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ABSTRACT

Phase transition is a promising aspect of DNA as biopolymers. Anionic DNA
oligonucleotides easily form complexes with cationic polypeptides such as poly-lysine, and
duplex formation significantly influences their complexation and resulting
microcompartments. In this study, phase transition of microcompartments containing DNA
and poly-lysine was systematically induced by modulating duplex formation of
arylazopyrazole-conjugated oligonucleotides with light. We demonstrated that UV irradiation
destabilized DNA duplex and generated isotropic coacervates, while duplex stabilization by
visible light irradiation caused formation of liquid crystalline coacervates. This photo-control
of phase transition was highly repeatable, and similar changes were observed even after ten
cycles of light irradiation. Our approach would provide a robust control layer to the

development of tailor-made microcompartments.
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DNA is a biopolymer composed of nucleotide units containing a phosphate, a sugar and
four distinct bases: A, T, G and C. The bases A and G form complementary Watson—Crick
base pairs with T and C respectively through hydrogen-bonding interactions. The high
specificity of the base-pairing and the formation of a duplex with a precise structure are not
only effective to store and transfer genetic information, but also enable us to design a variety
of structures, making DNA a powerful tool in nanotechnology and material science. For
example, branched double-stranded DNA (dsDNA) structures with sticky single-stranded
DNA ends are commonly used to build up two- and three-dimensional structures, and DNA
origami technology clearly exemplifies the structural programmability of DNA as a platform
to construct desired shapes. '3 Functional programmability is another advantage of DNA as a
material. Although functions achievable with natural bases are limited, the applications of
DNA have been expanded through artificial monomers possessing properties not present in
natural bases, such as fluorescence and photo-responsivity. * ° Because DNA can be
synthesized by solid-phase synthesis, a number of artificial monomers can be readily
introduced at any position in the strand. ® 7 The exemplary structural and functional
programmability of DNA allows us to convert DNA into a tailor-made material with the
desired structures and functions via modular design. To exploit this advantage in organic
syntheses, we have investigated the catalytic functions of DNA with unnatural monomer units.
For example, we have incorporated a bipyridine ligand into DNA to generate DNA
metalloenzymes for enantioselective hydration reactions, and devised histidine-modified
oligonucleotides showing remarkable metal-binding ability and catalytic performance for
DNA-based asymmetric catalysis as well as ABTS oxidation reactions.?1° This ‘bottom-up’
molecular engineering technology is useful in endowing DNA/RNA oligonucleotides with
new functions such as catalysis and molecular switching.

In recent years, it has been reported that phase transition and separation play important
roles in intracellular compartmentalization and biochemical reactions in living cells.
Membraneless oligonucleotide and protein condensates are associated with the control of
genetic information such as RNA processing. ' 12 Phase transitions between liquid, gel, and
solid, and the multi-phase coexistence endow cells with spatiotemporal control over
intracellular processes. 1% Phase transition and separation are promising aspects of DNA as
biopolymers, enabled by their ability to form multi-valent interactions between DNA/RNA
nanostructures or nucleic acid binding proteins. 1°18 In addition to their biological significance,
19-21 the artificial control of microcompartment formation using DNA is attracting researchers’
interest because it allows for the dynamic regulation of chemical or enzymatic reactions in the
microcompartments, which is beneficial for synthetic protocell research and the sequence-

specific design of artificial molecular systems. ?>?* Recently, Mann and coworkers have
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reported the photo-control of droplet formation using a mixture of dsDNA and an azobenzene
cation.?® In another study, Takinoue and his group achieved the sequence-based design of
micrometer-sized DNA droplets with Y-shaped DNA nanostructures possessing sticky ends.?¢
Interestingly, anionic DNA oligonucleotides easily form complexes with cationic polypeptides
like poly-lysine to generate phase-separated compartments.?’” The flexibility and charge
density of DNA significantly influence their complexation and the resulting
microcompartments: i.e., ssDNA which has high flexibility and low charge density forms
liquid coacervates, while rigid and highly charged dsDNA tends to form solid precipitates or
liquid-crystal coacervates. 18 28-30 Leveraging on the pioneering studies by Asanuma and
colleagues, which have propelled the photocontrol of DNA duplex formation by azobenzene
isomerization to a powerful tool in biotechnology and DNA nanotechnology,® 3! %2 we were
motivated to expand this technology to the photo-regulation of microcompartments.

