1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2024 August 09.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2023 August 09; 145(31): 17143-17150. doi:10.1021/jacs.3c03812.

Single-Molecular Dissection of Liquid-Liquid Phase Transitions

Pravin PokhrelT,
Department of Chemistry and Biochemistry, Kent State University, Kent, Ohio 44242, United
States

Sagun Jonchhe,
Department of Chemistry and Biochemistry, Kent State University, Kent, Ohio 44242, United
States

Wei Pan,
Department of Chemistry and Biochemistry, Kent State University, Kent, Ohio 44242, United
States

Hanbin Mao
Department of Chemistry and Biochemistry, Kent State University, Kent, Ohio 44242, United
States

Abstract

Interaction between peptides and nucleic acids is a ubiquitous process that drives many cellular
functions, such as replications, transcriptions, and translations. Recently, this interaction has
been found in liquid-liquid phase separation (LLPS), a process responsible for the formation

of newly discovered membraneless organelles with a variety of biological functions inside cells.
In this work, we studied the molecular interaction between the poly-L-lysine (PLL) peptide and
nucleic acids during the early stage of an LLPS process at the single-molecule level using optical
tweezers. By monitoring the mechanical tension of individual nucleic acid templates upon PLL
addition, we revealed a multistage LLPS process mediated by the long-range interactions between
nucleic acids and polyelectrolytes. By varying different types (ssDNA, ssRNA, and dsDNA) and
sequences (A-, T-, G-, or U-rich) of nucleic acids, we pieced together transition diagrams of

the PLL-nucleic acid condensates from which we concluded that the propensity to form rigid
nucleic acid-PLL complexes reduces the condensate formation during the LLPS process. We
anticipate that these results are instrumental in understanding the transition mechanism of LLPS
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condensates, which allows new strategies to interfere with the biological functions of LLPS
condensates inside cells.
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INTRODUCTION

Recently, membraneless compartments, also known as biomolecular condensates, have been
found inside cells. These compartments are formed by the liquid-liquid phase separation
(LLPS) process, 2 which results in condensates made of macromolecules such as proteins
and nucleic acids. Since the condensates are not bounded by membranes, they have shown
dynamic properties with their components freely exchangeable with cytoplasmic contents, a
feature not present in cell organelles.

Many biological activities®# such as DNA organization and processing,>= cellular
signaling,1911 and immune response!?:13 can be modulated by macromolecular condensates.
The major components in these condensates are either standalone proteins or
protein—nucleic acid mixtures that are prone to LLPS. Many examples have shown that

the interactions between DNA and proteins lead to the condensate formation via the

LLPS process.>:6:14-16 RNAs also demonstrate similar roles in the LLPS process by
interacting with cationic amino acids in proteins.1’=22 Methods such as turbidity and
fluorescence measurements exist to investigate the LLPS process at the ensemble average
level. Simple microscopy techniques have also been used to study LLPS events; however,
they could not reveal phase separations below threshold concentrations of the participating
components. The high sensitivity in single-molecule techniques?3-26 allows us to probe

the LLPS process from the intramolecular perspective on a particular component under a
much wider concentration range unreachable by bulk techniques. This feature permits a
simplified profiling on the LLPS process since intermolecular interactions for the specific
component can be excluded. Among single-molecular studies, few investigations focus on
the LLPS condensates from a mechanical perspective.23-28 Given that LLPS condensates
partake in many mechanobiological processes such as chromosomal segregation during cell
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division22:30 and transportation inside cells,31:32 it becomes an urgent call to evaluate the
condensates from mechanical aspects.

