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ABSTRACT: Z-DNA, a noncanonical helical structure of double-
stranded DNA (dsDNA), plays pivotal roles in various biological
processes, including transcription regulation. Mechanical stresses
on dsDNA, such as twisting and stretching, help to form Z-DNA.
However, the effect of DNA bending, one of the most common
dsDNA deformations, on Z-DNA formation is utterly unknown.
Here, we show that DNA bending induces the formation of Z-
DNA, that is, more Z-DNA is formed as the bending force becomes
stronger. We regulated the bending force on dsDNA by using D-
shaped DNA nanostructures. The B—Z transition was observed by
single-molecule fluorescence resonance energy transfer. We found
that as the bending force became stronger, Z-DNA was formed at
lower Mg?* concentrations. When dsDNA contained cytosine
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methylations, the B—Z transition occurred at 78 mM Mg** (midpoint) in the absence of the bending force. However, the B—Z
transition occurred at a 28-fold lower Mg?* concentration (2.8 mM) in the presence of the bending force. Monte Carlo simulation
suggested that the B—Z transition stabilizes the bent form via the formation of the B—Z junction with base extrusion, which
effectively releases the bending stress on DNA. Our results clearly show that the bending force facilitates the B—Z transition under

physiological salt conditions.

B INTRODUCTION

Double-stranded DNA (dsDNA) has various conformations,
including the canonical right-handed double hehcal structure
(B-DNA) and several noncanonical structures." Z-DNA is a
noncanonical left—handed double helical structure with
Watson—Crick base pairs.”” The biological roles of Z-DNA
have been studied for decades since its discovery.*”" It has
been well established that Z-DNA plays crucial roles i in various
biological processes, such as transcription regulation,*’ %enetlc
instability correlated with DNA damage and repair,”  and
nucleosome positioning.”” Z-DNA is even involved 1n the
regulatory mechamsm of extinction memory in mice'” and
other diseases.'’

The B—Z transition occurs under special circumstances due
to the adjacent negatively charged phosphate groups of Z-
DNA.”"*7'% The formation of Z-DNA occurs mostly in
regions of repeated alternation of purine and pyrlmldme bases,
especially (CG),, which is the most preferred sequence.” High
salt concentrations enable the B—Z transition by relievin
electrostatic repulsions between phosphate backbone groups.
Cytosine methylation, one of the most important base
modifications,’” contributes to the formation of Z-
DNA.">'%'® As cytosine methylation is involved in various
biological processes, such as chromatin compaction' and
transcription regulation,””" cytosine methylation may be one
of the factors that allow Z-DNA to play a role in cells. Z-DNA
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binding proteins recognize and bind Z-DNA with high
affinity'*'>** and even induce the B—Z transition.””**

In addition to salt concentration and chemical modifications,
mechanical stresses on DNA have also been key factors in the
B—Z transition.”> ™" For instance, negative supercoiling, which
is induced during transcription,32 stabilizes Z-DNA,*® and
torsional stress regulates the level of Z-DNA in cells.”” As a
result, the effect of torsion on Z-DNA formation has been
extensively studied using bulk supercoiling” ™" and single-
molecule tweezer measurements.”**”*! In addition to torsional
stress, tension (stretching force) on DNA also promotes the
formation of Z-DNA in negatively supercoiled DNA.***!
These results imply that the response of DNA to mechanical
stresses is an important factor determining the relative
stabilities of B- and Z-DNA. However, the effect of DNA
bending, one of the most common DNA mechanical
deformations observed in various biological phenomena,” ™’

