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ABSTRACT: Dipeptide repeat proteins (DRPs) are considered a
significant cause of amyotrophic lateral sclerosis (ALS), and their
liquid—liquid phase separation (LLPS) formation with other
biological molecules has been studied both in vitro and in vivo.
The immobilization and wetting of the LLPS droplets on glass
surfaces are technically crucial for the measurement with optical
microscopy. In this work, we characterized the surface diffusion of
LLPS droplets of the DRPs with different lengths to investigate the
multivalent effect on the interactions of their LLPS droplets with
the glass surface. Using fluorescence microscopy and the single-
particle tracking method, we observed that the large multivalency drastically changed the surface behavior of the droplets. The
coalescence and wetting of the droplets were accelerated by increasing the multivalency of peptides in the LLPS system. Our findings
on the effect of multivalency on interactions between droplets and glass surfaces could provide a new insight to enhance the
understanding of LLPS formation and biophysical properties related to the solid/liquid interface.
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B INTRODUCTION

Liquid—liquid phase separation (LLPS) has emerged as a
ubiquitous physicochemical process in which solutions of
biomacromolecules spontaneously separate into two liquid
12 ) ) .
phases.”” It has been considered to play an essential role in
many fields, such as the protocell models in the origin of life
research,”® the formation of membraneless organelles like P
granules, nucleoli,”® and even the pathology of some specific

acids at multiple sites via electrostatic forces and cation—x
interactions, resulting in the formation of the LLPS
droplets.”'#*° Their LLPS was sensitive to the multivalency
of poly(PR) with lengths ranging from 6 to 60 repeats. Longer
poly(PR) showed a drastic reduction in the saturation
concentrations for the formation and dissolution of droplets
and a reduction in the molar ratio regime of the phase
separation.”””" The viscoelastic properties of the same LLPS

neurodegenerative diseases like amyotrophic lateral sclerosis
(ALS).”~” In principle, LLPS displays liquid-like properties
with highly dynamic behaviors, where component molecules
inside the droplets exhibit dynamic exchange with the
surrounding environment on time scales of seconds through
the interface.'”™"* The formation of LLPS is governed by
synergistic intermolecular interactions, including electrostatics,
cation—7, dipole—dipole, and 7—7 interactions."

It has been found that multivalency is one of the decisive
factors for biological LLPS formation, which often shares the
characteristics of high valency, modest affinity, and flexible
connections between binding elements.'* The multivalent
effect is defined as the interaction with multiple binding
sites,">'® and a growing body of the literature suggests that
increasing valency or binding sites can lower the phase
separation boundary to more dilute concentrations in their
phase diagram."'”'®

Arginine-rich dipeptide repeat proteins (DRPs) translated
from the mutated C9orf72 gene are one of the major causes
underlying ALS.”~”"” Poly(PR), consisting of proline and
arginine, is a type of DRP. The abundant positive charges of
arginine enable the poly(PR) to bind to proteins and nucleic
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droplets changed due to the poly(PR) length-dependent
increases in the fluorescence recovery time for poly(PR)
peptides in fluorescence recovery after photobleaching
(FRAP).”' Furthermore, the repeat lengths have also been
related to the cytotoxicity of poly(PR) peptides, especially the
more extended repeat tended to have a higher inhibition rate
on protein synthesis.” These facts indicate that the multi-
valency of polypeptide influences its LLPS formation and even
cellular functions.

To study this fundamental nature of LLPS droplets, their
immobilization on the surface of transparent substrates is
essential for a stable observation under optical microscopy.
Recommended methods have been developed to immobilize
droplets at the solid/liquid interface. The wetting assay has
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suggested the usage of plain glass substrates, where the
spherical droplets of LLPS wet the surface and form irregular
shapes over time.”” Furthermore, it has been recommended to
have a variety of coatings, e.g., poly(ethylene glycol) (PEG) or
lipids, on the glass surface to preserve the material properties
of droplets and have sufficiently long stability for imaging.''
Recently, we reported that the chemically modified glass
surfaces affect the diffusion of LLPS droplets and their
immobilization on the glass surface.”® This study gave us a way
to control the interactions of LLPS droplets with the glass
surface via the control of the net charge of the surface by the
chemical modification.

