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of Chemistry Z-DNA is a non-canonical, left-handed helical structure that plays crucial roles in various cellular processes.
DNA mismatches, which involve the incorporation of incorrect Watson—Crick base pairs, are present in all
living organisms and contribute to the mechanism of Z-DNA formation. However, the impact of
mismatches on Z-DNA formation remains poorly understood. Moreover, the combined effect of DNA
mismatches and bending, a common biological phenomenon observed in vivo, has not yet been
explored due to technological limitations. Here, using single-molecule FRET, we show that a mismatch
inside the Z-DNA region, i.e., the CG repeat region, hinders Z-DNA formation. In stark contrast, however,
a mismatch in the B-Z junction facilitates Z-DNA formation. When the bending force is applied on
double stranded DNA, a mismatch in the B—Z junction releases the bending stress more effectively than
one in the CG repeat region. These findings provide mechanical insights into the role of DNA
mismatches and bending forces in regulating Z-DNA formation, whether promoting or inhibiting it in
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Introduction

The dynamic nature of the right-handed B-DNA, which
predominates under physiological conditions, can transition
into various noncanonical forms during biological processes.*
Z-DNA, a well-known non-canonical form of DNA, exhibits a left-
handed helical form with a zig-zag backbone caused by alter-
nating anti- and syn-conformations of bases.> This left-handed
helical form of DNA forms transiently in nature but is known to
play crucial roles in biological processes, such as transcription
regulation,®” nucleosome positioning,**® and control of genetic
instability."™* The formation of Z-DNA primarily occurs in
regions rich in alternating purine and pyrimidine bases (e.g:,
CG repeats).> It is promoted under specific conditions,
including high salt conditions, which alleviate the electrostatic
repulsion between phosphate backbone groups.** Additionally,
DNA-binding proteins can induce the transition to Z-DNA
conformation.”*” Mechanical stresses on DNA, such as super-
coiling'®" and torsional stress,* also play a role in regulating Z-
DNA formation. A recent study revealed that bending force, one
of the most common types of mechanical stress experienced by
DNA, facilitates Z-DNA formation under physiological salt
conditions.”" It has been proposed that bending force induces
the formation of a B-Z junction, accompanied by the extrusion
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of a single base pair at the interface between B-DNA and Z-DNA,
which effectively releases the bending stress and stabilizes the
Z-DNA structure in a lower bending energy state.** This model,
however, still requires further experimental proof. Conversely,
a Z-Z junction forms when the alternating purine and pyrimi-
dine bases in Z-DNA are disrupted by several defects, such as
the insertion of a DNA mismatch, causing the two Z-DNA
segments to become out of phase.”?*

DNA mismatch, a ubiquitous phenomenon arising from
various biological processes, is universal in nature and can be
accommodated in any position within the Z-DNA.** Previous
studies have provided insights into the structure*®?® and ener-
getic penalties®****” of mismatches within Z-DNA regions. Ellison
et al. obtained the energetic cost of the B-Z transition caused by
base pair disruptions in CG repeats using two-dimensional gel
electrophoresis and statistical mechanical analysis, reporting
a value of 2.4-3.4 kcal per mol bp.> Johnston et al. also reported
that a Z-Z junction has an energetic penalty of 3.5 kcal mol " due
to disruption of nearest-neighbor interactions, compared to
a continuous Z-DNA sequence.”* Nichols et al. observed that
mismatches in RNA also promote Z-formation in regions adja-
cent to Z-prone segments.”® However, the effect of DNA
mismatch, introduced at the different locations within the
duplex, on the B-Z transition remains largely unexplored.
Moreover, the combined effect of mismatch and DNA bending,
frequently observed in biological phenomena, has not yet been
reported to date. To address these issues, we investigated the
effect of mismatches, within the Z-DNA region and at the B-Z
junction, on the B-Z transition using single-molecule fluores-
cence resonance energy transfer (SmFRET).
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Results and discussion

