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We report a high-affinity photoswitchable DNA binder, which dis-
plays different nucleosome-binding capacities upon visible-light
irradiation. Both photochemical and DNA-recognition properties
were examined by UV-Vis, HPLC, CD spectroscopy, NMR, FID
assays, EMSA and DLS. Our probe sets the basis for developing new
optoepigenetic tools for conditional modulation of nucleosomal
DNA accessibility.

Over the last decades, a large number of studies have estab-
lished that the organization of eukaryotic DNA, by proteins
and RNAs, into a nucleoprotein complex referred to as chroma-
tin is key to regulate genome functions." The most abundant
chromatin proteins are the histones. These proteins tightly
wrap DNA into a “beads-on-a-string”-like structure. Each ‘bead’
is referred to as a nucleosome and comprises a histone
octamer around which about 150 base pairs (bp) of DNA are
wrapped. On average, nucleosomes are separated by about
50 bp of free (also called “linker”) DNA.> This entails that
about 75% of our DNA is wrapped around histones. This
nucleosomal organization restricts access to DNA considerably.
As a result, nuclear processes such as DNA repair, replication
and transcription largely depend on enzymes that can change
nucleosomal DNA accessibility.>™

Hence, the ability to control chromatin compaction and, in
turn, DNA accessibility using small molecules may provide us
with means to study and, conceivably, control (at least some)
genome functions, in physiological as well as disease contexts.
So far, the use of small-molecule probes as complementary
tools to classic chromatin biochemical approaches has
strongly contributed to deciphering epigenetic mechanisms
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and strengthened our understanding of genome regulation.
However, this approach has mainly been limited to enzyme
inhibitors®™® and altering nucleosome accessibility has largely
been disregarded. Indeed, while there is just a handful of
examples of compounds capable of targeting nucleosomal
DNA, to our knowledge, none of these molecules allow spatio-
temporal control of nucleosome binding.'*"

Reversible photoresponsive molecules, which have demon-
strated their potential in diverse areas (material science,"®"’
molecular motors'®>° photopharmacology,”>* molecular
containers,>® etc.) represent a very promising chemical
alternative to optogenetics.”®>” However, the implementation
of photoswitchable genome regulators has been very scarce
and again only focused on histone-modifying enzymes, so
far.?®° Therefore, we designed and synthesized a novel
photoswitch, which allows light-driven DNA and nucleosome
binding and we studied the consequences of this interaction
(Fig. 1a).

The ability of externally controlling DNA-associated pro-
cesses by switching the state of a photochromic DNA binder
has previously been demonstrated.’’?> However, such
examples are mainly restricted to the use of azo-modified DNA
binders, which involve undesirable UV irradiation.**** There
are several strategies to synthesize azobenzene photoswitches
that undergo isomerization upon visible-light irradiation.>*™*?
For example, the Hecht group has recently optimized the pro-
perties of the classical azobenzenes by introducing c-electron-
withdrawing fluorine atoms in ortho position to the azo-
benzene unit. Such substitution leads to visible-light switches
with high photoconversions and very long-lived cis-
4344 purthermore, to our knowledge, photoswitchable
DNA binders have never been used in the context of the
nucleosome. Consequently, inspired by the natural DNA minor
groove binder netropsin (1), we synthesized and studied two
water-soluble photosensitive pyrrole hybrids that have identi-
cal number of N-methyl pyrrole rings as netropsin, but incor-
porate an ortho-fluoroazobenzene scaffold between the pyrrole
backbone and also vary in terms of their net charge at physio-

isomers.
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Fig.1 (a) Outline of the photocontrollable nucleosome targeting
approach based on visible-light photoswitchable DNA binders. (b)
Structure of the studied molecules, highlighting the key synthetic build-
ing blocks.

logical conditions: F,Azo-(PyDp), (2) and F,;Azo-(PyDp)(PyOMe)
(3) (Fig. 1b).

