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ABSTRACT: Advanced single-molecule techniques have enabled tracking of
nanometer-scale movements of DNA and RNA motor proteins in real time.
Previously, we reported an ATP-independent diﬀusion of transactivation response
RNA binding protein (TRBP) on dsRNA, yet the mechanistic details remain
elusive. Using single-molecule ﬂuorescence assays, we demonstrate that the
diﬀusion activity of TRBP is coordinated by an independent movement of two
subdomains, dsRBD1 and dsRBD2, in which the diﬀusion distance is determined
by the length of a ﬂexible linker domain that connects the two dsRBDs. When the
linker is shortened, the diﬀusion distance is reduced proportionally, suggesting a
ruler-like function of the linker domain. Diﬀusion stalls upon encountering a
physical barrier in the form of an RNA:DNA hybrid segment or bulky secondary
structures, indicating a dsRNA scanning mode of TRBP. The results display a
plausible mechanism of TRBP in scanning for pre-miRNA or pre-siRNA as proper
substrates for the RNAi pathway.

■

INTRODUCTION
Double-stranded RNA (dsRNA) plays a critical role in cellular
metabolism. RNAs that constitute ribosome, spliceosome, and a
family of small regulatory RNAs including micro-RNA
(miRNA), small interfering RNA (siRNA), and Piwi-interacting
RNA (piRNA) all possess dsRNA as an essential structural and
functional component.1 In addition, dsRNAs are replication
intermediates for many RNA viruses such as hepatitis C, Ebola
hemorrhagic fever, SARS, polio, and inﬂuenza.2,3 Accordingly,
there are numerous cellular dsRNA binding proteins (dsRBPs)
that are implicated in diverse cellular pathways including
protein kinase R in antiviral immune response, ADAR1 in RNA
editing, Dicer, transactivation response RNA binding protein
(TRBP) and PACT in RNA interference (RNAi), and Staufen1
in mRNA transport and localization.4−10 Many dsRBPs harbor
multiple dsRNA binding domains (dsRBDs) which enable
highly speciﬁc binding to the A-form helix of dsRNA.11,12 It
remains uncertain why some dsRBPs consist of multiple
dsRBDs and how individual dsRBDs contribute to dsRNA
binding and processing.
TRBP functions in HIV replication, PKR-mediated immune
response, and RNAi. As an essential cofactor of Dicer, TRBP
enhances dsRNA cleavage by Dicer13−15 and helps in recruiting
Dicer complex to Argonaute for miRNA processing.16 TRBP
consists of three dsRBDs in which the two N-terminal domains,
dsRBD1 and dsRBD2, bind dsRNA with high aﬃnity and
dsRBD3 associates with Dicer.13,17 Earlier we reported that
dsRBD2 of TRBP makes tight contact with three grooves and
2′-hydroxyl groups on the dsRNA backbone.11 Such contact
© 2016 American Chemical Society

