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Abstract

Biomolecular condensates often consist of intrinsically disordered protein and RNA molecules,
which together promote the formation of membraneless organelles in cells. The nucleation,
condensation, and maturation of condensates is a critical yet poorly understood process. Here, we
present single-molecule and accompanying ensemble methods to quantify these processes more
comprehensively. In particular, we focus on how to properly design and execute a single-molecule
nucleation assay, in which we detect signals arising from individual units of fluorescently labeled
RNA-binding proteins associating with an RNA substrate. The analysis of this data allows one

to determine the kinetics involved with each step of nucleation. Complemented with meso-scale
techniques that measure the biophysical properties of ribonucleoprotein condensates, the methods
described herein are powerful tools that can be adopted for studying any protein-RNA interactions
that undergo phase separation.
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1. Introduction

The functional compartmentalization of proteins, nucleic acids, and other molecules is one
of the most fundamental roles of cells. By controlling the contents of distinct organelles,
cells can efficiently perform the various tasks needed for survival. However, recent studies
have highlighted the importance of liquid-liquid phase separation (LLPS) as a mechanism
underlying transient and highly reversible membraneless granule formation, which occur
both within the cytoplasm and nucleus [1]. These granules are necessary for diverse
functions such as the sequestration of RNAs during stress and organizing the DNA
damage response [2, 3]. Disordered RNA-binding proteins (RBPs) along with multivalent
RNA molecules can together rapidly undergo LLPS into condensates [4-6]. Aberrant
RNP condensates with perturbed biophysical properties have been implicated in cancer
and neurodegeneration [7, 8]. Despite the biologically important roles of various cellular
condensates, the molecular understanding of how protein and RNA interact to initiate the
nucleation that leads to condensation is missing, in part due to the lack of precise methods to
measure such key parameters.

Single-molecule methods are uniquely suited to probe the nucleation process despite

the complexity of disordered proteins and their RNP complexes. Single-molecule FRET
measurement on RNA-protein interaction has shown that dynamic or static interactions with
RNA underly the formation of liquid-like or gel-like condensates [5, 9-11]. The Kinetics

of RNA binding and protein-protein interactions can be extracted for individual RNPs,
allowing a more complete understanding of the type of RNA-protein interaction that favors
LLPS [12]. The concentration of RNA and the exchange rate of RNA in and out of RNP
condensates also varies as a function of RNA shape [11], indicating the importance of RNA
in controlling the physical properties of condensates.

Here, we describe tools to study the formation RNP complexes and properties of resulting
condensates. We will focus on (1) designing single-molecule experiments to study the
nucleation steps toward LLPS and (2) improving single-molecule and ensemble methods

to probe the physical properties of RNP condensates. Moreover, we will review several
strategies to maximize the quality and quantity of the results that can be extracted from these
data-rich methods.

2. Protein and RNA Preparation

2.1. Protein purification and labeling

Robust, clean, and reproducible purification that produces soluble (not aggregated) product
of disordered proteins is especially critical for single-molecule applications. Bacterial or
insect cells can both be used, though each system has limitations: bacterial expression
systems lack the post-translational modifications that may modulate LLPS properties [13],
whereas insect expression systems are slower to grow and more laborious to culture in the
lab. For both systems, it is advisable to include a solubility tag — such as maltose binding
protein or glutathione S-transferase — at the N- or C-terminus of the protein (Figure 1A).
Many disordered proteins tend to be insoluble without such a tag [14]. By including a
protease recognition motif between the protein coding sequence and the solubility tag, one
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can also control when LLPS reactions begin (Figure 1A). Some disordered proteins may
need to be purified in denaturing conditions to prevent premature aggregation. We favor
purification methods with fewer processing steps — such as nickel affinity chromatography —
that reduces protein aggregation (Figure 1A).