In this work, we investigated the interaction between an exemplary cationic peptide, poly-
L-lysine (PLL), and DNA/RNA molecules during the formation of the condensates from

a mechanical perspective using optical tweezers in a microfluidic setting. The superior
sensitivity of optical tweezers in the tension measurement of a single-molecule nucleic acid
template also allowed us to scrutinize the sequence and structure effects of nucleic acids

on the condensate formation. To this end, we used polydeoxyadenosine (poly(dA)) single-
stranded DNA (ssDNA), polydeoxythymidine (poly(dT)) ssDNA, poly(dA/dT) duplex DNA,
polyribouridine (poly(rU)) single-stranded RNA (ssRNA), and polyriboadenosine (poly(rA))
sSRNA as templates upon which condensation processes initiated by PLL are followed

by observing the variation of tensile force in individual templates. We revealed four

distinct phases characterized by different molecular interactions between the nucleic acids
and PLL during condensate formation. After summarizing these distinct behaviors in a
phase transition diagram with different concentrations of PLL, we ascribed different phase
behaviors to the stiffness of the nucleic acid—PLL complexes, which is determined by the
secondary structures formed in each nucleic acid template. Such a hypothesis was verified
by a poly-G-quadruplex (a DNA secondary structure) containing ssDNA template, which
started to form LLPS condensates only under high PLL concentrations. This key finding
indicates preferential LLPS/condensate formation among certain types of nucleic acids,
which can be utilized to design molecules to interfere with these important biological
processes.

EXPERIMENTAL SECTION

Single-Molecule Optical Tweezer Experiments.

All the single-molecule nucleic acid templates were studied in a custom-built dualtrap
optical tweezer instrument,33 which is described in SI Section S9. The two laser foci
were used to trap two polystyrene beads (diameters: 1.76 and 2.32 pm) coated with
streptavidin and antidigoxigenin antibody, respectively. Streptavidin-coated polystyrene
beads were purchased ready-to-use, whereas antidigoxigenin antibody-coated polystyrene
beads were prepared in lab (see SI Section S10). A single-molecule nucleic acid template
was tethered between the two beads via biotin—streptavidin and digoxigenin (dig)/antidig
linkages. Tension was applied to the tethered template by moving the two beads apart using
a steerable mirror that controls one of the laser foci. The tension was calculated based on
the spring constant of each trap and the displacement of the beads from the center of the
trap.33 The force vs extension (FX) profile (0-65 pN) of the templates was recorded using
a LabView program (National Instruments) at a 1 kHz frequency and a loading rate of 5.5
pN/s (10-30 pN range).

To study the condensation of peptide—nucleic acid templates, a four-channel microfluidic
chamber was used, as described in SI Section S3. In brief, the streptavidin-coated beads
conjugated with the nucleic acid template and the antidig-coated beads were flowed
separately from the bottommost and topmost channels to the two middle channels via
microcapillary tubes (see Figures S1 and S2). Two different beads were then captured
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separately by the two laser traps in a 10 mM tris buffer (pH 7.4) supplemented with 100 mM
KCI. To study the condensation of nucleic acid and PLL, the FX profile of a single-molecule
nucleic acid template was first recorded in the buffer without PLL (lower middle channel)
and then escorted to the buffer containing PLL (upper middle channel).

Synthesis of Single-Molecule ssDNA Constructs.

The ssDNA templates were synthesized by the rolling cycle amplification (RCA)
process,34-36 as described in Sl Section S6. Briefly, a circular DNA containing a
complementary target sequence was amplified by Phi29 DNA polymerase for 30 min at

30 °C using a primer containing a biotin at the 5" end. Amplification was stopped by heating
the enzyme at 65 °C for 20 min. This resulted in a long sSDNA containing a tandem repeat
of the target sequence. Then, with the help of a terminal deoxynucleotidyl transferase (TdT),
digoxigenin-dUTP was added to its 3" end at 37 °C for 2 h followed by heat deactivation at
75 °C for 20 min. Biotin and digoxigenin facilitated tethering of the sSDNA constructs to the
optically trapped beads.

Synthesis of Single-Molecule ssRNA Constructs.

The ssRNA templates were synthesized by the rolling cycle transcription (RCT)

process, 3437 which is described in SI Section S7. The synthesis of an ssSRNA construct
consists of three key steps: (a) synthesis of a long 5 biotin-RNA construct, (b) synthesis of
a short 3’ dig-DNA, and (c) ligation of the 5 biotin-RNA and 3" dig-DNA.