The synthesis of F,Azo-(PyDp), (2) and F,Azo-(PyDp)
(PyOMe) (3) was straightforward through one-pot condensation
between the previously reported building blocks: 4," 5,**
and 6."° (Fig. 1 & Schemes S1-S4t). Once synthesized, their
photochemical behaviour was investigated in detail. Thus, the
ortho-fluoroazobenzene building block 5 alone and also in
presence of the pyrrole moieties showed the expected absorp-
tion bands: intense band at A, = 319 nm assigned to the 7 —
7* transition together with a weaker one due to a n — n* and
significant intensity decrease of the = — n* band with a slight
increase of the n — =* one under 405 nm and 520 nm
irradiation, respectively (Fig. S21b¥). Nevertheless, the direct
insertion of the azophenyl derivative into the pyrrole backbone
affected the parental spectra, as observed for related com-
pounds.”” Irradiation of F4Azo-(PyDp), (2) entails fast spectro-
scopic changes.*® Thus, upon irradiation with 520 nm there is
a clear intensity decrease between 287 nm and 500 nm, the
Amax 18 slightly shifted to 278 nm and a new partly overlapping
band at A, = 420 nm can be detected (Fig. 2a). The photosta-
tionary state is reached after just 2 minutes of irradiation. We
also demonstrated the reversibility of the photoisomerization for
up to 16 cycles without any significant photobleaching (Fig. 2b).

We next determined the isomer ratios at the photostation-
ary state as well as the lifetime of the isomers by integrating
the peak area of the HPLC chromatograms at the isosbestic
point (287 nm). As expected, the trans-isomer was the thermo-
dynamically stable species (trans/cis ratio 92:8; Fig. S23at)
Importantly, the thermal relaxation of the cis-isomer was slow
(cis/trans ratio 77 : 23, after 9 hours stored in the dark, Fig. 3),
which enabled both DNA and nucleosome binding experiments.

Unfortunately, F,Azo-(PyDp)(PyOMe) (3) did not show
any major change neither by UV-Vis spectroscopy nor HPLC
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Fig. 2 (a) UV-Vis spectra of a 20 pM solution of F;Azo-(PyDp), (2) in
10 mM Tris buffer pH 7.6, 50 mM KCl and DMSO (98 : 2), initially at the
thermodynamic state (blue) and after successive irradiation intervals at
520 nm (green). (b) Reversible photochromism upon alternating
irradiation at 520 nm (green) and 405 nm (blue) measured at 335 nm.
Represented data are calculated from three independent experiments.
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Fig. 3 Evaluation of the cis-isomer stability of F4;Azo-(PyDp), (2) in
10 mM Tris buffer pH 7.4, 10 mM NaCl and DMSO (95 : 5) by HPLC after
initial irradiation at 520 nm for 2 min (time 0 h). Samples were stored in
total darkness. HPLC chromatograms were recorded after the listed
times. Represented data are a set, which is representative of the
measurements from three independent experiments.

(Fig. S20 & S23bt). This forced us to use "H-NMR analysis for
further investigations (Fig. 4). Thus, the trans/cis ratios were
calculated by the integration of the aromatic proton signals
(6.8 ppm-8.1 ppm). Gratifyingly, in the case of F,;Azo-(PyDp),
(2) we corroborated the same ratio as the one obtained by
HPLC (trans/cis ratio 93:7 and 30:70 for the trans- and cis-
state, respectively). In addition, '"H-NMR studies revealed that,
indeed, the photochemical behaviour of F,Azo-(PyDp)(PyOMe)
(3) is analogous to F,Azo-(PyDp), (2) (trans/cis ratio 97 :3 and
27 : 73 for the trans- and the cis-state, respectively).

Once the photoisomerization was fully characterized, we
explored whether the two compounds are able to interact with
DNA and whether their isomers displayed any differences in
DNA-binding affinity. Thermal melting experiments are the
most common methodology used for the evaluation of DNA
interactions; however, we observed decomposition at high
temperatures (Fig. S361). Consequently, we performed a fluo-
rescent intercalator displacement (FID) assay’® compatible
with the isomerization. We also compared our results with the
minor groove binder netropsin (1). Thiazole orange (TO) was
chosen as intercalator since its excitation and emission hardly
affect the trans/cis isomerization (Fig. S347). This experiment
relies on a decrease of fluorescence due to the displacement of

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8ob02343c

Published on 21 December 2018. Downloaded by Kings College London on 1/21/2019 5:49:47 AM.