As mentioned above, the multivalency of the component
molecules in the LLPS is gaining more interest in the field.
Thus, it is also necessary to understand how the multivalency
affects the diffusion and dynamics of LLPS droplets on the
surface of glass substrates. However, the understanding of the
multivalency of the polypeptide and the dynamics of the LLPS
droplets on the surface is still poor. In this work, we tested
whether the multivalency of poly(PR) in the LLPS affects the
surface behavior of the LLPS droplets. We utilized two kinds of
poly(PR): (PR);, and (PR),, with a homopolymeric adenine
poly-adenine (poly-A) as the model of RNA. These two
peptides have different amino acid lengths, e.g., multivalency.
To investigate the effect of the polypeptide multivalency on the
Coulombic interaction between the LLPS droplets and solid
substrate, we designed untreated cover glass and the chemically
modified cover glass with positive charges. We compared the
surface dynamics of LLPS droplets on glass surfaces with the
single-particle tracking analysis using fluorescence microscopy.

B MATERIALS AND METHODS

Reagents. Poly-A RNA was purchased from Sigma-Aldrich,
and the product number was 10108626001. (PR);, and (PR),,
were chemically synthesized by Genscript (Piscataway, NJ)
with purity higher than 85%. In addition, trifluoroacetate was
replaced by acetate.

Surface Chemical Modification. The cover glass used as
a substrate (thickness No.1 0.13—0.17 mm, Matsunami Glass
Ind., Ltd.) was first cleaned using plasma treatment for nearly
10 min (plasma cleaner PDC-32G, Harrick Plasma). For (3-
aminopropyl)trimetoxysilane (APTMS)-modified cover glass,
the substrate was immersed in 10% (3-aminopropyl)-
trimethoxysilane (APTMS with nearly 97% purity, Sigma-
Aldrich, in an aqueous solution for 30 min at room
temperature). Afterward, the substrate was rinsed with
deionized (DI) water and heated at 120 °C for 10 min.
Finally, we prepared a glass surface with positively charged
amine groups successfully.

LLPS Droplet Formation. We respectively mixed the
solution of (PR);, and (PR),, (final concentration was 100
#M) and poly-A RNA (final concentration was 0.5 mg/mL) in
the volume ratio of 1:1 in a phosphate buffer solution (final
concentration was 10 mM) at room temperature. After mixing
the fresh solution, we dripped 10 uL of solution on the cover
glass surface and then sandwiched it with the other cover glass
to form a thin solution film. As a result, the LLPS droplets
were observed under an oil-immersion lens (NA = 1.4) via an
inverted fluorescence microscope (Olympus IX73) with an
electron-multiplying charge-coupled device (iXon-Ultra888
EMCCD, Oxford Instruments) in a bright field. The exposure
time was set as 2 s, and the light source was a white light-
emitting diode (LED) light positioned up the sample.

LLPS Droplet Wetting Measurement. We used the same
two groups of mixture solution forming LLPS droplets. Then,
we placed a poly(dimehylsiloxane) (PDMS) film (3 mm in
thickness) with a hole (5 mm in diameter) on the substrate
surface. The hole was filled with 20 L of mixture solution.
Meanwhile, we covered the other same cover glass on the top
of the PDMS hole to avoid solution evaporation during
measurement periods. To observe the wetting process of LLPS
droplets on the solid interface, we defined the time scale from
0, 50, 90, and 140 min. All observations were under an oil-
immersion lens (NA = 1.4) via an inverted fluorescence
microscope (Olympus IX73) with an electron-multiplying
charge-coupled device (iXon-Ultra888 EMCCD, Oxford
Instruments) in a bright field. The exposure time was set as
2 s, and the light source was a white light-emitting diode
(LED) positioned up the sample.