was substantially lost on dsDNA or the DNA:RNA hybrid,
underscoring the exclusive selectivity of TRBP toward
dsRNA.11 We also demonstrated that TRBP exhibits repetitive
diﬀusion on dsRNA without requiring ATP. Such motility of
TRBP was suﬃcient to induce diﬀusion of the Dicer−TRBP
complex on pre-miRNA or pre-siRNA substrates, leading to
facilitated RNA dicing activity. Similar dynamics was observed
in the orthologous proteins, PACT and R3D2.15 More recently,
we reported that another member of the dsRBP family, Staufen,
also diﬀuses on dsRNA, suggesting diﬀusion activity as a
conserved mechanism in diverse dsRBPs.18 The diﬀusion of
TRBP required a minimum of dsRBD1 and dsRBD2 as
deletion of either domain abolished the activity. Nevertheless, it
was not clear how the two dsRBDs coordinate the repetitive
diﬀusion movement on dsRNA.
Here, using single-molecule ﬂuorescence assays, we elucidate
the underlying mechanism that orchestrates the repetitive
diﬀusion of TRBP. We demonstrate that the two dsRBDs move
separately, one domain at a time. Such movement involves
stretching of a ﬂexible linker that connects the two dsRBDs.
Therefore, the linker sets a limit on the diﬀusion distance of the
dsRBP, acting as a ruler that reaches up to a certain distance.
We further conﬁrmed the ruler-like function by demonstrating
that reducing the linker length shortens the diﬀusion distance.
In addition, when encountering a physical barrier in the form of
a large bulge or long stretches of the DNA:RNA hybrid, the
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uses, we quantiﬁed the diﬀusion time of individual dsRBDs by
performing an autocorrelation analysis on smFRET traces of
over 100 diﬀusion events for each dsRBD. The rates calculated
from an exponential ﬁtting of each autocorrelation curve
yielded 0.155 and 0.106 s of diﬀusion time for dsRBD1 and
dsRBD2, respectively (Figure 1E). In this way, the diﬀusion
constant represents the diﬀusion time for one round trip, that
is, sliding back and forth. We note that the diﬀerence in
diﬀusion constant is not due to Cy3 labeling on one stand of
dsRNA because the protein binds to dsRNA in a sequence- and
position-independent manner.15 The substantial diﬀerence
(>30%) between the two diﬀusion times (Figure 1E) is likely
caused by the mode where dsRBD1 and dsRBD2 move
independently.
Alternating FRET and PIFE Signals Provide Further
Evidence for Independent Diﬀusion of Individual
Domains. To further test the independent movement mode,
we probed the repetitive diﬀusion motion of dsRBP by the one
color ﬂuorescence assay termed “protein-induced ﬂuorescence
enhancement” (PIFE).15 Unlabeled protein induces signal
enhancement of the ﬂuorescent dye on dsRNA when in close
proximity.21,22 In our current system, the repetitive diﬀusion of
dsRBP produces intensity ﬂuctuation of the Cy3 dye, reporting
a periodic distance change between the protein and the dye at
the end of dsRNA (Figure 2C). We performed the FRET
experiment in which only one dsRBD was labeled with Cy5
nonspeciﬁcally. We observed two types of traces, both
exhibiting an alternating PIFE and FRET signal (Figure

dsRBD displays substantial stalling before overcoming the
barrier, suggesting a mechanism that allows for sensing and
scanning of dsRNA. Together, we provide molecular insights
into the mechanism that drives the repetitive diﬀusion of
TRBP. This suggest a plausible role of TRBP in measuring the
length of dsRNA while scanning for intact dsRNA. Such a
mechanism likely enables discerning and selecting suitable RNA
substrates for the RNAi pathway.

■

RESULTS
Diﬀerence in Diﬀusion Rate between dsRBD1 and
dsRBD2 Reveals Independent Domain Movement. TRBP
consists of three dsRBDs, dsRBD1, 2, and 3. Previously, we
established that TRBP diﬀuses on dsRNA independent of ATP,
and the repetitive diﬀusion motion of TRBP on dsRNA is
driven by the ﬁrst two domains, dsRBD1 and dsRBD2.15 This is
consistent with the role of dsRBD1 and 2 of TRBP in binding
dsRNA and dsRBD3 in associating with Dicer.8,19,20 Here, we
sought to examine how the two dsRBDs coordinate such
repetitive diﬀusion along the axis of dsRNA. We generated a
truncated TRBP protein, D12, in which dsRBD1 and 2 were
intact, but dsRBD3 was deleted (Figure 1A). To probe the

Figure 1. (A) TRBP truncation, dsRBD1 + dsRBD2 construct. (B)
dsRNA (40 bp) labeled with Cy3 immobilized on a single-molecule
surface. (C) Individually Cy5-labeled dsRBD1 and dsRBD2. (D)
Representative smFRET traces from Cy5-dsRBD1 and Cy5-dsRBD2.
(E) Autocorrelation ﬁt of smFRET result. (F,G) Two plausible
diﬀusion mechanisms.