The FRET efficiency, which is inversely proportional to the sixth
power of the distance between the donor and acceptor dyes,
enables observation of conformational changes of dsDNA.>**°
The B-Z transition has been successfully observed in previous
studies through the decrease in FRET efficiency,'***"** as Z-
DNA has a longer pitch than B-DNA and the extrusion of
a single base pair at the B-Z junction (Fig. 1a).*>*' In this work,
the B-Z transition has been observed using alternating-laser
excitation (ALEX) smFRET (Fig. 1b and S17).>*** This method
allows measuring the FRET efficiency of each freely diffusing
double stranded DNA (dsDNA) molecule at the single-molecule
level. Moreover, ALEX allows the sorting of FRET pairs from
heterogeneous subpopulations of molecules within a buffer
solution (Fig. S1T). The FRET efficiency of the selected FRET
pairs was calculated by obtaining the FRET histogram (Fig. 1c).
The low-FRET peak corresponds to Z-DNA and the high-FRET
peak corresponds to B-DNA (Fig. 1c).

The effect of mismatched base pairs on Z-DNA formation

First, we investigated the effect of a mismatch in the CG repeat
region on Z-DNA formation. As a control, we prepared a linear
dsDNA consisting of seven CG repeats, capable of forming Z-
DNA flanked by random sequences on both ends that remain
in B-DNA conformation (Fig. 1d, top panel). We denote this
dsDNA as BZB linear, which consists of 34 base pairs (bp). Next,
we substituted a T-T mismatch at the 7th base pair within the
CG repeat region, which we denote as MM1 BZB linear (Fig. 1d,
middle panel). We also substituted two T-T mismatches in the
7th and 8th base pairs within the CG repeat region, which we
denote as MM2 BZB linear (Fig. 1d, bottom panel). For a single-
molecule FRET experiment, the donor (Cy3) and acceptor (Cy5)
dyes were labeled at both ends of the Z-DNA forming region
(1oth and 25th base pairs). Upon Z-DNA formation, all three
dsDNA samples were accompanied by two B-Z junctions
(Fig. 1a). Magnesium perchlorate (Mg(ClO,),) is known to
induce the formation of Z-DNA.*> We gradually increased the
concentration of Mg(ClO,), to observe the conformational
changes of DNA upon the B-Z transition for all three dsDNA
samples (Fig. 1e and see S2t for the FRET efficiency histo-
grams). Without Mg(ClO,),, all three dsDNA samples had
a similar average FRET efficiency (E) of approximately 0.4,
indicating B-DNA conformation. However, at high concentra-
tion of Mg(ClO,),, the E for all three dsDNA samples decreased
to approximately 0.2, indicating Z-DNA conformation (Fig. 1e).
The E of MM2 BZB linear increased slightly at lower salt
concentrations, possibly due to enhanced DNA flexibility
resulting from the increased salt concentrations.***® To quan-
titatively evaluate the effect of the mismatch on Z-DNA forma-
tion upon the salt gradient, the B-Z transition midpoints, where
B- and Z-DNA were equally probable, were obtained for each
sample. The midpoint for BZB linear was approximately
710 mM Mg(ClO,), and increased to approximately 850 mM and
910 mM Mg(ClO,), as the number of mismatches in the CG
repeat region increased from one to two, suggesting that
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Fig.1 Observing the effect of a mismatch in the CG repeat region for
Z-DNA formation by single-molecule FRET measurement. (a) Illus-
tration of the B—Z transition in the linear dsDNA that consists of a Z-
DNA forming region that is flanked by two random sequences at both
ends. Z-DNA formation is accompanied by two B—Z junctions with an
extruded base pair (pink rectangle, PDB code 2ACJ). (b) Brief sche-
matic illustration of the ALEX measurement, which detects the FRET
efficiency of freely diffusing single molecules that pass through the
confocal excitation volume. (c) The FRET histograms of the linear
dsDNA undergoing the B—Z transition. The low-FRET peak represents
Z-DNA and the high-FRET peak represents B-DNA of the BZB linear
sample. (d) DNA sequences used for the experiments. The BZB linear
sample consists of the CG repeat, a Z-DNA forming region, with two
random sequences at both ends. Mismatched base pairs are
substituted within the CG repeat region and indicated in red color. Cy3
and Cy5 were used as a FRET pair. (e) The average FRET efficiency (E) of
each linear dsDNA sample (BZB linear, MM1 BZB linear, and MM2 BZB
linear) plotted against the concentration of Mg(ClO4,),. The dotted lines
denote the midpoint of each sample. Error bars were obtained from
three independent measurements. (f) B—Z transition midpoints for
each sample were obtained from (e). As the number of the mismatches
in the CG repeat increases, the B-Z transition midpoint increases.
Error bars were obtained from three independent measurements.

mismatches in the CG repeat region inhibit Z-DNA formation
(Fig. 1f).

