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Abstract

RNA helicase A (RHA) as a member of DExH-box subgroup of helicase super-

family II, participates in diverse biological processes involved in RNA metabo-

lism in organisms, and these RNA-mediated biological processes rely on RNA

structure conversion. However, how RHA regulate the RNA structure conver-

sion was still unknown. In order to unveil the mechanism of RNA structure

conversion mediated by RHA, single molecule fluorescence resonance energy

transfer was adopted to in our assay, and substrates RNA were from internal

ribosome entry site of foot-and-mouth disease virus genome. We first found

that the RNA structure conversion by RHA against thermodynamic equilib-

rium in vitro, and the process of dsRNA YZ converted to dsRNA XY through a

tripartite intermediate state. In addition, the rate of the RNA structure conver-

sion and the distribution of dsRNA YZ and XY were affected by ATP concen-

trations. Our study provides real-time insight into ATP-dependent RHA-

assisted RNA structure conversion at the single molecule level, the mechanism

displayed by RHA may help in understand how RHA contributes to many bio-

logical functions, and the basic mechanistic features illustrated in our work

also underlay more complex protein-assisted RNA structure conversions.
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1 | INTRODUCTION

In all organisms, RNA mediates essential cellular pro-
cesses, such as, transcription,1 pre-mRNA splicing,2,3

ribosome biogenesis,4 RNA transportation,5,6 and RNA-
induced silencing complex formation,7–9 which all rely-
ing on RNA structure conversion in accurate and timely
fashions.10,11 It is recently reported that some helicases
promote RNA structure conversion.12–17 The Neurospora
crassa CYT-19 mediates ATP-dependent unfolding of
both native and misfolding RNAs, and changes RNA

distributions from equilibrium to kinetic control.18 The
Saccharomyces cerevisiae Ded1p disassembles and
rearranges RNA structures, and facilitates the formation
of less stable RNA structures from more stable ones
against thermodynamic equilibrium.15 Though it is
known that helicases promote RNA structure conversion,
still relatively little is understood of the dynamic mecha-
nism of RNA structure conversion by RHA.

In order to unveil the mechanism of RNA structure
conversion mediated by RHA, smFRET is mainly
adopted to investigate how RHA coordinates RNA
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structure conversion. However, relevant reactions are
needed to be quantitatively analyzed in the study of RNA
structure conversions usually occur within large RNA-
protein complexes, which is difficult to control in vitro,
but the investigation of protein and RNA folding indi-
cates defined and tractable model systems can be used for
the elucidation of mechanism of complex conformational
rearrangements.19,20

The Homo sapiens RHA, also named as DHX9, is a
RNA helicase from DExH-box family.21 RHA is originally
purified and characterized in Hela cells, and found to be
located in nucleus and cytoplasm and shuttled back and
forth between these two positions.22–24 RHA consisted
seven domains,25,26 and it has been reported to unwind
duplex RNA in a 30 to 50 direction.27 Moreover, RHA also
shows activity to unwind intra-molecular triplex, RNA
containing R-loops and G-quadruplexes to maintain the
genomic stability.28–30 RHA is shown to be an attractive
''prey'' for viruses, as there is ample evidence that it is
required for the replication of several different viruses,
such as, foot-and-mouth disease virus (FMDV),31 human
immunodeficiency virus type 1 (HIV-I),1,32,33 hepatitis C
virus (HCV),34,35 and influenza virus.36

FMDV is a typical representative of small RNA virus
family, which causes acute contact infectious diseases of
cloven-hoofed animals and causes great economic losses
to the aquaculture industry. In FMDV genome, the 30

UTR contains two stem–loops, and the S fragment inter-
acts with each of the stem–loops. In addition, the internal
ribosome entry site (IRES) also interacts with the 30 UTR
and the 30 UTR stimulates IRES activity. S fragment and
IRES are two different elements present at the 50 end,
interacted with the 30 UTR in a dose-dependent man-
ner.37 RHA plays an essential role in the replication of
FMDV through ribonucleoprotein formation and inter-
acts with the S fragment at the 50 end of the genome.31 In
other virus such as HIV, RHA increases transcription of
the HIV genome through specific binding to stem-loop
structures known as transcriptional activating
regions.32,38 Thus, we speculated RHA may interaction
with IRES by the role of bridge with S fragment, and
IRES is probably a substrate for RHA.

The IRES of FMDV was comprised of five major
domains, and the sequences of strands X and Y in our
work were from the domain 4 of FMDV IRES, and the
strand Z was a complementary strand of strand Y, X, and
Y existed as double-stranded RNA structure in the sec-
ondary structure of IRES.39,40 During viral replication of
FMDV, the genomic RNA not only directs the synthesis
of the viral polyprotein but also serves as template for
RNA synthesis.31 Genome copying occurs via a comple-
mentary negative-sense RNA template and the formation
of two replicating positive-sense strands. Thus,

complementary strands to Y generated in viral gene repli-
cation, indicated the strand Z existed in cells and adopted
a dsRNA structure with Y.