movement of individual dsRBDs, we labeled either dsRBD1 or
dsRBD2 with Cy5 (red ﬂuorescent dye) speciﬁcally. Unlike the
nonspeciﬁc labeling of TRBP in our previous report,15 the sitespeciﬁc labeling used here enables tracking the movement of
individual dsRBD. Each labeled protein was applied to Cy3
(green)-labeled dsRNA (Figure 1B,C) in a single-molecule
ﬂuorescence resonance energy transfer (smFRET) assay. In
both cases, smFRET traces exhibited repetitive FRET
ﬂuctuations, consistent with our previous report that veriﬁed
dsRBD1 and 2 as necessary and suﬃcient for diﬀusion of TRBP
(Figure 1D).15 Two plausible models of diﬀusion include two
feet diﬀusing simultaneously as one body (Figure 1F) or
independently (Figure 1G). To determine which mode D12

Figure 2. (A,B) smFRET traces which display mixture of PIFE and
FRET ﬂuctuations. (C,D) Detection scheme for PIFE and FRET. (E)
Fraction of switching dsRBD1 and dsRBD2.
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2A,B). One type of trace showed a long duration of PIFE
ﬂuctuation followed by a brief period of FRET and subsequent
long duration of PIFE signal ﬂuctuation (Figure 2A). The
second pattern involved frequent exchange between PIFE and
FRET signal ﬂuctuation, in which the PIFE signals (green Cy3
spikes) are denoted by arrows (Figure 2B). The alternating
signal change shown in Figure 2A,B is likely arising from one
molecule of D12 rather than successive binding of diﬀerent
molecules for the following reasons. Based on our previous
results, TRBP binds dsRNA as a monomer at the tested protein
concentration (10 nM), and the oﬀ rate of TRBP (<0.008 s−1)
is much lower than what is expected from the short spike of
PIFE in Figure 2B.15 In this context, the pattern of alternating
PIFE and FRET ﬂuctuation cannot emerge if both dsRBD1 and
dsRBD2 diﬀused together. This pattern can only be explained if
one dsRBD diﬀuses at a timealong the Cy3-labeled RNA,
diﬀusion of the unlabeled dsRBD of D12 TRBP produces the
change in PIFE signal (Figure 2C), while diﬀusion of the Cy5labeled dsRBD generates the FRET changes (Figure 2D).
Although the position of the nondiﬀusing dsRBD cannot be
pinpointed, our data indicate that it is located outside of the
FRET-sensitive distance range (>8 nm), allowing the PIFE
signal to be detected in the absence of FRET. The majority of
the traces (>80%) display long-lived movement of one foot
(dsRBD) followed by diﬀusion of the other foot (Figure 2A),
while some exhibit rapidly exchanging two feet during diﬀusion
(Figure 2B). We analyzed the frequency of the “changing foot”
by counting the number of events where the PIFE signal
converts to FRET and vice versa over many ﬂuctuating events.
While many successive steps occur without changing foot (tall
bar at zero fraction, Figure 2E), there is approximately 25%
(peak at 0.25 fraction) likelihood of changing foot during
diﬀusion in the case of rapidly exchanging two feet and 12% in
all cases (Figure 2E). This means that D12 changes feet
approximately once every 10 diﬀusion events on average.
Double-Labeled Protein Displays Periodic Conformational Changes Concomitant with Repetitive Diﬀusion.
We reasoned that if TRBP diﬀusion was driven by one dsRBD
at a time, the distance between the two domains would change
periodically. On the other hand, if the two domains diﬀuse
together, the distance may not undergo any change. To probe
such conformational changes of TRBP during its diﬀusion
along dsRNA, we prepared the double-labeled D12 protein by
engineering two single cysteine mutations on individual
dsRBDs (D12-DC in Table S1) and stochastically labeling
with maleimide-conjugated Cy3 and Cy5 dye.23 Although we
do not know which domain is labeled with Cy3 or Cy5, the
dual-color labeling strategy is suﬃcient for monitoring a relative
movement between the two dsRBDs. The protein with a single
Cy3- or Cy5-labeled molecule can be easily distinguished from
the double (Cy3 + Cy5)-labeled ones in the single-molecule
analysis. The dsRBD labeled only with Cy3 (either one or two
Cy3 dyes) would not yield any FRET, and proteins with Cy5
only (either one or two Cy5 dyes) would not produce any
ﬂuorescence signal with 532 nm laser excitation in our
experimental setup. We have not observed any homoquenching
in the case of two Cy3 labelings (Figure S1).
To ﬁrst probe the conformation of D12 when it encounters
dsRNA without diﬀusion, we prepared a 15 bp dsRNA
substrate (Table S2), which is approximately the size of the
footprint of one dsRBD (Figure 3A).15 We observed a shortlived high FRET signal, reﬂecting a transient interaction
between 15 bp dsRNA and D12 in which two feet are close