Previous studies have provided insights into the energetic
costs®*?**” associated with mismatches in Z-DNA regions.
Despite these findings, the impact of such energetic costs
caused by mismatches on the B-Z transition has not been
previously demonstrated. Our results address this gap by clearly
showing that mismatches hinder Z-DNA formation, consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with earlier prediction. The insertion of a mismatch in the
alternating purine and pyrimidine sequences disrupts the base-
stacking interactions, which may hinder the formation of Z-
DNA.

Next, we investigated the effect of a mismatch in the B-Z
junction on Z-DNA formation (Fig. 2). We have used a linear
dsDNA that forms one B-Z junction upon formation of Z-DNA,
which consists of seven CG repeats, capable of forming Z-DNA,
with one random sequence that remains in the B-DNA confor-
mation (Fig. 2a, left panel).”* The total length of the dsDNA was
29 bp, with an equal number of CG repeats as in the BZB linear
sample shown in Fig. 1d. We denote this dsDNA as a BZ linear.
We prepared a linear dsDNA denoted as MM1 BZ linear con-
taining a mismatch in the B-Z junction, where thymine is
substituted in place of adenine to form a T-T mismatch (Fig. 2a,
right panel). For a single-molecule FRET experiment, an
acceptor (Cy5) was end-labeled at the 1st base pair and a donor
(Cy3) was labeled at the B-Z junction in the 15th base pair. The
B-Z transition midpoint for BZ linear was observed at approx-
imately 450 mM Mg(ClO,), in previous work.*® The linear
dsDNA that forms two B-Z junctions (Fig. 1, top panel) requires
more salt concentrations (710 mM Mg(ClO,),) to form Z-DNA,
which is in agreement with results from the previous work.*

Fig. 2b presents the E values for MM1 BZ linear at various
Mg(ClO,), concentrations (see Fig. S27 for the FRET efficiency
histograms). The B-Z transition midpoint for MM1 BZ linear
was observed at approximately 200 mM Mg(ClO,), (Fig. 2c). This
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Fig. 2 Mismatch at the B—Z junction facilitates Z-DNA formation. (a)
DNA sequences used for the experiments. The BZ linear sample
consists of the CG repeat, a Z-DNA forming region, and one random
sequence. Z-DNA formation is accompanied by one B-Z junction. A
mismatched base pair is substituted in the B—Z junction and indicated
in red color (right panel). Cy3 and Cy5 were used as a FRET pair. (b) The
E of each linear dsDNA sample (BZ linear and MM1 BZ linear) plotted
against the concentration of Mg(ClOy),. Data for E of the BZ linear
sample was obtained from the previous work for comparison.* The
dotted line denotes the midpoint of the MM1 BZ linear sample. Error
bars were obtained from three independent measurements. (c) B—-Z
transition midpoints of the BZ linear sample and MM1 BZ linear sample.
The midpoints for each sample were obtained from (b). Mismatch at
the B—Z junction significantly decreases the B—Z transition midpoint.
Error bars were obtained from three independent measurements.
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result indicates that the introduction of mismatch in the B-Z
junction reduces the transition midpoint by 2.3-fold, facilitating
Z-DNA formation under lower salt conditions. This finding
markedly differs from cases involving a mismatch within the CG
repeat region (Fig. 1f). Peck et al. reported that the formation of
a B-Z junction requires a free-energy of +5 kcal mol ~*.* Indeed,
Ha et al revealed that a B-Z junction has the structure of the
extrusion of a single base pair (Fig. 1a).** The free-energy
difference between A-T and T-T (mismatch) pairs including
the nearest-neighbor effect is approximately 3 kcal mol *.*?
Hence, the mismatch in the B-Z junction may reduce the energy
required for the base-pair extrusion, thereby facilitating Z-DNA
formation at lower salt concentrations. Our results provide clear
evidence that the local distortion induced by the mismatch in
the B-Z junction helps to overcome the energy barrier of
forming the B-Z junction by facilitating base-pair extrusion, as
supported by the 2.3-fold decrease in the transition midpoint in
the presence of the mismatch.