on the formation of Z-DNA is entirely unknown. Various
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Figure 1. B—Z transition in linear dsDNA observed by single-molecule ALEX measurement. (a) Illustration of Z-DNA formation in linear dsSDNA
under high salt conditions, which is detected by a decrease in FRET efficiency. During the B—Z transition, the B—Z junction, which is a
noncanonical structure between B- and Z-DNA with extruded bases (brown circle, PDB code 2AC]J), is generated. (b) DNA sequences used for the
B—Z transition experiments. The B—Z chimeric linear sample consists of CG repeats, a Z-DNA forming region, and a random sequence. The
random linear sample consists only of a random sequence that does not form Z-DNA. DNAs are labeled with Cy3 and CyS as a FRET pair. (c)
Brief schematic illustration of the ALEX measurement, which measures the FRET efficiency of freely diffusing single molecules. (d) FRET
histograms of the B—Z (chimeric) linear and random linear samples at various concentrations of Mg(ClO,), obtained by the ALEX method.
Histograms were fitted to a single Gaussian distribution. The black dotted lines denote the average FRET efficiency (E) of each sample in the
absence of Mg(ClO,),. The red dotted line denotes the E of the B—Z linear sample at 1000 mM Mg(ClO,),. (e) FRET efficiency E of each sample
depending on the concentration of Mg(ClO,),. For the B—Z chimeric linear sample, E decreases due to the formation of Z-DNA, while E of the
random linear sample does not change. The red dotted line denotes the midpoint of the B—Z linear sample (430 mM). Error bars were obtained

from three independent measurements.

DNA-protein interactions induce DNA bending and even
generate kinks.”>** The effect of bending force on Z-DNA
formation has not been studied, largely due to the lack of
experimental methods to modulate the bending of short
dsDNA (<100 bp).**

Herein, we report that DNA bending force induces the
formation of Z-DNA. We designed dsDNAs that contained
CG repeats as a Z-DNA-forming region and a random
sequence as a B-DNA region (Figure 1a,b). To quantitatively
investigate the B—Z transition induced by the DNA bending
force, we employed D-shaped DNA nanostructures to
modulate the dsDNA bending force.””~* The B—Z transition
and the curvature of dsDNA induced by the bending force
were detected by single-molecule fluorescence resonance
energy transfer (smFRET) (Figures lc and S1).”°™% We
observed that the B—Z transition occurs at lower salt
concentrations as the bending force on dsDNA increases.
We confirmed that Z-DNA formation under physiological salt
conditions (<10 mM Mg**) is induced by applying a bending
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force in the presence of cytosine methylation. The melted base
pairs at the B—Z junction may release the bending stress and
stabilize the Z-DNA form, which is supported by a simulation.

B RESULTS AND DISCUSSION

Quantitative Observation of Z-DNA Formation by
ALEX Measurement. First, we investigated the formation of
Z-DNA by observing the differences in FRET efficiencies
(Figure la). Z-DNA has a shorter diameter and longer pitch
than B-DNA.” The formation of Z-DNA has been successfully
observed in previous studies using smFRET.'****"*¢ Z.DNA
is usually formed in purine-pyrimidine repeats, typically in CG
repeats, under high salt conditions.” We prepared linear DNA
duplexes: one contained seven CG repeats as a Z-DNA
forming sequence and a random sequence (B—Z chimeric
linear), and the other consisted only of a random sequence
(random linear) (Figure 1b). The sequence of the random
portions was designed by using a sequence that has been
confirmed not to form Z-DNA under the high salt conditions
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that we used in this work.*”** Cy3 and Cy5 were labeled on
the flanks of the Z-DNA forming sequence in the B—Z
chimeric linear sample (1st and 15th base pairs) and were
placed at the same positions in the random linear sample. The
formation of Z-DNA was detected by the decrease in FRET
efficiency, which was caused by the increase in dsDNA length
and formation of the B—Z junction (Figure 1a)."**® We
measured the FRET efficiency of each dsDNA molecule by
using alternatin 9glaser excitation FRET (ALEX) (Figures lc
and S1).**** In the ALEX measurement, the FRET
efficiency of freely diffusing single molecules in a buffer
solution was measured without surface immobilization (Figure
1c). In addition to the FRET efficiency, ALEX measures the
stoichiometric factor, which is used for sorting only FRET pair
species (Figure S1b,c). * The FRET efficiency is inversely
proportional to the sixth power of the distance between the
donor and the acceptor dyes, which enables FRET efhiciency to
be used to observe distance changes.50 Thus, the FRET
efficiency reports the conformational changes of dsDNA,
including the formation of Z-DNA.

