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Abstract

TRBP, one of double strand RNA binding proteins (dsRBPs), is an essential cofactor of Dicer in
the RNA interference pathway. Previously we reported that TRBP exhibits repetitive diffusion
activity on double strand (ds)RNA in an ATP independent manner. In the TRBP-Dicer complex,
the diffusion mobility of TRBP facilitates Dicer-mediated RNA cleavage. Such repetitive diffusion
of dsRBPs on a nucleic acid at the nanometer scale can be appropriately captured by several single
molecule detection techniques. Here, we provide a step-by-step guide to four different single
molecule fluorescence assays by which the diffusion activity of dsRBPs on dsRNA can be
detected. One color assay, termed protein induced fluorescence enhancement enables detection of
unlabeled protein binding and diffusion on a singly labeled RNA. Two-color Fluorescence
Resonance Energy Transfer (FRET) in which labeled dsRBPs is applied to labeled RNA, allows
for probing the motion of protein along the RNA axis. Three color FRET reports on the diffusion
movement of dSRBPs from one to the other end of RNA. The single molecule pull down assay
provides an opportunity to collect dsRBPs from mammalian cells and examine the protein-RNA
interaction at single molecule platform.
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l. INTRODUCTION

RNA molecules in cells are primarily in the form of single strand (ss) because they are
transcribed from the DNA template in this format. The ssRNA, however, often forms
secondary structures that encompass segments of double stranded (ds) regions. Some of
these secondary structures play a critical role for their biological function. For example, the
secondary structure of tRNA and micro RNA (miRNA) are recognized specifically by their
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host, ribosome and Dicer/TRBP for successful processes of translation and RNA
interference, respectively (1,2). Accordingly, a class of proteins named as dsRNA binding
proteins (dsRBPs) is responsible for the diverse biological function of dsSRNAs by
recognizing dsRNAs, which consists of one or more dsRNA binding domains (dsRBDs)(3).
Therefore, it is critical to investigate the interaction between dsRNA and dsRBPs, which
could unveil the mechanistic role of dsRBPs in regard to their diverse function.

The interaction between dsRNA and dsRBPs has been extensively studied using traditional
ensemble methods such as gel electrophoresis or X-ray crystallography (4,5). However, the
detection was limited to providing static interaction, but not the dynamic interaction in
protein-RNA interaction because of the temporal and spatial averaging inherent to ensemble
measurement. Recently, we employed single-molecule approaches to study the interaction
between dsRNA and dsRBPs, which unveiled the diffusive motion of dsRBPs on dsRNA in
ATP-independent manner (6).

TAR RNA binding protein (TRBP)(7) belongs to dsRBPs and works with Dicer in
facilitating pre-miRNA cleavage (8). Our previous work has demonstrated that TRBP
diffuses along dsRNA axis repetitively (6), which was probed by single molecule
fluorescence in three ways (6). First, singly-labeled (Cy3) TRBP applied to Cy5-labeled
dsRNA exhibited fluctuation of Fluorescence Resonance Energy Transfer (FRET) (9),
enabling visualization of the repetitive movement of the protein on RNA. This motion is not
powered by ATP hydrolysis as it occurs in the absence of ATP. We observed the same FRET
fluctuation regardless of the labeling position, indicating that the observed fluctuation is due
to diffusion of TRBP, not conformational change of its subdomains. The distance range and
kinetics of such movement can be deduced by performing autocorrelation analysis on FRET
signal. Using this analysis scheme, we determined that TRBP diffusion is length dependent
between 25 and 55 bp dsRNA substrates. Second, we employed protein induced
fluorescence enhancement (PIFE) assay (10,11) in which unlabeled TRBP was added to
Cy3-labeled dsRNA. Here, we obtained fluctuating Cy3 signal, indicating a repetitive
contact between the protein and Cy3 dye positioned at one end of dsRNA. This is consistent
with the interpretation that TRBP diffuses on dsRNA repetitively. This demonstrates how
single-molecule PIFE (smPIFE) can be a powerful alternative of FRET, especially when
protein labeling is difficult. Third, we took advantage of the three-color FRET experiment
(12) where two acceptors (Cy5 and Cy7) were positioned at either end of dSRNA substrate
and TRBP was labeled with a donor dye, Cy3. This is the most direct way to show that the
TRBP protein traverses from one end to the other end of the RNA. The two FRET pairs,
Cy3-Cy5 and Cy3-Cy7 were time separated from each other due to the physical separation
between the two acceptors (Cy5 and Cy7). Here, we present a detailed protocol on these
three single-molecule methods of detecting the dynamics of TRBP-dsRNA interaction.

