presented here
indicate that the geometry of cruciform is primarily governed
by DNA supercoiling. DNA supercoiling shifts equilibrium
between folded and unfolded conformations of cruciform
toward the folded one with the parallel orientation of the
DNA helical strands rather than the antiparallel configuration
typically observed in synthetic Holliday junctions. The effect
of DNA supercoiling is enhanced in the presence of cations.
These findings provide additional support for studies on the
role of DNA supercoiling in the structure and dynamics of
Holliday junctions (cruciforms).

MATERIALS AND METHODS

Plasmids.Topoisomer samples of plasmid pFR6 (3396 bp)
(a kind gift from V. Potaman, Texas A&M University) are
prepared as described earlier (22, 25). Each topoisomer
sample contains a set of topoisomers and is characterized
by the mean value of superhelical density〈σ〉. Two topoi-
somer samples, one with low superhelical density denoted
as t3low (mean value〈σ〉 ) -0.038) and another with high
superhelical density denoted as t7high (mean value〈σ〉 )
-0.085), are used for analysis of cruciform geometry and
dynamics.

Synthetic DNA Holliday Junction.The synthetic DNA
Holliday junction with two arms of 320 bp and two arms of
64 bp symmetrically positioned relative to the center of the
junction was synthesized by ligation of DNA fragments to
the core structure of the immobile Holliday junction. The
core structure of the Holliday junction was obtained by
stepwise annealing of four oligonucleotides. The detailed
procedure can be found in the Supporting Information.

AFM Procedure.The AFM procedure was performed as
described earlier (22, 23, 25-28) A mica surface was
modified for 30 min with 0.5 mM 1-(3-aminopropyl)silatrane
[APS (26)] for experiments in solution and with 0.16 mM
APS for imaging dried samples. The sample was deposited
on APS-modified mica for 2-5 min, then rinsed with
deionized water, and dried with argon (for the experiment
with a dried sample) or applied directly without a rinsing/
drying procedure for AFM imaging with a hydrated sample.

Time-lapse Imaging.Time-lapse imaging in hydrated
samples was performed as described earlier (24, 27). Briefly,
the APS-modified mica with the sample droplet on the top
of it was placed on the scanning stage of MultiMode SPM
Nanoscope IIIa (Veeco, Santa Barbara, CA). The optical head
with an installed liquid cell was mounted above the sample;
additional buffer was added into the space between the cell
and mica surface; and the scanning tip (NP probe, Veeco,
Santa Barbara, CA) was approached to the surface and
engaged. The buffer was replaced when necessary, with two
syringes attached to the flow cell, without terminating the
scanning.

Samples t3low and t7high were prepared and imaged in the
following buffers: HE buffer [10 mMN-2-hydroxyethyl-
piperazine-N′-2-ethanesulfonic acid (HEPES) and 1 mM
ethylenediaminetetraacetic acid (EDTA) at pH 7.0], HEN
buffer (10 mM HEPES, 1 mM EDTA, and 200 mM NaCl
at pH 7.0), and HM buffer (10 mM HEPES and 10 mM
MgCl2 at pH 7.0).

The short synthetic Holliday junction was prepared and
imaged in TE buffer (10 mM TRIS-HCl and 1 mM EDTA
at pH 7.0) and TM buffer (10 mM TRIS and 10 mM MgCl2

at pH 7.0).
Data Analysis.Data analysis was performed using the

FemtoScan Online software package (version 1.6 (4.4);
Moscow State University and Advanced Technologies
Center, Moscow, Russia). The angles between DNA helices
at junction point were measured as described in our recent
paper (28). To measure the angle value, lines were drawn
over the middle of DNA filaments just near the junction point
over the filament sections ca. 10 nm that typically appears
as straight lines. The angle between these lines was measured
(see Figure S1 in the Supporting Information for specifics).
Because the cruciform hairpin arms are not necessary
continuations of the plasmid main strands, both the angles
between the hairpin arm and the angles between DNA main
strands were measured. Lengths of cruciform arms were
measured as described before (27). A cruciform arm was
approximated by a segmented line, and the length of the arm
was obtained from the sum of the segment lengths (see Figure
S1 in the Supporting Information for specifics).