Subsequently, we used ALEX to measure the FRET
efficiency of two linear samples by varying the salt
concentration to compare the conformational changes upon
the formation of Z-DNA (Figures 1d,e and S2). To form Z-
DNA, we used magnesmm perchlorate (Mg(ClO,),), which
stabilizes Z-DNA well.** Without Mg(ClO,),, both samples
revealed a similar average FRET efficiency (E) of approx-
imately 0.40, corresponding to B-DNA (Figure 1d). As the
concentration of Mg(ClO,), increased, the E of the B—Z
chimeric linear sample decreased from 0.40 to 0.21 due to the
formation of Z-DNA (Figure 1d, left panel). However, the E of
the random linear sample remained consistent regardless of
Mg(ClO,),, which indicates that Z-DNA was not formed
(Figure 1d, right panel). The decrease in E of the B—Z
chimeric linear sample was most apparent between 400 and
500 mM Mg(ClO,),, which indicates the B—Z transition
(Figure le). The Z-DNA forming sequence transformed fully
to Z-DNA at approximately 600 mM Mg(ClO,),, which is in
line with the previous results.*® The midpoint, where B- and Z-
DNA were equally probable, was 430 mM (Figure le, red
dotted line). To confirm the formation of Z-DNA, we also
measured the circular dichroism (CD) spectra of the B—Z
chimeric linear sample without dye labeling at various
Mg(ClO,), concentrations (Figure S3). An increase at 255
nm was clearly observed as the salt concentration increased,
which is consistent with the reported spectra of B- and Z-DNA,
respectively (Figure S$3).> Therefore, ALEX measurement
enables us to analyze the formation of Z-DNA quantitatively
without surface immobilization.

DNA Bending Force Induces the Formation of Z-DNA.
To investigate the effects of DNA bending force on the B—Z
transition, we prepared D-shaped DNAs that consisted of a
dsDNA portion and a ssDNA string (Figure 2a—c).""* Ina D-
shaped DNA, the bending force is ap ;)hed by the entropic force
from the ssDNA string (Figure 2a).”” D-shaped DNAs enable
adjustment of the compressive bending force on the dsDNA
portion by varying the length of the ssDNA string (Figure 2a).
As the length of the ssDNA string decreases, the bending force
on the dsDNA portion increases.”’ To construct a D-shaped
DNA, we annealed a ring ssDNA with its partially
complementary ssDNA (Figures 2c and S4). The length of
the dsDNA portion was fixed to 29 bp, and the ssDNA string
length varied from 11 to 51 nt (11, 19, 23,27, and 51 nt). The
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Figure 2. DNA bending force induces Z-DNA formation. The B—Z
transition is induced by ssDNA string lengths (BZ29-S51, BZ29-S27,
BZ29-S23, BZ29-S19, and BZ29-S11). (a) Ilustration of D-shaped
DNA nanostructures. In a D-shaped DNA, the bending force on the
dsDNA portion increases as the ssDNA string length decreases. (b)
lustration of Z-DNA formation in a D-shaped DNA, which is
detected by a decrease in FRET efficiency. (c) DNA sequence used
for the B—Z transition experiments. The dsDNA portion has the same
sequence as the B—Z chimeric linear sample, and the ssDNA string
consists only of thymine. The bending force on the dsDNA portion
was modulated by using different lengths of ssDNA string. (d) FRET
histograms of BZ29-S51 and BZ29-S11 at various concentrations of
Mg(ClO,), obtained by the ALEX method. Histograms were fitted to
a single Gaussian distribution. The black dotted lines denote the E of
each sample in the absence of Mg(ClO,),. The red dotted lines
denote the E of each sample at 600 mM Mg(ClO,),. (e) FRET
efficiency E of each D-shaped DNA sample (BZ29-S51, BZ29-S27,
BZ29-S23, BZ29-S19, and BZ29-S11) plotted against the concen-
tration of Mg(ClO,),. The FRET histograms of each sample are
presented in Figure S7. The lavender dotted lines denote the
midpoint of each sample. Error bars were obtained from three
independent measurements. (f) B—Z transition midpoints of the B—Z
linear and D-shaped DNAs. The midpoint of the B—Z linear sample
was obtained from Figure le (red dotted line). As the bending force
increases, the midpoint of the B—Z transition decreases. Error bars
were obtained from three independent measurements.
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Figure 3. B—Z transition induced by the DNA bending force with different salt MgCl,. (a) FRET histograms of B—Z linear and BZ29-S19 samples
at various concentrations of MgCl, obtained by the ALEX method. Histograms were fitted to a single Gaussian distribution. The black dotted lines
denote the E of each sample in the absence of MgCl,. The red dotted lines denote the E of each sample at 1500 mM MgCl,. (b) E of B—Z linear
and D-shaped DNA samples (BZ29-S27 and BZ29-S19) plotted against the concentration of MgCl,. The dotted lines denote the midpoint of each
sample. Error bars were obtained from three independent measurements. (c) B—Z transition midpoint of each sample (B—Z linear, BZ29-S27, and
BZ29-519). The midpoints decrease as the bending force increases, which shows the same trend as in Figure 2f. Error bars were obtained from