The single-molecule pull down technique (SiMPull) provides a unique advantage of
isolating proteins directly from cell lysate (13). TRBP was overexpressed with a
fluorescence protein tag such as EGFP or EYFP in mammalian cells, enabling capture of
cellular TRBP on single molecule interface, via interaction between the fluorescence tag and
the antibody against the tag. The pull-down efficiency can be determined by anti-TRBP
antibody which is commercially available. Since the protein, rather than RNA is
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immobilized on surface, this represents a reversed geometry from the other three single
molecule assays described above. The significant advantage of the SiMPull technique is that
the proteins are isolated directly from cell lysate, thus better representing the physiologically
relevant species. In addition, this platform is ideal for comparing substrate affinity, since
varying concentration of substrates can be added to a fixed concentration of protein bound to
surface. We chose to apply six different structured RNA to test the relative affinity toward
TRBP, as well as three other dsRBPs, ADAD2, ADAR1 and Staufenl (14). The SiMPull
platform was further used to test whether RNA binding to dsRBPs is static or dynamic in
nature. By applying Cy3-labeled RNA to surface tethered TRBP, we observed robust
behavior of diffusion, as also seen in the first three single molecule assays described above.
It is noteworthy that we observed similar dynamics for both purified and cellular TRBP,
suggesting that the diffusion activity likely represents the protein’s behavior in cells.

In this article, we offer a comprehensive review on the single-molecule fluorescence assays
including PIFE, 2-color FRET, 3-color FRET, as well as SiMPull assay that may be
employed for investigating interaction between dsRBPs and dsRNAs. We envision that
combination of these single-molecule techniques will shape a powerful approach to monitor
protein-RNA or protein-DNA interaction at high spatial and temporal resolution. This in turn
will lead to discovery of novel features of protein-RNA interaction as demonstrated by ATP-
independent diffusion dynamics of dsRBPs on dsRNAs.

Il. SINGLE MOLECULE IMAGING OF RECONSTITUED DSRBPS
1. SAMPLE PREPARATION

1.1. PROTEIN LABELING—For the three single-molecule fluorescence assays, the
labeling of nucleic acids or proteins of interest with a suitable fluorophore is an essential
step of sample preparation. Fluorophore labeling of nucleic acids is routinely achieved by
amino modification at the target labeling position of the nucleic acid (either 5’-, 3’-, or at an
internal position of the nucleic acid), followed by coupling them with amine-reactive
fluorophore such as NHS esters. However, fluorophore labeling of proteins is far more
challenging. For protein labeling, we can either use the reactive chemical groups in the
amino acid residues of the protein of interest; or engineer protein tags or fluorescent proteins
in the protein (15). To utilize the former approach, there are two widely-used reactive
chemical groups in amino acids, one is primary amine (-NH2) of lysine residues or the N-
terminus of the protein; and the other is sulfhydryl group (-SH) of cysteine residues.
Because proteins likely possess multiple -NH2 and -SH groups, achieving specificity in
labeling of proteins using these chemical groups is difficult. However, this non-specific
labeling strategy is sometimes advantageous, particularly when the goal is to observe the
overall movement of the entire protein on a substrate, for example rather than
conformational dynamics of a specific domain. We will describe here the procedure to
achieve non-specific labeling of dsSRBPs, with which we observed the movement of dsSRBPs
on dsRNAs.

The amino group of lysine or the N-terminal amino group has been widely used for protein
labeling via acylation reaction with NHS esters. We chose a fluorophore containing NHS
ester group for non-specific labeling of dsRBPs, such as Cy3 or Cy5-NHS ester (GE
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Healthcare). The acylation reaction between amino group and NHS ester is very robust, but
since the number of amino groups varies among different proteins, an optimization of the
labeling conditions is necessary. Here, we describe the detailed labeling procedure as well as
how to optimize experimental conditions for non-specific protein labeling.

Step 1. Make 1 M NaHCOg buffer by adding 840 mg in 10 ml of milli-Q water.
For best results, make it fresh for every labeling reaction. Adjust to pH8.5.

Step 2. Mix 25 ug of dsRBP with 1ul of of Cy3 NHS ester or Alexa 647 NHS
ester (2ug/ul) and 3 ul of 1 M NaHCOs3, pH 8.5 buffer. Add milli-Q water to
make up volume to 30 ul. Incubate the mixture for 30 min at room temperature.

Step 3. Remove excess dye by passing the mix through a Biorad P-6 spin
column. If bottom of the P-6 column is stained with excess dye after the first
run, then run another P-6 spin column.

Step 4. Calculate the ratio of fluorophore to protein by measuring the
absorbance at 280 nm for dsRBPs and the absorption peak wavelength of the
fluorophore using a spectrophotometer.

Step 5. The goal is to achieve a ratio as close to 1 as possible. If the ratio is not
close to 1, adjust the amount of fluorophore in Step2 and then repeat the
following steps.

Step 6. Aliquot the labeled dsRBP and store at —80°C for later use.