RESULTS

The Cruciform StructuresEffect of DNA Supercoiling.The
schematics of cruciform (Holliday junction) conformations
are presented in parts a-e of Figure 1. The DNA helices
are shown as cylinders, and the round-shaped caps on them
correspond to loops of the hairpin arms of the cruciform.
The structure depicted in Figure 1a corresponds to the
unfolded (open) conformation of the cruciform, whereas parts
b and c and d and e of Figure 1 show two orthogonal views
of folded conformations with parallel or antiparallel orienta-
tion of helical strands, respectively. Projections c and e are
obtained by rotation of projections b and d, respectively, by
90° around the vertical axis.

Figure 1f shows the AFM image of the synthetic Holliday
junction assembled from four linear arms in TEM buffer.
Folded and unfolded conformations of the junction on the
AFM image could be found and are marked with F and U,
respectively. Typical images of supercoiled DNA molecules
with the cruciform in unfolded and folded conformations are
shown in Figure 2a (sample t3low, 〈σ〉 ) -0.038 in HE buffer)
and Figure 2b (sample t7high, 〈σ〉 ) -0.085 in HE buffer),
respectively. The AFM images for the sample with low
supercoiling density (t3low) reveal both folded and unfolded
conformations of cruciforms, but the cruciform appears in a
folded conformation for sample t7high (Figure 2b). To quantify
this effect, we counted the occurrence of both conformations
of Holliday junctions; we found that folded conformation
exists in 16, 48, and 98% of short Holliday junctions and
samples t3low and t7high, respectively (see Table 1).

Effect of Ionic Conditions on Conformational Transitions
of the Cruciform.Ionic conditions have a profound effect
on the conformations of immobile Holliday junctions. What
is the effect of ionic strength and divalent cations on
conformations of Holliday junctions under the negative
supercoiling stress? To answer this question, we performed
imaging of t3low and t7high samples as well as synthetic
Holliday junctions at various ionic conditions. Images
presenting folded and unfolded conformations for different
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samples are shown in Figures 1f and 2. First of all, we
analyzed the partition of the Holliday junctions between the
unfolded and folded conformations as a function of the buffer
composition and DNA supercoiling. Results of this analysis
are summarized in Table 1. The cruciform in sample t7high

predominantly (98%) adopts a folded conformation, even in
low ionic strength buffer; therefore, the distribution between
two conformations very slightly depends upon the ion
concentration. Quite different results were obtained for
sample t3low and synthetic Holliday junctions. The population
of both conformations for the sample t3low remains nearly
equal when buffer with low ionic strength is used, whereas
10 mM Mg2+ significantly shifts equilibrium between the
folded and unfolded conformations of the cruciform toward
the folded one. Synthetic Holliday junctions adopt an
unfolded conformation in HE buffer, but the addition of 10
mM Mg2+ also shifts equilibrium toward the folded one.
These data are in qualitative agreement with corresponding
data in solution (6, 18, 19).

Geometry of the Cruciform in the Folded Conformation.
The AFM data allow us to characterize conformations of
the cruciforms. According to the schematics for the Holliday
junction (parts b-e of Figure 1), angleR between the hairpin
arm and its continuation in the main DNA strands when equal
to 180° indicates the stacking of these arms. At the same

time, angleâ2 between the hairpin arms or angleâ1 between
long DNA strands allows us to distinguish between the
parallel conformation (schemes b and c in Figure 1, acute
anglesâ1) and the antiparallel conformation (schemes d and
e in Figure 1, obtuse anglesâ1). To retrieve this information,
we performed angle measurements between all arms of the
cruciform.

A set of the large number of images (between 86 and 150
frames) was obtained for each sample in different ionic
conditions (HE, HEN, and HM buffer). Figure 3 shows the
results for the measurements of the interarm angleR (see
parts c and e of Figure 1 for the explanations). The
histograms for the distribution of angleR values obtained
for sample t7high in HM buffer (Figure 3a) and for sample
t3low in HE buffer (Figure 3b) are centered around the 180°
value. The distributions are quite narrow, suggesting that the
hairpin arm is a continuation of the corresponding main
strand, or in other words, the sections of the cruciform are
stacked. Similar results were obtained for sample t3low in
HEN and HM buffers as well as for sample t7high in HE and
HEN buffers (data not shown).