We hypothesized that we could control phase transition through the photo-regulation of DNA
duplex formation. DNA oligonucleotides bearing arylazopyrazoles (AAPs) as light-responsive
moieties (AAP-DNA) are regarded as versatile photoswitches as they enable the control of
the hybridization and dissociation of DNA duplexes depending on the irradiated
wavelengths.? Compared with azobenzene, AAP shows rapid and high yield in trans-to-cis
isomerization under UV irradiation.?* In addition, cis-to-trans isomerization can be achieved
by photoirradiation at a long wavelength (> 520 nm).*>3* Based on these significant features
of AAP, herein, we demonstrate a photo-regulation system for the phase transition of
microcompartments with AAP-conjugated oligonucleotides.

The schematic illustration of our hypothesis is shown in Fig. 1. In trans state, AAP-DNA
can form a duplex with its complementary strand and in the presence of poly-lysine, rigid
duplex DNA is expected to form liquid crystal coacervates (Fig. 1, left). When the duplex is
dissociated and flexible ssDNA strands are released after UV irradiation and subsequent cis
isomerization, the microcompartments would be converted into isotropic coacervates (Fig. 1,
right). Visible light irradiation, resulting in the reversion of AAP to its trans state, would
change them back to liquid crystal coacervates.

To examine our hypothesis, DNA oligonucleotides with and without two AAP moieties
(AAP-ODN1 and ODNI, respectively) and their complementary strand (ODN2) were
prepared (Table 1). Because AAP moieties were additionally introduced to ODN1, AAP-
ODNI1 has two extra negative charges compared to ODN1 (Fig. S1).
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Fig.1  Schematic illustration of photocontrol of phase transition.

Table 1. Sequence of DNA used in this study (X = AAP).
¢ The chemical structure of AAP-ODNI1 is shown in Fig. S1.

Name Sequence (5'>3")
AAP-ODN1# TGXAAXCTAACG
ODN1 TGAACTAACG
ODN2 CGTTAGTTCA
ODN2’ CGTTAGAAGT

To confirm photo-switchable AAP isomerization and DNA duplex formation, we measured
the absorbance spectra and melting temperature ( 73,) of AAP-ODN1/ODN2 (Fig. 2). In the
absorbance spectra, we observed two peaks before UV irradiation, one was a typical peak of
DNA around 260 nm and the other peak was found around 360 nm, which corresponds to the
absorption of AAP in the trans form (Fig. 2A).3 The latter peak was reduced after UV
irradiation and was recovered by visible light irradiation, indicating that isomerization of AAP
can be controlled by light irradiation in a wavelength-dependent manner. Consistently, while
the 7:, values of AAP-ODN1/ODN2 before light irradiation and after sequential UV and
visible light irradiation were calculated to be 31.1°C (+£0.3°C) and 30.1°C (+0.0°C),
respectively (each S.D. is indicated in parentheses, n = 2), a clear inflection in absorbance
was not observed after the UV irradiation suggesting that the stability of AAP-ODN1/ODN2
duplex is also photo-controllable (Fig. 2B). An increase in absorbance at 360 nm of UV-
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irradiated AAP-ODN1/ODN2 during the melting curve experiments indicated that cis-to-
trans isomerization occurs at a high temperature (Fig. S2A). To reveal the hybridization state
of AAP-ODN1/ODN2, melting curves of AAP-ODN1 with ODN2’ —which can form a 6 bp
duplex with the partial sequence in AAP-ODNI1 not containing AAP moieties—and ODN1—
which does not form a duplex with AAP-ODN1—were also obtained (Fig. S2B and C).
Melting curves of AAP-ODN1/ODNZ2’ did not show any inflection points even without UV
irradiation and only a small increase by around 0.01 was observed from 10°C to 20°C, which
indicates that hybridization of the AAP-containing region is important for photocontrol of
duplex formation, (Fig. S2B). Because this increase became even smaller in AAP-
ODN1/ODN], it is expected that the 6 bp partial duplex is formed at low temperatures below
20°C (Fig. S2C).
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Fig.2  (A) Absorbance spectra and (B) melting curves of the AAP-ODN1/ODN2 with and
without light irradiation. Samples were subjected to UV (365 nm) irradiation or sequential UV
and visible light (520 nm) irradiation. The melting curves are shifted to start from 0 at 10°C.
Next, we performed polarized light microscopy to investigate the effect of light irradiation
on microcompartments formed in the AAP-DNA and poly-lysine mixture. AAP-ODN1 and
ODNZ2 (0.25 mM each corresponding to phosphate concentrations of 2.75 mM and 2.25 mM
respectively) were mixed with poly-lysine (amine concentration of 5 mM) in aqueous buffer
supplemented with 100 mM of NaCl.*® It was confirmed that microcompartments containing
DNA and poly-lysine were formed by using fluorescently labeled ODN2 and poly-lysine (Fig.
S3). The samples were subjected to sequential light irradiation and each sample was imaged
with a laser scanning microscope attached with a polarizer (Fig. 3A and Fig. S4). While
precipitate-like birefringent structures were observed before light irradiation, UV (340-390
nm) irradiation converted them into isotropic coacervates. When visible light (530-550 nm)
was irradiated, birefringent phases appeared again in microcompartments. Based on the
previous study on dsDNA—poly-lysine coacervates, the birefringent phases are expected to be
liquid crystalline mesophases formed through end-to-end stacking interaction of the DNA
duplexes.!® This photo-control of phase transition was highly repeatable, and similar changes