1.2. IMMOBILIZATION OF DSRNA—In order to monitor the dynamic interaction
between dsRBPs and dsRNAs at single-molecule level, we immobilized dsSRNAs onto a poly
ethylene glycol (PEG)-coated quartz slide through neutravidin-biotin interaction. PEG-
coated surface was prepared to reduce the non-specific binding of dsRBPs and dsRNAs to
the imaging surface. Neutravidin (0.05 mg/ml) was incubated for 5 mins with the PEG-
coated slide so that it attaches to the 1-2% of biotinlyated PEG on the PEG-coated quartz
surface. This was followed by addition of 30-50 pM of biotinlyated dsRNA in T50-BSA
buffer (LOmM Tris, pH 8, 50mM NaCl, and 0.1mg/ml BSA), finally achieving RNA
immobilization via neutravidin-biotin linkage. After 5 min of incubation with the
biotinylated dsRNA, the excess RNA was washed away. 10-100 nM of dsRBP was then
added to the immobilized dsSRNA to monitor the interaction between two.

1.3. OXYGEN SCAVENGER SYSTEM OPTIMIZED FOR RNA IMAGING—Because
in single-molecule fluorescence assays of dsRBPs, we observe a single fluorophore on a
time scale that is different from ensemble fluorescence assays, it is critical to stabilize the
fluorophores so that we are able to observe the fluorescence signal long enough to monitor
the interaction between dsRBPs and dsRNAs. Oxygen is known to be an efficient quencher
of fluorophores (16), which makes an oxygen scavenger system inevitable for single-
molecule fluorescence assays. We employed a glucose oxidase-based oxygen scavenger
system (17), that [0.5 w/v % glucose, 100 mg/ml glucose oxidase (Sigma), and 180 U/ml
catalase (Calbiochem)], together with 5-10 mM trolox (Sigma) to stabilize the fluorophores
during single-molecule data acquisition. It is noteworthy that most commercial catalases are
contaminated with RNase that induces degradation of the dSRNA. Therefore, it is important

Methods. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koh et al. Page 5

to use minimal amount of catalase for these dsRNA-related experiments. The interaction
between dsRBPs and dsRNAs was monitored in 20 mM Tris, pH 7.5, 25 mM NaCl, 1mM
DTT, and 0.1 mg/ml BSA in combination with the oxygen scavenger system and trolox (18).

2. SINGLE-MOLECULE FLUORESCENCE ASSAYS

To achieve single-molecule detection sensitivity, we harness the shallow excitation depth
(~100 nm) of total internal reflection (TIR) excitation (19), that reduces background signal
significantly, thus enabling detection of single fluorophores. We used a custom-built prism-
type TIR fluorescence system for studying the interaction between dsRBPs and dsRNAs at a
nanometer spatial and sub-second temporal resolution. Here, we describe how we can study
the diffusion activity of dsRBPs on dsRNA using 1-color, 2-color and 3-color fluorescence
assay (Fig. 1A-C).

2.1. 1-COLOR FLUORESCENCE ASSAY—In PIFE experiment, we can monitor RNA-
dsRBP interaction without the need to label the protein. This is possible because the
brightness of the fluorophore (labeled to the dsSRNA) changes according to its proximity to
the interacting dsRBP (Fig. 1A) (10,11). Fluorophore labeling is not always possible for
proteins and sometimes inhibits or reduces the functional activity of the proteins. Moreover,
PIFE senses a shorter distance, 1-3 nm, as compared to the 3-8 nm detected by FRET (10).
Thus, the simplicity and convenience of PIFE makes it a powerful and attractive
complementary approach to FRET.

The choice of fluorophore however is crucial for PIFE measurement because not all
fluorophores change their brightness depending on their proximity to the protein. For
instance, Cy3 is one of the most well-known fluorophores showing the PIFE phenomenon,
but not Atto 550 or Cy3B despite possessing similar absorption and emission spectral range
as Cy3 (10). Hence we labeled the RNA at the position of interest, with Cy3 as a reporter of
PIFE. In most cases, we labeled Cy3 at the end of the dsSRNA because dsRBPs are known to
bind RNA non-specifically. However, if a specific sequence or structure of RNA is critical
for the interaction with the protein, we advise to label the position next to it with Cy3, in
order to maximize PIFE signal.

A control experiment without dsRBPs should be performed to make sure that no PIFE signal
exists for Cy3-labeled RNA alone. Since PIFE depends on the environment of the
fluorophore Cy3, it is possible that PIFE could still be observed even without any dsRBPs. It
could happen especially when a structured RNA may undergo a conformational change by
itself. In this case, we suggest labeling at a different position that is not expected to be
affected by conformational change of the RNA. After confirming no fluctuation of Cy3
intensity from Cy3-labeled RNA alone, we added dsRBPs to the Cy3-labeled RNA in order
to monitor the RNA-dsRBP interaction. We observed ATP-independent diffusion activity of
TRBP using smPIFE as shown in Fig. 1D. For smPIFE data acquisition, we share the same
experimental setup as we use for 2-color sSmFRET which will be described in detail in the
following section.