To prepare the 5" biotin-RNA, first, a circular ssDNA was transcribed using T7 RNA
polymerase for 3 h at 37 °C. The RCT product was then filtered using a 10K Amicon
filter to remove excess NTPs followed by dephosphorylation of the 5" end using Antarctic
phosphatase at 37 °C for 1 h. The 5" end was then modified with a thio-phosphate using
T4 PNK in the presence of ATP(y)S at 37 °C for 1 h. Biotin maleimide was then linked

to the 5" end of the RCT product via the thiol-maleimide linkage at 65 °C for 30 min. On
the other hand, a short ssSDNA oligonucleotide was phosphorylated at the 5” end using T4
PNK followed by the 3" end modification with dig-dUTP using terminal deoxynucleotidyl
transferase (TdT). It was then purified via Amicon filtration, and the 5" end was adenylated
with diphosphate adenine using /mth RNA ligase by heating at 65 °C for 1 h. The enzyme
was heat-deactivated at 85 °C for 5 min. Finally, the 5" biotin-RNA and the 3" dig-DNA
were ligated by the T4 RNA Ligase 2, truncated KQ (NEB) at 16 °C for 16 h.

Synthesis of a Single-Molecule dsDNA Construct.

A novel strategy was used for the synthesis of a long poly(dA/dT) dsDNA construct, as
described in SI Section S8. First, we prepared a long RCA-based poly(dT) whose 5 end
was labeled with biotin. The RCA product was then tailed with dGTP at the 3 end by TdT
at 37 °C for 30 min, which was followed by dig-dUTP labeling at the 3" end using TdT

for 12 h at 37 °C. The enzyme was heat-deactivated at 65 °C for 20 min. Next, a d(C)15
oligonucleotide was annealed to the poly(dG) tail of the product at 95 °C for 5 min followed
by slow cooling to 25 °C at a rate of —1 °C/min. The d(C)5 oligo served as a primer for the
extension of a complementary strand to form a dsDNA product by Phi29 DNA polymerase
at 30 °C for 30 min. The final dsDNA product had biotin at the 5" end and digoxigenin at
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the 3" end, which helped to anchor the dsDNA construct between the two optically trapped
polystyrene beads in the optical tweezer instrument.

RESULTS AND DISCUSSION
PLL Forms Condensates with Nucleic Acids by LLPS.

To investigate that condensate droplets may form as a result of the liquid-liquid phase
separation (LLPS) process, we delivered 4.8 mM each of poly(rU) and PLL via two
nanopipets to one of the microfluidic channels filled with 10 mM tris buffer (pH 7.4)
supplemented with 100 mM KCI (Figures 1A, see Sl Section S4 for nanopipet preparation
and Section S5 for nanopipet chamber preparation). As soon as poly(rU) reaches the region
downstream of the PLL-containing nanopipet, droplets with submicrometer diameter were
formed within seconds at the region close to the pipet opening (Figure 1B,C). Interestingly,
when these droplets were escorted by optical traps close to the opening of another nanopipet
filled with 1 M NaOH or 0.5 U/uL RNase A, the droplets were dissolved completely within
minutes (Figure 1B,D). Since NaOH and RNase A can digest RNA strands,38:39 these
experiments proved that RNA-enriched condensates were indeed a result of LLPS between
PLL and poly(rU). Similarly, we also performed bulk phase separation assay for other
nucleic acid templates where all nucleic acid—PLL mixtures underwent phase separations (S|
Section S11).

Such a microscopy imaging of the microfluidic LLPS process offers several advantages.
First, it conserves materials. As few as 50 gL of solution is needed to initiate the LLPS
process that can be continuously probed for 10 h. This is especially attractive, as many LLPS
processes involve precious protein materials. Second, it has the capability to investigate both
the formation and dissolution of the LLPS in real time. Finally, with the help of optical
tweezers, this allows us to evaluate the role of a particular component in the LLPS process
or reveal the property of a specific condensate droplet.