three independent measurements.

S1 nt ssDNA string applies nearly no bending force to the
dsDNA portion, while the shorter ssDNA strings, such as 23,
19, and 11 nt, apply a bending force to the dsDNA portion,
which was confirmed by ALEX (smFRET) measurements
(Figure SS). It has been shown that a ssDNA string, of which
the contour length is longer than that of the dsDNA portion,
can apply a bending force on dsDNA as an entropic string.*”*'

We denote a D-shaped DNA by BZ29-S11, which means a
29 bp B—Z chimeric dsDNA portion and an 11 nt ssDNA
string. We designed the dsDNA portion of the D-shaped DNA
with the same sequence as the B—Z chimeric linear sample in
Figure 1, which contains a Z-DNA forming sequence (Figure
2¢). Cy3 and CyS were labeled at either end of the Z-DNA
forming sequence (1st and 15th base pairs), as in the linear
sample (Figure 2c). As a result, the formation of Z-DNA in a
D-shaped DNA also leads to a decrease in FRET efhiciency
(Figure 2b). By measuring multiple distances in a D-shaped
DNA, we verified that the structure of D-shaped DNAs was
correctly formed as we designed (Figure S6).

We subsequently measured the E values of BZ29-S11 and
BZ29-S51 with various concentrations of Mg(ClO,), (Figures
2d and S7). As the concentration of Mg(ClO,), increased, the
E values of both D-shaped DNA samples decreased as much as
in the previous linear sample shown in Figure 1d, indicating
the formation of Z-DNA. The decrease in E was also saturated
at concentrations lower than 600 mM Mg(ClO,),. The B-Z
transition in BZ29-S51 occurred at approximately 420 mM
Mg(ClO,),, which was similar to the midpoint of the B—Z
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chimeric linear DNA (430 mM). Interestingly, the B—Z
transition in BZ29-S11 occurred at approximately 200 mM
Mg(ClO,),, which was significantly lower than that of BZ29-
S51 and the linear DNA. This result indicates that strong
bending of DNA facilitates the B-to-Z DNA transition. To
investigate this result further, we prepared three more D-
shaped DNAs (BZ29-S19, BZ29-S23, and BZ29-S27) which
have different bending forces on dsDNA. Figure 2e presents
the E values for five D-shaped DNAs at various Mg(ClO,),
concentrations. The midpoints of the B—Z transitions
gradually decreased from 430 to 210 mM as the length of
the ssDNA string decreased (Figure 2e,f). As a control, we
tested the effect of Mg®" concentrations on the bending of D-
shaped DNA (Figure S8), which showed a minimal effect on
the bending of the B-form D-shaped DNA (CG29-523) in our
measurement conditions. We also estimated roughly the
bending force applied to each D-shaped DNA nanostructure
using a worm-like chain model (Figure $9).*" These results
indicate that as the bending force on DNA increased, the B—Z
transition was facilitated and thus occurred at lower Mg-
(ClO,), concentrations.