2.2. 2-COLOR FLUORESCENCE ASSAY—The dynamic interaction between dsRNAs
and dsRBPs can be efficiently monitored by 2-color SmFRET at the nanometer distance
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sensitivity (9). To study the interaction between dsRBPs and dsRNAs using FRET, we
labeled the dsRBP with a donor dye Cy3 and the dsRNA with an acceptor dye, Cy5 or Alexa
647 (Fig. 1B). The distance between the two fluorophores on dsSRNA and dsRBP can be
measured by calculating FRET efficiency, which is proportional to the reciprocal of sixth
power of the distance. We observed a rapid diffusion activity of TRBP by monitoring FRET
between Cy3 at the end of dsSRNA and Alexa 647 labeled to TRBP non-specifically (Fig.
1E), which is consistent with the result obtained by smPIFE (Fig. 1D).

The sSmFRET measurement was achieved by a wide-field TIR fluorescence microscopy.
Upon excitation by a solid-state 532 nm laser (Spectra physics), Cy3 of dsRNA that is
immobilized to a PEG-coated quartz surface emits light and transfers energy to the acceptor
dye, Cy5 or Alexa 647 on the dsRBP, according to the distance between two. The
fluorescent emission from donor and acceptor dyes were collected through a water-
immersion Olympus objective (60 X, NA = 1.2), passed through 555 nm long pass filter for
rejection of laser’s Rayleigh scattering. A dichroic mirror (cutoff: 630 nm) separates the
fluorescent light from sample into two spectral regions, the one from Cy3 and Cy5/Alexa
647 that were detected by an EMCCD camera (Andor).

2.3. 3- COLOR FLUORESCENCE ASSAY—Adding one more fluorophore in the 2-
color FRET geometry described in the previous section will allow us to measure up to three
distances at the same time. Ideally, three distances can be monitored simultaneously using
three fluorophores which requires at least two laser sources (20). However, we fixed the
distance between two acceptor dyes at either end of dsRNA as shown in Fig. 1C to monitor
the diffusion of TRBP between two ends of the dsSRNA.. In this geometry, one laser to excite
the donor in TRBP is enough to measure the FRET between one donor and two acceptors
(red and black circle in Fig. 1C, Cy5 and Cy7). The anti-correlation change of Cy5 and Cy7
fluorescence intensity was observed as shown in Fig. 1F, supporting that TRBP diffuses
along the dsRNA. This assay is a direct way to show that TRBP diffuses along the dsSRNA
axis.

For 3-color FRET measurement, two dichroic mirrors (cutoff: 630 nm, 725 nm) instead of
one as described for 2-color FRET setup, separate the fluorescent light from sample into
three different spectral regions, the one from Cy3, Cy5 and Cy?7, respectively. The exposure
time was 30 msec, and the detected fluorescent signals were analyzed with a custom-written
IDL and MATLAB program.

3. DATA ANALYSIS

3.1. FRET HISTOGRAM AND TIME TRACE—FRET efficiency is calculated by the
emission of an acceptor divided by the total emission of a donor and an acceptor, providing
the distance information between FRET pair, a donor and an acceptor. With our home-made
TIR fluorescence system, we typically observe several hundreds of single molecules per
image where the fluorescent emission from a donor and an acceptor were separated into two
projections as shown in Fig. 2A. In order to identify the emission spots from the same
molecules at both image planes, it is necessary to map between two image planes using a
reference sample which produces the emission at both channels. We took an image of

Methods. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koh et al.

Page 7

crimson latex beads (ThermoFisher) for mapping because their spectral range covers two
emission channels, generating the emission spots at both image planes (Fig. 2A). Then, we
chose three pairs of emission spots where each pair of the emission comes from the same
molecule (Fig. 2B), with which we could calculate the mapping coefficient between two
image planes. And this mapping coefficient was used to match the emission spots between
two channels which come from the same dsRNA-dsRBP pair when we monitored the
diffusion of dsRBP with an acceptor dye on dsRNA with a donor dye (Fig. 2C). For each
single molecule, we obtained the information of time, and the intensity of a donor and an
acceptor (Fig. 2C), with which we generate the intensity trace and FRET trace over time
(Fig. 2D). Also, we can produce a FRET histogram as displayed in Fig. 2E, which contains
FRET collected from all molecules that we analyzed. FRET time trace is powerful because it
shows the behavior of every single molecule over time, and FRET histogram is also
beneficial because it provides the overall trend by showing the FRET distribution of all
molecules.