It is important to consider how the protein and RNA will be visualized for in vitro

reactions. When possible, one can take an advantage of labeling RNA with fluorophores
which minimizes adverse effects that may arise from protein labeling (see 2.2. RNA

design and labeling below). For many experiments, labeled RNA can report on unlabeled
protein binding and activity. Despite the potentially disruptive nature of fluorophores,
labeled proteins can provide important insights as long as the protein activity is preserved.
Therefore, site specific mutations for labeling should also be considered, such as cysteine
for maleimide dye conjugation (Figure 1A). Any protein variants with altered primary
sequences should be compared to the wild-type protein because even seemingly innocuous
amino acid substitutions can significantly disrupt normal LLPS [5]. Moreover, the use of
fluorescent protein tags (e.g. GFP) is not recommended because they can also alter the LLPS
properties of the purified protein [15]. Excess dye must be removed from the protein to
limit background fluorescence during single-molecule imaging. Additional centrifugation or
filtering steps may be performed to remove aggregates.

RNA design and labeling

Disordered RBPs often bind RNA through a combination of specific RNA binding

domains and nonspecific RGG-rich domains [6]. Therefore, many RNA sequences may

be suitable for promoting LLPS, including structured and unstructured RNAs [5, 16].
Despite the importance of using a biologically relevant structured and repeat RNAs [17],
homopolymers such as poly-uracil are unstructured and therefore simpler to understand for
initial experiments. RNAs with high guanine content should be avoided due to the formation
of G-quadruplexes, which can lead to aggregation [18].

Once a suitable RNA binding sequence has been selected, constructs for single-molecule
and ensemble experiments can be designed. In TIRF experiments, partially duplexed RNAs
can be synthesized in which one strand has a biotin conjugated at one end and an amine
modification at the other end for NHS-ester labeling, whereas the other strand has the
complementary sequence for annealing to the first strand followed by a putative RNA
binding sequence and an amine modification for NHS-ester labeling to make a FRET pair
(Figure 1B). The annealed FRET construct is tethered to single molecule surface via a
biotin-NeutrAvidin linkage. The same substrate without biotin can be used for ensemble
experiments. The protocol for fluorescent labeling of RNA is well-documented, and excess
dye can be removed through ethanol precipitation. The labeling efficiency can be determined
by measuring the optical density of RNA and dye at the appropriate wavelength [19].

3. Single-molecule nucleation

The single molecule nucleation assay entails imaging fluorescent RBP binding on an RNA
scaffold, allowing one to directly observe the RNA-dependent association and subsequent
oligomerization of RBPs in real time. In these experiments, one or two differently labeled
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proteins can be flowed onto a single-molecule surface on which unlabeled or singly-labeled
RNA is tethered (Figure 2). A fluorescence increase at RNA foci can be interpreted

as a specific binding event, and further stepwise increases in fluorescence represent
successive association or oligomerization. A decrease in signal can be due to photobleaching
or unbinding events, depending on the stability of the protein-RNA complex that can

be measured through FRET or other experiments. The number, duration, intensity, and
colocalization of binding events can be extracted from single-molecule traces.

3.1 Nucleation experiment setup and design

3.2.

Single molecule binding events can be acquired using a prism-type TIRF microscope
(Figure 2A). The power of the TIRF microscope comes from the selective illumination

of a thin z-plane (~100 nm) of the sample in a quartz slide, which decreases background and
allows single molecules to be visualized [20]. We generally use a single EMCCD camera
with split (dichroic) fluorescence acquisition for the Cy3 and Cy5 channels (Figure 2A). A
typical single-molecule experiment on a TIRF microscope yields ~300-500 molecules per
field-of-view (25 pm x 75 um). For multicolor experiments, an automated shutter controls
sequential illumination of two or more fluorescent channels. Finally, a motorized pump
delivers the reagent(s) to the flow chamber in a time-controlled manner. Previous reports
have described in detail how to build a prism-type TIRF microscope and a flow set up [21,
22].

The single-molecule surface is prepared on a quartz slide-coverslip, both of which are
passivated with PEG mixed with 1% biotinylated PEG [21, 23]. Flow chambers are
constructed by drilling pairs of holes into the quartz slide and demarcating the chambers
with thin strips of double-sided tape (Figure 2B). A slide-coverslip sandwich seals the flow
chamber. The slide is treated with a sequence of different reagents to tether RNA and
capture the real-time movies during the protein flow: (1) NeutrAvidin (~1% (w/v)) binds to
the biotin-PEG surface, providing binding sites for the RNA, (2) partially-duplexed RNA
(~50-100 pM) binds to the NeutrAvidin surface, and (3) the flow chamber is filled with

an imaging buffer, which contains an oxygen-scavenging system to limit photobleaching
(Figure 2C). The oxygen-scavenging system may be omitted if photobleaching events are
the desired readout (see below).