Fluorescence Imaging. We placed a poly-
(dimethylsiloxane) (PDMS) film (3 mm in thickness) with a
hole (5 mm in diameter) on the substrate surface. (PR);, and
(PR),, (final concentration of 100 M) were respectively
mixed with poly-A RNA (final concentration was 0.5 mg/mL,
My, = 100—500 kDa) in the volume ratio of 1:1 in a phosphate
buffer solution (final concentration of 10 mM) in the tube at
room temperature. The hole was filled with 20 yL of mixture
solution. Meanwhile, we covered the other same cover glass on
the top of the PDMS hole to avoid solution evaporation during
measurement periods. To observe the interaction of LLPS
droplets with the solid interface, we utilized an inverted
fluorescence microscope (IX73P2F, Olympus, JP) with a
fluorescence filter cube (emission: 420—460 nm; excitation:
>515 nm). A mercury lamp was utilized as an input power (7
mW) to excite the fluorescent dye. The sample was then put
on the fluorescence microscope equipped with an oil-
immersion lens (NA = 1.4) and a complementary metal-
oxide semiconductor (CMOS) camera (Neo sCMOS/Solis,
Andor, JP). A series of fluorescence images were recorded
continuously to investigate the interaction between the LLPS
droplets and the solid glass surface with an exposure time of 10
ms.
FRAP Analysis. Each poly(PR) peptide (final concen-
tration was 100 #M) and poly-A RNA (final concentration was
0.5 mg/ mL) containing 100 nM of tetramethylrhodamine
(TAMRA)-A | was mixed at room temperature. The droplets
were observed on an untreated cover glass via LSM-710
confocal microscopy with a water-immersion 60X lens of NA
1.2. The FRAP results were analyzed with Zen software (Carl
Zeiss).

Single-Particle Tracking. We utilized an open-source
platform for biological-image processing software Fiji with a
plug-in for multiple particle detection and tracking to
automatically identify the density center of fluorescent dots
from the obtained fluorescence images and then extract the
location of LLPS droplets on the solid surface. The trajectories
of the droplet were obtained by linking the nearest position in
consecutive frames. The coordinates of the LLPS droplet can
be obtained using single-particle tracking methods. Con-
sequently, we measured the total fluorescence intensity of the
single LLPS droplet and analyzed the mean square displace-
ment.

B RESULTS AND DISCUSSION

LLPS Droplet Formation on the Substrate. We formed
LLPS droplets by mixing (PR);, and (PR),, separately with
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Figure 1. LLPS formation and characterization in the bulk solution. (a) LLPS droplet formation involving poly-A RNA, (PR)},, and FITC-(PR) ,;
poly-A RNA, (PR),,, and FITC-(PR),,. (b) Optical transmission images of LLPS in the phosphate buffer solution. Scale bar: 10 ym. (c) Optical
absorbance spectra of each mixture solution showing the light scattering effect due to the LLPS droplet formation. (d) Fluorescence images of each
LLPS droplet under the FRAP measurements. Scale bar: 10 ym. (e) FRAP for each peptide with S times for each measurement.

poly-adenine (poly-A) RNA (Figure la). A fraction of
poly(PR) labeled with fluorescein isothiocyanate (FITC) was
also introduced into the samples for fluorescence measure-
ment. The final mixture solution became opalescent at an
optimized solution concentration and mixing volume ratio.
Optical microscopy revealed the presence of numerous
spherical droplets, indicating the phase separation of the
solution (Figure 1b). Much larger droplets of (PR),, than
those of (PR),, mixed with poly-A. We also conducted the
optical absorption measurements at the wavelength of 500 nm
for the droplets in a phosphate buffer solution using a
nanophotometer (Implen NanoPhotometer, N60) to charac-
terize the mixture solution turbidity. The absorption spectra
showed that the absorption of the two LLPS groups had a
significant increase because of the light scattering from the
LLPS droplet formation (Figure 1c) compared with their
respective individual components like polypeptide and RNA
solution (Figure S1). Usually, the light reflection phenomenon
from internal interfaces is partially regarded as the difference in
the refractive indexes of different structures within a complex
medium, leading to the scattering component formation. We
found that the distortion tail of the absorbance curve for LLPS
containing (PR),, is much longer than that containing (PR);,.