Single-Molecule Investigation of the PLL-poly(rU) Condensates from Mechanical

Perspective.

With the formation of the LLPS droplets confirmed inside the microfluidic device, next,
we designed a single-molecule platform in which the conformational change of individual
nucleic acid molecules is continuously monitored when PLL is added to initiate LLPS. To
this end, two ends of a nucleic acid strand were modified with digoxigenin and biotin,
respectively, to facilitate the tethering of the strand to the two optically trapped beads

via affinity interactions in a laser tweezer instrument33 (Figure 2A). Subsequently, by
performing a force-ramping procedure of the tethered nucleic acid strand, we compared
the elastic behavior of the nucleic acid strand with and without the PLL delivered via a
microfluidic channel (see SI Section S3 and Figures S1 and S2).

We first prepared a single-stranded RNA (ssRNA) enriched in uracil (or poly(rU)) by rolling
circle transcription (RCT)34:37 as discussed in Experimental (see details for the synthesis

in SI Section S7 and Figure S6), which was followed by chemical modification of biotin
atthe 5” end and enzymatic labeling of digoxigenin at the 3" end. This template was then
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tethered between two optically trapped beads, and their force vs extension (FX) profiles
were collected with or without PLL in 10 mM tris buffer (pH 7.4) supplemented with

100 mM KCI. Since this poly(rU) template is not expected to have secondary structures,*!
the FX curves with PLL < 0.1 /M did not contain any unfolding features (Figure 2B,

state 1). When this tethered template was exposed to 1 /M PLL, the FX curve shifted
toward shorter extension (to the left) over time (Figure 2B, state 2), implying that the
apparent contour length of the template is shortened. This can be ascribed to the electrostatic
attraction between the PLL strands and the poly(rU) template (Figure 2A), which results in
the shortening of the RNA template due to the PLL strands serving as staples to bring distal
poly(rU) regions closer. As time progressed, the shortening became more obvious, as more
PLL strands were associated with the RNA template. The shortening was accelerated upon
increasing the PLL concentration to 10 (M (see Sl Figure S15 for change in the apparent
contour length with increasing PLL concentration). Above this threshold PLL concentration,
a new elevated baseline (or plateau) of the FX curve occurred at 9.5 + 3.3 pN instead

of 0 pN force (Figure 2B, state 3). Previously, a similar plateau in FX curves has been
attributed to the (de)condensation of the polyamidoamine on the dsDNA strand.*2 Below
this concentration, even up to 10 min, we did not observe such an elevated baseline (see Sl
Figure S15). This clearly indicated the cocondensation of the poly(rU) template and the PLL
with a threshold concentration of 10 x/M.

The reversible elevated baseline likely indicated a phase transition of the condensation when
the poly(rU) is subject to 9.5 pN force. Similar condensation phase transitions have also
been observed when condensing agents such as spermidine, hexaamine cobalt(111), or other
cationic molecules are used.#2-46 At PLL concentration higher than 30 zM, the condensate
became so strong that clean FX curves with very short apparent contour length (Figures
2B and S15, state 4; note the FX curve that shifts to the left) were observed. In fact, at
state 4, the condensed assembly was often accompanied by elevated baselines. Under such
a high concentration, we surmise that the RNA—PLL condensate matures quickly so that
the apparent contour length of the assembly is much reduced. Such a scenario is consistent
with the LLPS process in which the phase separation in the form of the droplet formation
(Figure 1) occurs in the PLL and nucleic acid mixtures. Occasionally, we observed that the
two beads collapsed together upon the addition of 200 1M PLL (Sl Figure S8), indicating
that the condensation force as a result of the continuous mixing between PLL and poly(rU)
exceeds the optical trapping force for the polystyrene beads.

Formation of the Condensates between PLL and Other Nucleic Acids.

