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Photoswitchable single-stranded
DNA-peptide coacervate formation
as a dynamic system for reaction control

Wen Ann Wee," Hiroshi Sugiyama,’?* and Soyoung Park’-3*

SUMMARY

In cells, segregation allows for diverse biochemical reactions to take place simul-
taneously. Such intricate regulation of cellular processes is achieved through the
dynamic formation and disassembly of membraneless organelles via liquid-liquid
phase separation (LLPS). Herein, we demonstrate the light-controlled formation
and disassembly of liquid droplets formed from a complex of polylysine (pLys)
and arylazopyrazole (AAP)-conjugated single-stranded DNA. Photoswitchablility
of droplet formation was also shown to be applicable to the control of chemical
reactions; imine formation and a DNAzyme-catalyzed oxidation reaction were
accelerated in the presence of droplets. These outcomes were reversed upon
droplet disassembly. Our results demonstrate that the photoswitchable droplet
formation system is a versatile model for the regulation of reactions through dy-
namic LLPS.

INTRODUCTION

Cells are often described as mini-factories, with a multitude of product-generating processes occurring
within the confines of their plasma membranes. Akin to factories which assign different areas of their floor
space to different lines so as to avoid confusion in production, cells too are able to segregate their cellular
volume into compartmentalized membraneless organelles through liquid-liquid phase separation (LLPS)
(Banani et al., 2017; Mitrea and Kriwacki, 2016).

LLPS results in the formation of dense phases enriched in specific biomolecules, typically proteins and nu-
cleic acids (Kamimura and Kanai, 2021). By concentrating specific collections of proteins and nucleic acids,
LLPS enables cells to regulate biochemical reactions within the droplets or coacervates formed (Kohata
and Miyoshi, 2020; Lyon et al., 2021; Stroberg and Schnell, 2018). As the mechanisms involved in droplet
formation and LLPS-controlled reactions remain unclear, researchers have employed numerous model sys-
tems to recreate and study LLPS in vitro. One such example is the ATP-polylysine (pLys) droplets developed
by Koga and co-workers (Koga et al., 2011). When ABTS oxidation and glucose phosphorylation were car-
ried out in the presence of the coacervates, accelerated kinetics were observed. More complex cascade
reactions have been carried out in PEG-dextran droplets reported by Kojima and colleagues (Kojima
and Takayama, 2018). In addition, gene expression, i.e., transcription and translation, has been shown to
occur more rapidly in (carboxymethyl-dextran)-pLys droplets (Tang et al., 2015). Despite the advances
made in these endeavors, systematic programming of droplet properties through methodical modification
of their components remains cumbersome.

Programmable model systems leveraging electrostatic interactions between oppositely-charged polyelec-
trolytes have also been developed (Alshareedah et al., 2019). Of these, systems involving DNA and pLys
have been reported on extensively (Lu and Spruijt, 2020; Shakya and King, 2018; Vieregg et al., 2018). Sys-
tematic changes in DNA sequence have shown that droplet formation is highly dependent on DNA local
flexibility among other factors (André and Spruijt, 2018; Sato et al., 2020; Shakya and King, 2018), thus
enabling the programming of droplet properties and architectures through DNA sequence modification.

Although the models described above have been designed to be stable, phase-separated compartments
in cells are dynamic, assembling and disassembling based on the cellular environment (Alberti, 2017; An-
derson and Kedersha, 2006; Smith et al., 2016). To simulate the dynamic behavior of cellular coacervates,
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photoswitches have been utilized. A variety of photoswitches which have altered affinity to double-
stranded DNA (dsDNA) upon light irradiation and subsequent cis-trans isomerization are available
(Adam et al., 2018; Asanuma et al., 2007; Deiana et al., 2016; Lubbe et al., 2017, 2018). By controlling the
affinity of a cationic azobenzene photoswitch to dsDNA, Martin and co-workers have demonstrated
light-modulated droplet formation (Martin et al., 2019). However, droplet assembly and disassembly based
on the affinity between dsDNA and a photoswitch limits its degree of programmability.

Photoswitches directly conjugated to DNA have also been reported. Developed by Adam et al., the aryla-
zopyrazole (AAP) photoswitch exhibits longer isomerization wavelength and improved switching efficiency
as compared to azobenzene (Adam et al., 2018). By directly conjugating AAP to single-stranded DNA
(ssDNA), a wider range of droplet properties, and by extension architectures, could be made accessible.
This could be done through sequence modifications, analogous to the sequence effects exhibited by mem-
braneless organelles consisting of intrinsically disordered proteins and RNAs (Martin and Mittag, 2018;
Saar et al., 2021; Schuster et al., 2020).

By exploiting AAP-conjugated ssDNA, herein, we demonstrate the light-controlled formation and disas-
sembly of DNA-pLys droplets. Systematic investigation of DNA sequence revealed that the photoswitch-
able droplet formation is influenced by sequence effects. Through real-time fluorescence measurements,
we show that photoswitchable droplet formation allows for light-controlled improvements in condensation
reaction rates and increase in kinetics of a DNAzyme-catalyzed oxidation reaction. Together, our results
illustrate a dynamic phase separation model system, which if further refined, may shed light on the control
of reactions through droplet formation in protocells.

RESULTS

Incorporation of a photoswitch into ssDNA allows for light-controlled droplet formation

We first asked whether ssDNA-plLys complexes demonstrate light-controllable phase separation in the
presence of a photoswitch. To this end, we designed the following sequences shown in Figure 1A. Micro-
scopy images of solutions containing the DNA oligonucleotide, ODN, revealed that it was able to form mi-
crometre-sized droplets upon complexation with pLys (Figure 1B; Table S1). The samples were then irradi-
ated alternately with UV and green light. To quantify the extent of coacervation after each bout of
irradiation, droplet counts were obtained for each image using ImageJ (supplemental information and
Figure S1D) (Grishagin, 2015). As expected for ODN, UV and subsequent green light irradiation did not
elicit an observable change in droplet count in response to the different wavelengths of light.