3.2. AUTOCORRELATION ANALYSIS—To obtain the kinetic information of dynamic
motion such as translocation or diffusion, one widely-used analysis is to analyze the dwell-
time of a specific state or peak-to-peak for a repetitive event. However, if the change of
signal is too quick to define the distinct Kinetic steps, the auto-correlation analysis can be a
way to go. We analyzed the diffusion kinetics of TRBP on dsRNA using auto-correlation
and cross-correlation analysis because the diffusion kinetics is too fast to analyze peak-to-
peak dwell time of the repetitive diffusion. The auto-correlation function was analyzed by
MATLAB program, using the equation of auto-correlation as below:

G(r)=[E(t) - B(t—7)dt

E(t) represents FRET and the FRET auto-correlation, G(z), gives us an average diffusion
rate because FRET changes in our system reflect the diffusion of dsRBPs. We obtained the
autocorrelation curve for the diffusion of TRBP on the different length of dsRNA (Fig. 3A-
C). More than 30 molecules were analyzed for each auto-correlation curve, and it was fitted
with a single exponential decay to obtain an average diffusion rate of the molecules,
exhibiting longer diffusion range for a longer dsSRNA from the initial value of
autocorrelation curve (Fig. 3C). Also, the diffusion time obtained from the half-time of the
exponential decay fitting is linearly proportional to the length of dsRNA (Fig. 3D),
suggesting that TRBP diffuses along the entire length of dsSRNA within the length range of
tested dsRNA, 19-55 bp.

Similarly, we also tried the cross-correlation analysis to obtain diffusion kinetics from 3-
color smFRET measurement. The cross-correlation between the fluorescence intensity of
Cy5 and the one of Cy7 was analyzed using the following equation:

XCO(T)= 1y () - Loy (t=7)d8
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lIl. SINGLE MOLECULE IMAGING OF CELLULAR DSRBPS

The SiMPull assay enables researchers to examine proteins directly from cell lysate, without
going through a sophisticated protein purification procedure, hence largely preserving the
natural properties of the proteins in cells (13,21). Here, we describe how to investigate the
interaction between RNAs and dsRBPs from cell lysates using SiMPull assay. TRBP and
other dsRBPs were cloned with a C-terminal EYFP tag and then overexpressed in human
Ab549 lung cancer cells. We pulled down the overexpressed dsRBPs in cell lysates to a
single-molecule surface coated with biotinylated anti-GFP antibody and then investigated
the dynamic interaction between dsRBPs and various dsRNAs using smPIFE (10,11). TRBP
pulled down directly from lysate showed dynamic diffusion activity along dsRNA duplex,
which is consistent with purified TRBP. We further tested substrate specificity and dynamic
propensity of dsRBPs upon binding to dsRNAs varying their secondary structures.

1. SAMPLE PREPARATION

1.1. CLONING, PLASMID PREPARATION—Four different human dsRBPs, ADAD?2,
ADAR1, TRBP and Staufenl, were cloned from Human Open Reading Frame (hORF)
Library (http://horfdb.dfci.harvard.edu/hv5/) (8,22,23). And liquid cultures were built up
from single colony, followed by DNA extraction using Mini prep (Fig. 4A). Harvested
plasmids of each protein were further modified by adding either N-terminal EGFP or C-
terminal EYFP by LR Clonase Il enzyme mix (Thermo Fisher Scientific Gateway, Catalog
number 11791-100) (Fig 4B).

1.2. HUMAN CELL TRANSFECTION—We transfected human cells with the engineered
dsRBP plasmids using Lipofectamine® 3000 Reagent (Thermo Fisher Scientific) by
following their online instruction. C-terminal EYFP-TRBP, C-terminal EYFP-Staufenl and
N-terminal EGFP- ADAR1 were overexpressed in human A549 cells, and C- terminal
EYFP-ADAD2 was overexpressed in HEK293 cells for about 24 hours.

1.3. CELL LYSATE PREPARATION—Human cells transfected for 24 hours were lysed
using RIPA (Thermo Scientific RIPA Lysis and Extraction Buffer, Catalog number: 89900)
buffer for 1 hour in cold room with mild horizontal shaking. For every 8.8 x 10° cells, 1.5ml
RIPA buffer was applied. Then cell lysates were collected in 2.0 ml eppendorf tubes and
centrifuged at 14,000 rcf for 15min in cold room. We only collected the supernatant for
further assay, which could be stored at —80 C for later use. The expression levels of dsSRBPs
were quantified by, fluorescence measurement based on EYFP or EGFP fluorescent intensity
using known concentrations of Cy5 dye as standard.

2. SINGLE MOLECULE ASSAYS USING CELLULAR DSRBPS

In order to study the binding affinity and diffusion activity of dsRBPs from cell lysates, a
series of control experiments are required as shown in the Fig. 5A. For the binding affinity
test, we quantify the number of dsRNA binding to the dsRBP pulled-down to surface after
confirming that the non-specific binding of dsRNA is negligible. Also, it is critical to apply
the same concentration of dsRBPs for SiMPull assay to compare the relative binding affinity
amongst various dsRBPs. For this reason, we quantified the concentration of dsRBPs as
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described in detail below. (2.1) We want to ensure that the dsRBPs of our interest are
specifically pulled down to single-molecule imaging surface and that dsRNA specifically
binds dsRBPs, but not to the bare surface or antibody-coated surface without dsRBPs. Here,
we will describe the step-by-step control experiments for the dsRBP binding affinity test as
well as the diffusion activity probing by using smPIFE assay.