Next, we evaluated the mechanical property of different nucleic acid templates in the
presence of the PLL in the same buffer (see Sl Section S15 and Figures S16-S20). We
used DNA strands enriched with adenosine (poly(dA)), thymidine (poly(dT)), poly(dA/dT)
duplex, as well as RNA strands enriched with adenosine (poly(rA)). While ssDNA strands
were prepared by RCA3® (see S| Section S6 for details), the synthesis of the sSSRNA repeats
was achieved with rolling circle transcription as discussed in Experimental (see Sl Section
S7 for details). For the preparation of poly(dA/dT) duplex DNA, a new procedure was
invented (see Sl Section S8 for details). Each of these constructs was then attached to two
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optically trapped beads to perform force-ramping experiments as shown in Figures 2A and
S2.

After comparing FX curves of different PLL—nucleic acid mixtures (Figure 3), we found
that except for the duplex DNA and poly(rA) in which the collapses of the two optically
trapped beads (state 4) were not observed even at high PLL concentrations (up to 70 and
200 M PLL, respectively), all mixtures experienced the four states similar to those in the
PLL-poly(rU) mixture (see Table 1 and Figure S10 for summary).

Due to the relatively high persistent length of dsSDNA (~50 nm*’) with respect to the sSSDNA
or ssRNA (~1 nm“8), it is not surprising that more energy is needed to bend duplex DNA to
form condensates with PLL =30 xM compared to poly(rU) (PLL = 10 M), poly(dA) (PLL =
10 gM), or poly(dT) (PLL = 30 uM) (see Table 1 and Figure S11; note poly(dT) is easier to
enter the next stage, strong CDS, with respect to the duplex DNA). Above this concentration
(30 M), the stretching FX curves of dsDNA often showed sudden jumps in the force
ranging from 10 pN to 40 pN (Figure 3, dsDNA, state 3). These stick-release patterns have
been ascribed to the release of the polymer PLL from the condensed interactions,**4° which
may stem from a coiled (or looped) dsDNA conformation associated with PLL in aqueous
media.4? Similar sudden rupture events were also observed in all other constructs (see Figure
3, state 3), suggesting that condensates form in these constructs.

Compared to dsDNA, it is surprising that poly(rA) is more difficult to form condensates
(PLL = 30 M for dsDNA and PLL = 70 uM for poly(rA); see Table 1). It is known

that ssSDNA or ssSRNA is usually more flexible (persistence length of ~1 nm“8) than
dsDNA. However, poly(rA) is structured because of its strong base-stacking interactions®
after it forms secondary structures such as rA double helices®152 or hairpinlike stem-loop
structures.®3 We surmise that compared to dsDNA, which may present steric hindrance due
to its compact and well-ordered double helices, PLL may fit better to secondary structures in
poly(rA) via electrostatic interactions, making the poly(rA)-PLL complex rigid enough not
to easily bend into condensate assemblies. Among different single-stranded nucleic acids,
base stacking is strongest in adenines (A) and weakest in thymines (T) or uridines (U).%*
This explains the more difficult tendency for poly(rA) to form condensates compared to
poly(dT) or poly(rU) (Table 1 and Figure S11). A similar observation has been observed

in bulk experiments in which poly(dA) showed a more difficult tendency to form LLPS
droplets compared to poly(dT).24

Compared between poly(dA) and poly(rA), NMR studies of homoadenosine polymers
showed A-type helix conformation in ssRNA and B-type helix conformation in ssDNA.%°
The different helical geometries®® therefore suggest that the base-stacking density in single-
stranded poly(rA) is more than that in single-stranded poly(dA), causing more rigid structure
of poly(rA) with respect to poly(dA), which explains the trend that poly(rA) is more difficult
to form condensates than poly(dA) in the presence of PLL.