Organic & Biomolecular Chemistry

a)

o

FaAzo-(PyDp),
@

View Article Online

Communication

‘l
405nm‘ 520 nm
H GNH
L X ]
l ° HN- \ N
I
I I
oo H ' l H
Y MH ° 8
m“‘ | "l { »“ ‘i H %
L L S M*\J\WWW\J - \ N

w  7s  1a 71 18 75 74 13 72 13 70 s pm o
FiAzo-(PyDp)(PyOMe)

(]

Fig. 4 Selected aromatic region of the *H-NMR spectra (300 MHz) of a 4 mM solution of (a) F4Azo-(PyDp), (2) and (b) F4Azo-(PyDp)(PyOMe) (3) in
DMSO-d6 after irradiation to the trans- (top) and cis-isomer (bottom). Aromatic protons are marked in colours in the spectra and molecules.

DNA-bound TO by the competitive binder. Therefore, we first
determined the apparent binding constant of TO in presence
of a hairpin oligonucleotide, which contains the sequence
ATTA (dsDNA,r) with the HypSpec software. Subsequently we
simulated the species distribution for the obtained binding
constant (Kp = 59.8 + 13.1 nM) by using the HySS software.
The affinity of TO to dsDNAr enabled FID experiments at low
puM range with more than 95% of TO-DNA complex in our
experimental conditions (Table S4}), which assures the
reliability of the assay. Typical fluorescence quenchers such as
DABCYL or BHQ-1 are provided with the diazenyl functional
group (R-N=N-R’), therefore we initially performed control
competition assays in presence of increasing amounts of 5 to
rule out artefacts due to quenching effects (Fig. S387). As
showed in Fig. 5, both F,Azo-(PyDp), (2) and F,Azo-(PyDp)
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Fig. 5 (a) Competitive displacement analysis of a 6 uM TO solution in
20 mM NaH,PO4 pH 7.4, 100 mM NaCl and 1 pM of dsDNAuar with:
netropsin (1, orange stars); F;Azo-(PyDp), isomers (trans-2 dark blue
squares; cis-2 dark green squares) and F;Azo-(PyDp)(PyOMe) (trans-3
light blue triangles; cis-3 light green triangles); (b) sequence-selectivity
analysis of netropsin (1, stars) trans-F4Azo-(PyDp), (trans-2, squares) in
presence 6 pM TO solution in 20 mM NaH,PO4 pH 7.4, 100 mM NaCl
and 1 uM of dsDNApar (blue) or dsDNA,gc (brown). Represented data
and standard deviations are mean values calculated from three indepen-
dent experiments. Data points were fitted with HypSpec, using multi-
variant factor analysis to obtain globally optimized parameters. Lines are
"eye-guides” for assistance in visualizing the binding curves.

This journal is © The Royal Society of Chemistry 2019

(PyOMe) (3) were able to efficiently replace the bound TO from
the DNA. The obtained data suggested binding modes beyond
the 1:1 stoichiometry. For the mathematical analysis of the
FID assays, the experimental data were fitted globally (all wave-
lengths simultaneously) with HypSpec. These experimental
data fitted the model adequately (Fig. S337).

The analysis of the apparent dissociation constants indi-
cated that both photoswitchable compounds have high DNA-
binding affinity in the nM range (Table 1). Importantly, for
both azobenzene derivatives (2 and 3), the binding capacity of
their isomers is different. This demonstrates a conformation-
dependent binding mode. In each pair, the trans-isomer is
always the best binder, which is in agreement with other pre-
vious examples of azobenzene derivatives.>**® Furthermore,
upon addition of the netropsin (1) control, the emission inten-
sity of DNA-bound TO also decreased significantly. The faster
saturation of the netropsin (1) in comparison with our photo-
switchable binders, together with the fact that its binding
curve does not appear to follow a standard isotherm may
be indicative of different binding modes. It was expected that
netropsin (1), as a minor groove binder, could not fully dis-
place the intercalator TO and reach saturation.”® The binding
curve of netropsin (1) with a hairpin oligonucleotide contain-
ing the sequence GGCCC (dsDNAgc) displayed the standard

Table 1 Binding affinities derived from FID experiments with selected
hairpin oligonucleotide (dsDNAy)

Compound dsDNA,, site Kp (nM)
Netropsin (1) ATTA 10+1
Netropsin (1) GGcce n.c.
cis-F4Azo-(PyDp)(PyOMe) (cis-3) ATTA 82+6
trans-F,Azo-(PyDp)(PyOMe) (trans-3) ATTA 54 +3
cis-F4Azo-(PyDp), (cis-2) ATTA 108 + 14
trans-F,Azo-(PyDp), (trans-2) ATTA 60+1
trans-F,Azo-(PyDp), (trans-2) GGCCC 13+1

n.c. represents not calculated.
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isotherm for non-specific interaction i.e. proportional to the
concentration of added ligand (Fig. 5b).