For TIRF imaging, it is advised to use one channel for optimizing the labeled RNA
concentration to achieve single-molecule density on the surface and to check for the protein
binding. The fluorophore with the shorter emission wavelength should be used to label the
protein because the fluorophores with higher molecular weight and bulkier chemistry such
as Cy7 may increase aggregation of disordered proteins [24]. Future experiments can alter
the labeling scheme to answer different experimental questions, e.g. dual-labeled proteins
can report on the protein conformation with or without RNA binding.

Nucleation data acquisition

Following preparation of the single-molecule slide and TIRF microscope, protein can be
flowed onto the surface to observe binding. The chamber should be pre-equilibrated with the
same buffer in which the protein will be flowed (salt and buffer adjusted imaging buffer)
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to detect the signal change due to the protein binding not due to the buffer change. The
solubility tag can be cleaved immediately preceding the experiment by adding sites-pecific
proteases such as TEV. The concentration of fluorescently labeled protein should be limited
to 25 nM since higher concentrations will saturate the TIRF illumination field and prevent
detection of single molecules. If higher concentrations are required, labeled and unlabeled
protein can be mixed. Although this will alter quantification of the nucleation experiment
(see below), appropriate controls can still make these experiments informative.

Illumination of the slide can be altered to suit the experiment. For most binding events, 100
ms exposure time is sufficient to observe fluorescence. A quick 1 s (10 frames) excitation
burst in the RNA channel at the beginning and end of the experiment can be used to
identify the location of RNA molecules. The rest of the detection can be performed in the
protein’s fluorescent channel. Experiments with multiple colors of fluorescent molecules
can be acquired with alternating excitation (ALEX) coupled with an automated shutter to
observe long-lived binding events [25]. For stable binding, 1 s (10 frames) in each channel
is sufficient to capture events reliably. Transient binding events can be better detected using
continuous one-color excitation since they may be missed during ALEX imaging regimes.

The fluorescent protein solution can be introduced to the surface using a motorized syringe
pump attached to the single-molecule slide. The pump draws the solution through the slide
from a buffer reservoir attached to the drilled hole opposite of the pump attachment. It is
usually advisable to have a few seconds of lead time before flowing the protein to measure
the background fluorescence, which can be subtracted from the signals.

3.3. Analysis of nucleation experiments

The analysis pipeline for nucleation data includes the following three steps: (1) identification
and mapping of single-molecule spots in the movie, (2) de-interleaving of ALEX excitation,
and (3) plotting and analysis of single-molecule traces. The first two steps have been
extensively covered [21]. Therefore, this section will focus on the third step of how to
interpret nucleation traces.

Disordered RBPs tend to have promiscuous interactions with RNA, which necessitates
identification of the dominant behaviors for the nucleation prior to formal analysis; some
RBPs may bind RNA transiently, whereas other RBPs may exhibit extremely stable long-
lived RNA binding. Differentiating between long-lived and transient binding events can
be informative about the nature of the RNP condensate, especially because RNAs have
been shown to readily transit into and out of granules in vivo and condensates in vitro [5,
26]. Long-lived binding events can be better detected with FRET-labeled RNA since the
protein-conjugated fluorophores are more prone to photobleaching [5].

There are four parameters that can be extracted from the RBP nucleation events: the total
number of binding events per trace, the intensity of each binding event, the dwell time

of the bound state, and the colocalization between the fluorescent channels for ALEX
experiments (Figure 3). If the protein remains bound to the RNA, the cumulative number
of binding events reveals the oligomerization status in the given concentration of protein.
Oligomerization is a function of concentration and LLPS-favorable conditions can promote
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rapid multimerization on a single RNA. If proteins oligomerize in solution, the binding to
the RNA can be identified by a higher intensity binding event which produces multiple
photobleaching steps. Assuming near 100% labeling efficiency, the intensity of the binding
event is directly correlated to the number of proteins binding to the RNA, although there

is some molecule-to-molecule variability in fluorophore intensity. A standard curve can be
generated to directly correlate the number of bound proteins to the intensity if the TIRF
illumination is even across the field of view. Binding events can be binned into long-lived
(>1 s) or transient (<1 s) events as mentioned above, and the length of the bound state can
be analyzed by collecting dwell times of binding events. Finally, if multiple fluorophores
are flowed onto the surface, all of the aforementioned quantification can be performed for
both fluorophores alongside a simple binary check whether the two fluorophores overlap
or not. Another important consideration is that the data should be filtered to only include
proteins bound to RNA which can be identified by illuminating RNA channel prior to
protein imaging as discussed above. The analysis algorithm should be written to capture
binding events all throughout the acquisition rather than biasing toward the beginning or end
of the movie.