We next examined the effect of the addition of AAP-TAB (Scheme S1), a cationic AAP monomer, on droplet
formation. Martin et al. have previously reported that complexes comprising dsDNA and the tetraamine salt
of azobenzene (Azo-TAB) can result in the formation of photoswitchable coacervates (Martin et al., 2019). How-
ever, unlike the case for dsDNA, the ssDNA-plLys droplets did not exhibit light-modulated phase separation
upon addition of AAP-TAB (Figure 1B). Whereas changes in affinity of Azo-TAB to dsDNA provides an impetus
for the photoswitchability of dsDNA droplets, ssDNA lacks the differences in affinity toward the cis and trans
isomers of AAP-TAB (Diguet et al., 2010; Le Ny and Lee, 2006; Venancio-Marques et al., 2014). In addition,
although the positively-charged Azo-TAB allows for complexation of dsDNA, the same function is achieved
with plys in ssDNA-pLys droplets, which further reduces the influence of AAP-TAB on coacervation.

To overcome these challenges, we generated an AAP-containing DNA sequence, AAP-ODN, by incorpo-
rating AAP via its phosphoramidite directly into DNA through solid-phase oligonucleotide synthesis (Table
S1). Remarkably, the molecular-scale changes in the structure of AAP in response to light irradiation were
sufficient to induce micro-scale level assembly and disassembly of the droplets (Figures 1B, S1A, and S1B;
Videos S1 and S2). By covalently tethering the AAP moiety to DNA, the effects of cis-trans isomerization of
AAP may have been more directly translated into changes in DNA properties. The photoswitchability of
droplet formation was highly repeatable with photoswitching observed after at least three cycles of UV
and green light irradiation. The incorporation of AAP also resulted in better droplet formation ability
although the reason for the improvement remains unclear.

Closer examination of the droplets formed from AAP-ODN and pLys confirmed that the droplets exhibited

liquid-like behavior. Droplets were observed to coalesce on contact and over time were seen to wet the
surface of a glass slide (Figure 1C).
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Figure 1. Incorporation of arylazopyrazole (AAP) moieties into ssDNA allows for photoswitchable droplet
formation

(A) AAP is able to undergo trans-to-cis isomerization under UV irradiation and reverts to its trans isomer upon irradiation
of green light. AAP was incorporated into two positions in the native ODN sequence to give the modified AAP-ODN
sequence. The structure of the positively charged AAP monomer, AAP-TAB, is as given.

(B) Microscopy images and droplet counts of mixtures of the various DNA sequences (1.85 mM phosphate) with pLys
(2.5 mM amine) (scale bar: 10 um). Although ODN and ODN + AAP-TAB exhibited limited droplet formation, only AAP-
ODN showed significant photoswitching ability. Error bars represent standard deviation for three independent
experiments. Irradiation was conducted in situ and the same field of view was maintained within each experiment.

(C) Droplets formed from AAP-ODN and pLys mixtures exhibited fusion and wetting behaviors which are typical of liquid
droplets (scale bar: 20 um; scale bar for zoomed inset: 10 um).

See also Figure S1.

Photoswitchability of ssDNA-pLys is independent of local flexibility

As this is the first report demonstrating light-modulated phase separation with ssDNA, we were deter-
mined to elucidate the potential mechanisms for the visible micro-scale changes induced by molecular-
scale cis-trans isomerization and structure perturbation. One possibility is that cis-trans isomerization of
AAP results in changes in local flexibility of AAP-ODN. Differences in local flexibility have been linked to
changes in phase separation ability. The more flexible poly(thymine) sequence, for instance, has been
shown to induce phase separation more readily than poly(adenine) (Mills et al., 1999; Shakya and King,
2018; Sim et al., 2012). To determine whether local flexibility may have played a role in the photoswitchabil-
ity of (AAP-ODN)-pLys droplets, AAP-containing poly(adenine) (AAP-A) and poly(thymine) (AAP-T) DNA
sequences were constructed (Figure 2A; Table S1). We hypothesized that if changes in local flexibility
were crucial to photoswitchability, the phase diagram of AAP-T should contain more phase-separated
states, i.e. conditions at which droplets are observed.

The phase diagrams of AAP-ODN, AAP-A, and AAP-T were thus determined (Figures 2B-2D, S2, and S3).
Non-photoswitchable phase-separated states were defined as conditions at which droplets did not reas-
semble upon green photoirradiation; photoswitchable phase-separated states were defined as conditions
at which droplet counts recovered by at least 50% after green photoirradiation; borderline states were
defined as conditions at which fewer than 10 droplets were observed, and non-phase-separated states
were defined as conditions at which no droplets were observed. Phase-separated states thus refer to
non-photoswitchable and photoswitchable phase-separated states as well as borderline states. Surpris-
ingly, AAP-A and AAP-T were observed to have similar numbers of phase-separated states in contrast to
AAP-ODN, which had the highest number of phase-separated states. The high number of phase-separated
states for AAP-ODN was also observed when cross-referenced with the phase diagram of AAP-ODN con-
structed from turbidity measurements (Figures S2B and S2C).