The combined effect of mismatch and bending force on Z-
DNA formation

Then, how does the mismatch affect Z-DNA formation under
DNA bending force? To explore this, we used D-shaped DNA
nanostructures (Fig. 3a).*** No bending force is exerted on the
linear dsDNA (Fig. 3a, left panel). D-shaped DNA consists of
a dsDNA portion and a ssDNA string (Fig. 3a, middle panel). It is
formed by annealing the ring-ssDNA with a partially comple-
mentary linear ssDNA (Fig. S31).2***¢ The dsDNA portion is
bent due to the entropic stretching force exerted by the ssDNA
string,*> which consists entirely of thymine. A longer ssDNA
string length results in a weaker applied bending force on the
dsDNA portion (Fig. 3a, middle panel), and the shorter sSDNA
string length results in a stronger applied bending force on the
dsDNA portion (Fig. 3a, right panel). The length of the dsDNA of
the D-shaped DNA was fixed to 34 bp, using the same sequence
as the BZB linear sample and MM1 BZB linear sample, while the
ssDNA string lengths were varied at 30 nucleotides (nt) and 22
nt (Fig. 3b). We denote a D-shaped DNA as BZB34-S30, where 34
represents the dsDNA length and S30 indicates the 30 nt ssDNA
string. As S22 is shorter than S30, a greater bending force is
applied in BZB34-S22 than BZB34-S30. The bending force
applied to the dsDNA portion increased in the following order:
BZB linear, BZB34-S30, and BZB34-S22. Fig. 3c presents the
decrease in E values for the normal samples of BZB linear,
BZB34-S30, and BZB34-S22 (without a mismatch), due to the
formation of Z-DNA as increased Mg(ClO,), concentrations (see
Fig. S4t for the FRET efficiency histograms). These data clearly
show that the B-Z transition midpoint decreases, i.e., facili-
tating Z-DNA formation, as the bending force increases. Fig. 3d
presents the decrease in E values for the MM1 samples of BZB
linear, BZB34-S30, and BZB34-S22. Notably, unlike the normal
samples, we observed a smaller decrease in the B-Z transition
midpoint for the MM1 samples despite equivalent bending
force (Fig. 3e). As a result, the difference in B-Z transition
midpoint values of the two samples becomes larger as the
bending force increases. This implies that the effect of bending

Chem. Sci., 2025, 16, 6443-6449 | 6445
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Fig. 3 The effect of DNA bending on the B-Z transition with

a mismatch in the Z-DNA forming region. (a) lllustration of linear
dsDNA and D-shaped DNA nanostructures. The linear dsDNA has no
bending force. In the D-shaped DNA nanostructures, the long ssDNA
string length exerts a weaker bending force on the dsDNA portion,
whereas the short ssDNA string length exerts a stronger bending force.
(b) Schematic of the D-shaped DNA sequences used for the experi-
ments. The dsDNA portion has the same sequence as the linear dsDNA
samples shownin Fig. 1d. The bending force on the dsDNA portion was
controlled by using different lengths of the ssDNA string that consists
only of thymine. (c) The E of the normal linear dsDNA sample (BZB
linear) and each normal D-shaped DNA sample (BZB34-S30 and
BZB34-S22) plotted against the concentration of Mg(ClO4),. The
dotted lines denote the midpoint of each sample. Error bars were
obtained from three independent measurements. (d) The E of the MM1
linear dsDNA sample (MM1 BZB linear) and MM1 D-shaped DNA
samples (MM1 BZB34-S30 and MM1 BZB34-S22) plotted against the
concentration of Mg(ClQO4),. The dotted lines denote the midpoint of
each sample. Error bars were obtained from three independent
measurements. (€) Comparison of the B—Z transition midpoint of the
BZB linear and BZB D-shaped DNAs of normal and MM1 samples. B—-Z
transition midpoints for each sample were obtained from (c) and (d). As
the bending force increases, the difference between the B—Z transition
midpoint of the normal and MM1 samples becomes larger. Error bars
were obtained from three independent measurements.

in inducing Z-DNA formation becomes less significant in the
presence of mismatch in the middle of CG repeats.