We also note that although single-molecule nucleation assays provide a snapshot of the
formation of RNP complexes, the low concentrations that are typically used for these
experiments may impact the interpretation of the findings. Concentrations below 25 nM may
not cross the threshold at which RBPs achieve the nucleation regime [1], so these binding
events may instead reflect simple oligomeric binding to RNA. To gain further insight into
the behavior of condensates, small concentrations of labeled protein may be used together
with high concentrations of unlabeled protein.

4. Optical trapping of RNP condensates

The physical properties of the condensates that form after the nucleation step is a critical
aspect of RNP granules i.e. loss of liquid-like state is linked to pathophysiology of
neurodegeneration-linked proteins [7]. Altered nucleation can give rise to condensates with
dynamically arrested, gel-like, or solid-like properties, all of which have highly reduced
fusion rate compared to liquid-like condensates [12]. Such transitions can be modulated

by interactions with RNAs and as a function of condensate maturation time. The fusion
properties of RNP condensates can be directly measured by using a dual optical trap [27].
In these experiments, condensates are formed in solution and flowed through a microfluidic
chamber; individual condensates are then captured by each of the trapping lasers, moved to
a condensate-free buffer, and brought in close proximity by moving one of the traps. The
relaxation of the fused droplets into one spherical droplet — or the failure of the droplets to
fuse — can be determined from fusion videos and quantified. Although this experiment is
low-throughput and laborious, it is one of the most effective ways to test condensate fusion
parameters in a controlled manner.

4.1. Optical trap setup and experimental design

Optical trap instruments can be custom-built or purchased [28]. We use a Lumicks C-Trap
instrument, which has an integrated fluorescence confocal microscopy and dual- or quad-
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trap capabilities. The C-Trap has a built-in microfluidic chamber that is controlled by an
automatic pressure gauge. For a simple fusion measurement, only two channels are needed:
one for flowing condensates and another for flowing a condensate-free buffer in which the
fusions are performed.

The condensate reaction is prepared by combining protein and RNA in an LLPS-forming
condition. The formation of LLPS can be easily visualized by conventional wide-field

or confocal microscopy under brightfield illumination. Fluorescence is not needed for
droplet fusion, but it is useful for measuring the rate of content mixing between two
differently labeled droplets, which may be different from the fusion kinetics. We use a low
concentration of labeled RNA or protein (e.g. 10 nM) to visualize the condensates. As stated
above, cleavage of solubility tag can initiate the condensation. The C-Trap can be passivated
(and cleaned) according to the manufacturer’s instructions.

4.2. Acquisition and analysis of fusion videos

Use of the C-Trap allows for a precise control over fusion events, particularly in selecting
similarly-sized droplets to fuse. Droplets are generally spherical in solution to minimize the
free energy of the dense phase [1]. When two droplets fuse, they again relax into a spherical
shape, with the aspect ratio (AR) of the fusing droplets following an exponential decay from
approximately 2 to 1 as a function of time [9]. Droplet fusion events are recorded via the
brightfield channel and analyzed using a custom MATLAB script.

Before analysis, each fusion video must first be converted from a series of grayscale images
to binary “masks” that identify the boundaries of the droplets. Each frame is masked using
intensity thresholding followed by several binary morphological operations. The masked
video is manually checked for accuracy. Then, for each frame, the two fusing droplets are
modeled as a single ellipse (Figure 4A). The AR is calculated as the ratio of the major axis
length to the minor axis length of the ellipse [29]. It is important that the fusing droplets
have similar diameters so that they can be accurately modeled as an ellipse as they fuse.