All these observations prompted us to hypothesize that the condensation process is
influenced by the rigidity of the PLL-nucleic acid complex, in which secondary structures
of nucleic acid templates may play a critical role.?4 To test this hypothesis, we synthesized
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an ssDNA template that contains multiple repeats of human telomeric G-quadruplex (GQ)
forming a sequence (5’ -TTAGGGTTAGGGTTAGGGTTAGGG-3") using RCA strategy
(detailed synthesis of this template has been described elsewhere®’). G-quadruplex is a
noncanonical DNA structure formed in the G-rich sequences enriched in the regulatory
regions of human genomes. Previous studies have shown that GQ forming sequence can
form condensates with PLL.21 When we performed mechanical stretching experiments on
the GQ-containing construct as described in Figure 2, we observed hysteresis between
extending and relaxing FX curves at PLL concentrations <200 ¢M (Figure 3E), indicating
the formation of GQs in the construct.5”:28 At higher PLL concentrations, however, the
hysteresis significantly reduced (see states 2 — 3 in Figure 3E), suggesting that either fewer
G-quadruplexes were formed or G-quadruplexes were too strong to unfold up to 50 pN.
Given that the apparent contour length of these FX curves is reduced (note the FX curves
shift to the left in Figure 3E), it is more likely that G-quadruplexes are too strong to unfold,
probably due to the strong electrostatic attraction between the negatively charged phosphate
backbone in GQs and the positively charged PLL strands, making the PLL-GQ complex
rigid.21:59 Consistent with the reduction of the hysteresis in the FX curves, we also observed
that the GQ construct became harder to form condensates in the presence of PLL as high

as 200 u4M (see Table 1, Figure S11, and FX curves in Figure 3E; note the state 4 FX

curve with much shorter apparent contour length was not observed even at 200 x/M PLL).
Therefore, we conclude that the electrostatic interaction facilitates the complexation between
PLL and different GQ units. Due to the four-stranded DNA backbone in each GQ, the charge
density of the poly(GQ) strand is higher than other nucleic acid templates, making it easier
to form rigid GQ—-PLL complexes, thereby decreasing the tendency to form condensates.

The trend of single-molecule condensation processes for different nucleic acids has also
been confirmed by LLPS assays performed in bulk (SI Section S11 and Figure S9). In a
mixture of 4.8 mM PLL and 4.8 mM nucleic acids, poly(GQ) and dsDNA formed irregularly
shaped droplets, suggesting their solid-like nature. Consistent with this, we found that even
freshly prepared droplets from these two nucleic acid templates did not fuse within 5 min
(Figure S10 and Table S2). For the rest of the nucleic acid templates, droplets are spherical,
suggesting their liquid-like nature. Indeed, the fusion of droplets made of poly(rU)/PLL,
poly(dT)/PLL, and poly-(dA)/PLL occurred immediately (<0.3 s) even after 30 min of
aging time. However, the fusion between two poly(rA)/PLL droplets did not complete

until after 10 s, suggesting that the property of these droplets stays between liquid-like

and solid-like. In general, this trend is consistent with that observed in single-molecule
experiments in which dsDNA, poly(rA), and poly(GQ) are more difficult to assume
condensed conformation within each nucleic acid strand. As a result, there is more chance
for these species to interact with other nucleic acid strands intermolecularly (which often
occurs in bulk solution), due to their relatively more extended conformation. Persistence
length measured from the FX curves by the worm-like-chain model fitting (see state 3

in SI Figures S12 and S14, which contains the force plateau indicative of condensation
formation) confirmed that dsDNA, poly(rA), and poly(GQ) have overall longer persistence
length compared to poly(dA), poly(dT), or poly(rU), which tends to form condensates (state
3) more easily.
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We also fixed the nucleic acid concentration at 4.8 mM and reduced PLL from 4.8 to 0.2
mM. We observed negligible droplet formation in nucleic acid/PLL mixtures (see Figure
S9). Since this 0.2 mM PLL was the highest concentration used in the single-molecule
experiments, we expect even less phase separation/droplet formation should occur at

other PLL concentrations used in the optical-tweezer experiments. These results therefore
confirmed that the intermolecular interaction between nucleic acid strands mediated by PLL
was a major factor contributing to the phase separation observed in bulk. Since no free
nucleic acid strand existed in the solution in optical tweezer experiments, the four-state
transitions (Figures 2 and 3) observed in the single-molecule assay are purely intramolecular
(with respect to the nucleic acid strand) in nature, which represents a unique perspective to
understand the LLPS process.