Next, we investigated the effect of Z-DNA formation when
a mismatch is in the B-Z junction under the bending force. The
length of the dsDNA of the D-shaped DNA was fixed to 29 bp,
using the same sequence as the BZ linear and MM1 BZ linear

6446 | Chem. Sci,, 2025, 16, 6443-6449
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samples in Fig. 2a, while the ssDNA string lengths were varied at
27 nt and 19 nt (Fig. 4a). Again, the bending force applied to the
dsDNA portion increased in the following order: BZ linear,
BZ29-S27, and BZ29-S19. Fig. 4b presents the decrease in E
values of the MM1 samples (BZ linear, BZ29-S27, BZ29-S19), as
the concentration of Mg(ClO,), increased (MM1 BZ linear in
Fig. 2b is also presented here for comparison; see Fig. S51 for
the FRET efficiency histograms). The B-Z transition midpoints
are shown in Fig. 4c (pink bars). For the purpose of comparison,
the B-Z transition midpoint values of the normal dsDNA
samples, reported in our previous work,” were presented
(Fig. 4c, gray bars). For the normal dsDNA samples, a substan-
tial decrease in the B-Z transition midpoint values was
observed, as the bending force increases.* Interestingly, as for
the MM1 dsDNA samples, there was a slight decrease in the B-Z
transition midpoint value upon weak bending when the ssDNA
string length was 27 nt (Fig. 4c). Even under stronger bending
force by the 19 nt ssDNA string length, the B-Z transition
midpoint value remained unchanged. These results suggest
that the facile formation of a B-Z junction with an extruded
base pair due to the mismatch induces the overall dsDNA
structure to remain in the lower energy state under bending
force. As a result, the bending force does not facilitate Z-DNA
formation in the presence of a mismatch at the B-Z junction.
This observation further supports our proposition that the
formation of a B-Z junction with an extruded base pair
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Fig. 4 The effect of DNA bending on the B-Z transition with
a mismatch at the B—Z junction. (a) Schematic of the D-shaped DNA
sequences used for the experiments. The dsDNA portion has the same
sequence as the linear dsDNA samples shown in Fig. 2a. The bending
force on the dsDNA portion was controlled by using different lengths
of the ssDNA string that consists only of thymine. (b) The E of the MM1
linear dsDNA sample (MM1 BZ linear) and MM1 D-shaped DNA samples
(MM1 BZ29-S27 and MM1 BZB29-S19) plotted against the concen-
tration of Mg(ClO,4),. The dotted lines denote the midpoint of each
sample. Error bars were obtained from three independent measure-
ments. (c) Comparison of the B—Z transition midpoint of the BZ linear
and BZ D-shaped DNAs of normal and MM1 samples. The B-Z tran-
sition midpoints for the normal samples were obtained from the
previous work for comparison.?* For MM1 samples, a weak bending
force slightly decreases the B—Z transition midpoint, but increasing the
bending force has a negligible effect on the B—Z transition. Error bars
were obtained from three independent measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively releases the bending stress, making Z-DNA with a B-Z
junction thermodynamically more stable than B-DNA under
high bending stress.”® Interestingly, the B-Z transition
midpoints of MM1 BZ linear and MM1 BZ29-S19 are compa-
rable. This suggests that under strong bending force, the
extrusion of a base pair fully releases bending stress in BZ29-
S19, similar to the effect of a mismatch at the B-Z junction.
As a result, the bending force no longer facilitates the B-Z
transition when a mismatch is present at the B-Z junction.

