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ABSTRACT: Z-DNA, a left-handed isoform of Watson and
Crick's B-DNA, is rarely formed without the help of high salt
concentrations or negative supercoiling. However, Z-DNA-
binding proteins can efficiently convert specific sequences of
the B conformation into the Z conformation in relaxed DNA
under physiological salt conditions. As in the case of many
other specific interactions coupled with structural rearran-
gements in biology, it has been an intriguing question
whether the proteins actively induce Z-DNAs or passively
trap transiently preformed Z-DNAs. In this study, we used
single-molecule fluorescence assays to observe intrinsic
B-to-Z transitions, protein association/dissociation events,
and accompanying B-to-Z transitions. The results reveal
that intrinsic Z-DNAs are dynamically formed and effec-
tively stabilized by Z-DNA-binding proteins through effi-
cient trapping of the Z conformation rather than being
actively induced by them. Our study provides, for the first
time, detailed pictures of the intrinsic B-to-Z transition
dynamics and protein-induced B-to-Z conversion mechan-
ism at the single-molecule level.

pecificity is a premise of life, and highly specific interactions

are ubiquitous in many biological interactions, including
protein—DNA, protein—protein, protein—metabolite, and
other interactions. The lock-and-key model was proposed to
explain the high specificity of molecular recognition by a precise
structural fit of interacting molecules.' In most specific interac-
tions, however, the formation of molecular complexes is coupled
with small- or large-scale structural rearrangements.” * Two
representative mechanisms have been envisioned for the achieve-
ment of the final precise fit: in the “induced fit” model, initial
binding actively starts the development of the structural change,’
and in the “conformational selection” model, a pre-existing
precise fit becomes a dominant structure through a passive but
selective stabilization process.’ Even though it is a fundamental
question which pathway is actually used to achieve a final match
in many specific molecular interactions, experimental evidence is
rare and controversies are still ongoing.7_12

The structural transition between right-handed B-DNA'® and
left-handed Z-DNA'*'S (i.e., the B-to-Z transition) is such an
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example. Left-handed Z-DNA is preferably formed in purine—
pyrimidine repeats at extremely high salt concentrations in
vitro'® or with the help of negative supercoiling in vivo.'”
Alternatively, recent studies have revealed that the B-to-Z
transition can also be mediated by Z-DNA-binding proteins
(ZBPs),"®*" providing a good model system to answer the
compelling question of whether the proteins actively induce
Z-DNAs or passively trap preformed Z-DNAs.”* One conceiv-
able way to most directly answer the question is to study the
ZBP's effect on the intrinsic B-to-Z transition dynamics, if there is
any. Recently, fluorescence resonance energy transfer (FRET)
assays~>** were developed to detect salt- or supercoiling-induced
B-to-Z transitions at the single-molecule level.?® In this work, we
applied the single-molecule FRET technique to observe the real-
time dynamics of intrinsic B-to-Z transitions under low-salt and
relaxed conditions, ZBP binding/dissociation events, and the
accompanying B-to-Z transitions.

For single-molecule FRET experiments, we prepared dye-
labeled DNA duplexes comprising a CG repeat (gray and yellow
in Figure 1a) and a flanking random sequence (blue in Figure 1a)
by annealing the following DNA strands: s'-/ CyS/CGCGC-
GCGCGCGATAACCCACC/biotin/-3" and 5'-GGTGGGTT-
AT“®CGCGCGCGCGCG-3'. The thymine base at the B—Z
junction (red in Figure 1a), which is flipped out in the Z form,>®
was selected as the labeling position of the donor (Cy3) to
maximize the FRET change during the B-to-Z transition. An-
nealed DNA molecules were immobilized on a polymer-coated
quartz surface by the biotin—streptavidin interaction, and the
fluorescence signals of the donor and acceptor were obtained
using a wide-field total-internal-reflection fluorescence micro-
scope (Figure 1a).**