CONCLUSIONS

In summary, with a highly sensitive single-molecule assay, we were able to dissect the
condensate formation between PLL and nucleic acid templates into four different stages
within each nucleic acid strand. We have observed that, compared to single-stranded nucleic
acid templates, it becomes more difficult for the condensate to form between PLL and
duplex DNA. Surprisingly, we have found that poly(rA), due to its propensity to form
secondary structures of stacked riboadenosine residues, is even more difficult to form
condensates with respect to dsDNA. The adverse effect of rigid nucleic acid secondary
structures on the LLPS condensate formation has been confirmed as an ssDNA template
hosting rigid G-quadruplexes does not show a strong condensation state with 200 zM PLL.
Given the wide occurrence of various secondary nucleic acid structures in cells, such a result
suggests a potential biological or synthetic modulation of the LLPS process, for example, by
using ligands that can strengthen or weaken the rigidity of nucleic acid structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic of the microfluidic chamber to observe the formation and dissolution of PLL
(30-70 kDa) (gold) and poly(rU) (100-600 kDa) nucleic acid (purple) condensates (A).
The chamber consists of a microchannel where three nanopipets are placed for the delivery
of nucleic acids, PLL, and a destabilizing agent separately. (B) The blowup image of
the region around the three nanopipets. Phase-separated condensate droplets form close to
the opening of the PLL-containing nanopipet where PLL and poly(rU) mix. The droplet
was then trapped using optical tweezers (i) and moved to region ii downstream of a
destabilizing agent (RNase A or NaOH). (C) Formation Kinetics of a condensate upstream
of a destabilizing agent and (D) dissolution kinetics of the droplet downstream of the
destabilizing agent. Video of droplet formation and dissolution was recorded. The video
frames were converted to images, which were then analyzed using the image analysis
software, ImageJ,*0 to measure the droplet diameter. Scale bar: 5 zm.
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(A) Schematic of the optical tweezer setup to monitor the tension of nucleic acid templates
in the presence of PLL. A nucleic acid template tethered between a pair of beads is stretched
or relaxed by moving one of the optically trapped beads. (B) Typical force—extension

curves after stretching and relaxing poly(rU) with different PLL concentrations. In the
absence of PLL or very low PLL concentration (<1 zM), the template shows FX curves
without unfolding features that are indicative of folded structures (state 1). At low PLL
concentrations (>1 4M), the interaction between PLL and the nucleic acid template slightly
reduces the apparent contour length of the template (state 2, FX curve shifts to the left).
With further increase in PLL concentration, the baseline shifts up to show a plateau in the
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FX curve, which indicates the condensation process (state 3), while the magnitude of the
force plateau suggests the critical mechanical force to disrupt a condensed phase. At even
higher PLL concentrations, the apparent contour length of the tether is significantly reduced,
consistent with a much-condensed state (state 4).

JAm Chem Soc. Author manuscript; available in PMC 2024 August 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Pokhrel et al.

2

Force (pN)

Page 16
Condensati
High sation / PL|_ concentration Low
(C) =

50 < 70uM <IOUM ‘BpM1pM 50- < 30uM JOpM S5uM
40 Poven (4] (1) 2 40/ dsDNA (3] e /0
30+ g 30
204 S 20-
10 10 200 nm

0- 0- R

200V oM 10uM

70pM < 30uM ]QuM SpM(D)
50
= Poly(rA) e e o

500 nm
(E) 5 4203;”‘.1 <70pM 10pM
5 40| R (3] (1]
(o8
S 30
o
S 20
“ 10
500 nm
0 —

Extension (nm)

\

Figure 3.
Typical force—extension (FX) curves (stretching: colored; relaxing: black) representing

different stages of the PLL—nucleic acid condensates.
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