Moreover, RHA has interaction with IRES, which can
affect virus replication by affecting translation through
the association of many protein factors. Thus, the RNA
sequences of substrates used in our assays are selected
from IRES. These three RNA strands can constitute less
stable (XY) and stable (YZ) duplexes. Using smFRET, we
not only probe the dynamic RNA structure conversion in
real-time to determine the pathway, but also demonstrate
the key role of ATP hydrolysis in RNA structure conver-
sion against thermodynamic equilibrium.

2 | RESULTS

2.1 | RNA substrate design

In order to investigate the RHA-assisted RNA structure
conversion, a simple system was designed with three
ssRNA: ssRNA Y could form dsRNA XY with ssRNA X,
or form dsRNA YZ with ssRNA Z as shown in Figure 1
(a). In order to use the model to study the RHA-assisted
RNA structure conversion, the RNA substrate design
should satisfy two requirements. One is that both dsRNA
XY and YZ could be generated via annealing assay
in vitro, and each substrate should have a partial duplex
configuration with a ssRNA tail for efficient unwinding
by RHA with ATP participation. The other is that dsRNA
XY should have lower thermodynamic stability compared
to dsRNA YZ.

RHA can catalytically unwind a partial dsRNA with a
single-stranded tail at its 30 end in a 30 to 50 direction, and
the length of the 30 tail governed the rate of duplex dis-
placement.27 In our experiments, dsRNA with different
lengths of 30 tail were used in unwinding assay, and the
results indicated RHA unwound the dsRNA with a 30 tail
no less than 6 nt, as shown in Figure S3. Thus, the sub-
strates used in RNA structure conversion reaction were
designed to have long enough 30 tails, as shown in
Figure 1. The 30 tail is required for the unwinding activity
of RHA, and RHA has been reported to participate in
diverse cellular processes involving RNA, including
transcription,41 translation,42 RNA interference
pathway,7 innate immune response43 and replication of a
number of viruses.31,35,36,44

In our design in Figure 1(a), dsRNA YZ had 19 com-
plementary base-pairs, and dsRNA XY had two internal
loops, both had partial duplex structures with ssRNA
tails. Moreover, the thermodynamic stability of both
dsRNA XY and YZ was evaluated according to the melt-
ing temperatures (Tm) extracted from the fitted thermal
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melting curves shown in Figure 1(b). The melting tem-
perature of dsRNA YZ was 72 ± 0.5�C, which was
higher than that of dsRNA XY as 64 ± 0.5�C, revealing
that dsRNA YZ had higher thermodynamic stability
than dsRNA XY. The RNA substrate design could
satisfy both two requirements, therefore, it was next
used for studying the RHA-assisted RNA structure
conversion.

2.2 | Detecting RHA-assisted RNA
structure conversion using native PAGE

Native PAGE experiments were first implemented to
detect the RHA-assisted RNA structure conversion. The
substrates consisted of Cy3-labeled dsRNA YZ and
Cy5-labeled ssRNA X, and the PAGE experiments were
performed in three conditions: RNA only, RNA with
100 nM RHA, and RNA with 100 nM RHA and various
concentrations of ATP. The Cy5 fluorescence signal was
collected for RNA structure conversion analysis. The size
markers including dsRNA XY and ssRNA X, shown in
left of Figure 2(a), were generated using the incomplete
RNA annealing assay: ssRNA X was mixed with comple-
mentary ssRNA Y in the annealing buffer and heated at
95�C for 5 min, and slowly cooled down to the room
temperature for 7 h. Moreover, in the RNA structure
conversion assay, 4 nM pre-formed dsRNA YZ and 8 nM
ssRNA X were incubated with/without RHA and ATP at
26�C for different reaction time, the reaction products
were equally resolved in native PAGE, and the fluores-
cence bands were quantified using fluorescence gel
imaging scanner. Note that all the PAGE bands in
Figure 2(a) were obtained in the same batch of

experiments, and totally three batches of experiments
were implemented.