Figure 3. (A,E) Doubly labeled D12 protein subjected to (A) 15 bp
and (E) 38 bp RNA. (B,F) Representative smFRET traces obtained
from experiment (A,E). (C,G) Overall FRET histogram from two
experiments. (D,H) FRET histogram from initial binding moments.
(I) Time collected from exponential ﬁtting of autocorrelation curve of
FRET ﬂuctuation probing conformation and diﬀusion for two diﬀerent
RNA substrates, 19 and 38 bp. (J) Schematic depicting the
independent movement of dsRBD1 and dsRBD2.

together (Figure 3B), reﬂecting a closed protein conformation.
Consistent with the FRET time trace, the FRET histogram
built from over 200 molecules shows a high FRET peak,
indicating that most D12 molecules contact the short RNA in
the closed conformation (Figure 3C). The FRET values
collected at the initial binding moment (the ﬁrst 100 ms) from
the same experiment displays a sharp high FRET peak (Figure
3D), suggesting that the initial binding exhibits tightly closed
conformation of D12. In contrast, when the double-labeled
D12 was applied to a longer (38 bp) dsRNA substrate that may
allow D12 diﬀusion (Figure 3E and Table S2), we observed
repeated FRET ﬂuctuations, which represents successive
closing and opening of the two labeled dsRBDs (Figure 3F).
This strongly suggests that the two domains do not diﬀuse
together but rather independently, leading to a periodic
distance change between them. The overall FRET histogram
built from over 100 molecules displays two broad peaks,
consistent with the ﬂuctuating FRET between the closed (high
FRET) and open (low FRET) states of D12 TRBP (Figure
3G). Unlike in the case of 15 bp dsRNA, the initial FRET
values collected from D12 on 38 bp dsRNA exhibited multiple
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FRET peaks, reﬂecting nonuniform conformation of D12 when
engaged with a longer length of dsRNA. To test if the
conformation-driven FRET ﬂuctuation correlates with the
diﬀusion movement measured previously (Figure 1), we
compared the time components of each FRET ﬂuctuation
calculated by the exponential ﬁtting of autocorrelation analysis
between the two measurements, conformational change versus
diﬀusion. Two dsRNAs of diﬀerent lengths, 19 and 38 bp, were
tested, and the two time values from both sets of FRET data
matched closely in both cases (Figure 3I), indicating that the
conformational change between two dsRBDs correlates with
the diﬀusion activity of D12 on dsRNA. Taken together, the
diﬀusion of D12 arises from an independent movement of each
dsRBD rather than a simultaneous movement of both dsRBDs
(Figure 3J).
Linker Length Controls Diﬀusion Distance. The
dsRBD1 and dsRBD2 in D12 are interconnected by a long
and ﬂexible linker of 61 amino acids.24 Based on the
independent domain movement we observed above, we
hypothesized that the linker between the two domains may
control how far the two domains can move apart from each
other. To test this hypothesis, we created two truncation
mutants, D12-L37 and D12-L17, in which the linker length was
reduced from 61 to 37 and 17 amino acids, respectively (Figure
4A and Table S1). The Cy5-labeled proteins of L37 and L17
were each applied to 55 bp dsRNA labeled with Cy3 (Figure
4B). We analyzed all the FRET traces regardless of two FRET
patterns in Figure 2. The FRET histograms obtained for the
D12-L61 (full length) displayed two distinct peaks centered at
0.25 and 0.8. In contrast, the L37 and L17 mutants yielded
FRET peaks ranging 0.4−0.8 and 0.55−0.8, respectively
(Figure 4C, left column). The reduced FRET peak separation
in the two mutants suggests shortened diﬀusion distance
corresponding to the shortened linker length between the two