Proposed model of Z-DNA formation

Fig. 5 summarizes the proposed mechanisms demonstrating
how the mismatch position affects the B-Z transition both
with and without bending force. When the mismatch is within
the Z-DNA forming region, Z-DNA formation is hindered due
to the disruptions in base-stacking energy (Fig. 5a). Under the
bending force, Z-DNA formation is still induced, but to a lesser
extent, as the local distortion by the mismatch in the CG
repeat region partially releases the bending stress. Hence, we
propose that the mismatch in the CG repeat region lacks the
base-stacking interactions which mitigates the role of bending
stress in inducing the formation of Z-DNA. Conversely, when
the mismatch is in the B-Z junction (Fig. 5b), the local melting
by the mismatch at the B-Z junction lowers the energy barrier
of the base-pair extrusion, thereby assisting the B-Z transi-
tion. Under the bending force, the mismatch at the B-Z

a
Mismatch in CG repeat
Linear
Va0 VoVl Mismatch hinders WYY itaN T35 VoAV Yoy
B-Z transition
T ~ | Base-stacking interaction
\50\ is distupted
R — 7,
Y Bent 2 Bending induces r\] et
— -— B-Z transition Bending stress is
partially released
b
Mismatch in B-Z junction
Linear
. - Mismatch induces
B-Z transition
Extrusion of base pair
w becomes easier
Bending has 5 J'\}/B/L)
no effect v K
Bending stress is
completely released
Fig. 5 Illustration of the proposed B-Z transition mechanism when

the mismatch is in different locations. (a) Proposed B-Z transition
mechanism when the mismatch is in the CG repeat region. For a linear
DNA, the mismatch in the CG repeat region disrupts the base-stacking
interactions, which hinders the formation of Z-DNA. Bending induces
the formation of Z-DNA, but its effect becomes less significant by the
mismatch in the CG repeat region due to partial release of bending
stress. (b) Proposed B-Z transition mechanism when the mismatch is
in the B—Z junction. For a linear DNA, the mismatch in the B—Z junction
lowers the energy cost of a base-pair extrusion, inducing Z-DNA
formation. Under the bending force, the mismatch in the B—Z junction
has negligible effect on inducing Z-DNA formation as the extrusion of
the base pair becomes easier.
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junction has nearly no effect in inducing Z-DNA formation, as
the extrusion of the mismatched base pair fully releases the
bending stress.

Conclusions

In this work, we report a novel insight into the role of DNA
mismatches and bending force in regulating the formation of Z-
DNA. The mismatch in the CG repeat region hinders Z-DNA
formation, while a mismatch in the B-Z junction facilitates
the B-Z transition. Sequences capable of adopting Z-DNA
conformations are abundant in the human genome, occurring
approximately once every 3000 base pairs.*” Beyond the perfectly
alternating purine-pyrimidine sequences, natural DNA also
contains abundant cases of potential Z-DNA forming sequences
that contain defects, such as mismatches, within the alter-
nating sequence.”® Our work also revealed the combined effect
of mismatch location and DNA bending on the B-Z transition.
DNA bending is one of the most common types of mechanical
deformations induced by DNA-protein interactions. Proteins
that bind to Z-DNA, such as Z-DNA binding protein 1 (ZBP1) and
adenosine deaminase acting on RNA (ADAR), stabilize the left-
handed helical structure and may also contribute to DNA
bending.*®* Z-DNA-forming sequences are known to act as
mutagenic hotspots in both yeast and human cells, leading to
genetic instability through activation of the mismatch repair
pathway. In this pathway, the MSH2-MSH3 complex binds to Z-
DNA regions that form loop structures, which are often asso-
ciated with DNA bending."** Under bending force, a mismatch
in the CG repeat partially releases the bending stress exerted on
the dsDNA portion, which reduces the role of bending stress in
promoting the formation of Z-DNA. The extrusion of the mis-
matched base pair at the B-Z junction effectively releases the
strong bending force on the dsDNA, causing the bending to no
longer facilitate Z-DNA formation. Our results provide a deeper
understanding of the interplay between DNA mismatches and
bending force in Z-DNA formation, shedding light on the
conditions that induce the B-Z transition.
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