In the condition without RHA or ATP, there was
almost no RNA structure conversion with a rather long
reaction time up to 210 min, since the fluorescence signal
of dsRNA XY could not be detected. When RHA was
added but without introducing ATP, still no RNA struc-
ture conversion was observed in 210 min. By introducing
both RHA and ATP, there was obvious RNA structure
conversion since the fluorescence signal of dsRNA XY
could be detected. Since RHA could not unwind dsRNA
with nonhydrolyzabel ATP analogs (ADPNP, ADP-BeFx,
and ADP-AlF4, data were not shown here), ATP was used
in our study. Additionally, the RNA structure conversion
speed was estimated according to the dsRNA XY fraction
quantification in Figure 2(b), and the dsRNA XY
fraction (XY%) is defined as XY% = XY/(X + XY), in
which X and XY are their corresponding fluorescence
intensities. With ATP concentrations of 1, 2, and 3 mM,
the corresponding XY% were 21.07%, 28.45%, and 35.69%,
and the time reaching steady states was ~5, ~3, and
~ 2 min obtained via fitting according to the homogenous
first order rate law. The results illustrated that higher
ATP concentration promoted the RHA-assisted RNA
structure conversion with higher conversion rate and
faster conversion speed.

The above PAGE experiments not only verified that
the RNA structure conversion relied on both RHA and
ATP, but also provided details on the conversion speeds
and rates; however, it still could hardly reflect the tempo-
ral dynamic process during RNA structure conversion. In
order to study its dynamic process, smFRET was next
adopted to deeply understand the RHA-assisted RNA
structure conversion.

FIGURE 1 RNA substrate design. (a) Scheme of the RNA substrates. dsRNA XY can be formed from ssRNA X (blue) and Y (purple),

and dsRNA YZ can be formed from ssRNA Y (purple) and Z (green) both via annealing assay in vitro; besides, dsRNA XY and YZ can be

unwound by RHA. Numbers represent formed basepairs (bp) and unpaired nucleotides (nt). The 50 end of ssRNA X was labeled with Cy5

(red asterisk) as an acceptor, and the 30 end of ssRNA Y was labeled with Cy3 (green asterisk) as a donor. (b) Thermal melting curves of

dsRNA XY and YZ. The fitted curves represent the smooth trends, and the melting temperature of dsRNA YZ is 72 ± 0.5�C, while that of
dsRNA XY is 64 ± 0.5�C, revealing that dsRNA XY has a lower thermodynamic stability than dsRNA YZ
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2.3 | Design and verification on
smFRET assay

Before smFRET detection, the FRET signal in the RHA-
assisted RNA structure conversion was first verified using
ensemble FRET as shown in Figure 3(a), in which, the 50

end of ssRNA X was labelled with Cy5 as an acceptor,
while the 30 end of ssRNA Y in dsRNA YZ was labelled
with Cy3 as a donor. Therefore, the FRET signal should
occur when dsRNA YZ was converted to dsRNA XY,
since the distance between Cy5 and Cy3 was less than
80 Å. In this verification, 100 nM Cy3-labeled dsRNA YZ
and 40 nM Cy5-labeled ssRNA X were incubated at 26�C
for 10 min in 220 μl reaction buffer. Different reaction
systems, RNA only, RNA with 100 nM RHA, RNA with
100 nM RHA, and 1/2/3 mM ATP, were measured,
respectively. According to the fluorescence intensities
measured by the microplate reader shown in Figure 3(b),
when Cy3-labeled dsRNA YZ was incubated with
Cy5-labeled ssRNA X, no FRET signal was observed,
revealing that no RNA structure conversion occurred;
and when only introducing RHA, there was still no obvi-
ous RNA structure conversion; but only when both RHA
and ATP were introduced, distinct FRET peaks at
~675 nm with the full width at half maximum (FWHM)

of ~30 nm proved that RNA structure conversion
occurred. Moreover, the FRET peak intensity increased
by introducing more ATP. The ensemble FRET results
not only proved that smFRET could be used for dynami-
cally probing the RNA structure conversion, but also
were consistent with the PAGE results that the RNA
structure conversion only occurred in RHA assistance
with the involvement of ATP.

Figure 3(c) shows the smFRET design on the RHA-
assisted RNA structure conversion. Labelled with Cy3 at
the 30 end and biotin at the 50 end of ssRNA Y, dsRNA
YZ was immobilized on the PEG-coated sample chamber
surfaces through the connection between biotin and
streptavidin. The adopted PEG-coated sample chamber
could significantly reduce the non-specific binding of pro-
teins to the sample chamber surfaces.45–51 With the intro-
duction of Cy5-labeled ssRNA X accompanied with RHA
and ATP, the RNA structure conversion occurred as
dsRNA YZ started to convert to dsRNA XY, generating
the smFRET signal. Via collecting temporal fluorescence
signals of both donor (Cy3) and acceptor (Cy5), the
dynamics during the RHA-assisted RNA structure con-
version could be probed. Before smFRET detection on
the RHA-assisted RNA structure conversion, the
smFRET efficiencies of dsRNA XY and YZ were