The light scattering seen in the absorbance spectra of Figure 1
indicates that (PR),, had a greater number of LLPS droplets
than (PR)j,. It implies that polypeptide with larger multi-
valency tends to form a higher number density of the LLPS
droplets in the bulk solution, which agrees with the results of
the optical microscopy in Figure 1b. It is also consistent with a
previous report.”’ Furthermore, we performed fluorescence
recovery after photobleaching (FRAP) to evaluate the fluidity
of the peptides in the LLPS droplets (Figure 1d). The
fluorescence recovery was found to be more significant in the
case of (PR);, than in (PR),, (Figure le), indicating that the
larger multivalency causes more viscous droplets. The recovery
time constants for both peptides were almost equivalent. This
indicates that a fraction of poly-A is hardly mobile in the
droplets.

Next, we utilized fluorescence microscopy to investigate the
diffusion of LLPS droplets of (PR),, and (PR),, mixed with
poly-A RNA on two solid substrate surfaces. One is an
untreated cover glass and the other is a (3-aminopropyl)-
trimetoxysilane (APTMS)-modified cover glass with positively
charged amino groups (Figure 2a).* Through the automatic
contact angle meter (Simage AUTO 100), we performed
contact angle measurements with DI water to evaluate the
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Figure 2. LLPS droplet detection at the solid/liquid interface by a fluorescence microscope. (a) Schematic illustration detecting the interaction
between the LLPS droplet and the solid surface via a fluorescence microscope. The solid surfaces were an untreated cover glass and APTMS-
modified cover glass and the measurement of the contact angle for each of them. (b) Fluorescence image showing LLPS droplets on the solid
surface. Scale bar: 10 ym (inset image: scale bar: 1 ym). (c) Representative trajectories of the observed LLPS with a color scale of the observation

time.
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Figure 4. (a, b) Scattered plots showing the relationship between the area and the fluorescent intensity of droplets formed by (PR);, and poly-A
RNA and (PR),, and poly-A RNA in a phosphate buffer solution at two substrates. (c, d) Count of particle total intensity per area in the former

two cases.

water wettability on both substrates. The results indicate that
the APTMS-modified cover glass surface is more hydrophilic
with a contact angle of nearly 40.1° than untreated cover glass
with a contact angle of nearly 74.7° (Figure 2a). A fraction of
poly(PR) was labeled with FITC. The fluorescence from the
LLPS droplets was detected through the Fiji single-particle
tracking analysis, an open-source platform for biological-image
processing.”>® After recording the fluorescent images of the
LLPS droplets on an untreated glass surface (Figure 2b), we
plotted the trajectories of some typical cases and their
displacement with time (Figure 2c). All trajectories can be
categorized into (1) fix mode with small displacements and (2)
diffusion mode with much longer displacements during the
same time range.