2.1. MEASUREMENT OF PROTEIN CONCENTRATION—It is important to quantify
the concentration of dsRBPs in cell lysates for investigating the interaction between dsRBPs
and dsRNA using SiMPull assay because the binding affinity is sensitive to the
concentration of dsRBPs. To quantify the concentration of dsRBPs in cell lysate, we
calibrated it to the known concentration of a commercial Cy5 dye by measuring the
fluorescent intensity of EYFP or EGFP of modified dsRBPs and Cy5 dye. It is easier to
quantify the concentration of dsSRBPs with EYFP or EGFP tag if any EYFP or EGFP sample
of known concentration is available. If it is not the case, we can use any commercial organic
dye of known concentration instead, but it requires the additional normalization step to
compensate for the difference in the extinction coefficient and quantum yield. We generated
a standard correlation curve between the concentration and the fluorescent intensity of Cy5
using a serial dilution of Cy5 dye (Fig. 5B), and then calculated the concentration of dsSRBPs
using this curve after normalizing the fluorescent intensity of EYFP or EGFP to Cy5
intensity considering of the differences in the extinction coefficient and the quantum yield
between Cy5 and EYFP or EGFP.

2.2. DSRBP SPECIFIC PULL-DOWN TEST—Since the SiMPull assay utilizes crude
cell lysates, it is of utmost importance that we ensure that we have specifically pulled down
our dsRBP of interest on the PEG surface, without contamination of other non-specific
endogenous proteins from the cell lysate. For pull-down of dsRBPs from cell lysates, the
PEG-coated quartz surface was treated with Neutravidin (0.05ug/ml) for 2 minutes and then
with biotinylated anti-GFP (RABBIT, 5ug/ml) antibody for 5min in T50 buffer (10 mM Tris
pH 8 and 50 mM NaCl). About 400 pM of C-terminal EYFP-TRBP cell lysate was added to
the antibody-coated PEG surface and incubated for 5-10 min.

In order to check if we specifically pull down dsRBPs of our interest, for instance, TRBP, we
applied anti-TRBP antibody (5pg/ml, Abcam [1D9](ab129325)) and 1nM Alexa Fluor 488
conjugated anti-mouse antibody (Cell Signaling #4408) in T50 buffer and incubated them
for 10min. We further tested the specificity of pull-down of TRBP by excluding biotinylated
GFP antibody to ensure that the pulled-down proteins are not nonspecifically-bound to the
PEG surface (Fig. 5C).

2.3. RNA NON-SPECIFIC BINDING TEST—After checking the specificity of dsSRBP
pull-down, we applied dsRNAs to study the interaction between dsRBPs and dsRNAs. We
have previously quantified relative binding affinity of various dsRBPs to dsSRNAs by
counting the number of dsSRNAs bound to the pulled-down dsRBPs of the same
concentration (12). Therefore, it is extremely critical to make sure that RNA binding is
specific to the dsRBPs of our interest. To characterize the degree of non-specific RNA
binding, we performed several control experiments. We measured the non-specific binding
of dSRNA, pre-let-7, by substituting the dsRBP (for instance, TRBP-overexpressed cell
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lysate) with blank cell lysate where no dsRBP was overexpressed. We added 1nM of dsRNA
for the test, incubated for 5min in T50 buffer and then washed away the excess RNA
molecules before the measurement. As seen in Fig. 5D, we observed only few RNA binding
events in the case of blank lysate, supporting that the dsRNA binding is indeed specific to
TRBP. Moreover, we assayed the substrate specificity of TRBP to dsSRNA over ssRNA by
testing the binding affinity of TRBP to ssSRNA, polyU40 labeled with Cy3 dye (Fig. 5D,
middle). It showed negligible binding events (< 20) compared with the binding events from
dsRNA-TRBP interaction (> 600) (Fig. 5D, right), indicating that dsRNA binds specifically
to TRBP at the tested experimental condition.

2.4. BINDING AFFINITY TEST—After testing the non-specific binding of dsRBPs and
dsRNAs, we added 1nM of each Cy3-labeled dsSRNA substrate to each of the dsRBP pulled-
down to imaging surface. This step was followed by incubation for 5min, and washing
excess dsRNA molecules away before imaging. The EYFP and EGFP in the modified
dsRBPs do not interfere with the detection of Cy3 due to their faster photobleaching (~2-3
sec) as compared to Cy3 (~90-180 sec). Snap shots were taken at multiple locations to
calibrate the average amount of dsRNA bound by dsRBPs.