FIGURE 2 Detecting RHA-assisted RNA structure conversion using PAGE. (a) PAGE results in different conditions. The reactions were

performed at 26�C with 4 nM pre-formed dsRNA YZ and 8 nM ssRNA X described in Materials and Methods. The reaction periods in the

conditions without RHA or ATP and with RHA but without ATP were both from 0 to 210 min; and those in the conditions with RHA and

ATP were all from 0 to 30 min. The reactions were stopped at indicated time, and the products were resolved in 12% native PAGE, and in

addition, dsRNA XY and ssRNA X were detected using a fluorescence gel imaging scanner. Moreover, the left markers in (a) are the size

markers of dsRNA XY and ssRNA X. (b) Relation between the dsRNA XY fraction and the reaction time extracted from (a). The dots

represent the measured data from three repeated experiments, and the error bars represent the standard deviations. The curves were fitted

according to the homogenous first order rate law
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previously measured: Figure 3(d) displays the representa-
tive time traces of dsRNA XY and YZ with the temporal
resolution of 100 ms, as well as the statistical data col-
lected from multiple targets. The smFRET efficiency
reached ~0.83 corresponding to the dsRNA XY condition.
While in the dsRNA YZ condition, the smFRET effi-
ciency should be 0 since dsRNA YZ just had the donor
fluorophore of Cy3. However, a rather low smFRET effi-
ciency as ~0.17 still appeared mainly due to the fluores-
cence leakage of TIRFM system. As samples never
comprised 100% photoactive donor and acceptor dyes,
the donor-only and acceptor-only populations were
selected from the measurements and used to determine

the leakage and direct excitation, uncorrected smFRET
efficiency of ~0.15 due to leakage often occurred,52,53

which was close to that in our work. According to the
above verifications, it is proved that smFRET could be
used to probe the dynamic RNA structure conversion.

2.4 | Detecting RHA-assisted RNA
structure conversion using smFRET

The dynamic RNA structure conversion was first probed
using smFRET in two conditions without RHA or ATP
and with 100 nM RHA but without ATP, and Figure 4(a),

FIGURE 3 Design and verification on smFRET. (a) Strategy of the ensemble FRET assay. dsRNA YZ was converted to dsRNA XY, and

the FRET signal was generated due to a distance sufficiently close between Cy3 and Cy5. (b) Ensemble FRET spectra in the presence of

(i) RNA, (ii) RNA with RHA, RNA with RHA and different concentrations of ATP as (iii) 1, (iv) 2, and (v) 3 mM. Pre-formed dsRNA YZ was

incubated with ssRNA X at 26�C for 10 min. ssRNA Y and X were labeled with Cy3 (as donor) and Cy5 (as acceptor), respectively. The

fluorescence signal with the peak at 575 nm was the FRET signal. (c) Strategy of the smFRET assay. dsRNA YZ was immobilized on a PEG-

coated sample chamber surface via the connection between the biotin and the streptavidin. Biotinylated ssRNA Y was labeled with Cy3

(green asterisk). (d) Representative time traces of dsRNA XY and YZ, as well as the statistical smFRET efficiency histograms. The smFRET

efficiency of dsRNA XY is �0.83 statistically analyzed from 275 molecules; and that of dsRNA YZ is �0.17 statistically analyzed from

364 molecules
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(b) show their representative time traces (more time
traces are shown in Figure S5) and smFRET efficiency
histograms, respectively. In these conditions, there was
only one state corresponding to low smFRET efficiency
of ~0.17, proving that there was no RNA structure
conversion.

Figure 4(c), (d), (e) reveal the results corresponding to
the conditions with both 100 nM RHA and ATP, but dif-
ferent ATP concentrations as 1, 2, and 3 mM, respec-
tively. According to their representative time traces
(more time traces are shown in Figure S4) and smFRET
efficiency histograms, there were obvious three states:
low smFRET efficiency of ~0.17 as State 1 indicating

dsRNA YZ, high smFRET efficiency of ~0.83 as State
3 indicating dsRNA XY, and middle smFRET efficiency
of ~0.58 as State 2 indicating an intermediate structure.
The smFRET results show that the RNA structure con-
version experienced an intermediate state from dsRNA
YZ to dsRNA XY, which can hardly be unveiled using
ensemble FRET or PAGE experiments.

Moreover, in order to acquire the kinetics of RNA
structure conversion, the dwell time (τ) in different state
transitions was analyzed. According to the time traces,
dsRNA YZ converted to dsRNA XY through the interme-
diate state during RNA structure conversion. Since
dsRNA XY was a relatively stable structure, almost no

FIGURE 4 Detecting RNA-assisted RNA structure conversion from dsRNA YZ to XY through an intermediate state using smFRET.