A decrease in the midpoint of the B—Z transition by the
bending force was also observed by CD measurement (Figure
S10). We used BZ29-S23 without dye labeling. As with our
single-molecule FRET measurement shown in Figure 2, the
decrease in the midpoints induced by the DNA bending force
(BZ29-S23 compared with the linear DNA) was clearly
observed in the CD measurement. As a result, both the
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Figure 4. Effects of DNA bending on the B—Z transitions of methylated (indicated by m*) DNAs. (a) DNA sequences used for the B—Z transition
experiments. Methylated cytosines are indicated in brown color. (b) FRET histograms of m® B—Z linear and m® BZ29-S19 samples at various
concentrations of MgCl, obtained by the ALEX method. Histograms were fitted to a single Gaussian distribution. The black dotted lines denote the
E of each sample in the absence of MgCl,. The red dotted lines denote the E of each sample at the highest concentration of MgCl, (300 mM for m*
B—Z linear and 100 mM for m® BZ29-S19). (c) E of m* B—Z linear and m® BZ29-S19 samples plotted against the concentration of MgCl,. The
blue dotted line denotes the midpoint of the m® B—Z linear sample (78 mM), and the red dotted line denotes the midpoint of the m*® BZ29-S19
sample (2.8 mM). The inset graph shows the E values of the m*® BZ29-S19 sample at low salt concentrations. Error bars were obtained from three
independent measurements. (d) B—Z transition midpoints of each sample (B—Z linear, BZ29-S19, m® B—Z linear, and m* BZ29-S19). The
midpoints of the B—Z linear and BZ29-S19 samples were obtained from Figure 3c. As the bending force increases, the midpoint decreases. Error

bars were obtained from three independent measurements.

single-molecule ALEX measurement and the CD measurement
showed that the DNA bending force facilitates the B—Z
transition, and thus, the B—Z transition occurs at lower salt
concentrations.

B—Z Transition of Methylated DNAs Occurs at
Physiological Salt Concentrations Due to the Bending
Force. Next, we used magnesium chloride (MgCl,) to form Z-
DNA in order to study the formation of Z-DNA under
physiological salt conditions. We used the linear and two D-
shaped DNA samples (BZ29-S27 and BZ29-S19) which have a
weak DNA bending. Using ALEX, we obtained the E values for
the linear and D-shaped DNA samples as the concentration of
MgCl, increased (Figures 3a and S11). The results showed
that the E values of all DNA samples decreased from
approximately 0.40 to 0.25 due to the formation of Z-DNA
(Figure 3b). The midpoint of the B—Z linear DNA occurred at
700 mM, while those of BZ29-S27 and BZ29-S19 were
observed at 250 and 160 mM, respectively (Figure 3c). Again,
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the B—Z transition occurred at lower salt concentrations as the
bending force became stronger.