Surface Diffusion of the LLPS Droplet. To investigate
the multivalency effect on LLPS droplets surface dynamics on
the untreated cover glass surface and APTMS-modified cover
glass surface, we analyzed their mean square displacement
(MSD) quantitatively.”” The MSD was derived using the
following equation®

MSD(At) = (Ar(At)?) = ((r(t + At) — r(t))*) = 4
D-At (1)

19284

where Ar is the displacement of the particle, ¢ is the time of
diffusion, and At is the lag time between two images. This
equation is applicable in the case of two-dimensional Brownian
motion.”” Figure S2 shows the MSD results from the
trajectories of 100 groups of LLPS droplets individually
diffused on an untreated cover glass or an APTMS-modified
cover glass. For LLPS with (PR)},, the diffusion of the most
LLPS droplets followed the two-dimensional Brownian motion
since MSD increases linearly with Af and a small number of
droplets revealed the fixed mode on the untreated glass surface.
In contrast, the APTMS-modified glass surface exhibited a
small number of droplets following the two-dimensional
Brownian motion. These results are consistent with our
previous report.B

In the case of the (PR),, the tendency in their MSD was
different from that of (PR),,. First, the slope of the MSD was
slower than (PR);, on average. Second, most droplets of
(PR),, revealed a longer diffusion duration on the surface,
while LLPS droplets with (PR),, frequently came off from the
surface. According to the MSD results (Figure S2), we found
that MSD showed linearity in the time of less than 0.1 s and
nonlinearity in the time longer than 0.1 s. The nonlinearity is
probably due to interactions among LLPS droplets or specific
interactions with the surface-immobilizing LLPS droplets for a
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Figure 5. Time lapse of fluorescence images (left) and transmission images (right) of LLPS droplets consisting of (PR);, or (PR),, on the
untreated cover glass surface and APTMS-modified cover glass surface. All the scale bar is 10 pm.

short time. The diffusion of the LLPS droplets at the solid/
liquid interface could be the switching between diffusion and
immobilization mode.”® To this end, we utilized the linear
region of MSD with a time range of less than 0.1 s to estimate
the diffusion coefficients for LLPS droplets. For a quantitative
comparison between these two peptides, we derived the
diffusion coeflicients of LLPS droplets on the glass surfaces by
fitting with eq 1. We assumed that all LLPS droplets followed
the two-dimensional random diffusion at the interfaces. The
derived diffusion coefficients of all droplets observed in the
measurement were plotted in the form of a histogram (Figure
3a,b). Consistent with the observations in the previous study,”
PR;, showed a clear difference between the untreated and
APTMS-modified glasses. While LLPS droplets diffused on the
surface of the untreated glass, most droplets were immobilized
on the APTMS-modified glass. This phenomenon could be
explained by the negative {-potential of LLPS droplets of PR
dipeptide and poly-RNA, and we assumed that positively
charged amino groups of the APTMS on the glass surface
attracted the LLPS droplets due to the attractive electrostatic
interaction.””*° The diffusion coefficient for LLPS with (PR),,
was widely distributed, and most droplets were in motion on
the untreated cover glass surface. We defined these two modes
of droplet diffusion as fixed and diffusion modes, respectively.
The multivalency of PR can be examined by comparing the
results of (PR),, with those of (PR),, The histogram of
(PR),, exhibited that (PR),, had smaller diffusion coefficients
than (PR);, on average on both surfaces of untreated and
APTMS-modified glass. Interestingly, (PR),, also showed
some droplets immobilized on the APTMS-modified glass with
a limited portion, but most of them diffused on the surface.
The variation in the diffusion coefficients among the peptides
may be explained by the difference in their intermolecular
interactions and interactions with the surface. We plotted the
diffusion coefficient of each droplet as a dependence of the
areal size of the droplets on the surface (Figure 3c,d). The
areal size of (PR),, was distributed within less than 10 gm? in
both untreated and APTMS-modified glass. (PR),, showed the
size less than 10 ym? in the case of untreated surface, but the
size exceeded more than 10 ym? in the case of the APTMS-
modified glass. It indicates that (PR),, tended to form larger
droplets and have lower diffusion coefficients than (PR);,,
which may be related to the multivalency of the peptides.
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To further understand the multivalency effect on the surface
diffusion, the relationship between the averaged area and total
fluorescence intensity of each droplet is plotted in Figure 4a,b.
For both plots, the data points with filled and blank makers
represent the results of droplets in fix and diffusion modes,
respectively. (PR),, showed a clear difference in the
distribution of data points between the fix and diffusion
modes. The fix mode had low total intensities of less than
10 000. The diffusion mode exhibited that the average area
ranged less than S um® in the case of the untreated glass
surface. Moreover, the total intensity ranged up to 75000
(Figure 4a).