Representative time trace and smFRET efficiency histogram in the condition (a) without RHA or ATP and (b) with 100 nM RHA but

without ATP. Representative time trace, smFRET efficiency histogram, dwell time of τ12, τ21, and τ23 in the conditions with 100 nM RHA

and (c) 1, (d) 2, and (e) 3 mM ATP. Blue curves in dwell time figures were fitted according to the single exponential decay function. (f) Dwell

time of τ12, τ21, and τ23 and (g) transition rates of k12, k21, and k23 corresponding to ATP of 1, 2, and 3 mM
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dsRNA XY transformed to other states, thus τ32 and τ31
were not considered here. Therefore, only τ12, τ21, and
τ23 were analyzed in Figures 4(c)-(e), representing the
state transition from dsRNA YZ to intermediate struc-
ture, that from intermediate structure to dsRNA YZ, and
that from intermediate structure to dsRNA XY, respec-
tively. When the introduced ATP concentration was
1 mM, dsRNA YZ converted to dsRNA XY through the
intermediate structure, and τ12, τ21, and τ23 are 18.96
± 1.26 s, 2.79 ± 0.41 s, and 10.46 ± 1.46 s, respectively.
When the introduced ATP concentration was 2 mM,
dsRNA YZ converted to dsRNA XY through the interme-
diate structure with τ12, τ21 and τ23 of 15.34 ± 1.71 s,
8.97 ± 1.08 s, and 5.29 ± 0.74 s, respectively. When the
introduced ATP concentration was 3 mM, dsRNA YZ
converted to dsRNA XY through the intermediate struc-
ture with τ12, τ21, and τ23 of 10.78 ± 0.39 s, 14.48
± 3.61 s, and 2.63 ± 0.56 s, respectively.

According to Figures 4(a)-(e) as well as the dwell time
analysis in Figure 4(f), RNA structure conversion only
occurred with both RHA and ATP, and with higher intro-
duced ATP concentrations, k12 and k23 obviously
increased while only k21 decreased as shown in Figure 4
(g), revealing that higher ATP concentration promoted
the transition from stable dsRNA YZ to less stable dsRNA
XY, which was consistent with the results from
native PAGE.

3 | DISCUSSION

RNA structure conversion is also known as conformation
switch, and it always contains functional RNA folding,
which can dynamically regulate many biological pro-
cesses.19,54 The RNA structures converting to each other
are usually mutually exclusive, and one RNA structure is
disrupted for the formation of another one. DEAD-box
protein Ded1 has been reported to promote loops genera-
tion in two mutually exclusive RNA structure conver-
sions using a tripartite model, and Ded1-assisted RNA
structure conversions were found for the first time
in vitro.15 In addition, the DEAD-box protein CYT-19, as
a general RNA chaperone, allows RNA refold and modu-
late the distribution of native and misfolded RNAs from
equilibrium to kinetic control. The functions of RNAs
depending on forming multiple conformations may rely
on proteins to increase the populations of less stable con-
formations.18 Proteins have functions in RNA structure
rearrangement and RNA-protein interaction, and these
functions are the premise of regulating RNA structure
conversion, as well as connect with the abilities of pro-
teins to hydrolyze ATP and unwind RNA duplexes.13–15

Moreover, several helicases have been shown recently

not only to unwind RNA duplexes, but also to facilitate
RNA duplexes formation.16,55 However, whether the pro-
teins of DExH-box family can promote RNA structure
conversions is still not known.

RHA, as a typical member of the DExH-box family, is
different from Ded1 in unwinding patterns. Ded1 exists
helicase activity in ''local strand separation'' mechanism,
it promotes the unwinding initiation by directly binding
to the double-stranded region of the substrate via open-
ing a limited number of base pairs.56 In contrast, RHA
exists helicase activity in ''directional translocation''
mechanism, it utilizes ATP to unwind duplexes through
translocating rapidly, possessively, and directionally from
30 to 50.27 The mechanism of Ded1-assisted RNA structure
conversion has been investigated in recent years, but
whether and how RHA modulate RNA structure conver-
sion is still needed to be investigated.

In our study, we used a model to investigate the real-
time RNA structure conversion by RHA at the single
molecule level, the RNA sequences of substrates used in
our assays were selected from the IRES of FMDV
genome, and we speculated RHA remodelled IRES-
related structures and played a coordinating role in IRES-
mediated protein translation. Despite its simplicity, the
model could recapitulate essential aspects of much more
complex physiological structure conversions, and the
basic mechanistic features elucidated in our work also
underlay more complex protein-assisted RNA structure
conversions.