First, we studied the B-to-Z transition initiated by the binding
of the Zat domain of human double-stranded RNA adenosine
deaminase (hZOspar:), which is one of the most efficient
Z-DNA-inducing proteins and for which a wealth of biochemical
and structural information is available. Figure 1b shows FRET
histograms of the DNA duplexes after incubation for 30 min
with various concentrations of hZQspar;. In the absence of
hZ0apar1, the FRET histogram was well-fitted by a single
Gaussian distribution, confirming the existence of a single
conformation (i.e, B-DNA). For hZOpar; concentrations
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Figure 1. Stepwise but delayed protein-induced B-to-Z transition.
(a) Experimental scheme. DNA duplexes comprising a random-se-
quence region (blue) and a flanking CG repeat were immobilized on
a polymer-coated quartz surface by the biotin—streptavidin interaction.
As the CG repeat switches between the B form (gray) and the Z form
(yellow), simultaneous FRET fluctuations are expected. (b) FRET
histograms at various hZaypar; concentrations (T =25 °C). (c) Buffer
exchange experiments. At 50 s (blue dashed line), SO #M hZaizpar; was
rapidly delivered into a detection chamber. The instantaneous intensity
increase of the donor (green lines) and acceptor (red lines) indicates
that the binding equilibrium of Zat proteins is rapidly established (<1 s).
FRET transitions (yellow ¥) occur with time delays in a stepwise
manner. Yellow V indicate photobleaching of acceptors.

above 0.5 uM, however, a low-FRET peak started to appear and
then became a dominant state at higher protein concentrations.
Circular dichroism measurements confirmed that the B-to-Z
transition actually occurred in this sample with the addition of
hZopar; (Figure S1 in the Supporting Information). In con-
trast, experiments with a random DNA duplex (Figure S2) and a
DNA duplex with 12 consecutive C—G pairs (Figure S3) as
negative controls did not show such a low-FRET state, identify-
ing the low-FRET peak in Figure 1b as Z-DNA.

After the successful establishment of a single-molecule mon-
itoring system for the protein-induced B-to-Z transitions, we
investigated details of the B-to-Z transition in the presence of
hZ0Apar1. While observing single-molecule fluorescence images
of DNA duplexes, we rapidly delivered hZoypag; at the satura-
tion concentration (50 uM) into the detection chamber (blue
dashed line in Figure 1c). The instantaneous fluorescence-
intensity lumps indicated rapid binding of hZ0spar; to DNA
duplexes.”” However, FRET changes corresponding to B-to-Z
transitions (orange V in Figure Ic) occurred in a stepwise
manner with long time delays (5.4 min average transition time;
Figure S4).

To determine whether hZQapar; plays an active or passive
role in this B-to-Z transition, it is important to compare the
intrinsic B-to-Z transition rate with the transition rate in the
presence of hZOypar;- Since hZ0sp ar; did not work under high
salt conditions (data not shown), we needed to find low-salt
conditions under which intrinsic Z-DNA is formed. To increase
the probability of Z-DNA formation under low-salt conditions,
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Figure 2. Passive trapping rather than active inducing. (a) Intrinsic
B-to-Z transition dynamics of cytosine-methylated DNA duplexes.
Typical fluorescence intensity time traces of the donor (green lines)
and acceptor (red lines) at various Ni’* concentrations are shown.
(b) Dwell times of the B form (black () and Z-form (blue A) at various
Ni*" concentrations. (c) Representative fluorescence intensity time
traces of the donor (green lines) and acceptor (red lines) in hZOpar:
delivery experiments. (d) Comparison of B-to-Z transition times in the
presence (red O) and absence (black ) of hZotspag; at various Ni*"
concentrations. All of the experiments were performed at 37 °C.

we prepared another DNA duplex containing S-methyl dCs in
the CG repeat”® and tested various multivalent ions for the ability
to induce Z-DNA at low salt concentrations. When millimolar
Ni*" ions were added, DNA duplexes started to repeatedly
switch between the B form (the high-FRET state) and the Z
form (the low-FRET state) (Figure 2a), whereas such a FRET
transition was not observed with other multivalent ions (Figure
$5).* This is the first time that B—Z transitions have been
observed for relaxed DNA, allowing us to determine the intrinsic
B—7Z transition rates by analyzing the dwell times in the B and Z
forms (Figures S6 and S7). With escalating Ni** concentration,
the Z-DNA dwell time increased linearly whereas the B-DNA
dwell time monotonically decreased (Figure 2b).