AR is plotted over time, and the initial and final frames for analysis are manually selected.
The initial frame, defined as t = 0, is the frame just before AR begins to decrease
exponentially. The AR in this frame, AR, should be approximately 2. The final frame is
selected to be a fixed number of frames after the initial frame. Generally, the number of
frames included should be at least 20, but may vary based on the time resolution of the video
and the number of frames required for the fusing droplets to reach their fully relaxed state.
The AR of the fully fused, relaxed droplet, AR, should be approximately 1.

For each fusion event, the plot of AR over time can be fitted to the exponential decay
function

AR(t) = ARy + (AR, — ARy)e™1/7,

where < is the relaxation time constant, AR, is the initial aspect ratio, and ARs is the aspect
ratio the fusing droplets approach as they relax(Figure 4B).
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The length scale of the fusion event, £ is given by

= \/So(Lo - So)v

where L is the length of the major axis in the initial frame, and S is the length of the minor
axis in the initial frame. This is the geometric mean diameter of each droplet just before they
begin to fuse [29]. For example, two tangent, spherical droplets with equal radii, r, would
have a length scale approximately equal to 2r (Figure 4A).

Once several fusion events have been analyzed in a particular condition, the plot of
relaxation time constants as a function of length scale can be fitted with the linear function

T =7£¢(nly),

where n is viscosity and -y is surface tension of the droplets (Figure 4C). The slope of this
fit gives n/y, the inverse capillary velocity of the droplets [9]. Together, these constants
describe the liquid-like behavior of the RNP condensates, and these parameters can be
compared with disease-linked mutations of the RBP or different structures and sequences of
RNA molecules.

We have tested two approaches for fusing droplets: (1) bringing two droplets into contact
and waiting for fusion to occur with the traps kept slightly apart (Figure 4D), and (2)

slowly pushing the droplets together by moving one trap onto the other (Figure 4E). The
second method yielded plots of AR over time which often contained a linear region as the
droplets were pushed together by the traps at a constant rate. This resulted in poor fits to
exponential decay. Thus, the first method, which better represents naturally occurring fusion,
is preferred.

5. Diffusion of RNA molecules in condensates

Slower diffusion within condensates has been linked with the neurodegeneration phenotype
for the protein Huntingtin [30]. RNA molecules can diffuse within condensates and readily
exchange into and out of condensates. One advantage of forming RNP condensates in vitro
is that the RNA can be easily labeled and combined with unlabeled protein. The observed
RNA diffusion can be extrapolated from fluorescence recovery after photobleaching (FRAP)
experiments that only bleach a portion of the droplet. We note that the RNA diffusion may
be related to, but not perfectly correlate with, protein diffusion.

5.1. Acquisition of partial FRAP videos

As mentioned above, RNA can promote LLPS at low protein concentrations. Once an
LLPS-forming condition is determined, variations in salt, RNA, and protein concentration —
and the ratios thereof — can be tested to identify differences in droplet properties. Although
optical trap fusions can be observed with smaller condensates, partial FRAP experiments
require large (>5 um?) droplets to effectively bleach only a portion of the droplet. Smaller
droplets will be entirely bleached if they are too small, and such complete bleaching

events measure exchange of RNA into and out of the droplet, not diffusion within the
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droplet. Ideally, circular droplets should be selected and partially bleached in the center,
with a bleach radius no greater than half that of the droplet’s radius. In general, higher
concentrations of protein produce larger droplets, so protein concentration can be increased
to generate sufficiently large droplets for partial FRAP. A low concentration of fluorescent
RNA (~10 nM) is sufficient for imaging and performing FRAP on condensates of 1-5 um
diameter.

Photobleaching lasers used for FRAP measurements can be included as attachments on
confocal or wide-field microscopes. These lasers produce a high-energy beam at a user-
designated region-of-interest (in this case, a droplet) for a brief period to photobleach the
fluorescent signal. The recovery of the fluorescent signal is measured over time following
the bleaching event. Maintaining the z-plane focus is imperative for acquiring long FRAP
videos as the complete recovery of the fluorescence signal can occur on the scale of seconds
to tens of minutes. Photobleaching from image recording, and the RNA exchange rate need
to be corrected for long FRAP videos. For the latter correction, a complete bleach should

be recorded for each condition of interest. In addition, a few frames should be recorded just
before photobleaching to serve as a reference point.