To get additional insight into its binding mode, we per-
formed exemplarily selectivity experiments with F,Azo-(PyDp),
(2) and the additional hairpin dsDNA,g¢ (Fig. 5b) as well as
circular dichroisim (CD) experiments (Fig. 6).

Regarding selectivity, F,Azo-(PyDp), (2) showed a slight
preference for dsDNA,gc. Of note, all the obtained binding
constants were derived from indirect assessments, based on
the TO affinity to the corresponding dsDNA and its loss of
fluorescence when it is displaced by a new binder. Therefore,
the technique is limited to compounds with binding affinities
in the same rage. In addition, ligand-induced condensation or
interference with the fluorescence could not be discriminated
from the actual fluorescence loss due to displacement, which
may explain non-standard isotherms. Consequently, these
values are, strictly speaking, estimations. Despite these
inherent drawbacks, the FID assay is a straightforward method
for the comparative characterization of DNA-recognition by the
azobenzene derivatives on the one hand, and on the other
hand, by netropsin (and compounds with similar binding
modes).

The CD experiments of F,Azo-(PyDp), (2) with the double-
stranded calf thymus DNA (dsDNAcr) confirmed a non-covalent
interaction beyond the external non-specific electrostatic
association with the DNA phosphates. Therefore, the observed
interaction differs from the cationic polyamines such as sper-
mine and spermidine.’® The CD spectra of the dsSDNA¢r alone
showed the characteristic bands of the canonical B-DNA con-
formation (Fig. 6, grey line): a positive band at 275 nm and a
negative one at 245 nm of similar intensity.”> F,Azo-(PyDp), (2)
is achiral and, hence, optically inactive (Fig. 6, black line).
However, when increasing amounts of F,Azo-(PyDp), (2) were
added to the dsDNAcr, induced circular dichroic (ICD) signals
were detected, as expected from DNA binders.

a) b)
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Fig. 6 CD spectra of a 50 uM solution of dsDNAct in 20 mM NaH,PO4
pH 7.4, 100 mM NaCl with increasing amounts of the F;Azo-(PyDp),
isomers: (a) trans-2, blue; (b) cis-2, green. F4Azo-(PyDp), amounts: 0 eq.
(grey circles); 0.16 eq. (light squares); 0.5 eq. (diamonds); 1.1 eq. (tri-
angles) and 2.8 eq. (dark squares). Black line represents the CD spectra
of a 142 pM (equivalent to 2.8 eq. in the titration) solution of F;Azo-
(PyDp), isomers under the same conditions: (a) trans-2 (diamonds); (b)
cis-2 (triangles). Represented data are mean values calculated from two
independent experiments; buffer subtracted; eq. means equivalents:
mol of compound 2 per mol of dsDNAc+.
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Intriguingly, the addition of F,Azo-(PyDp), (2) induced a
remarkable dose-dependent increase in magnitude of the
signal in the region of 240-480 nm with a clear negative peak
at 310 nm. Importantly, the two isomers cis-2 and trans-2
behaved differently in the CD experiments under the same
conditions. In particular, the ICD signals are more pro-
nounced with trans-2 than with cis-2, which is concurrent with
our previous FID experiments (as described above).

To understand the observed CD signature, we performed
UV-Vis titrations (Fig. 7). We observed that the addition of
F,Azo-(PyDp), (2) promoted a red shift of the absorbance
maximum of the dsDNAqr and a new partly overlapped band
at 420 nm, as in the CD spectra. However, the CD band at
310 nm was not clearly detected in our UV-Vis measurements.
Other azo-modified polyamines displayed CD signals at
~310 nm in presence of DNA but, to our knowledge, always
with positive ellipticity.**>®> However, it has been reported that
strong insertion of intercalators into the DNA causes a red-
shifted band with high negative CD signals between 240 nm
and 340 nm,>* which is consistent with our observations.

All together our results have shown that F,Azo-(PyDp), (2) is
a photoswitchable molecule capable of interacting with the
DNA through a conformation-dependent binding mode.