Furthermore, we revealed the distinct thermody-
namic stabilities of dsRNA YZ and XY by the determina-
tion of Tm value, and the results illustrated that dsRNA
YZ was more stable than dsRNA XY. As we known, the
distribution of different RNA structures might be affected
by the thermodynamic stability and structural character-
istics of structures in protein-assisted RNA structure con-
version. Nevertheless, our study indicated the
distribution of dsRNA XY and YZ in RHA-assisted RNA
structure conversion against thermodynamic equilib-
rium, and this phenomenon was similar with Ded1 and
CYT-19.15,18

We found that dsRNA YZ converted to dsRNA XY
through an intermediate state in an ATP-dependent man-
ner, and we speculated the intermediate structure was a
tripartite specie (Figure 5). The acceleration of strand
annealing by a protein might rely on the stabilization of
inherently unstable tripartite species that formed during
the rate limiting steps of duplex formation.57–59 However,
the structure conversion might also proceed through
other tripartite complexes but not detected in our mea-
surements, and how exactly the transition between tri-
partite intermediate structure and final RNA structure
should be further investigated.
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The annealing activity of RHA was necessary for the
RNA structure conversion in our study, and other recent
studies also found that RHA had annealing activity. For
example, in the investigation of the interaction between
RHA and oncogenic transcription factor EWS-FLI1, RHA
could facilitate the annealing of complementary single
strand RNA to yield double strand RNA in a time-
dependent fashion.17 In addition, single molecule fluores-
cence assays were also used to find that the unwinding
process of dsRNA by RHA consisted of discrete sub-steps
including binding, activation, unwinding, stalling and
reactivation. The unwinding process was repeated by a
single RHA molecule without dissociation, and repetitive
RNA unwinding by RHA facilitates RNA annealing.60

The annealing activity of RHA was also related to virus
replication, and RHA promoted the annealing of HIV-1
RNA and tRNALys3, which is the primer of the
HIV-1 viral RNA.61,62

Here, we found RHA promoted the annealing
between strand X and Y to form dsRNA XY in the RNA
structure conversion, and the formation of dsRNA XY

relied on the unwinding of pre-formed dsRNA YZ, the
fluctuations of non-steady state of RNA rearrangement,
the generation and stabilization of dsRNA XY. This is the
first time to observe the RHA-assisted RNA structure
conversion against thermodynamic equilibrium at the
single molecule level in vitro, and the higher concentra-
tions of ATP promoted RNA structure conversion in
faster speed. The mechanism of RHA-assisted RNA struc-
ture conversion is significant to understand the functions
of RHA in many biological processes, especially virus rep-
lication, so it also lays the foundation for the further
research of antiviral drugs.

4 | MATERIALS AND METHODS

4.1 | Protein expression

The bac-to-bac baculovirus expression system was used
for recombinant RHA production. Firstly, SF9 cells
(Invitrogen) were cultured in the Grace insect culture

FIGURE 5 Scheme of the RHA-assisted RNA structure conversion in an ATP-dependent manner. The initial structure converted into

final structure through an intermediate structure. The thicker arrows indicate the faster speeds of structure conversion, the thinner arrow

indicate the slower speeds of structure conversion. And the red percentages are the proportion of the immediate structure and dsRNA XY

generated
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medium (Gibco) containing 10% fetal bovine serum
(Gibco) at 27�C using a constant temperature and humid-
ity incubator (Thermo Fisher). Then, in protein expres-
sion, the RHA gene (Thermo Fisher) was cloned into the
pFastBac dual donor plasmid, and the recombinant
pFastBac-RHA-His vector containing a full-length RHA
gene sequence and a 6 � His tag was transformed into
the MAX Efficiency DH10Bac competent E. coli (Takara,
Japan) to generate a recombinant bacmid. Next, the
recombinant bacmid DNA was transfected into the SF9
insect cells to generate the recombinant baculovirus
using Cellfectin II reagent (Invitrogen) when the cell
density was ~2.5 � 106 cells/ml and the cell viability was
higher than 95%. Finally, the recombinant protein
was expressed by amplifying the baculovirus in the
infected SF9 insect cells, and the SF9 cells were harvested
72 h post-infection.