Here, we note that although the bending force facilitates the
B—Z transition to occur at lower salt concentrations, 160 mM
is still much higher than the physiological concentration of
Mg**, which is in the 1-20 mM range with 100 mM NaCl.*!
Cytosine methylation is an important and frequently occurring
DNA modification in cells."””**' Z-DNA formation occurs at
lower salt concentrations in the presence of cytosine
methylation.'”'®'® Depending on the methylation level and
the length of Z-DNA, Z-DNA formation can occur even at
0.5-2 mM Mg** by cytosine methylation.”*>> Hence, we
prepared B—Z chimeric linear and BZ29-S19 with methylated
cytosines in CG repeats, that is, m* B—Z chimeric linear and
m® BZ29-S19, respectively (Figure 4a). We increased the
MgCl, concentration to form Z-DNA (Figures 4b—d and
S11b). Indeed, the midpoint of the B—Z linear DNA decreased
sharply from 700 to 78 mM MgCl, by methylation (Figure 4c,
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Figure 5. Simulation of the total bending energy of the dsDNA portion and a model of the B—Z transition by the bending force. (a) Schematic
illustrations of the simulated semiflexible loops, which consist of the dsDNA portion and the ssDNA string. The end-to-end distance of the dsSDNA
portion (EEDg,pna) and the chord lengths of the CG repeat portion (Ccg) and random portion (Cy) were obtained using Monte Carlo simulation
(see the Supporting Information for detailed simulation methods). (b) Total bending energy of the dsDNA portion with (red) and without (black)
the B—Z junction plotted against the average curvature of the dSDNA portion, that is, the applied bending force. The energy gap between the “no
B—Z transition state” and the “B—Z transition state” gradually increases as the average curvature of the dsDNA portion increases. Error bars were
obtained from five independent simulations. (c) Illustration of the proposed B—Z transition mechanism by the bending force. When the bending
force is applied to the free DNA (red arrows), the entire B-DNA shows smooth bending with a high bending energy. With the B—Z transition, a B—
Z junction with extruded base pairs is generated. Then, sharp bending occurs at the B—Z junction, which releases the bending stress and results in a

low bending energy state.

blue dotted line). However, 78 mM MgCl, is still higher than
the physiological concentration. Then, when we applied the
bending force of the methylated DNA (m® BZ29-S19), the
midpoint was reduced dramatically to 2.8 mM, that is, a 28-
fold lower Mg®* concentration than that of the methylated
linear DNA (Figure 4c, red dotted line). These results indicate
that the ability of the bending force to induce Z-DNA
formation is enhanced in the methylated DNA samples (Figure
4d). The B—Z transition midpoint (2.8 mM Mg**) of
methylated DNA under the bending force is in the range of
physiological salt concentrations. Thus, these results strongly
suggested that Z-DNA could be formed by the bending force
under physiological conditions in cells when the bending force
is applied to methylated DNA. It is to be noted that if the
methylation level in CG repeats is high enough, Z-DNA can be
formed under physiological conditions without external
forces.>”

Formation of the B—Z Junction May Contribute to
the B—Z Transition Induced by the Bending Force. It has
been reported that Z-DNA is stiffer than B-DNA, as measured
by light scattering: the persistence length of Z-DNA is
approximately twice that of B-DNA.’® This means that Z-
DNA resists bending stress more than B-DNA. Thus, the
formation of Z-DNA itself is not favorable for releasing the
tension applied by the bending force, which would result in
lower curvature on the dsDNA portion compared with B-
DNA. Then, a question arises as to the mechanism by which
the DNA bending force induces the B—Z transition. The X-ray
crystal structure showed that the B—Z junction generated in
the sequence we used has a break in the A-T base pair and
extrusion of these bases,”” which was also confirmed by 2-
aminopurine (2-AP) fluorescence measurements.”® We con-
firmed the base extrusion at the B—Z junction using 2-AP
fluorescence measurements (Figure S12). Because the bases
were extruded from the helix as illustrated in Figure la, they
were susceptible to cleavage by nucleases and modification by

enzymes.30’54’55 The extrusion structure is quite similar to
those of the melted base pairs.” It has been well established
that the region of the melted base pairs enables dsDNA to
bend more easily than normal dsDNA.*""** Even the presence
of mismatched base pairs in the middle of dsDNA makes
dsDNA bend easily upon application of the bending force.”*”
Thus, the formation of the B—Z junction with the extruded
bases would stabilize the Z-DNA state compared with B-DNA
when a bending force is applied to the dsDNA.