were observed even after ten cycles of light irradiation. Because no microcompartments were
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formed at a higher concentration of NaCl (500 mM), electrostatic interactions between DNA
and poly-lysine are likely to play an important role in coacervation (Fig. S5). Together with
the result of the 7}, assay, this indicates that photocontrol of DNA duplex formation can be
expanded to the control of the phase of microcompartments. Because AAP-DNA retains its
sequence information, such photo-responsivity was expected to be absent with non-
complementary DNA strands. To investigate this, AAP-ODN1 was mixed with ODN1, which
does not form a duplex with AAP-ODNT1 as it has the same sequence as AAP-ODN1 (Fig.
3B). As expected, liquid microcompartments were formed and phase transition by light
irradiation was not observed. This result shows the advantage of this system: we can
selectively program the DNA pair to be subjected to photo-regulation. The
microcompartments also showed a prompt response to UV (365 nm) and visible light (473

nm) irradiation in time-lapse imaging (Fig. 4, Movie S1 and S2).
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Fig. 3 Polarized light microscopy images of microcompartments during repeated UV (340-390
nm) and visible light (530-550 nm) irradiation containing (A) AAP-ODN1/ODN2 and (B)
AAP-ODN1/ODNI1. Scale bars are 20 pm. All images of the AAP-ODN1/ODN2 sample

during the experiment are shown in Fig. $4.
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UV (365 nm) irradiation

100 s

Visible light (473 nm) irradiation

Fig. 4 Time-lapse images of microcompartments during the first UV (365 nm) and visible light
(473 nm) irradiation containing AAP-ODN1/ODN2. Scale bars are 20 pm.

In conclusion, we achieved photo-control of phase transition of microcompartments formed
with DNA and poly-lysine by modulating duplex formation of arylazopyrazole-conjugated
oligonucleotides. The use of light to control the dynamics and functions of biomolecules is
very attractive because it can be directed in terms of time and space. The present study
demonstrated the conceptual simplicity and systematic tunability of arylazopyrazole-
conjugated oligonucleotides for the manipulation of the nucleic acid scaffold with light. This
photo-responsive phase transition would guide us toward the development of useful

approaches for the regulation of molecular machinery.
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Method and Materials

Materials

Phosphoramidochloridous acid was received from Wako Chemicals and used without further purification.
Poly-L-lysine (pLys) hydrobromide (MW 30,000-70,000) was purchased from Sigma-Aldrich Chemicals
Co. and used as received. N, N-diisopropylethylamine (DIPEA) was purchased from Nacalai and used as
received. Nuclease-free water was purchased from Life Technologies Corporation and used as received. All
other chemicals and solvents were purchased from Sigma-Aldrich Chemicals Co., Wako Pure Chemical Ind.
Ltd., TCIL, or Kanto Chemical Co. Inc. and used without further purification. Glass slides (24x60 mm,
thickness 0.13-0.17 mm) and coverslips (18x18 mm, thickness 0.12-0.17 mm) were purchased from
Matsunami Glass and used as received.