Another set of angles provides the information on the type
of the folded conformation, parallel or antiparallel. These
are the angles between the hairpin arms and the main strands,
â1 (see parts c and e of Figure 1 and the Materials and
Methods for specifics). If the angle is less than 90°, the
conformation of the cruciform is referred to as the parallel
conformation; if the angle is more than 90°, the helices are
in antiparallel orientation (24). Two typical histograms of
the angle distributions forâ1 angles are shown in parts a

FIGURE 1: Schematic representation of cruciform conformations:
unfolded (a) and folded (b-e) conformations with parallel (b and
c) and antiparallel (d and e) orientations of DNA strands.
Complementary DNA strands are indicated with red and blue colors.
Arches with arrows of different colors show “stacking” angleR
(brown), the angle between main DNA strandsâ1 (pink), and the
angle between hairpin armsâ2 (green). (f) AFM image of the dried
sample for the synthetic Holliday junction deposited from TM
buffer. “F” and “U” denote Holliday junctions in folded and
unfolded conformations, respectively.

FIGURE 2: AFM images of dried sample t3low (a) and sample t7high
(b) deposited from HE buffer. “F” and “U” denote cruciform in
folded and unfolded conformations, respectively. The arrow shows
the position of cruciform in the DNA molecule.
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and b of Figure 4 for sample t7high in HM buffer and for
sample t3low in HE buffer, respectively. A dashed vertical
line is drawn at 90°. The points to the left of this line
correspond to the parallel orientation of the cruciform,
whereas all points to the right of these lines correspond to
the antiparallel one. Figure 4a shows that the cruciform for
the t7high sample adopts a folded conformation with a parallel
orientation of the arms. At lower supercoiling density (sample
t3low, Figure 4b), the preference to the parallel configuration
remains, although the entire distribution is shifted to greater
angle values. The mean values ofâ1 angles and their standard
deviations calculated from similar measurements are sum-
marized in Table 2. The data show that cruciforms in the
two samples at different ionic conditions adopt parallel
orientation, whereas the synthetic Holliday junction at 10

mM MgCl2 predominantly adopts an antiparallel orientation.
The data on the orientation of DNA arms in synthetic
Holliday junctions is in qualitative agreement with corre-
sponding results obtained in solution (6, 17). It is should
also be noted that Mg2+ folds the cruciform even more
tightly, increasing the effect of the supercoiling. Monovalent
cations work in the same way, but the effect is considerably
less pronounced than that of the divalent cations.

Geometry of the Cruciform in the Unfolded Conformation.
The set of data obtained allows us to analyze the geometry
of the unfolded conformation of the cruciform, which could
be found in the t3low sample at low ionic strength conditions.
We measured all four angles between adjacent arms to
characterize this conformation. These angles are 85-94 (
27°, suggesting that the unfolded conformation of the
cruciform is close to a planar geometry and has 4-fold
symmetry. These values correlate well with data obtained
by other methods (29).

Time-lapse ObserVations of the Cruciform Conformational
Dynamics.To study the dynamics of the cruciform, we
performed time-lapse imaging and captured a large series
of consecutive images for the same molecules in aqueous
solutions without drying the sample (24, 27).

Selected time-lapse images illustrating the dynamics of
the cruciform for samples t3low and t7high in HE buffer are
presented in Figure 5. The cruciform in sample t3low (parts
a-f of Figure 5) shows high conformational dynamics. It
changes conformation several times and flips from the folded
to the unfolded and back to the folded conformation several
times during the course of the experiment. Parts g-k of
Figure 5 in which traces of the cruciform only are shown
summarizes these conformational changes [these images are
made by placing traces of molecules on a black background
as described earlier (27)]. The full set of data that comprises
91 frames assembled as a movie file can be viewed in the
Supporting Information. File S1A was assembled from
unprocessed AFM images of the molecule sections contain-
ing the cruciform, and file S1B was assembled from the
images of the cruciform traces placed on a black background
and centered at the junction. Similar data were obtained for