dsRBDs. The two distinct peaks are likely due to slightly longer
time the protein spends at both ends of the diﬀusion, indicated
by greater dwell times at high and low FRET state in smFRET
traces (Figure 4C). In agreement, the smFRET traces showed
FRET ﬂuctuation exhibiting the greatest amplitude change for
L61 but substantially reduced changes for L37 and L17 mutants
(Figure 4C, right column). The same experiment performed by
PIFE shows a similar pattern for L17 and L61, likely due to the
short distance sensitivity of PIFE (Figure S2). Taken together,
our results suggest that the linker length sets the diﬀusion
distance between the two dsRBDs; that is, when the linker
length shortens, the diﬀusion distance diminishes proportionally (Figure 4E,F). When we plotted the linker length versus
the diﬀusion distance calculated by FRET change, we obtained
a linear ﬁt with an R2 value of 0.998, reﬂecting a positive
correlation between the linker length and the diﬀusion distance
(Figure 4D). Our data suggest that the linker between dsRBD1
and dsRBD2 functions like a ruler that measures and sets a limit
on the diﬀusion distance. Consistently, PACT containing a
shorter linker length between two dsRBDs (29 aa vs 61 aa of
TRBP) exhibited a shorter diﬀusion range compared to TRBP
(Figure S3).
dsRNA Scanning by Diﬀusion. Next, we asked if this
diﬀusion mechanism of TRBP enables dsRNA scanning by
sensing a non-dsRNA segment as a physical barrier. Previously,
we demonstrated that TRBP diﬀusion tolerates small-sized
mismatches on the dsRNA stem but not excessive secondary
structures with substantial bulges and mismatches.15 To test the
barrier eﬀect more systematically, we inserted varying lengths

Figure 4. (A) D12 (D12-L61) and two linker length variants, D12-L37
and D12-L17. (B) Experimental scheme. (C) FRET histogram
obtained from three measurements with varying linker lengths. (D)
Linker length plotted against diﬀusion distance deduced from FRET
values. (E,F) Schematic representation of D12 diﬀusion for long vs
short linker length.

(3−9 bp) of the DNA:RNA hybrid in the middle of dsRNA
substrates (Figure 5A) based on our previous result that TRBP
does not bind to the DNA:RNA hybrid structure.15 We termed
the substrates DI3, DI6, and DI9 for DNA insertion of 3, 6, and
9 nt (Figure 5A and Table S2). This allows us to test the barrier
eﬀect in a length-dependent manner. We analyzed all of the
FRET traces regardless of two FRET patterns in Figure 2. The
overall FRET histogram for DI3 displays two broad peaks
approximately centered at 0.3 and 0.8, similar to that of dsRNA
with no interruptions (Figure 5B). In DI6 and DI9, the increase
in the middle FRET peak (peak 2) was evident, whereas the
other two peaks, 1 and 3, decreased (Figure 5C,D). To
quantify, we ﬁtted three FRET peaks with Gaussian distribution
to distinguish peak 1 (green), peak 2 (red), and peak 3 (blue),
representing the low, middle, and high FRET peaks,
respectively. Peaks 1 and 3 represent the positions where
Cy5-labeled dsRBD is farthest and closest to Cy3 on dsRNA,
respectively. Peak 2 at mid-FRET represents the “stall” position
of the protein on the substrate, corresponding to the location of
the DI3−DI9 barrier in the substrate (Figure 5E). Thus, the
size of peak 2 relative to 1 or 3 reﬂects how long and often
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range to a half of the full length of dsRNA. Infrequent visit to
the other half of dsRNA gave rise to a small population of the
low FRET range represented as peak 1 (Figure S4). We also
show that other types of barriers, such as mismatches and
bulges, produce a similar barrier eﬀect as seen in DI6 and 9
(Figure S5).