To study the effect of the B—Z junction on the bending
force, we performed a simulation on D-shaped DNAs using a
semiflexible loop,””® a coarse-grained model considering only
the bending energy of the dsDNA portion (Figure Sa). Five
types of nodes were used: a CG node for a CG base pair, an R
node for a base pair of random sequences, a Z node for a base
pair of Z-DNA, an S node for a nucleotide of the ssDNA string,
and a B—Z junction node for the B—Z junction. The bending
energy (B) of each node was calculated as B = P§*/2a, where
P, 0, and a correspond to the persistence length, the angle
between two tangential vectors of the adjacent nodes, and the
interval, respectively. From the simulation of D-shaped DNAs
with various bending forces, we obtained the end-to-end
distance of the dsDNA portion (EEDgpyy,), the chord length
of the random portion (Cy) and the CG repeat portion (Ccg)
(Figure S13), and the total bending energy of the dsDNA
portion (Figure Sb). Figure Sb presents the total bending
energies of the dsDNA portion depending on the average
curvature of dsDNA. As the average curvature of dsDNA
increased, the total bending energy of dsDNA without the
formation of the B—Z junction increased more rapidly than
that of the B—Z transition with a B—Z junction. This result
indicated that as the bending force increased (high curvature),
the difference between the total bending energies of dsDNA
portions with and without the B—Z junction also increased
significantly. The increased bending energy difference in
relation to the bending force will make Z-DNA with the B—
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Z junction more stable than B-DNA. Thus, the formation of
the B—Z junction would stabilize Z-DNA compared with B-
DNA under a bending force. Without the formation of the Z-
DNA part, the B—Z junction may be unstable compared with
the normal B-form DNA (no extrusion of the base-pair). This
seems to be the reason Z-DNA retains its form after the
formation of the B—Z junction, which effectively releases the
bending stress, in the D-shaped DNAs. DNA bending without
external torsional stress could have a possibility to induce local
torsional stress. The base-stacking could be disrupted by the
DNA bending, which also could contribute to the generation
of the B—Z junction and Z-DNA.

B CONCLUSIONS

In this study, we observed the effects of DNA bending on Z-
DNA formation. As the bending force increased, Z-DNA was
formed at lower salt concentrations, even at physiological salt
concentrations with methylation. Although Z-DNA is stiffer
than B-DNA,” it appeared that the B—Z transition contributes
to releasing of the bending stress by forming the B—Z junction
with extruded bases’” and stabilizes the bent structure of
dsDNA (Figure Sc). Among mechanical stresses, torsional
stress and stretching force have been considered to be the
factors contributing to the formation of Z-DNA.°7*! Our
work demonstrates that the DNA bending force also
contributes to the formation of Z-DNA.

Considering that Z-DNA is found on nucleosomal
sequences,” which are highly bent DNA regions, and affects
the position of nucleosomes,”” Z-DNA formation induced by
the bending force may play an important role in chromatin
remodeling. Supercoiled DNAs also contain highly bent DNA
structures at the apex of plectoneme.’” DNA bending is usually
induced by various DNA—protein interactions and thus occurs
ubiquitously over the whole genome, as one of the most
common types of mechanical deformation in cells.”>™>’ For
example, architectural DNA-binding proteins, such as the
eukaryotic high mobility group B (HMGB) and the heat
unstable (HU) protein of bacteria, induce strong bending of
DNA.®’ Although HU binds to DNA non-specifically, other
nucleoid-associated proteins, such as IHF and Fis, bind to
specifically regulatory sequences to induce DNA bending.’!
Transcription factors, such as catabolite activator protein, also
induce DNA bending, regulating transcription activity.”> DNA
bending is also found in the processes of DNA mismatch repair
by MutS and MutL.”’> In addition, DNA loops, which
accompany DNA bending structures, are also generated during
many biological processes, such as replication, transcription,
and recombination.®*"°® For example, enhancers and media-
tors bound at separate DNA sites are brought to RNA
polymerases by the formation of DNA loops in eukaryotes.®”
In prokaryotes, repressors of gal, lac, and deo operons regulate
transcription levels by forming DNA loops.”® Protein
complexes for chromosome organization and segregation,
such as condensin, also contribute to the formation of loop
structures.®®®® Thus, our work suggests that the B—Z
transition induced by the DNA bending force may be involved
in more biological processes than we expected.
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