Glen-Pak™ DNA and RNA cartridges columns were purchased at Glen Research. ODN1, ODN2, and
ODN?2’ were obtained from Sigma Genosys. Water was deionized (specific resistance of ~ 18.2 MW cm at
25 °C) by a Milli-Q system (Millipore Corp.). All reactions were carried out under an argon atmosphere

unless otherwise stated.

Oligonucleotide Synthesis

AAP-containing oligonucleotide, AAP-ODN1 were synthesized on solid supports using DMTr-protected
AAP phosphoramidite and commercially available O°-dimethoxytrityl-2’-deoxyribonucleoside O°-
phosphoramidites. The detailed synthetic route and characterization data for DMTr-protected AAP were
reported by Adam, V. and co-workers.! DMTr-protected AAP phosphoramidite was prepared by dropwise
addition of DIPEA at 0 °C to a solution of DMTr-protected AAP in CH»Cl; followed by stirring at 0 °C for
10 min. Phosphoramidochloridous acid was subsequently added and the mixture was stirred for a further 10
min at 0 °C before warming to room temperature and stirring for another 1 h. After removal of the solvent,
the residue was dissolved in MeCN and used immediately without purification for solid-phase DNA
synthesis. Solid-phase oligonucleotide synthesis was performed on an ABI DNA synthesizer (Applied
Biosystem, Foster City, CA). The modified phosphoramidite was chemically synthesized as described above
and without purification incorporated into oligonucleotide through coupling reaction for 10 minutes. The
coupling yields of AAP phosphoramidite were around 10 % less than the ones obtained with standard
phosphoramidite building blocks.

Cleavage from the solid support and deprotection were accomplished with 50:50 of MeNH; in 40 wt. % in
water and NH3 in 28 wt. % in water at RT for 15 min and then at 65 °C for 15 min. The synthesized
oligonucleotides were eluted from Glen-Pak™ DNA purification cartridges and purification steps were
performed as per procedure. The final elution was subjected to normal-phase HPLC purification (2 % to
30 % ACN in 50 mM TEAA (pH 7.0) buffer, flow rate of 3.0 mL/min). After purification by HPLC, the
products were confirmed by MALDI-TOF MS using a Bruker microflex-KSII (Bruker Corporation,
Billerica, MA) and the purity was checked by HPLC (Table S1 and S2). DNA concentrations were
determined using NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE).
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For HPLC analysis, COSMOSIL 5C;s AR-II (Nacalai Tesque, Inc., Kyoto, 150 x 4.6 mm id), a linear
gradient of 2 % to 30 % acetonitrile (in 50 mM TEAA (pH 7.0) buffer) over 30 min at a flow rate of 1.0

mL/min and detection at 254 nm were used.

Absorbance spectra measurement

The sample was prepared in a total volume of 110 pL containing 2.5 pM AAP-ODNI1, 2.5 uM ODN2 and
100 mM NaCl. After annealing of the sample by heating at 95 °C for 5 min followed by slow cooling to
room temperature, the sample was alternatively irradiated with UV light (365 nm, 100% intensity) by a
ZUV-C30H system equipped with a ZUV-H30M head unit (Omron, UV-LED with maximum output of 500
mW) for 10 min and green light (520 nm) by HM-3 monochromatic light source equipped with a 300 W
xenon lamp (JASCO) for 10 min at room temperature. After each irradiation, UV-vis absorbance spectra
were measured from 220 nm to 600 nm at 20°C on a JASCO V-750 spectrophotometer equipped with a
JASCO PAC-743R thermocontrolled cell changer and a JASCO CTU-100 thermocirculator.