■

DISCUSSION
dsRBPs are responsible for recognizing and processing dsRNA
in cells. They function in translational control, mRNA storage,
small RNA-induced silencing, antiviral immune response, and
viral RNA replication. Based on biochemical and structural
analysis, the protein−dsRNA interactions have been considered
static, for the most part. Our previous report challenged this
view by providing a clear evidence that the TRBP−dsRNA
interaction is highly dynamic, and the mobility likely plays a
functional role in enhancing Dicer’s RNA cleavage activity.15 In
the context of pre-miRNA processing, such mobility of Dicer−
TRBP can facilitate the search for a correct cleavage site along
dsRNA, thereby accelerating the rate of RNA cleavage. Similar
mobility detected in other dsRBPs including PACT, R3D2, and
Staufen15,18 suggests that the diﬀusion activity of dsRBP on
dsRNA may be a conserved interaction mode that serves a
functional role in cellular metabolism. Here, we sought to
dissect the molecular mechanism responsible for the diﬀusion
motility of TRBP by examining the motions of the two
domains, dsRBD1 and dsRBD2.
The ﬁrst question we posed was whether the two domains
diﬀuse simultaneously or independently. In order to distinguish
the two scenarios, we performed several complementary assays.
First, we labeled dsRBD1 and dsRBD2 independently and
analyzed dwell times of individually labeled proteins. In our
previous report, we mostly used a full-length TRBP, which was
nonspeciﬁcally, yet singly labeled. Therefore, the result of both
the dsRBD1 and dsRBD2 was collected together in our singlemolecule data. They were not distinguishable because the
FRET ﬂuctuation range is similar regardless of the labeling
position. In contrast, in this study, when the dsRBD3 was
removed and dsRBD1 and dsRBD2 were individually labeled
and tested for diﬀusion, we observed a discrete diﬀerence in the
diﬀusion kinetics, providing evidence against a simultaneous
movement of the two domains.
Second, we dissected the single-molecule data to decouple
FRET and PIFE events. The distinct exchange between the
FRET and PIFE signal exhibited in single-molecule traces
further supported an independent motion by the two domains.
So far, we have employed the PIFE method mostly when
applying unlabeled protein to Cy3-labeled substrates.15,18,21,22,25,26 Based on the time-separated PIFE and
FRET signals in our current scheme, we were able to interpret
the PIFE signal within the FRET experiment. The dsRBDinduced PIFE signal separated distinctly from the FRET signal
change, likely because the movement of the unlabeled domain
and labeled domain occur independently. It is important to
understand that the continuous signal ﬂuctuation from both
PIFE and FRET come from one binding event, not from
successive binding of multiple protein units as TRBP binds
dsRNA as a monomer at the tested protein concentration, and
the oﬀ rate of TRBP is much slower than the time scale of PIFE
or FRET ﬂuctuation.15 Based on the signals obtained in singlemolecule traces, PIFE signal ﬂuctuation occurs in the absence
of FRET ﬂuctuation; that is, the Cy3 (green) signal ﬂuctuates
without any anticorrelated change in Cy5 signal. It is not due to