Finally, we explored the possibility of using F,Azo-(PyDp),
(2) as a controllable nucleosome binder using visible light. For
this endeavour, we first reconstituted nucleosome core par-
ticles (NCP) using chicken erythrocyte histones®® and the
Widom 601 DNA, which forms a stably positioned nucleo-
some.’® We next used native gel ectrophoretic mobility shift
assays (EMSA) to analyse nucleosome reconstitution efficiency.
We also used EMSA to assess nucleosome integrity after incu-
bating nucleosomes with increasing amounts of either netrop-
sin (1) or F,Azo-(PyDp), (2) for three hours. As shown in Fig. 8,
low concentrations of the minor groove binder netropsin (up
to 4 eq.) do not affect the nucleosome integrity. In the pres-
ence of high netropsin concentrations, the bands became
very diffuse and consequently barely detectable. This phenom-
enon may be due to the formation of many different species
through unspecific electrostatic interactions®”>® and/or aggre-
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Fig. 7 UV-Vis spectra of a 12.5 uM solution of dsDNAct in 20 mM
NaH,PO,4 pH 7.4, 100 mM NacCl with increasing amounts of the F4Azo-
(PyDp), isomers: (a) trans-2, blue; (b) cis-2, green. FsAzo-(PyDp),
amounts: 0 eq. (grey circles); 0.16 eq. (light squares); 0.5 eq. (diamonds);
1.1 eq. (triangles) and 2.8 eq. (dark squares). Represented data are calcu-
lated from three independent experiments; buffer was subtracted; eq.
means equivalents: mol of compound 2 per mol of dsDNAc.
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Fig. 8 Evaluation of the interaction of DNA binders with Widom 601
nucleosome core particle (NCP). All experiments were performed with
300 nM NCP and 55 nM dsDNA as control in 10 mM Tris buffer pH 8,
1 mM EDTA, 50 mM NaCl and DMSO (90 : 10) and analyzed by ethidium
bromide staining, after electrophoresis: (a) netropsin interaction: lane 1:
dsDNA; lanes 2—9: NCP + [netropsin] = 0, 32, 16, 8, 4, 2, 1, 0.5 eq.; (b)
F4Azo-(PyDp), (2) interaction: lane 7: NCP; lane 6: dsDNA; lane 1-5:
NCP + [cis-2] = 0.5, 0.25, 0.13, 0.06, 0.03 eq.; lane 8-12: NCP + [trans-
2] = 0.5, 0.25, 0.13, 0.06, 0.03 eq. DMSO stocks of F4Azo-(PyDp), (2)
were irradiated before EMSA; (c) F4Azo-(PyDp), (2) interaction with
in situ irradiation: lane 1: dsDNA; lane 2: NCP; lane 3-4: control with
previous irradiation of NCP + [cis-2] = 0.5, 0.25 eq.; lane 5-6: control
with previous irradiation of NCP + [trans-2] = 0.5, 0.25; lane 7-9 in situ
irradiation at 405 nm for 10 s of NCP + [cis-2] = 0.5, 0.25, 0.13 eq.; (d)
effect of irradiation at 405 nm on NCP: lane 1: dsDNA; lane 2: NCP; lane
3-7: NCP after1s,5s,10 s, 30 s, 60 s irradiation. Eq. means equivalents:
mol of compound per mol of base pair;, NCP means nucleosome core
particle.

gates, which may be too big to enter the gel. Interestingly, the
binding of our molecule F,Azo-(PyDp), (2) apparently triggered
this effect at lower concentrations than netropsin, despite
having the same net charge (Fig. 8a & b). Importantly, there
was a noticeable difference between isomers. In particular, the
intensity of the nucleosome band abruptly ceased to be detect-
able in the presence of 0.5 eq. of the trans-2, while at the same
concentration, the cis-2 failed to fully alter the nucleosome
band. Furthermore, the fact that we circumvented the use of
strong UV light, for the isomerization, facilitated the in situ
application. Thus, the same procedure was repeated but now
performing the irradiation in situ: after incubating the cis-2 for
1 h with the nucleosome, the samples were irradiated at
405 nm for 10 s, in a single isomerization cycle. As a control,
we also included both isomers irradiated prior to the nucleo-
some incubation. Gratifyingly, we observed that the in situ
formed trans-2 showed a higher impact than the parental cis-2.
Of note, no irradiation effect on the nucleosome was detect-
able (Fig. 8d).