Table 1: Occurrence (Percent) of Folded and Unfolded Conformations in the Synthetic Holliday Junction and in Topoisomer Samples t3low and
t7high

a

HE HEN HM

buffer folded unfolded folded unfolded folded unfolded

synthetic Holliday junction 16b (37) 84b (195) 48c (98) 52c (107)
t3low 48 (125) 52 (136) 52 (127) 48 (115) 81 (182) 19 (42)
t7high 98 (288) 2 (5) 99 (148) 1 (1) 100 (150) 0 (0)

a The number of molecules measured for specific conformation is shown in parentheses.b In TE buffer. c In TM buffer.

FIGURE 3: “Stacking” angleR (see schematics in parts c and e of
Figure 1) measured for dried samples: (a) sample t7high deposited
in HM buffer and (b) sample t3low deposited in HE buffer.

FIGURE 4: Angle â1 between main DNA strands for cruciform in
a folded conformation (see schematics in parts c and e of Figure
1) measured for dried samples: (a) sample t7high deposited from
HM buffer and (b) sample t3low deposited from HE buffer.

Table 2: Angleâ1 (see Schematics in Parts c and e of Figure 1)
Measured for Cruciform in a Folded Conformation for the Synthetic
Holliday Junction and for Topoisomer Samples t3low and t7high in
Different Buffersa

buffer HE HEN HM

synthetic
Holliday junction

N/A 95 ( 40 (205)b

t3low 75 ( 21 (90) 67( 23 (92) 68( 29 (106)
t7high 76 ( 22 (86) 64( 23 (148) 52( 24 (150)

a The number of measured molecules is shown in parentheses.b In
TM buffer.
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other molecules in separate time-lapse experiments. Interest-
ingly, transitions from folded to unfolded states and vice
versa appeared as two-state flips; therefore, we were unable
to observe transient states between the two conformations,
suggesting that the lifetime of these states is much shorter
than the image acquisition time.

The results for the cruciform dynamics within the plasmid
with high supercoiling density (sample t7high) obtained in one
time-lapse experiment are shown in parts l-q of Figure 5.
This cruciform remains in a folded conformation even over
an observation period of 9.5 h. Other observations with the
same t7high sample were consistent with this long one; we
were unable to detect the transition between folded and
unfolded conformations. The only change was the variation
of the angle between the arms. These dynamics are sum-
marized in parts r-v of Figure 5, and the full set of data is
placed as movie files in the Supporting Information. File
S2A is assembled from unprocessed AFM images of the
molecule sections containing the cruciform. File S2B was
assembled from the images of the cruciform traces placed
on a black background and centered at the junction. Overall,
the time-lapse observations showed that the cruciform
undergoes conformational transitions if the supercoiling
density is low (sample t3low) but that the conformation does
not change if the supercoiling density is high. This conclusion
is consistent with the data obtained in the studies of dried
samples when the analysis was performed by averaging over
an ensemble of molecules (see Table 1). These data show
that the populations of folded and unfolded conformations
of the cruciform were nearly equal for the t3low sample,
whereas equilibrium distribution between these conforma-
tions in the t7high sample is shifted toward the folded one.

To quantify the data on dynamics, we measured the
“stacking” of R angles in the folded conformation of the
cruciform in the same way as the dried samples (for a
definition, see parts c and e of Figure 1). We assembled the

data from several molecules. Two representative histograms
of distributions are presented in Figure 6a (sample t7high in
HM buffer) and Figure 6b (sample t3low in HE buffer).
Similar results were obtained in the case of sample t3low in
HEN and HM buffer as well as for sample t7high in HE and
HEN buffer (data not shown). Similar to dried samples, the
maxima of these peaks are centered at∼180° and the widths
are quite narrow.