Figure 5. (A) dsRNA substrate engineered with varying length of
DNA:RNA hybrid inserted in the middle as a physical blockade. (B−
D) FRET histograms taken for DI3, DI6, and DI9. (E) FRET peak
positions in terms of location on dsRNA. (F) Molecule fractions of
peak 1 and peak 2 for DI3, DI6, and DI9. (G) Representative smFRET
traces of DI3 and DI9.

molecules stall at the barrier position compared to the other
two end positions on RNA. Therefore, the relative distribution
of peak 2 over the other two peaks can serve as a proxy for the
extent of the barrier eﬀect. For this comparison, we plotted the
area of peak 1 (green bars) and peak 2 (red bars) for each
RNA. While peak 1 is slightly higher than peak 2 for DI3, the
trend is reversed in DI6 and such an eﬀect is more pronounced
in DI9, suggesting that the barrier eﬀect is the greatest for the
longest DNA insertion, DI9 (Figure 5F). This eﬀect is evident
in smFRET trace for DI9, which exhibits frequent stalling at the
mid-FRET level (displayed as a pink bar in Figure 5G) and
returning to high FRET without getting through the barrier to
low FRET (Figure 5G). In contrast, the DI3 traces display the
full range of FRET ﬂuctuation without much interruption. With
a further extended barrier of DI12, we observed that TRBP
could rarely bypass the barrier, severely limiting its diﬀusion
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length of linker, they may exhibit diﬀerent substrate selectivity
suited for particular pathways.

photobleaching of the Cy5 dye because the Cy5 signal comes
back when there is FRET ﬂuctuation (Figure 2A,B). As a result,
the emerging model is that the two domain/feet diﬀuse on the
dsRNA axis one foot at a time.
Third, to gain further insight into our proposed model, we
examined the interdomain movement by the double-labeled
D12 protein. When the double-labeled D12 bound to a short
dsRNA (15 bp), we obtained static high FRET, indicating that
both domains engage with the RNA substrates in a closed
conformation. When applied to a longer dsRNA (19 or 38 bp),
we obtained FRET ﬂuctuation, indicating a repetitive opening
and closing of the two dsRBDs. Taken together, the results
strongly suggest that dsRBD1 and dsRBD2 diﬀuse not together
but as independent units.
The independent movement of each dsRBD for the diﬀusion
activity suggests that the linker between two domains may
regulate the diﬀusion. The linker truncation mutants revealed
the function of this ﬂexible linker as a ruler that measures and
limits the distance separation between the two domains,
thereby setting a restriction in the diﬀusion distance (Figure
6A, B). In light of TRBP-induced mobility of the Dicer−TRBP

■

SUMMARY
We elucidated a molecular mechanism underlying a diﬀusion
movement of dsRBP on dsRNA. By taking advantage of sitespeciﬁc ﬂuorescent labeling and high temporal and spatial
resolution of single-molecule ﬂuorescence assays, we resolved
the independent movement of two subdomains that drives the
diﬀusive motion. These results provide new insights into the
role of dsRBPs as a molecular machine that scans RNA with a
built-in ruler to search for the optimal substrates, thereby
providing functional signiﬁcance of having multiple dsRBDs in
these proteins.