To complement the EMSA studies and gain preliminary
insights into the effect of F,Azo-(PyDp), (2) on the NCPs, we
performed dynamic light scattering (DLS) measurements.
Nucleosomes are colloidal particles of 11 nm wide,”® and
alterations in their hydrodynamic size can assist in the charac-
terization of the interaction with small molecules. In this ana-

This journal is © The Royal Society of Chemistry 2019
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lysis, we used NCP at 2 pM concentration, employing plasmids
containing multiple repeats of the Widom 601 sequence for
large-scale DNA preparation.®® As shown in Fig. 9, the particle
size of the NCP is consistent with previous reports.®">
Increasing amounts of F,Azo-(PyDp), (2) clearly change
the size distribution resulting in larger particles than the
canonical NCP (Fig. 9a). This effect was reproducible and,
interestingly, changes were already detectable from the first
F,Azo-(PyDp), addition (0.06 eq.), although no alterations in
the EMSA bands were observable under the same conditions at
this concentration (Fig. S46at). This was also contrary to the
case of netropsin, where low concentrations did not affect
the size of the particle (Fig. S42 & S46df). Therefore, as
expected, the insertion of F,Azo-(PyDp), (2) caused higher
structural distortion than for the minor groove binder 1. To
study the possibility that such distortion leads to aggregation
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Fig. 9 Effect of F4Azo-(PyDp), on: (a) nucleosome (NCP); (b) dsDNAgo1
at 2 pM concentration in 10 mM Tris 1 mM EDTA pH 8.0 and 50 mM
NaCl monitored by dynamic light scattering (DLS). F4Azo-(PyDp), (2)
amounts: 0 eq. (grey); 0.06 eq. (green); 0.13 eq. (blue); 0.25 eq. (black)
and 0.5 eq. (red); (c) effect of MgCl, on NCP at 2 pM concentration in
3.5 mM Tris 0.35 mM EDTA pH 8.0 monitored by DLS. MgCl, concen-
trations: 0 mM (grey); 2.5 mM (green); 3.75 mM (blue); 5 mM (black);
10 mM (red). Intensity statistics of 10 measurements. Represented data
are a representative one of two measurements from independent
experiments; eq. means equivalents (mol of compound per mol of base
pair) Represented data are a set, which is representative of the measure-
ments from two independent experiments.
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via nucleosome disassembly, we performed control experi-
ments with the analogue set-up but using the dsDNA
employed for the nucleosome assembly (dsDNAg,) instead of
the whole NCP, as well as, the precipitated NCP in presence of
magnesium chloride; and histone octamer alone. However, the
latter protein complex did not display any DLS signal under
these conditions. 10 mM of magnesium chloride promoted
the precipitation of the NCP (Fig. S43 & S46¢+t) and the appear-
ance of single peak of higher size than the NCP alone but
smaller than the one obtained with highest concentrations
of F,Azo-(PyDp), (2) (342 nm versus 3580 nm, respectively).
Interestingly, the incubation of dsDNAg,, in presence of
F,Azo-(PyDp), (2) (Fig. 9B) displayed DNA-higher order struc-
tures, as reported with other cationic molecules®*™® such as
polyamines, surfactants, etc. Qualitatively, the distribution of
the peaks obtained from this titration were similar to the one
observed in the presence of NCP (Fig. 9a). Therefore, these
DLS data suggest that, first, the F,Azo-(PyDp), (2) intercalates
into the nucleosomal DNA inducing distortions, which lead to
the formation of high size aggregates. These observations are
consistent with the hypothesis that nucleosome distortion
subsequently leads to disruption. Future experiments will
be required to fully characterize these alterations and their
kinetics.

In summary, we have designed, synthesized and studied a
novel photoswitchable ortho-fluoroazobenzene DNA binder:
F,Azo-(PyDp),. We also demonstrated that its DNA interaction
depends on the conformation, which, importantly, can be con-
trolled by visible-light. Furthermore, our study establishes the
possibility of performing photocontrollable nucleosome
binding. To our knowledge this is the first time that nucleo-
some targeting is externally modulated by visible-light photo-
switches. We believe that this approach uncovers the possi-
bility of using photosensitive chemical tools to alter nucleo-
some-based processes. At this point, it is impossible to predict
whether our molecule can preferentially impact specific cell
functions. It is more plausible that, if appropriately taken up
by cells, the molecule would alter cell functions randomly,
since F,Azo-(PyDp), (2) only shows a slight sequence binding
preference. Thus, future directions may include the develop-
ment of sequence-specific nucleosome binders to potentially
control cell functions specifically via modulation of DNA tran-
scription and/or repair processes.
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