Melting temperature (T,) analysis

The buffer for 7, analysis was an aqueous solution of 100 mM sodium chloride and 10 mM sodium
cacodylate at pH 7.0. The concentration of each DNA strand was 3 uM. Before the analyses, the samples
were annealed from 65°C to 5°C at 1.0°C/min. The annealed samples were subjected to UV (365 nm, 100%
intensity) irradiation with a ZUV-C30H system equipped with a ZUV-H30M head unit (Omron, UV-LED
with maximum output of 500 mW) and green light (520 nm) irradiation with HM-3 monochromatic light
source equipped with a 300 W xenon lamp (JASCO) for 15 min on ice. After light irradiation, absorbance
at 260 nm was recorded from 5°C to 65°C at a rate of 1.0°C/min using a spectrophotometer V-650 (JASCO)
with a thermocontrolled PAC-743R cell changer (JASCO) and a thermal circulator F25-ED (Julabo). The
T values were calculated with Spectra Manager software (JASCO).

Polarized Light Microscopy Observation

All microscope slides and coverslips were treated with BSA for surface passivation. They were sonicated in
acetone, methanol, and isopropanol for 5 min each and dried in an oven (60°C) for at least 1 h. 3.5% BSA
solution was put on glass slides and coverslips and incubated for 15 min. After the BSA treatment, they were
rinsed with deionized water and air-dried. Samples containing the oligonucleotides in NaCl solution were
annealed by heating at 95°C followed by slow cooling to room temperature over three hours before the
addition of pLys in pH 7.5 TE buffer (final amine concentration of 5 mM; final concentration of 0.25 mM
for each oligonucleotide, final NaCl concentration of 100 mM). The annealed DNA solution was mixed with
pLys on a microscope slide at room temperature and observation was started within 5 min after the addition
of pLys. To minimize evaporation of the sample, edges of the coverslip were sealed with vacuum grease and
an aluminum spacer was included to ensure constant sample thickness.

Samples were imaged with Olympus Laser Scanning Biological Microscope FV1200 IX83 attached with a

polarizer with its associated FV10-ASW 4.2 software. For photoswitching experiments, the in-built
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Olympus U-HGLGPS equipped with a 130 W mercury vapor short arc lamp and FUW (340-390 nm, 100%
intensity) or FGW (530-550 nm, 100% intensity) fluorescent mirror unit was used for UV or green light
irradiation, respectively. The light irradiation was performed at room temperature for 2 min. For the time-
lapse imaging, a ZUV-C30H system equipped with a ZUV-H30M head unit (Omron, UV-LED with
maximum output of 500 mW) was used as a UV light source (365 nm, 10% intensity) and phase-contrast
images were obtained with 559 nm laser (15 mW) at the intensity of 1.0%. The following time-lapse images
during visible light irradiation were obtained by 473 nm laser (15 mW) scanning at the intensity of 0.1%

without UV irradiation.
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Table S1. Analytical HPLC profile of synthesized oligonucleotides

Name HPLC Profile

1
3
£

AAP-ODNI1
o l

Table S2. MALDI-TOF-MS data of oligonucleotides

Name Calcd.

Found

AAP-ODNI1 3848.836

3851.43
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Fig S1. Chemical structure of AAP-ODNI.
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Fig S2. (A) Absorbance of AAP-ODN1/ODN2 at 360 nm during the DNA melting experiments.
(B, C) Melting curves of AAP-ODN1/ODN2’ (B) and AAP-ODN1/ODNI1 (C). The melting curves are

shifted to start from O at 10°C.
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AAP-ODN1 +
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(+FAM-labeled ODN2)
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Fig S3. Fluorescence images of microcompartments of (A) 0.25 mM of AAP-ODNI1, 0.2 mM of ODN2,
0.05 mM of FAM-labeled ODN2 and 5.0 mM of pLys mixture and (B) 0.25 mM of AAP-ODNI, 0.25 mM
of ODN2, 4.0 mM of pLys and 1.0 mM of FITC-labeled pLys mixture in aqueous buffer containing 100
mM of NaCl.
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AAP-ODN1 +
ODN2

Cycle 10

Cycle 9

Fig S4. All polarized light microscopy images of microcompartments during repeated UV (340-390 nm)
and visible light (530-550 nm) irradiation containing AAP-ODN1/ODN2 related to Fig. 3A. Scale bars are

20 pm.
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500 mM NacCl: Cycle 1
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Fig S5. Polarized light microscopy images of microcompartments of AAP-ODN1/ODN2 at 100 mM and
500 mM NaCl. The samples were irradiated with UV (340-390 nm) and visible light (530-550 nm). Scale

bars are 20 pm.
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