2.5. SMPIFE ASSAY: DYNAMIC VS STATIC INTERACTION—Ultilizing the pulled
down dsRBPs (via SiMPull), we characterized the dynamic properties of dSRBP-RNA
interaction by taking advantage of the smPIFE assay that can detect protein-RNA distance
within 3 nm range, without the necessity of labeling the protein (10,11). To study the
interaction between pulled down dsRBPs and dsRNA, we added 1nM of Cy3-labeled
dsRNA substrates to the the pull-down of dsRBPs, and incubated them for 5mins. To prevent
or delay photobleaching, an oxygen scavenging buffer system (0.5% (wt/vol) glucose, 10ug/
ul glucose-oxidase (Sigma) and 8.8KU/ml catalase (Calbiochem)) was employed in imaging
buffer together with 20 mM Tris pH 7.5, 25 mM NaCl and 2.5mg/ml trolox (Sigma) (21). To
capture the dynamic interaction between dsRBPs and dsRNA, we measured the fluorescence
intensity of single-fluorophores labeled to dsRNA at exposure times as short as 30 ms for 2—
5 min. The time-course of fluorescence intensity fluctuation was analyzed by a custom-
deesigned IDL and Matlab program.

3. DATA ANALYSIS

3.1. RELATIVE BINDING AFFINITY—Using SiMPull assay, we can conveniently
measure relative dsRNA binding affinity of dsRBPs by counting the number of bound
dsRNA molecules to the dsRBP that is pulled down to the single-molecule imaging surface.
We tested the relative binding affinity of four different dsRBPs pulled down from cell
lysates, to six Cy3-labeled dsRNAs with various secondary structures. For the quantification
of the dsRNA binding affinity of dsRBPs, we normalized it by estimating the humber of the
pulled-down dsRBPs on surface based on the measured concentration (Fig. 5A), and
calculated the fraction of protein bound by dsRNA substrate (Fig. 6A). Also, we subtracted
the number of non-specific binding of dSRNA measured with blank cell lysate.

3.2. PREFERENCE TO STRUCTURED VS. NONSTRUCTURED DSRNA—Based
on the relative dsRNA binding affinity of dsSRBPs, we noticed that the dsSRNA binding
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affinity of dsRBPs varied depending on the structural features of the dsRNAs. Therefore, we
categorized the six dsSRNAs we tested into two groups: structured (pre-let7, TAR and tRNA)
and non-structured (25, 40 and 55 bp) dsRNA, and compared the average binding affinity
between the two groups. Furthermore, we defined a ratio of bound fraction of each dsRBP
towards structured over non-structured RNAs, termed as affinity ratio. By this definition, a
ratio close to 1 would signify no-biased binding between the two groups, and a ratio greater
than 1 would signify preference to structured RNAs. Interestingly, for ADAD2 and Staufenl
the affinity ratio were much greater than 1, suggesting a strong preference for structured
dsRNAs, while the affinity ratio for TRBP and ADAR1 were close to 1, suggesting no
structural bias (Fig. 6B). Amongst many factors that can contribute to this substrate bias are
the number of dsRBDs, linker length in between the dsRBDs, the amino acid composition,
and the hydrophobic/hydrophilic environment of dsRBDs in dsRBPs.

3.3. COMPETITIVE BINDING ASSAY—To further characterize the relative binding
affinity of dSRBPs towards two different dSRNA substrates, we employed a competitive
binding assay. We compared the binding affinity of four dsSRBPs (ADAD2, TRBP, Staufenl
and ADAR1) to heavily structured tRNA versus perfectly-matched 27-bp dsRNA. After
pull-down of each dsRBP to a single-molecule imaging surface, we added 1nM of Cy3-
labeled tRNA (structured) and 1nM of Cy5-labeled 27bp dsRNA (unstructured)
simultaneously and quantified the number of Cy3 and Cy5 molecules by dual laser
excitation (Fig. 6C). The binding ratio between Cy3-tRNA and Cy5-27bp dsRNA is
consistent with that in Fig. 6A, the relative binding affinity independently measured for each
dsRNA. This confirms the validity of the affinity testing of dsRBPs performed above.

3.4. DWELL TIME ANALYSIS—The dynamic diffusion activity of purified TRBP along
dsRNA duplex was reported using SmFRET assay (6). We observed consistent dynamic
diffusion activity of TRBP from cell lysates on dsRNA by SiMPull and smPIFE assay, and
further tested three other dsRBPs from cell lysate to investigate their diffusion activity. In
smPIFE assay, the fluorescent intensity of Cy3 on dsRNA would increase and decrease
when the protein approaches and moves away, respectively. In other words, dsRNA diffusing
on dsRBPs would exhibit fluctuation of Cy3 fluorescence intensity (8,9). By counting the
molecules showing the fluctuation of Cy3 fluorescent intensity, we measured if each dsSRBP
diffuses on dsRNA and if the diffusion propensity differs amongst dsRNA substrates. We
found that the diffusion propensity of each dsRBPs varies amongst the dsSRBP depending on
the type of dsSRNA (14). We further characterized the interaction between dsRBPs and
dsRNA by performing dwell-time analysis, where we calculated the period of time between
two adjacent peaks as shown in Fig. 7A from more than thousands events of 200-300
molecules in average. Fig. 7B shows the result of dwell-time analysis of TRBP on 25-bp
dsRNA (Fig. 7B), which provides the average time that it takes for a single dsRBP to move
from one end to next and returns to the same position. The diffusion time is correlated
linearly with the length of the dsRNA, which indicates that both TRBP and Staufen1 would
diffuse along the entire length of dsRNA rather than a fixed distance (Fig. 7C).
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IV. CONCLUSION