On the other hand, (PR),, showed a wider distribution than
(PR),, in Figure 4b. The droplets on the APTMS-modified
glass tended to have a larger area than those on the untreated
glass. These data points revealed two groups with distinct
individual slopes, where data points on APTMS-modified glass
have a slower slope and ones on untreated glass have a steeper
slope. The slope, e.g,, the ratio between the total intensity and
the area, could be related to the thickness of the droplets on
the surface by assuming that the total intensity is roughly
proportional to the volume of the droplet. We plotted the
distribution of the ratio in Figure 4c,d for both (PR);, and
(PR),- As seen in the two groups with distinct slopes, we can
find a clear difference between the untreated and APTMS-
modified glass. For both (PR),, and (PR),, the untreated
glass showed a larger ratio than the APTMS-modified glass,
indicating that the thickness of the droplets on the APTMS-
modified glass was thinner than that of the untreated glass.
This is probably due to the difference in the wetting of droplets
on the surface. It is also noted that the peak position of (PR),,
was slightly right-shifted compared with one of (PR),,
indicating that (PR),, tended to have slightly thicker droplets
on the untreated surface. In addition, the fluorescence intensity
difference between the peptides might arise from the distinct
efficiency of incorporating the TAMRA-labeled RNA into the
droplets. In the above analysis, we assume the efficiency
difference was ignorable.

In the light of the above results in Figures 3 and 4, the
multivalency of the polypeptide seems to affect the diffusion of
the LLPS droplets on the surface in two ways: (1) polypeptides
with a larger multivalency result in the formation of larger
droplets, (2) (PR),, has a more fraction of the diffusion mode
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even on the APTMS-modified glass. It indicates that the
intermolecular interactions among the polypeptides and poly-A
are relatively more dominant than the interactions with the
surface during the droplet diffusion. From these points of view,
we next focus on the coalescence of the LLPS droplets on the
surface, on which the multivalency of polypeptides may have
an impact.

Coalescence and Wetting of the LLPS Droplet at the
Solid/Liquid Interface. The same LLPS droplets as those
mentioned above were observed on both untreated and
APTMS-modified glass surfaces for longer durations. It has
been reported that the droplets have characteristics of a liquid
phase with distinct wetting behavior after prolonged
incubation and fusion upon making contact.”’ We, therefore,
set the incubation time for LLPS droplets on different
substrate surfaces ranging from 0, 50, 90, to 140 min and
took the fluorescence and transmission images, respectively, to
record the morphology of the LLPS droplets. As shown in
Figure S, (PR),, tended to accelerate the LLPS droplets
wetting and coalescence during the incubation process, while
(PR),, did not show the coalescence, neither on the untreated
cover glass surface or APTMS-modified cover glass surface.
These results are consistent with those in Figures 3 and 4
where droplets of (PR),, revealed a larger area than (PR),, on
average.

B CONCLUSIONS

In summary, we investigated the effect of multivalency on the
LLPS droplet diffusion and dynamics at the solid/liquid
interface. We compared the LLPS droplets formed by (PR),,
and (PR),, on the glass surfaces and found that they have both
fix and diffusion modes on the untreated cover glass surface
and chemically modified cover glass surface with positive
charges, respectively. Moreover, (PR),, tended to form larger
droplets with smaller diffusion coefficients. The multivalency of
the polypeptides showed enrichments for both wetting and
coalescence of their droplets on the glass surface. This work
could be helpful for understanding the LLPS formation and
biophysical properties through optical experiments at solid/
liquid interfaces.
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