We also plotted the interarm angles (see Figure 1) as a
function of time. The graphs for the time-lapse experiments
for two molecules of t3low and t7high samples in HE buffer
are shown as time trajectories in parts a and b of Figure 7,
respectively (the same molecules are presented in Figure 5
and as movie files in the Supporting Information). The data
for both angles are indicated in pink and green colors forâ1

andâ2, respectively (the same colors as in parts a, c, and e
of Figure 1). Vertical dashed lines in Figure 7a separate
regions between different conformations of the cruciform

FIGURE 5: Dynamics of the cruciform observed with time-lapse AFM for hydrated sample t3low (frames a-k) and sample t7high (frames
l-v) in HE buffer. The initial image of the molecule with cruciform is shown in frame a (sample t3low) and frame l (sample t7high). The
arrow is pointed to the cruciform. Images of an enlarged area specified by the square in the initial image show the time progress of the
cruciform structure (frames b-f for sample t3low and frames m-q for sample t7high). Traces of the same molecule on a black background
are shown in frames g-k (sample t3low) and frames r-v (sample t7high). The capture time for images are 0 min (a), 11 min (b), 44 min (c),
60 min (d), 134 min (e), and 155 min (f) (for sample t3low) and 0 min (l), 13 min (m), 22 min (n), 71 min (o), 233 min (p), and 363 min
(q) (for sample t7high).

FIGURE 6: “Stacking” angleR (see schematics in parts c and e of
Figure 1) measured in hydrated sample: (a) sample t7high in HM
buffer and (b) sample t3low in HE buffer.
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(folded or unfolded). The changes of conformation of
cruciforms are clearly seen from Figure 7a. The cruciform
is initially in a folded conformation, and bothâ1 andâ2 are
∼70°. Then, the conformation of the cruciform changes to
the unfolded conformation, and this transition is accompanied
by a significant change in the angle value (from∼70° to
∼180°). The cruciform remains in an unfolded conformation
for some time, and theâ2 angle fluctuates around 180°,
whereas theâ1 angle varies between∼100° and ∼180°.
Then, conformation changes to the folded conformation, and
both of theâ1 and â2 values drop to∼100°. Finally, the
cruciform changes conformation to the unfolded conforma-
tion, with both angles becoming closer to 180°. Similar
experiments with sample t7high did not reveal any transition
between the conformations of the cruciform in sample t7high

(see Figure 7b); values forâ1 and â2 angles vary between
∼40° and∼140°, although some dynamics of the cruciform
within the family of the folded conformation was observed.
For example, the interarm anglesâ2 and â1 are >90° for
frames between 8 and 25, corresponding to the antiparallel
orientation of cruciform arms (see Figure 1), whereas for
the rest of this graph, angle values are<90°; therefore, this
orientation is parallel. As also seen from this figure, bothâ1

and â2 angles change in a coordinated manner. Such a
correlated mobility confirms the conclusion made earlier that
the hairpin arms and the main strands of the cruciforms are
stacked. To find the mean value of angleâ1, we assembled

data from several molecules, and the total number of images
analyzed was not less than 100 in each case. We found that
the mean values of angleâ1 of cruciforms in fully hydrated
samples are quite similar to corresponding values found for
dried samples (see Table 3). The highest difference between
the data for dried samples and in solution is 8° (with a
standard deviation of 23°) for sample t7high in HM buffer;
therefore, it can be concluded that data in dried sample are
consistent with the time-lapse data obtained in buffer.

Branch Migration.We measured the lengths of the hairpin
arms for the time-lapsed images to evaluate the effect of the
supercoiling on branch migration. A similar approach was
applied in our paper (27) for analysis of branch migration
in synthetic Holliday junctions. We plotted time-dependent
variation of the lengths of cruciform hairpin arms of the t3low

sample in unfolded (Figure 8a) and folded (Figure 8b)
conformations in HE buffer, assembling the results for
various experiments that are separated by vertical dashed
lines. The data for two hairpin arms are indicated with
different colors. Some sections of the time trajectories for
unfolded cruciforms (Figure 8a, molecules III and IV) show
a gradual change in the hairpin lengths in which both hairpins
increase (molecule III) and decrease (molecule IV) their
length, and these changes exceed the noise-level fluctuations
of the arm lengths (these change are marked with arrows).
Importantly, both hairpins change their length in a coordi-
nated manner. Such a coordinated change in the hairpin arm
length was not observed for folded cruciforms (Figure 8b).
This finding is consistent with the model in which unfolding
of the Holliday junction is required for branch migration (19,
27, 30, 31).