Combination of the various single-molecule fluorescence assays described above constitute
a powerful approach to study fast diffusion in a short range as demonstrated by the repetitive
diffusion of dsSRBPs on dsRNAs because the distance sensitivity of SmPIFE and SmFRET
covers 1-10 nm range. We can also compare the diffusion activity of dsRBPs that are
reconstituted in vitro with the one that are pulled-down directly from cells which provides a
valuable insight into the potential diffusion behavior of dSRBPs in vivo. These assays may
be adapted to study interactions between nucleic acids and proteins, providing the binding
affinity as well as the real-time kinetic information at the single-molecule level.
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HIGHLIGHTS

Single-molecule imaging of purified dsRBPs by 1, 2, 3-color
fluorescence assay.

Interaction between cellular dsRBPs and dsRNAs studied by single-
molecule pull down.

ATP-independent dsRNA diffusion activity exhibited by purified and
cellular dsRBPs.
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Figure 1. Single-molecule fluorescence assays for monitoring the diffusion of dsRBPs on dsSRNA
A-C) Simplistic schemes to show the working principles of 1-color, 2-color and 3-color

single-molecule fluorescence assays for studying the diffusion of dsRBPs on dsRNA. D) 1-
color fluorescence assay using SmPIFE shows the fluctuation of Cy3 intensity induced by
the diffusion motion of TRBP on dsRNA. E) 2-color fluorescence assay using SmFRET
shows the distance change between TRBP and dsRNA due to the diffusion motion of TRBP.
F) 3-color fluorescence assay using 3-color SmFRET shows the anti-correlated intensity
change between two acceptors located at either end of dsSRNA due to the diffusion of TRBP
on dsRNA.
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Figure 2. Data analysis procedure for SmFRET assay

A) TIRF image of fluorescent beads of which spectral range covers both donor and acceptor

channel. B) Three pairs of fluorescent spots were selected to generate the mapping

coefficient correlating two imaging planes. C) The donor fluorescent spot was matched with
the acceptor fluorescent spot coming from the same dsRNA-dsRBP complex, and the
fluorescent intensity of both channels over time were analyzed for every dsRNA-dsRBP
complex. D) Fluorescent intensity time trace and FRET time trace generated using time and
fluorescent intensity information per each dsSRNA-dsRBP complex obtained in Fig. 2C. E)

FRET histogram to show the FRET distribution of hundreds of single molecules.
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Figure 3. Auto-correlation analysis on the diffusion of TRBP depending on the length of dsRNAs
A, B) The larger FRET fluctuation of TRBP showed the longer diffusion range for longer

dsRNA in FRET time trace as well as FRET histogram. C) Auto-correlation analysis on
diffusion of TRBP on different length of dsSRNA. D) Diffusion time of TRBP calculated
from the exponential decay fitting in Fig. 3C linearly correlates with the length of dsRNA.
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Figure 4. Sample preparation for SiMPull assay of dsRBPs
A) Plasmids of dsRBPs were selected from the hORF library, amplified, and purified. B)

The selected dsRBP plasmid was conjugated with EYFP or EGFP plasmid by LR reaction,
followed by amplification and purification.
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Figure 5. SiMPull assay workflow and the step-by-step control experiments
A) SiMPull assay workflow for studying the binding affinity and the diffusion activity of

dsRBPs to dsRNA. B) Determination of TRBP concentration from lysate based on the
calibration curve generated from Cy5 dye of known concentration. C) DsRBP specific pull-
down test. TRBP-EYFP in cell lysates was pulled down to the imaging surface using
biotinlyated GFP antibody, and the specific pull-down was tested using a pair of TRBP
antibody and its interacting secondary antibody. D) RNA non-specific binding test to single-
molecule imaging surface. DsSRNA (pre-let-7) not ssSRNA (polyU40) binds specifically to
TRBP pulled-down surface while it show few non-specific binding to the imaging surface
coated with biotinylated GFP antibody.
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Figure 6. Binding affinity of dsRBPs to various dsRNAs
A) The relative binding affinity of four dsRBPs to six dsRNAs containing various secondary

structures. B) The affinity ratio indicates the binding bias of each dsRBP towards structured
or non-structured RNA substrate. C) Competitive binding assay to compare binding affinity
of each dsRBP to structured (Cy3-tRNA) with non-structured (Cy5-27bp) as a pair.
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Figure 7. Dwell time analysis of dsRBPs
A) Scheme to show how to analyze dwell time in single molecule trace. B) Dwell time

distribution of TRBP on 25-bp dsRNA C) Dwell time analysis of TRBP and Staufenl
interacting with three non-structured duplex RNAs (25, 40, and 55 bp), showing linear
dependence of dwell time on the length of RNA duplex.
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