4.2 | Protein purification

Firstly, the harvested cells were washed with the phos-
phate buffer saline (10 mM NaH2PO4, pH 7.4, 140 mM
NaCl, 3 mM KCl), homogenized in 2 ml hypotonic Buffer
A (25 mM HEPES-KOH pH 7.8, 10 mM NaCl, 10 mM
Na2S2O5, 5 mM MgCl2, 7 mM β-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride and 0.1% (v/v) Aprotinin
(Sigma)), and incubated with 2 ml high-salt Buffer B
(25 mM HEPES-KOH pH 7.8, 1 M NaCl, 10 mM
Na2S2O5, 5 mM MgCl2, 1.6 mM imidazole, 7 mM
β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride,
0.1% (v/v) Aprotinin, and 30% glycerol) for 30 min. Then,
the ultrasonic broken cells were centrifuged at
14,000 rpm for 20 min using centrifuge (Eppendorf, Ger-
many) to obtain the cell supernatant, and the superna-
tant was incubated with Ni2+-NTA-agarose (Qiagen,
Germany) using a rotating apparatus (Thermo Fisher) for
2 h. The recombinant protein was purified by a series of
wash steps with 0.8, 5, 20, 40, 80, 300 mM imidazole in
Buffer C (25 mM HEPES-KOH pH 7.8, 0.5 M NaCl,
10 mM Na2S2O5, 5 mM MgCl2, 7 mM β-mercaptoethanol,
1 mM phenylmethylsulfonyl fluoride, 0.1% (v/v)
Aprotinin, and 15% glycerol). Afterwards, the protein was
mainly eluted with 80 and 300 mM imidazole in Buffer C
and centrifuged by an ultrafiltration centrifugal tube
(Millipore) with Buffer D (25 mM HEPES-KOH pH 7.8,
0.1 M NaCl, 10% glycerol and 1 mM DTT). Next, the pro-
tein was diluted by 10 times with Buffer E (12.5 mM
HEPES-KOH pH 7.8, 5% glycerol) and incubated with
Capto DEAE Sepharose (GE Healthcare) using a rotating
apparatus (Thermo Fisher) for 2 h. The further purifica-
tion was implemented by a series of wash steps with 0.05,
0.15, 0.25, 0.35, 0.45, and 0.55 M NaCl in Buffer E, and

the protein was eluted with 0.25, 0.35, and 0.45 M NaCl
in Buffer E. All the above steps were implemented at
4�C. The molecular weight of RHA was 140 KDa, and the
protein purity was assessed by SDS-PAGE and Coomassie
(Figure S1). After the protein was centrifuged using ultra-
filtration centrifugal tube (Millipore), the protein concen-
tration was determined by Bradford Coomassie protein
assay kit (Sigma) and the protein was aliquot and stored
at �80�C. Purified RHA was verified to be active before
experiments (Figure S2).

4.3 | Substrate preparation

Three kinds of single-stranded RNA (ssRNA, Dhar-
macon) were used: the sequences of ssRNA X and Y were
from the IRES of FMDV, and ssRNA Z was a comple-
mentary strand of strand Y. They constituted to two dis-
tinct RNA conformations as double-stranded RNA
(dsRNA) XY and YZ. Fluorophores Cy3 (as donor) and
Cy5 (as acceptor) were attached to the 30 end of ssRNA Y
and the 50 end of ssRNA X, respectively. Furthermore,
biotin was attached to the 50 end of ssRNA Y in order to
immobilize it on the sample chamber in smFRET assay.
Efficiencies of all the labelling reactions were proved
higher than 80% according to RNA extinction coefficients
and fluorophores measured by UV–vis spectroscopy
(Shimadzu, Japan). The purification of RNA was
implemented by native polyacrylamide gel electrophore-
sis (PAGE). The sequences of ssRNA X, Y, and Z are
listed.

ssRNA X: 50-Cy5-UCAGGCGUAACUCAAAGCCCC
UUCUCGGACAAGCAC-30.

ssRNA Y: 50-biotin-CUCGGGAUCCGAGAAGGAAA
AAGCUUCUACGCCUGAA-Cy3-30.

ssRNA Z: 50-UAGAAGCUUUUUCCUUCUCUCACA
AUAACAGCAUCAAUGACAU-30.

Additionally, to generate dsRNA YZ, ssRNA Y was
first mixed with complementary ssRNA Z in the
annealing buffer (50 mM Tris–HCl pH 7.5, 100 mM
NaCl) without ATP, then heated at 95�C for 5 min, and
finally cooled down slowly to the room temperature for
7 h. The annealing procedures of ssRNA X and Y for
dsRNA XY generation were the same as those of ssRNA
Y and Z.

4.4 | Thermal melting curve
determination

Melting temperature (Tm) of dsRNA was measured in the
reaction buffer containing 30 mM Tris–HCl, 0.1 mg/ml
BSA, 1% glycerol, 2 mM DTT, 1 unit/μl RNase inhibitor,
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and 3 mM MgCl2. Firstly, 16 nM dsRNA (XY or YZ) was
incubated from 26 to 96�C in a temperature calibrated
PCR machine (Bio-Rad) for 5 min. Then, the reaction
was transferred to the stop buffer containing 50 mM
EDTA•Na2, 1% SDS, and 10% glycerol in ice. Next, 10 μl
aliquot was added to 12% native PAGE in order to sepa-
rate ssRNA and dsRNA. Finally, the unwound fraction of
dsRNA could be determined to generate the thermal
melting curve.

4.5 | RNA structure conversion
detection using native PAGE

The RNA structure conversion contains the unwinding
reaction of dsRNA and the annealing reaction of ssRNA.
PAGE based RNA structure conversion detection was
performed in 110 μl reaction buffer (30 mM Tris–HCl,
0.1 mg/ml BSA, 1% glycerol, 2 mM DTT, 1 unit/μl
RNase inhibitor and 3 mM MgCl2). Before reaction, pre-
formed 4 nM dsRNA YZ was pre-incubated with 8 nM
ssRNA X at 26�C for 5 min. The reaction was initiated
by adding 100 nM RHA and a certain concentration of
ATP. Here, the concentrations of ATP used in native
PAGE were 0, 1, 2, and 3 mM. Specified time points
were taken by adding 10 μl stop buffer containing
50 mM EDTA•Na2, 1% SDS, and 10% glycerol. Products
as dsRNA and ssRNA were resolved using 12% native
PAGE, and the gels were visualized via fluorescence gel
imaging (Typhoon, GE Healthcare) according to the
Cy5 fluorescence intensity. The band intensities of the
reaction products were extracted and the data points
were fitted according to the homogenous first order
rate law.

4.6 | RNA structure conversion
detection using ensemble FRET

100 nM Cy3-labeled dsRNA YZ and 40 nM Cy5-labeled
ssRNA X were incubated at 26�C for 10 min in 220 μl
reaction buffer (30 mM Tris–HCl, 0.1 mg/ml BSA, 1%
glycerol, 2 mM DTT, 1 unit/μl RNase inhibitor and
3 mM MgCl2). Three different reaction systems, RNA
only, RNA with 100 nM RHA, and RNA with 100 nM
RHA and a certain concentration of ATP, were
detected using a microplate spectrophotometer (Tecan,
Switzerland). Cy3 was excited at a wavelength of
545 nm and the fluorescence emission was measured
from 560 to 780 nm. The concentrations of ATP used
in the assays based on ensemble FRET were 0, 1,
2, and 3 mM.

4.7 | RNA structure conversion
detection using smFRET

The kinetics of RNA structure conversion was probed by
smFRET using total internal reflection fluorescence
microscopy (TIRFM) based on a commercial inverted
fluorescence microscope (Olympus IX81, Japan). In the
TIRFM system, a semiconductor laser (Coherent) with
the wavelength of 532 nm and the power of 24 mW was
used for excitation, a 100� oil immersion micro-objective
(Olympus, Japan) was adopted for fluorescence signal
collection, the donor and acceptor fluorescence signals
were split by a dual-channel imaging system (DV2, Pho-
tometrics), and an EMCCD camera (Evolve 512, Photo-
metrics) was used for simultaneously recording
fluorescence images in both the donor and acceptor
channels. In the measurements, the exposure time of the
EMCCD was fixed as 100 ms with the gain of 300, and
the fluorescence images were recorded at a rate of 10 fps.
As shown in Figure S4, our homemade sample adding
device consisted of a sample stage, a sample chamber, a
sample injector and a poly-tetrafluoroethylene tube. Due
to the substrate dsRNA YZ was immobilized on the sam-
ple chamber in advance, and fluorescence images could
be collected when adding samples using the sample
adding device, we could observe the RNA structure con-
version in real time. After fluorescence image collection,
smFRET data were analyzed by vbFRET.63

In sample preparation, 50 pM Cy3-labeled dsRNA YZ
was immobilized on the surfaces of sample chambers
coated with a mixture of 99% mPEG (m-PEG-5000, Laysan
Bio, Inc.) and 1% biotin-PEG (biotin-PEG-5000,
Laysan Bio. Inc.). The biotinylated samples were
immobilized through streptavidin (Pierce) to the bio-
tinylated PEG, and the unbound samples were removed by
washing with T50 buffer (10 mM Tris–HCl pH = 8.0,
50 mM NaCl). Reactions were performed at a constant
temperature of 26�C in the reaction buffer (100 nM RHA,
30 mM Tris–HCl, 0.1 mg/ml BSA, 1% glycerol, 2 mM DTT,
1 unit/μl RNase inhibitor, 3 mM MgCl2, 100 pM ssRNA X
and a certain concentration of ATP). The concentrations of
ATP used in the smFRET to investigate RNA structure
conversion were 0, 1, 2, and 3 mM. Besides, 5% (v/v) D-
glucose (Sigma) and 1 mM 6-hydroxy-2,5,7,8-tetramethylch
roman-2-carboxylicacid (Trolox) were also added together
with an oxygen scavenging system consisting of
0.04 mg/ml catalase (Sigma) and 1 mg/ml glucose oxidase
(Sigma) to reduce the fluorescence quenching.
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