DISCUSSION

The interplay between the local DNA structures and the
global DNA conformations (topology) plays a significant role
on DNA functions. The cruciforms formed by inverted
repeats in supercoiled DNA are alternative DNA structures
that are critically involved in various DNA transactions.
Cruciforms adopt different conformations. This conforma-
tional transition can have a strong effect on the global DNA
structure and dynamics, playing the role of a molecular
switch, influencing the search of homologous regions within
the supercoiled DNA molecule or in a topological domain
(5). In our early paper (24), we applied for the first time
AFM for direct imaging of the cruciform dynamics; we were
able to characterize the transition between folded and
unfolded conformations of the cruciforms. These data
suggested that DNA supercoiling can be a critical factor
determining the conformation of the cruciform. The results
obtained in this paper not only support this hypothesis but
also provide a number of important characteristics to the
structure and dynamics of the cruciform, depending upon
the DNA supercoiling and ionic conditions. Importantly,

FIGURE 7: Dynamics of the time-dependent variation of angleâ1
(pink line) and angleâ2 (green line) (see schematics in parts a, c,
and e of Figure 1) for samples t3low (a) and t7high (b) in HE buffer.
The vertical dashed lines indicate the change in cruciform confor-
mation as named on the bottom of the graph. The time difference
between two consecutive frames is∼3 min.

Table 3: Angleâ1 (see Schematics in Parts c and e of Figure 1)
Measured for Cruciform in a Folded Conformation for Dried and
Hydrated Samples t3low and t7high

HE HM

buffer dry sample in buffer dry sample in buffer

t3low 75 ( 21 74( 18 68( 29 66( 24
t7high 76 ( 22 70( 24 52( 24 44( 23
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these studies revealed some similarities while also revealing
drastic differences between the four-way junction with free
ends (synthetic Holliday junctions) and the cruciforms, the
mobility of which is limited by the DNA topology.

Both synthetic junctions and cruciforms are capable of
forming unfolded and folded states, but in contrast to
synthetic junctions, the conformation of which is determined
by ionic conditions, primarily by the presence of divalent
cations, the DNA supercoiling is the most critical factor in
determining the cruciform conformation. Therefore, the
cruciform in sample t7high (high supercoiling density) adopts
predominately the folded conformation even at low ionic
strength and the absence of Mg2+ cations, although these
cations further shift the equilibrium between the folded and
unfolded conformations toward the folded conformation. The
cruciforms in sample t7high in the presence of Mg2+ cations
fold tighter, which makes hairpin arms approach each other
very closely.

The most dramatic difference between the structural
features of cruciforms and synthetic Holliday junctions is
the geometry of the folded conformation. It was shown that,
in the absence of the topological constraints and in the
presence of divalent cations, Holliday junctions fold to the
conformation with an antiparallel orientation of the exchang-
ing arms (6, 16, 18, 19). Our data show that the cruciform

adopts a parallel configuration of exchanging arms even in
the absence of divalent cations. The cations further enforce
this conformation of the cruciform. These findings suggest
that negative DNA supercoiling stabilizes the folded con-
formation with a parallel orientation of the arms. What is
the energetic difference in these two conformations of the
junction? Does the DNA supercoiling provide sufficient
energy to stabilize an alternative conformation? Thermody-
namic analysis of the stability between the parallel and
antiparallel conformations performed on tethered junctions
(21) revealed rather small differences in free energies for
these two states (ca. 1.5 kcal/mol) in favor of antiparallel
geometry. The molecular-modeling analyses (20) came to
qualitatively similar conclusions, although the free energy
for the antiparallel conformation was estimated at 18 kcal/
mol lower than that for the parallel conformation. It is
instructive to compare these values with the free energy of
DNA supercoiling. According to the well-known expression
for the freeenergyofDNAsupercoiling,∆G)1100RT(∆Lk)2/
N, whereR is the gas constant,T is the temperature (in
Kelvin), N is the length of the plasmid in base pairs, and
∆Lk is the linking number difference that is proportional to
the supercoiling densityσ value [∆Lk ) N/γ, whereγ is
the number of base pairs per turn in linear DNA (1, 32)].
For the plasmid used in this work (N ) 3396 bp), the free-
energy increment per one supercoiling turn estimated for the
supercoiling density close to the transition value [∆Lk )
13 (22)] is ca. 8.4RT or 5 kcal/mol. This estimate shows
that supercoiling energy is in the range sufficient for
stabilizing the unfavorable folded conformation of the
junction. The stabilization of unfavorable DNA conforma-
tions is a ubiquitous property of negative DNA supercoiling,
facilitating dramatically different dynamics of DNA required
for its functioning. The fact that unwinding stress is needed
for the folding of the junction into a parallel conformation
can be useful in modeling folded conformations of the
Holliday junctions.