5.2 Analysis of partial FRAP videos

FRAP videos can be analyzed using a custom MATLAB script. After performing a
correction for xy-plane drift, ROIs for the bleached region, bleached droplet, background,
and a reference unbleached droplet are manually selected (Figure 5A—C). Based on the
selected ROI, the radius of the bleached region is calculated. The intensity of the bleached
region is averaged across the ROI for each frame. The background region and unbleached
reference droplet are used to correct for background noise and photobleaching over time as
follows:

I(t) — BG
Teopr(t) = ﬁ’

where I(t) is the average raw intensity of the bleached ROI at time t, BG is the average
intensity of the background ROI across all frames, and R(t) is the average intensity of the
unbleached reference droplet ROl at time t.

Then, this corrected intensity is used to calculate the normalized percent recovery, given by

Teorr®) = Ieorr(0)

FRAP® = Leorr(t < 0) = Icorr(0)

where t = 0 is defined as the first frame recorded after photobleaching and I (t < 0) is the
average corrected intensity in the bleached region across all pre-bleach frames [5].

Recovery due to external RNA exchange (as opposed to internal diffusion) is corrected
for using the complete bleach video. Normalized percent recovery of the fully bleached
droplet is calculated using the same formulas as above, with the only difference being that
the bleached region encompasses the entire droplet. The corrected percent recovery of the
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partially bleached droplet is obtained by subtracting the normalized percent recovery of the
fully bleached droplet from that of the partially bleached droplet. Without this correction, the
plot of percent recovery over time may have a slanted asymptote, which reduces the quality
of the fit.

The corrected percent recovery can be fitted to the exponential function

FRAP(?) = A(1 - e—’/f),

where < is recovery time constant and A is the percent recovery reached once diffusion
has completely equilibrated the intensity of the bleached region with the rest of the droplet
(Figure 5D,F) [9].

The apparent diffusion coefficient, which provides an approximate measure of the diffusion
of RNA in the droplet, is given by

Dapp ~ r2/r,

where r is the radius of the bleached region and < is the recovery time constant [9]. The
diffusion of RNA scales with the area of the bleached region because it takes longer for
labeled molecules with a fixed diffusion coefficient to diffuse through a larger bleached area,
resulting in slower fluorescence recovery.

Alternatively, internal diffusion can be quantified by measuring the “homogeneity” of the
droplet [31]. The main advantage of this analysis approach is that it accounts for external
exchange of RNA without the need for a fully bleached reference droplet. However, fits
obtained with this method were less reliable as, for some bleach events, homogeneity would
gradually increase over time even after the intensity in the droplet appeared to equilibrate,
resulting in a slanted asymptote and a lower quality fit.

This approach makes use of an additional, manually-selected linear ROI which spans the
droplet along the axis of the bleached region’s diameter. For each pixel in each frame,
intensity is corrected for background noise and photobleaching using the background
(averaged across the ROI and across all frames) and unbleached reference (averaged across
the ROI) intensities. The linear ROI is divided into two sections, bleached and unbleached,
based on the selected bleach ROl and droplet ROI. The unbleached section includes all
pixels in the droplet but not in the bleached region. The average intensity in each section is
calculated for each frame, and the homogeneity is given by

H(t) = 1in()/ 1 oys(1),

where Ii,(t) and 1oy(t) are the average intensities in the bleached and unbleached sections,
respectively, at time t [24]. The homogeneity is then normalized as follows:
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__H®-H©O
Hyorm®) = HG<0)— HO)’

where H(t < 0) is the average homogeneity across all pre-bleach frames.
Normalized homogeneity can be fitted to the exponential function

Hporm(®) = A1 = e=1/7),

where < is recovery time constant and A is the homogeneity reached once diffusion has
equilibrated the intensity of the bleached region with the rest of the droplet, expected to be
approximately 1 (Figure 5E,G). The recovery time constant can then be used to calculate
Dapp Using the equation given above.

This approach does not include a correction for external RNA exchange since it is assumed
that exchange occurs throughout the droplet, and thus affects intensity both inside and
outside of the bleached region.