Photoswitchability of droplet formation occurs when there is a disparity between the droplet formation
abilities of the cis and trans forms of a DNA sequence at a given condition. The similarity of droplet forma-
tion ability between AAP-A and AAP-T therefore seemed to suggest that changes in local flexibility were
unlikely to play a significant role in the photoswitchability of droplet formation. This contradicts a previous
report on the importance of low persistence lengths on phase separation (Shakya and King, 2018). It should,
however, be noted that sequences used in this study are significantly shorter (10-mer) compared to the
20-mer sequences employed in the previous report, which may account for the apparent independence
of phase separation ability on local flexibility. Furthermore, the high droplet formation ability exhibited
by AAP-ODN suggests that there are other more pertinent factors at play and that elucidating those factors
is key to developing droplet programmability.

lonic interactions play an important role for phase separation and photoswitchability

From the phase diagrams, an increase in KCl concentration decreases the propensity for droplet formation
(Figures 2B-2D). As an increase in salt concentration decreases the strength of electrostatic interactions
and hydrogen bonds, this suggests that these two forces may be important for photoswitchability (Kriz
et al., 2013; Vieregg et al., 2018; Wang and Schlenoff, 2014; Zhang et al., 2015). To further substantiate
this observation, buffer pH was increased from pH 7.0 to pH 12.5. As expected, although droplets were pre-
sent at pH 7.0, droplet formation was not observed at pH 12.5 (Figure 3A). As pLys has a pK; of around 10
(Dos et al., 2008), the increase in pH significantly reduced the positive charges on plys and thus its
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Figure 2. Sequence effects on light-modulated droplet formation—photoswitchability of droplets is
independent of local flexibility

(A) Sequences of AAP-A and AAP-T. Phase diagrams of (B) AAP-ODN, (C) AAP-A and (D) AAP-T depicting range of
photoswitchable droplet behavior in mixtures with pLys (2.5 mM amine). Empty circles represent non-photoswitchable
phase-separated states; filled circles represent photoswitchable phase-separated states; empty triangles represent
borderline states; crosses represent non-phase-separated states (dispersed states). Plot areas are shaded only as a visual
guide.

See also Figures S2 and S3.

interaction with AAP-ODN. This further corroborates the importance of electrostatic interactions between
pLys and ssDNA for phase separation.

Further inspection of the phase diagrams showed that transAAP-ODN and cisAAP-ODN displayed a large dif-
ference in phase separation ability, accounting for the large number of photoswitchable states of AAP-ODN
(Figure 3B). However, cis-trans isomerization of AAP does not affect the net charge of AAP-ODN. To examine
whether AAP-induced structural changes in DNA could have been translated into local changes in the extent of
electrostatic interactions, molecular dynamic simulations of trans and cisAAP-ODN with 20-mer pLys were con-
ducted (Table S2). The energy minimum structures revealed that transAAP-ODN was able to interact more
extensively with plys as compared to cisAAP-ODN (Figure 3C). Unlike cisAAP-ODN, transAAP-ODN was
able to form amine-phosphate interactions with pLys along its length, whereas cisAAP-ODN was more compact.
This was also reflected in the end-to-end distances of trans and cisAAP-ODN, with cisAAP-ODN generally ex-
hibiting shorter distances during the simulation (Figure 3C). The compaction of cisAAP-ODN appeared to be
the result of hydrophobic interactions between the pyrazole ring of AAP with distal bases (Figures 3D and
S2D). This compaction of DNA as a result of trans-to-cis isomerization thus leads to fewer electrostatic interac-
tions with plys, and the lower phase separation ability observed in cisAAP-ODN.

Taken together, the results suggest that AAP-ODN was able to form coacervate droplets with pLys mainly
because of electrostatic interactions between the two species. Irradiation of the droplets with UV light re-
sulted in trans-to-cis isomerization of AAP. Unlike transAAP-ODN, cisAAP-ODN was compacted and thus
had less extensive electrostatic interactions with plLys. At certain conditions, this difference in phase sep-
aration ability meant that transAAP-ODN was able to form droplets while cisAAP-ODN remained in a
dispersed state. This disparity was reflected as the photoswitchability of droplet formation.

Photoswitchable droplet formation allows for light-modulation of imine formation

Having established a system allowing for light-controllable phase separation, we hoped to mimic rudimen-
tary reaction control to demonstrate the applicability of our system. Condensation reactions, which result in
the covalent linkage of molecules with the release of water, feature heavily in biochemical processes; how-
ever, they proceed unfavorably in aqueous environments (Kaufmann, 2009; do Nascimento Vieira et al.,
2020). In a prebiotic world, phase separation has been proposed to act as a bioreactor, driving condensa-
tion and allowing for the non-enzymatic RNA polymerization (Guo et al., 2021; Poudyal et al., 2018). Here,
we demonstrate that the condensation of an amine and aldehyde to form an imine can be controlled
through photoswitchable droplet formation.

Although imine formation from aldehyde 1 and amine 2 is highly disfavored in dispersed state, upon
micelle formation, the equilibrium of the reaction shifts toward the fluorescent imine product (Aex =
480 nm; Aex = 520 nm) (Figure 4A) (Meguellati et al., 2013). In contrast, the rate of the reaction barely in-
creases, if at all, after micelle formation. To study the change in kinetics after micelle formation, prior
studies have relied on increasing the surfactant concentration above a critical value in order to induce
the formation of micelles. However, by doing so, it is difficult to separate the effects of an increase in sur-
factant concentration, and micelle formation on reaction kinetics. By employing our photoswitchable
droplet formation system, the change in reaction kinetics upon droplet formation can be studied indepen-
dently of the concentration of the components inducing droplet formation, i.e., AAP-ODN and pLys.

We thus sought to observe how the presence or absence of droplets affects the rate of imine formation by
tracking the emission intensity of the fluorescent product over time. In the presence of AAP-ODN and plys,
a visible difference in reaction rate was observed before (kops = 0.060 & 0.006 min~") and after UV irradi-
ation (kops = 0.016 + 0.001 min~") (Figure 4B). The rate of reaction was recovered after green light irradi-
ation (kops = 0.050 + 0.003 min~"), suggesting that the presence of droplets was able to accelerate imine
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Figure 3. Electrostatic interactions account for phase separation and photoswitching abilities
(A) Photoswitchable droplet formation at pH 7.0 in contrast to dispersed states at pH 12.5 (20 mM buffer concentration)
(scale bar: 10 pm).
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Figure 3. Continued

(B) Phase diagrams illustrating phase-separated states of trans and cisAAP-ODN. Empty circles represent phase-
separated states; crosses represent non-phase-separated states (dispersed states). Plot areas are shaded only as a visual
guide.

(C) Images of the energy minimum structures of trans and cisAAP-ODN with 20-mer pLys obtained through molecular
dynamics simulation. End-to-end distance with simulation time is plotted; red and blue lines are distances from individual
runs of trans and cisAAP-ODN respectively, with a total of six runs each; black and gray lines represent averages of the
respective runs; dashed lines bound production runs.

(D) Interactions of AAP with neighboring bases in AAP-ODN. AAP is indicated in pink and hydrophobic interactions are
shown as dashed lines.

See also Figure S2D.

formation. In contrast, the reaction rate remains high even after UV irradiation when non-photoswitchable
droplets formed from ODN and plys were present.

Microscopy images of (AAP-ODN)-pLys droplets after imine formation revealed that the fluorescent prod-
uct was located within the droplets (Figure 4C). This was corroborated by HPLC absorbance data of the bulk
mixture and of the dilute phase, which indicated that reactants were also concentrated within droplets; only
84 + 4% of aldehyde 1 and 96 + 4% of amine 2 were present in the dilute phase with respect to the bulk
mixture (Figure S4A). In addition, given previous reports showing that aldehyde 1 and amine 2 are depleted
from the dilute phase and concentrated within separated compartments in a two-phase system (Meguellati
et al., 2013; Wilson et al., 2020), these suggest that imine formation was favored inside droplets as
compared to the dilute phase. The increase in local concentration of reactants within the droplets could
thus account for the enhanced reaction rates observed when droplets were present.

Interestingly, the observable difference in reaction rates upon droplet formation is in contrast to previous data
showing that reaction rate hardly changes upon micelle formation (Meguellati et al., 2013). To ensure that the
difference observed was not because of the dissimilar absorbance profiles of cis and transAAP, the reaction was
conducted in the presence of AAP-ODN without plys (Figure S4B). Unlike when plys was present, the rate of
reaction could not be controlled through light irradiation, implying that the presence of droplets was indeed
necessary for the photocontrol of reaction kinetics. This also suggested that micelles and droplets may facilitate
the imine formation reaction in distinct ways, although more work has to be done to confirm this.

On the whole, by controlling droplet formation through light irradiation, we were able to illustrate how
phase separation may favor the condensation of molecules.

Catalyzed oxidation can be controlled through photoswitchable droplet formation

In extent cells, however, biomolecular reactions are typically catalyzed by enzymes. Transiently phase sepa-
rated cellular compartments concentrate enzymes and auxiliary factors within them, enabling the regula-
tion of genome and other cellular activities (Case et al., 2019; Razin and Gavrilov, 2020). To recreate an
elementary reaction control system through the sequestration of a catalyst and its substrate within a phase
separated compartment, we introduced a quadruplex-duplex (QD)-hemin complex as a DNA catalyst to
our photoswitchable droplets (Figure 5A). Notably, addition of the DNAzyme did not adversely affect pho-
toswitchable droplet formation. As with droplets containing only AAP-ODN and pLys, the QD-hemin-con-
taining droplets exhibited good photoswitching ability (Figure 5B). In addition, when the samples were
doped with thioflavin T (ThT)—an established fluorescence light-up probe for quadruplex structures (De
La Faverie et al., 2014)—fluorescence microscopy images revealed that the QD-hemin complexes were
sequestered within the droplets (Figure 5C).

Encouraged by the results, we proceeded to investigate whether reaction kinetics can be controlled by
photoswitchable droplet formation. The introduced QD-hemin complex contains a G-quadruplex (G4)
domain and G4-hemin complexes have been reported as horseradish peroxidase mimics (Golub et al.,
2015; Travascio et al., 1998; Yang et al., 2011). We thus anticipated that QD-hemin complexes would
also be able to act as horseradish peroxidase mimics. To track the activity of the QD-hemin complex, Am-
plex Red was used as a substrate. Upon oxidation by the QD-hemin complex in the presence of H,O5, a
highly fluorescent product, resorufin, is formed (Figure 5D). Monitoring the emission intensity of resorufin
with respect to time would thus enable us to correlate oxidation rate with droplet formation. After UV
(365 nm) irradiation and droplet disassembly, oxidation proceeds slowly (kops = 0.003 + 0.007 s~ in the
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Figure 4. Control of a condensation reaction resulting in imine formation through photoswitchable droplet
formation

(A) Condensation of aldehyde 1 and amine 2 to form a fluorescent imine is expected to be favored within droplets;
photocontrol of imine formation could be achieved through UV and green light irradiation.
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Figure 4. Continued

(B) Emission intensity at 520 nm before and after UV (365 nm) and green light (520 nm) irradiation with each measurement
taken for 200 min. Minimum intensities for each iteration were adjusted to zero. Dark lines represent average values and
shaded areas represent standard deviation for three independent experiments.

(C) Fluorescence image of AAP-ODN-pLys droplets after imine formation (scale bar: 10 pm).

See also Figure S4.

(AAP-ODN)-pLys droplets (Figure 5E). However, upon green light (520 nm) irradiation and reassembly of
the droplets, the rate of oxidation rose dramatically (kops = 0.05 + 0.02 s71). This change in oxidation
rate was repeatable for at least three cycles. In contrast, such switches in oxidation rate were not observed
for droplets comprising ODN and plys, as well as solutions containing AAP-TAB (Figures 5E and S5).

Fluorescence microscopy images corroborated the importance of droplet formation in accelerating the
DNAzyme-catalyzed oxidation of Amplex Red (Figure 5F). Images of the droplets revealed that the oxida-
tion product, resorufin, was present within the droplets, suggesting that photoswitchable droplet forma-
tion could control the kinetics of a catalyzed reaction. Real-time fluorescence analysis of a condensation
and oxidation reaction thus illustrated how photoswitchable droplet formation allows for light-controlled
shifts in reaction kinetics.

DISCUSSION

This work presents the first report of droplet formation control using ssDNA conjugated to a photoswitch.
Photoswitches are typically employed with dsDNA as dsDNA is more rigid and has a more defined confor-
mation as compared to ssDNA (Lubbe et al., 2017; Szymanski et al., 2013). However, we have shown that
photoswitches can also be effectively used to control the range of conformations available to ssDNA.
This allowed us to control the formation of droplets with irradiations of different wavelengths. The use
of ssDNA instead of dsDNA also permits higher programmability of droplet properties through modifica-
tions of the ssDNA sequence. Furthermore, as complex layered droplet structures with distinct microcom-
partments have been reported to form when differences in surface tensions are present (Feric et al., 2016
Jo and Jung, 2020; Lu and Spruijt, 2020), the use of ssDNA may allow for tuning of such properties through
sequence engineering and the incorporation of artificial nucleosides.

Even more remarkable is the high degree of dependence of droplet formation on the geometric orientations of
monomeric units in DNA; the same AAP moiety presented in its cis or trans isomer can result in vastly different
outcomes in terms of phase separation. As the interaction between pLys and ssDNA has mainly been attributed
to electrostatic interactions between the charged amine groups of pLys and the phosphate backbone of DNA
(Elderetal., 2011; Vieregg et al., 2018), it is noteworthy that a simple cis-trans isomerization of units not involved
in the binding can cascade down to influence the interactions between pLys and ssDNA. Although Perry and co-
workers have reported precipitate or droplet formation depending on the chirality (racemic, L or D) of the pair of
polyelectrolytes involved (Perry et al., 2015), the differences in chirality are exhibited throughout the polyelec-
trolyte structures unlike the localized structural changes observed in AAP-ODN. In a broader context, this
suggests that perhaps post-transcriptional modifications of RNA may have a more far-reaching effect on phase
separation in cells than previously thought (Drino and Schaefer, 2018; Peng et al., 2020).

The development of the photoswitchable droplet system presented in this work also enabled us to investigate
the effects of droplet formation on reactions while keeping all conditions unchanged. By using a photoswitch,
droplet formation is decoupled from other confounding factors including bulk salt and polyelectrolyte concen-
trations, as well as temperature. Through photoswitchable droplet formation, we demonstrated that droplet for-
mation alone can induce an acceleration in kinetics in uncatalyzed as well as catalyzed reactions. Moreover, as
the irradiation of light alone controls the formation and disassembly of the droplets, photoswitchable droplet
formation also allows for a higher degree of control over droplet formation.

In summary, we successfully designed and implemented a photoswitchable droplet formation system for
the control of reactions. Mixtures of pLys and AAP-conjugated ssDNA, AAP-ODN, were shown to form
droplets. These droplets were disassembled upon UV irradiation and reassembled upon green light irra-
diation. Through molecular dynamics simulations, we proposed that cis-trans isomerization of AAP can
alter the extent of electrostatic interactions between AAP-ODN and plys, thus allowing for photoswitch-
able droplet formation. This dynamic control of droplet formation through conjugation of a photoswitch
serves as an improvement over static systems in reflecting the transient and dynamic LLPS observed in cells.

10 iScience 24, 103455, December 17, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

5-GGGTTGGG CGCGAAATCCG TGC-3'
3-GGGTTGGG GCGCT TTAGGCACG-5'

| :

0 -+

QD

Before UV Green UV Green UV Green

c Thioflavin T Brightfield Merged

00

+QD

-QD
2 ab HO. 0. o)
Hemin
s Y
H,0, H,0
Ao = 587 nm
uv Green Green
E 25 7 1 M |
I 1 I
20 A 1 1 1
1 | 1
15 1 1 1
I [} I
I 1 I
10 A |
I
54 1 1 1
I
—1 — ODN

— AAP-ODN

Normalized fluorescence intensity (A.U.)
o

Time/s

F Resorufin Brightfield Merged

Figure 5. Control of an oxidation reaction catalyzed by a DNA quadruplex-duplex-hemin complex through
photoswitchable droplet formation

(A) Sequences of quadruplex-duplex (QD)-forming oligonucleotide pairs and an illustration of the QD structure.
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Figure 5. Continued

(B) Images and droplet counts of photoswitchable droplet formation of AAP-ODN and pLys in the presence of QD (1 pM)
(scale bar: 10 um).

(C) Fluorescence images of ThT (10 pM)-stained QD (1 uM) in droplets formed from AAP-ODN and pLys (scale bar: 10 um).
(D) Reaction scheme of the oxidation of Amplex Red to resorufin catalyzed by QD complexed with hemin.

(E) Fluorescence intensity at 587 nm after alternate UV (365 nm) and green light (520 nm) irradiation of (AAP-ODN)-pLys
droplets containing the QD-hemin complex (0.1 uM). Each measurement was taken for 600 s and minimum intensities
were set to zero. Dark lines represent average values and shaded areas represent standard deviation for three
independent experiments.

(F) Fluorescence images of the Amplex Red oxidation product, resorufin, in the presence of (AAP-ODN)-pLys droplets
after three irradiation cycles (scale bar: 10 um).

See also Figure S5.

Photoswitchable droplet formation was also demonstrated to accelerate the formation of an imine product
in an uncatalyzed condensation reaction. Furthermore, reaction kinetics were also improved upon droplet
formation for a QD-hemin catalyzed oxidation reaction. Taken together, photoswitchable droplet forma-
tion allowed us to examine the effect of droplet formation on reactions without a change in sample compo-
sition. Now, we turn to expansion of the scope of the photoswitchable droplet formation system. Further
work is underway to investigate more complex reactions, such as cascade reactions, and more biologically
relevant processes, for example gene expression.

Limitations of the study

Notably, for photoswitching to occur, a degree of droplet instability is necessary. For this system to be
applied in a general manner, a balance has to be achieved to allow for both photoswitchability as well
as a certain measure of stability once droplets have been formed. Preliminary investigations suggest
that under the current conditions, protein concentrations around 1 uM and nucleotide triphosphate con-
centrations around 160 uM are compatible with photoswitchable droplet formation (Figure S1C). Although
the system remains crude at the moment, further refinement would allow for a wide-scale investigation of
the effect of droplet formation on individual reactions without a need to rely on other factors, such as
enzyme activity (Aumiller and Keating, 2016), for the assembly and disassembly of droplets.
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SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

2-Cyanoethyl diisopropylchlorophosphoramidite

Wako Chemicals

Cat#327-75411

Poly-L-lysine hydrobromide (MW 30,000-70,000) Sigma-Aldrich Cat#P9155
Poly-L-lysine-FITC label (MW 30,000-70,000) Sigma-Aldrich Cat#P3069
DMT-dC(bz) phosphoramidite Sigma-Aldrich Cat#C111030
DMT-dT phosphoramidite Sigma-Aldrich Cat#T111030
DMT-dA(bz) phosphoramidite Sigma-Aldrich Cat#A111030
DMT-dG(ib) phosphoramidite Sigma-Aldrich Cat#G111030
OxiRed™ BioVision Cati#1572
Caffeine anhydrous Nacalai Tesque Cat#06712-42
Riboflavin 5'-monophosphate sodium salt TCI Cat#R0249
Oligonucleotides

AAP-ODN: TGXAAXCTAACG (X = AAP) This paper NA

ODN: TGAACTAACG Sigma Genosys NA

AAP-A: AAXAAXAAAAAA This paper NA

AAP-T: TTXTTXTTTTTT This paper NA

Qb: This paper NA

(Forward) GGGTTGGGCGCGAAATCCGTGC
(Reverse) GGGTTGGGGCGCTTTAGGCACG

Software and algorithms

ImageJ

ImageJ droplet counting macro
Molecular operating environment
ChemDraw 19.1

BIOVIA discovery studio visualizer

FV10-ASW 4.2 Viewer

Schneider et al., 2012

This paper

Chemical Computing Group
PerkinElmer

Dassault Systemes

Olympus

https://imagej.nih.gov/ij/
https://doi.org/10.7910/DVN/NW2RU1
https://www.chemcomp.com/Products.htm
https://www.perkinelmer.com/category/chemdraw
https://discover.3ds.com/discovery-studio-visualizer-
download

https://www.olympus-lifescience.com/es/support/
downloads/#!dIOpen=%23detail847249651

Other

Glass slide (24x%60 mm No.1, thickness 0.13~0.17 mm)
Glass cover slip (18%18 mm No.1, thickness 0.13 ~0.17 mm)
Glen-Pak DNA Purification Cartridge

Olympus Laser Scanning Biological Microscope FV1200 1X83

ZUV-C30H controller

ZUV-H30M C head unit

HM-3 monochromatic light source

Matsunami Glass
Matsunami Glass
Glen Research

Olympus

Omron

Omron

JASCO

Cat#C024601
Cat#C218181
Cat#60-5200-xx

https://www.olympus-lifescience.com/en/laser-
scanning/fv1200/

https://www.fa.omron.co.jp/products/family/
1876/download/catalog.html

https://www.fa.omron.co.jp/products/family/
1876/download/catalog.html
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Soyoung Park (spark@ifrec.osaka-u.ac.jp).

Materials availability

All other data supporting findings of this study are available within the article and the supplemental infor-
mation or from the lead contact upon reasonable request.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. All original code is available
in this paper’s supplemental information. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.

METHOD DETAILS
Materials

2-Cyanoethyl diisopropylchlorophosphoramidite was received from Wako Chemicals and used without
further purification. Poly-L-lysine hydrobromide (MW 30,000-70,000) and poly-L-lysine-FITC label (MW
30,000-70,000) were purchased from Sigma-Aldrich Chemicals Co. and used as received. OxiRed™ probe
(also marketed and more commonly known as Amplex Red™) was purchased from BioVision 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., TCI, or
Kanto Chemical Co. Inc. and used without further purification. Glass slides (24 x 60 mm, thickness 0.13-
0.17 mm) and cover slips (18 X 18 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. ODN was 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.

Synthesis and characterization of AAP-TAB

Compound 2 (Scheme S1) was synthesized according to the synthetic route reported by Adam and co-
workers (Adam et al., 2018). To compound 2, NBS and AIBN were added, and the mixture was dissolved
in CCly before refluxing for 4 h. The precipitate was filtered and washed with CH,Cl, and H,O, and finally
purified by silica gel column chromatography to obtain compound 3. Me3N in MeOH was subsequently
added to intermediate 3 before the addition of EtOH. The reaction mixture was stirred at 50°C for
3 days. The resulting precipitate was filtered, washed with ether and finally dried under vacuum to afford
AAP-TAB.

"H NMR (500 MHz, CDCl3): 8 7.80 (d, Juw = 6.9 Hz, 2H), 7.74 (d, Jup = 6.9 Hz, 2H), 5.11 (t, Juu = 12.6 Hz, 2H),
3.78 (s, 3H), 3.43 (s, 9H), 5.57 (s, 3H), 2.48 (s, 3H). "3C NMR (125 MHz, D,0):  156.7, 145.2, 143.5, 137.0, 136.3,
131.0,124.5,71.6, 55.0, 37.8, 15.2, 11.8. HRMS (ESI-TOF) calculated for C14H24BrNs [M-Br]* 286.2027, found
286.2027.

Oligonucleotide synthesis

AAP-containing oligonucleotides, AAP-ODN, AAP-A and AAP-T, were synthesized on solid support using
DMTr-protected AAP phosphoramidite and commercially available O5-dimethoxytrityl-2’-deoxy-
ribonucleoside O3'-phosphoramidites (Sigma-Aldrich Chemicals Co.). The detailed synthetic route and
characterization data for DMTr-protected AAP were reported by Adam and co-workers (Adam et al.,
2018). DMTr-protected AAP phosphoramidite was prepared by dropwise addition of DIPEA at 0°C to a
CH,Cl, solution of DMTr-protected AAP. Phosphoramidochloridous acid was subsequently added at
0°C and after 10 min, the mixture was warmed to room temperature and stirred for 1 h. After removal of
the solvent, the residue was dissolved in MeCN and used immediately without further purification for solid
phase DNA synthesis. Solid-phase oligonucleotide synthesis was performed on an ABI DNA synthesizer
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(Applied Biosystem, Foster City, CA). The modified phosphoramidite (DMTr-protected AAP) was incorpo-
rated into the oligonucleotides through coupling for 10 min. The coupling yields of AAP phosphoramidite
were around 10% less than those 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 room temperature for 15 min and then at 65°C for 15 min. The syn-
thesized 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%-30% ACN in 50 mM TEAA (pH 7.0) buffer, flow rate of 3.0 mL/min). After purification by HPLC, the prod-
ucts were confirmed by MALDI-TOF MS using a Bruker microflex-KSII (Bruker Corporation, Billerica, MA)
and the purities were checked by HPLC (Table S1). DNA concentrations were determined using NanoDrop
ND-1000 (NanoDrop Technologies, Wilmington, DE); nearest-neighbour and individual-bases molar
extinction coefficients of the nucleotides were used in the calculations. The purchased sequences given
in Table S1 were obtained from Sigma Genosys.

For HPLC analysis, COSMOSIL 5C18 AR-Il (Nacalai Tesque, Inc., Kyoto, 150 x 4.6 mm id), a linear gradient
of 2%-30% acetonitrile (in 50 mM TEAA (pH 7.0) buffer) over 30 min at a flow rate of 1.0 mL/min and detec-
tion at 254 nm were used.

Microscope observation

Samples containing the oligonucleotides in Na3PO4 buffer (pH 7.0) containing KCl were prepared. The so-
lutions were annealed by heating at 95°C followed by slow cooling to room temperature over 3 h before the
addition of pLys in pH 7.5 TE buffer (final amine concentration of 2.5 mM; final phosphate concentration of
1.85 mM unless otherwise stated, final KCl concentration of 400 mM unless otherwise stated; final buffer
concentration of 5 mM unless otherwise stated). For samples containing QD sequences, 1 uM of each
strand was added prior to annealing and the sample was incubated for 1 h at room temperature after
the addition of hemin. Immediately after the addition of pLys, 5 pL of the mixture was loaded onto a glass
slide and covered with a greased coverslip, then incubated for 5 min before imaging. For fluorescence
microscopy images, the glass slides and coverslips were passivated with 3.5% bovine serum albumin
(Promega Corporation) in PBS buffer for 15 min, washed with deionized water and air-dried before use.

Samples were imaged with Olympus Laser Scanning Biological Microscope FV1200 I1X83 and its associated
FV10-ASW 4.2 software. For photoswitching experiments, the in-built Olympus U-HGLGPS mercury lamp
and FUW or FGW fluorescent mirror unit was used for UV or green light irradiation respectively. Samples
were irradiated with UV or green light for 10 min or 5 min respectively before images were taken. Images
were taken from the same field of view for each sample. Droplet counts were obtained using ImageJ (the
macro code used is supplied in the supplemental information) with output images visually inspected to
verify the validity of droplet counts.

For time-lapse images taken during UV irradiation, the sample was irradiated from t = 95 79ms (365 nm,
ZUV-C30H system equipped with a ZUV-H30M head unit (Omron)) while scanning with a 635 nm laser at
a frame rate of 2.218 s. For time-lapse images taken during green light irradiation, scanning with a
473 nm laser at a frame rate of 2.218 s was sufficient for droplet formation.

Characterization of droplets

Fluorescence microscopy images were obtained as described previously to determine the localizations of
AAP-ODN and plys in droplet samples (Figure S1B). For the sample doped with FAM-ODN, final phos-
phate concentrations of AAP-ODN and FAM-ODN were 1.48 mM and 0.37 mM respectively. For the sample
doped with FITC-plys, final amine concentrations of pLys and FITC-pLys were 1.5 mM and 1.0 mM
respectively.

Absorption spectra of an AAP-ODN sample obtained after UV and green light irradiation showed the pres-
ence of cis and trans isomers respectively (Figure STA). Absorption was measured using NanoDrop ND-
1000 (NanoDrop Technologies, Wilmington, DE). UV irradiation (365 nm) was carried out with ZUV-C30H
system equipped with a ZUV-H30M head unit (Omron) for 2 min. After UV irradiation, the sample was
left in the dark for 30 min at room temperature and its absorption spectrum was measured again. Green
light irradiation was carried out at 520 nm with a HM-3 monochromatic light source (JASCO) for 1 min.
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Owing to the low contrast nature of the wetting process, the contrast of the zoomed insets of Figure 1C
bottom were enhanced. All other brightfield confocal microscope images were taken under the same
settings.

To determine the concentration of aldehyde 1 in the dilute phase as compared to the bulk, samples con-
taining (AAP-ODN)-pLys were prepared as described previously. After addition of plLys, aldehyde 1 was
added to a final concentration of 15 mM and an aliquot was taken from the sample. Riboflavin 5'-mono-
phosphate (FMN) was then added as an internal sample and the final solution was analyzed using HPLC.
For HPLC analysis, COSMOSIL 5C18 AR-Il (Nacalai Tesque, Inc., Kyoto, 150 x 4.6 mm id), a linear gradient
of 2%-60% acetonitrile (in 50 mM TEAA (pH 7.0) buffer) over 30 min at a flow rate of 1.0 mL/min and detec-
tion at 340 nm were used. The remaining (AAP-ODN)-pLys sample was then centrifuged at 16 000 x g for
20 min (Hitachi himac CT15RE). An aliquot was taken from the supernatant, to which FMN was added as an
internal standard. The final solution was finally analysed using HPLC. The areas corresponding aldehyde 1
were normalized based on the areas of FMN and compared. The same was done for amine 2 using caffeine
as an internal standard and a detection wavelength of 270 nm.

Phase diagrams

Droplet counts of samples were obtained using the droplet count procedure detailed above (Figures S2
and S3). Samples were deemed to be capable of phase separation if droplets were formed prior to irradi-
ation and were photoswitchable if there was more than 50% recovery in droplet count after green light irra-
diation. Samples with droplet counts of less than or equal to 10 were considered to be borderline. All DNA
concentrations given refer to phosphate concentrations.

Molecular dynamics simulation

Energy minimizations and atomistic molecular dynamics (MD) simulations of the oligonucleotide-pLys
systems were performed with explicit water molecules and 0.4 M KClI using the Amber14:EHT force field
implemented in Molecular Operating Environment (MOE). Solvation was conducted in a TIP3P-model pe-
riodic box with a 10 A margin between the solutes and the cell. Oligonucleotide and 20-mer pLys structures
were built with the in-built nucleic acid and protein builders. AAP was built within MOE and energy mini-
mized in gas phase before being appended to the oligonucleotide structure. The oligonucleotide and pLys
structures were energy minimized in the gas phase before being solvated and then energy minimized
again. For the oligonucleotides, six unrestrained NAMD trials of 1.15 ns were performed as per the protocol
given in Table S2 and the minimum energy oligonucleotide structures were obtained from the production
runs. End-to-end distances were obtained for the duration of the simulations by calculating the linear dis-
tances between C5' of the 5’ end and C3’ of the 3’ end. The energy minimized oligonucleotide and pLys
structures were aligned along their coordinate axes (to reduce the size of the cell) and the system was
solvated. For each system, three unrestrained NAMD simulation trials of 1.15 ns were performed with
the protocol given in Table S2 (Figure S2D). The minimum energy oligonucleotide-pLys system was finally
obtained from the production run.

Imine formation

Aldehyde 1 and amine 2 were synthesized following the procedure reported by Meguellati and co-workers
(Meguellati et al., 2013), and stock solutions of aldehyde 1 in H,O and amine 2 in DMSO were prepared.
Fluorescence measurements were obtained using 3 mm path length JASCO FMH-857 quartz microcells
on a JASCO FP-8300 spectrofluorometer equipped with a JASCO PAC-743R thermocontrolled cell chan-
ger and a JASCO CTU-100. Emission at 520 nm was recorded every 5 min with an excitation wavelength of
480 nm. Temperature was kept constant at 30°C. For subsequent measurements, samples were irradiated
with UV (365 nm) light (ZUV-C30H system equipped with a ZUV-H30M head unit (Omron)) for 5 min or UV
light for 5 min then green (520 nm) light for 2 min. Due to its degradation at 365 nm irradiation, aldehyde 1
was refreshed after each irradiation cycle. Minimum emission intensities were set to zero before average
values and SD were obtained.

QD-hemin-catalysed oxidation

Fluorescence measurements were obtained using 3 mm path length JASCO FMH-857 quartz microcells on
a JASCO FP-8300 spectrofluorometer equipped with a JASCO PAC-743R thermocontrolled cell changer
and a JASCO CTU-100. Emission at 587 nm was recorded every 10 s with an excitation wavelength of

18 iScience 24, 103455, December 17, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

480 nm. Temperature was kept constant at 30°C. Samples containing QD-hemin complex were prepared as
described previously (final AAP-ODN phosphate concentration of 1.85 mM; final QD concentration of
0.1 uM; final hemin concentration of 0.4 pM; final KCl concentration of 400 mM; final buffer concentration
of 5mM). The sample was then subjected to UV (365 nm) irradiation with ZUV-C30H system equipped with a
ZUV-H30M head unit (Omron) for 5 min before addition of H,O, (25 pM) and Amplex Red (25 pM). After
equilibration at 30°C for 10 min, fluorescence was measured for 600 s. After measurement, the sample
was again irradiated with UV light for 5 min to completely react the unreacted Amplex Red (Zhao et al.,
2012). The same process was then repeated for green lightirradiation (520 nm, 1 min, HM-3 monochromatic
light source (JASCO)) and subsequent cycles. Minimum intensities were set to zero before average values
and SD were obtained.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details of experiments can be found in the figure legends.
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