The measurements of the angles between the arms of the
cruciforms showed that the hairpin arm and one of the arms
of the main DNA strand form an almost continuous helix.
Moreover, our time-lapse experiments show that these arms
move in a coordinated manner. These findings suggest that
the helices interact within the joint point probably because
of the stacking between the helices. A similar stacking
interaction was observed for the antiparallel conformation
of the Holliday junction recently confirmed by X-ray
crystallographic analyses (14, 16). Recent single-molecule
three-color FRET studies of the synthetic Holliday junction
showed a coordinated movement the arms during the junction
dynamics between the two folded states (33). Altogether,
these data show that the interhelical interaction at the joint
is a common feature for such branched DNA structures and
that the most favorable configuration for the helices arrange-
ment dictates the DNA topology and environmental condi-
tions such as ionic strength. The time-lapse AFM studies
were critical for direct imaging of the conformational
transitions of the cruciforms; however, the time scale of these
observations does not relate to the characteristic times for
transitions of cruciforms between the various conformations
(24, 27, 34). In AFM, the majority of time the molecules
remain bound to the surface, allowing for their reliable
imaging by the scanning tip; therefore, the appearance of

FIGURE 8: Time-dependent variation of the length for hairpin arms
measured in selected molecules with cruciform in an unfolded
conformation (a, molecules I-V) and in a folded conformation (b,
molecules VI-X) for sample t3low in HE buffer. Vertical dashed
lines separate data for different molecules. Arrows indicate the area
when the arm length starts to change significantly (see the text for
details).
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the cruciform in a particular conformation is determined by
how long the cruciform in this configuration stays at the
surface. Therefore, time-lapse AFM studies provide the
propensity of a molecule to adopt a particular conformation
or shape rather than the lifetime of the conformation.

There are a number of interesting biological implications
for the results obtained in this paper. The fact that super-
coiling shifts the equilibrium between two conformations
toward a folded conformation affects the dynamics of the
juxtaposition of two sites in DNA required for such genetic
processes as DNA site-specific recombination and transposi-
tion. The folded conformation of the cruciform restricts the
slithering of the DNA domains relative to each other, whereas
the unfolded one does not (5). There is a plethora of
architectural and regulatory proteins that target DNA junc-
tions, four-way junctions in particular (10, 12, 14, 35). The
finding that the geometry of the junctions is affected by DNA
supercoiling suggests an additional mechanism for the
involvement of DNA supercoiling into regulatory processes
mediated by cruciforms. At the same time, within cells, DNA
is supercoiled or arranged in topological domains; therefore,
cruciforms are in fact natural models for Holliday junctions
that are transient forms for DNA during recombination
(homologous or site-specific) and aberrant pathways for DNA
replication. Branch migration, either protein-mediated or
spontaneous, is a critical step during these DNA transactions
that require the unfolding of the junction (19, 27, 30, 31).
At the same time, the folding of the junction is needed for
such processes as junction resolution (14). DNA topoi-
somerases are indispensable components of DNA replication
and recombination machineries (1, 36, 37); therefore, con-
trolling the Holliday junction geometry via changing the
DNA supercoiling by topoisomerases is another potential
regulatory pathway explaining the critical involvement of
these enzymes in all DNA transactions.
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