■

EXPERIMENTAL SECTION

Protein Mutation and Labeling. We prepared TRBP mutants (i)
lacking dsRBD3 (D12) that possess three diﬀerent linker lengths (17,
37, and 61 aa) between dsRBD1 and dsRBD2, (ii) single cysteine
mutation at either dsRBD1 or dsRBD2, and (iii) double cysteine
mutation at both dsRBD1 and dsRBD2. The TRBP mutants were
cloned as cleavable N-terminal His6−maltose binding protein fusions.
Each was puriﬁed separately from bacterial overexpression using
methods previously described.16 The amino acid sequence of TRBP
mutants is in Table S1.
For labeling single cysteine and double cysteine TRBP mutants, we
mixed ﬂuorophores (Cy5 for single cysteine mutant and a mixture of
Cy3 and Cy5 for double cysteine mutant) with the mutants, incubated
them for 30 min at room temperature, and removed the excess dye
using a Biorad P-6 column. The labeling eﬃciency was calculated by
measuring absorbance of protein and ﬂuorophores.
RNA Substrate Preparation. The sequences of all RNA
substrates are listed in Table S2, which were synthesized and
HPLC-puriﬁed by Integrated DNA Technology Inc. with proper
chemical modiﬁcation such as biotin and amino modiﬁcation for
immobilization and dye labeling, respectively. For labeling of RNA, we
mixed 10−20 μL of 100 μM of ssRNA containing amino modiﬁcation
with 0.1 mg of NHS ester-conjugated Cy3 dye in 100 mM NaHCO3
buﬀer, pH 8.5, incubated the mixture overnight, and removed the
excess dye using ethanol precipitation. If the labeling eﬃciency was
lower than 90%, we reran the labeling reaction using the poorly labeled
RNA to improve the labeling eﬃciency. The complementary ssRNAs
were annealed together by mixing each strand in an annealing buﬀer
(10 mM Tris, pH 8, and 100 mM NaCl), incubating at 90 °C for 2
min, and cooling slowly to room temperature.
Single-Molecule Fluorescence Assays. We used our home-built
total internal reﬂection ﬂuorescence microscope for single-molecule
ﬂuorescence assays. To measure the FRET signal between Cy3 or
DY547 and Cy5, we excited our samples with a solid-state 532 nm
laser (Spectra Physics), separated the emission by two, Cy3 or DY547
and Cy5, using a dichroic mirror (cutoﬀ = 630 nm), and detected it
using an EMCCD camera (Andor). To study the diﬀusion of dsRBPs
on dsRNA, we applied Cy5-labeled dsRBPs to Cy3- or DY547-labeled
dsRNAs, which were immobilized on a polyethyleneglycol-coated
quartz surface via biotin−neutravidin linkage. To measure the
conformational change of two dsRBDs, we applied doubly labeled
dsRBPs to nonlabeled dsRNAs. All of the single-molecule measurements were performed in 20 mM Tris, pH 7.5, 25 mM NaCl, 1 mM
DTT, and 0.1 mg/mL BSA with an oxygen scavenging system (0.5 w/
v % glucose, 1 mg/mL glucose oxidase, and 88 U/mL catalase in 5−10
mM trolox) to stabilize ﬂuorophores.
Diﬀusion Range Calculation Using FRET. When Cy5-labeled
D12 was applied to Cy3-labeled dsRNA, we obtained a FRET
histogram showing two peaks (low and high), reﬂecting the closest
and farthest position of D12 relative to the end of dsRNA with Cy3.
The diﬀusion range can be calculated using the two distances at the
closest and farthest positions that were deducted by FRET eﬃciency
of two peaks through the equation shown below:

Figure 6. (A,B) TRBP scans dsRNA by diﬀusing on RNA, one foot at
a time. The diﬀusion distance scales with linker length.

complex on pre-miRNA, the limited diﬀusion distance is useful
for measuring the ﬁnite length of 25−30 bp of the relevant
substrates.
The test on the DNA:RNA hybrid barriers suggests that
while a small disruption on dsRNA can be tolerated, long
stretches of non-dsRNA impediment causes frequent and
extended stalling at the barrier. Based on the diﬀusion
mechanism elucidated here, we propose a model in which
TRBP serves a scanning function to identify suitable premiRNA substrates. The scanning may be achieved by (i)
checking for the A-form dsRNA, (ii) measuring the length of
dsRNA, and (iii) reading out the topology/disruption along
dsRNA. Based on the similar composition of many dsRBPs,
where multiple dsRBDs are interconnected by variable length
of linker domain, it is plausible that a similar mechanism is at
work in other dsRBPs. Depending on the type of dsRBDs and
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where R0 represents Forster radius and E is the FRET eﬃciency.
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