After determining the intrinsic B—Z transition rates at various
Ni®" concentrations, we investigated the effect of hZOapar:
binding on the B-to-Z transition rates by rapidly delivering both
hZopar;: (50 #M) and Ni*™ into the detection chamber. As in
the case of the unmethylated DNA substrate, the fluorescence
intensities instantaneously increased after the protein injection,
indicating rapid binding of hZopar;, while actual B-to-Z
transitions occurred with time delays after the protein binding
(Figure 2c and Figure S8). Comparison of these time delays with
the intrinsic B-to-Z transition times showed a remarkable
similarity over the whole range of Ni*" concentrations tested
(Figure 2d), clearly demonstrating that hZoypar; does not
accelerate Z-DNA formation. We obtained the same result with
another ZBP*° (Figure S9) and a different Z-DNA-forming
sequence (Figure S10). Thus, this conclusion seems to be
general, although further systematic studies with different DNA
sequences and other ZBPs would be needed to make the result
more conclusive. In the absence of Ni*" ions, we could not
directly observe intrinsic B-to-Z transitions, but the protein-
assisted B-to-Z transition was still efficient. The combination of
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Figure 3. Origin of specificity. (a) Curves for dissociation of hZOp g1
from Z-DNA (black O0) and B-DNA (black line) were obtained from
rapid buffer exchange experiments in Figures S11 and S12. The
dissociation times were obtained by fitting the data to single-exponential
curves (blue for Z-DNA and red for B-DNA). (b) Curves for dissocia-
tion of hZ0ly 77 from Z-DNA and B-DNA (black lines) were obtained
from rapid buffer exchange experiments in Figure S13. The dissociation
times were obtained by fitting the data to single-exponential curves (blue
for Z-DNA and red for B-DNA). All of the experiments were performed
at 25 °C.

two observations, namely, the conformational selection mecha-
nism of ZBPs in the B-to-Z transition and the efficient conversion
of relaxed B-DNA into Z-DNA under low-salt conditions by
ZBPs, strongly suggests that intrinsic B-to-Z transition dynamics
really exists in the relaxed state of DNA at physiological salt
concentrations and that ZBPs thereby efficiently trap even
undetectably low amounts of transient Z-DNAs.

The fact that ZBPs play a passive role in the B-to-Z transition
suggests that ZBPs may have a strong binding affinity to
preformed Z-DNAs. To study the conformational specificity of
ZBPs in the dissociation step, we compared dissociation times of
ZBPs from B-DNA and Z-DNA. To measure the dissociation
time of hZQ,par; from Z-DNA, we initially converted all of the
DNAEs into the Z form by incubating the unmethylated DNA
duplexes for 1 h with 50 uM hZaspar; and then removed free
hZspar; from the detection channel. The protein dissociation
times were calculated from the time-lapse FRET histograms
(Figure S11). To measure the protein dissociation times for
B-form DNA, we incubated the DNA duplexes with 50 uM
hZ0apar; for S min, a time long enough to establish a binding
equilibrium but short enough for an appreciable amount of DNA
to remain in the B form. After this, free proteins were then rapidly
removed from the detection chamber by changing the buffer.
Protein dissociation could be monitored by the stepwise decrease
in the fluorescence intensity of the acceptor (Figure S12). As
summarized in Figure 3a, a dramatic discrimination between
B- and Z-DNA was observed in the dissociation step (with dissocia-
tion times of only 4.4 s for B-DNA but many hours for Z-DNA),
reflecting the “conformational selection” mechanism.

To understand the origin of the Z-DNA specificity of ZBPs
more deeply, we performed a study of a mutant hZapar;
protein. The previous X-ray crystal structure of a Z-DNA
complexed with hZQapar; proteins showed that the tyrosine
residue at the position 177 forms a CH— interaction directly
with the guanine base in the Z-form of the CG repeats.>’ To
investigate the importance of the hydroxyl group of Tyr-177 in
the Z-DNA specificity, we performed buffer exchange experi-
ments with a mutant in which the tyrosine was replaced with a
phenylalanine, hZ0ly;775, in the same way as in Figure 3a.

670

Consistent with the expectation, the dissociation time of
hZaly,77r from Z-DNA was greatly reduced (Figure 3b and
Figure $13), confirming that the interaction between the tyrosine
and the guanine base is crucial for the Z-DNA specificity of
hZaspari- However, the fact that the Z-DNA stabilizing capa-
bility of hZoty,77r was not completely abolished (Figure S14)
indicates that other interactions between hZQzp ar; residues and
the Z-DNA backbone are still important for the protein's high
specificity to Z-DNA.

In summary, we have demonstrated that ZBPs stabilize
Z-DNAs via the “conformational selection” mechanism rather
than the “induced fit” mechanism. The conformational selection
mechanism of ZBPs evidenced in this work may have an
implication for the study of other DNA-deformation-inducing
proteins:>> the dynamic nature of DNA structure has a critical
role in the genome-wide search for the recognition sites by
proteins. Such a recognition process is initiated by thermally
induced spontaneous fluctuations of DNA structures rather than
by active participation of proteins.
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