6. Conclusions

Together, these methods enable one to investigate RNP complexes with single-molecule
resolution. The biophysical characteristics of these RNP granules can be further tested with
the ensemble methods described above. Altering the salt, RNA, or protein concentration will
allow further interrogation of RNP dynamics. Studying LLPS with single-molecule tools

is necessary for a deeper understanding of the nucleation, condensation, and maturation of
condensates.
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Highlights:

Single-molecule nucleation assays track protein oligomerization kinetics with
single molecule resolution

Optical tweezers enables measurement of controlled fusion events for analysis
of liquid-like properties

Diffusion of RNA molecules within condensates can be extrapolated from
FRAP
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Figure 1: Design of RBP and RNA constructs.
(A) RBP expression plasmids should ideally contain a solubility tag (green) and simple

purification tag (gray) that can be cleaved off with a site-specific protease. The protein

open reading frame (ORF) can be modified to accommodate a site-specific label, e.g.
maleimide labeling. (B) Two RNA strands with complementary 18-nt duplex sequences can
be designed with amine groups for NHS ester labeling. One strand should have the RNA
binding sequence for the RBP, and the other should have the biotin for single-molecule slide
conjugation.
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Figure 2: Single-molecule nucleation setup.
(A) A simple overview of the TIRF microscope setup. (B) A schematic of the quartz slide

with reservoirs attached to the drilled holes to facilitate automated flow of the protein
solution via a syringe pump. (C) Schematic of the single-molecule surface with singly-
labeled RNA partial duplexes and singly-labeled RBPs.
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Figure 3: Single-molecule nucleation traces displaying different quantifiable parameters.
Single-molecule traces (green = Cy3, red = Cy5) of 5 nM Cy3-FUS protein added to

a Cy5-labeled poly-U partially duplexed RNA. The shaded gray region indicates the red
channel excitation at the beginning and end of video acquisition, the dashed blue line marks
the beginning of flow, the shaded blue circles denote cumulative long-lived binding events,
the outlined blue circles are cumulative transient binding events. Dwell time and intensity
parameters are also labeled on one of the binding events.
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Figure 4: Analysis of condensate fusion to obtain inverse capillary velocity.
(A) Schematic of a droplet fusion event, with droplets represented in green and an ellipse

modelling the fusing droplets shaded in gray. (B) Expected plot of AR over time for a single
fusion event, with fitted exponential decay curve in red. (C) Expected plot of fusion time
constant t as function of length scale, with fitted linear curve in red. (D) Example fusion
events between FUS-PAR condensates (top) and FUS-RNA condensates (bottom) where
traps were kept apart, with fitted plots of AR over time. Binary masks of droplets shown

in magenta. (E) Example fusion event between FUS-PAR condensates where traps were
brought together, with plot of AR over time which fit poorly to exponential decay.
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Figure 5: Analysis of partial condensate FRAP to obtain apparent diffusion coefficient.
(A) Schematic of a partial FRAP event, with droplets represented in green, the droplet

outlined with a dashed black border, the bleached ROI indicated with a dashed red border,
and the linear ROI indicated with a dashed cyan line. (B) Example of the first post-bleach
frame (t=0) for a partially bleached FUS-RNA condensate, with droplet, bleached, linear,
background, and unbleached reference ROIs indicated with dashed black, red, cyan, yellow,
and magenta borders, respectively. (C) Frames from a partial FRAP video. (D) Expected
plot of normalized percent recovery over time, with fitted curve in red. The first two

points, representing pre-bleach frames (t < 0) are not included in the fit. (E) Expected

plot of normalized homogeneity over time, with fitted curve in red. The first two points,
representing pre-bleach frames (t < 0) are not included in the fit. (F) Fitted plot of
fluorescence recovery over time for video in 5C. (G) Fitted plot of normalized homogeneity
over time for video in 5C.

Methods. Author manuscript; available in PMC 2023 January 01.



	Abstract
	Introduction
	Protein and RNA Preparation
	Protein purification and labeling
	RNA design and labeling

	Single-molecule nucleation
	Nucleation experiment setup and design
	Nucleation data acquisition
	Analysis of nucleation experiments

	Optical trapping of RNP condensates
	Optical trap setup and experimental design
	Acquisition and analysis of fusion videos

	Diffusion of RNA molecules in condensates
	Acquisition of partial FRAP videos
	Analysis of partial FRAP videos

	Conclusions
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:

