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g r a p h i c a l a b s t r a c t
� A new sensing platform for Hfq
induced RNA Annealing is reported.

� DSN amplification strategy is used for
the sensitivity assay.

� This sensing platform employed 2-
OMe-RNA modified molecular bea-
con to prevent DSN cleavage.

� Hfq induced RNA annealing rate of
krea¼ 0.16 s�1 was observed.
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The hybridization of two complementary RNAs in single cells depends on their complementary se-
quences and secondary structures, and is usual inefficient at the low concentrations. The bacterial RNA
chaperone Hfq increases the rate of base pairing hybridization of mRNA, and stabilizes sRNA-mRNA
duplexes. However, The RNA chaperone Hfq accelerates the RNA annealing between two complemen-
tary pair RNAs with a still unknown mechanism. So the sensitivity assay of Hfq induced RNA annealing is
very important. By using a 2-OMe-RNA modified molecular beacon as a reporter, which can be specificity
cleavage by DSN, we observed the amplification reaction kinetics (krea) is 0.16 s�1. Our results showed
that the Hfq hexamer directly induced the RNA annealing, and DSN aided the ultra-sensitivity assay
reaction with 0.18 fM Hfq/RNA1/MB1.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The RNA chaperone Hfq is a small, abundant, ubiquitous protein,
which is conserved in a wide range of bacterial phyla and plays an
important role in posttranscriptional gene regulation by interacting
with several small RNAs by base pairing and is required for their
ang), xieminhao@jsinm.org
function [1e6]. Hfq forms a ring-shaped homo-hexamer that spe-
cifically binds sRNAs and mRNAs, which affects the stability of
several mRNAs and targets them for degradation by increasing
polyadenylation, interfering with ribosome binding and with
translation [7e10]. The association of mRNAs and siRNAs depends
on their sequences and secondary structures, and is typically
inefficient at the low mRNA concentrations in the living cell
[11e13]. Hfq also acts as an RNA chaperone by appearing to bind
preferentially to unstructured A/U-rich sequences, frequently close
to more structured regions of the RNA, and increases the rate of
base pairing with mRNA targets, and stabilized siRNA-mRNA
complexes [14e18]. It belongs to the Hfq that is structurally and
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functionally related to the distant archaeal and eukaryotic homo-
logues. Hfq binds to A/U-rich sequences encoded sRNAs as well as
their target mRNAs, thus facilitating base pairing between the two
strands with special sequence complementarity [14e18]. Hence,
Hfq binding duplex formation may subsequently regulate gene
expression at the level of RNA stability or translation.

Woodson group reports that Hfq forms a transient ternary
complex with two RNA strands, increasing helix initiation 103 to
104 times above the uncatalyzed rate [7]. Based on this, they suc-
cessfully developed a light triggered RNA annealing method by an
RNA chaperon, Hfq. Although RNA annealing methods have been
reported, more sensitive assay strategies to functional these RNA
chaperons with RNA annealing are still necessary.

This assay employed duplex specific nuclease (DSN) enzyme for
the amplification reaction. DSN is practically passive toward single-
stranded DNA or RNA, or double-stranded RNA. However, it dis-
plays a strong preference for cleaving double-stranded DNA (more
than 10 base pairs) or DNA with a high preference in DNA-RNA
hybrid heteroduplex and leaves the original RNA intact so that it
can bind to another DNA. Thus, a DNA sequence with signal indi-
cator that is complementary to RNA sequences could be used as a
specific RNA biosensor [19]. RNA-related research with elevated
sensitivity assay could be achieved by introduction the DSN to the
assay system [20e26].

In addition, molecular beacons (MBs) are single stranded
oligonucleotide probes that possess a stem-and-loop structure
[27e31]. The loop portion of the molecule can report the presence
of a specific complementary nucleic acid. The base pairs at the two
ends of theMB are complementary to each other, forming the stem.
When the probe encounters a target DNA or RNAmolecule, it forms
a hybrid that is more stable than the stem, and its rigidity and
length preclude the simultaneous existence of the stem hybrid
[31e37]. Thus, the MB undergoes a spontaneous conformational
reorganization that forces the stem apart. Therefore, the MBs may
lead to signal change by combined the MB with other signal
transducer when hybridized to their target molecules.

In this manuscript, we report an ultrasensitive Hfq-aided RNA
annealing assay strategy that uses DSN amplification method. In
this strategy, the Hfq-induced reaction and DSN digestion can
convert the RNA annealing to the Cy3 fluorophores fluorescence
intensity with high sensitivity. More importantly, our method is
suitable for the assay Hfq-induced RNA annealing in real samples.
2. Experimental section

2.1. Reagents

Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and
Diethyl pyrocarbonate (DEPC) were purchased from Sigma-Aldrich
Inc. (St. Louis, Missouri, USA). The strand sequences were obtained
from Genscript Biotech. Co., Ltd. (Nanjing, China) with the se-
quences as shown in Table 1. Duplex-specific nuclease (DSN) was
purchased from Newbornco Co., Ltd (Shenzhen, China). Malachite
Green (MB)was obtained from J&K Scientific Ltd. (Shanghai, China).
Table 1
Sequences of oligo used in this strategy. The italic type base pairs in RNA1 and MB2
are the hybridization part. The underline bases of MB1 and MB2 are the hybridi-
zation part which hybridize with each other. The double underline of MB2 marked
base pairs of 2-OMe-RNA loop.

note sequence (50-30)

RNA1 GUGUCAGUCGAGUGGAAAAAAAAAAAA
MB1 GGUCCCCCACUCGACUCACCACCGGACC
MB2 BHQ2-TTGGGTAGGTCCGGTGGTGTACCCAA-Cy3
Fluorescence was measured by RF-5301PC Spectro-
fluorophotometer (Shimadzu, Japan). The samples were excited at
552 nm. Before use, miRNAs were diluted to appropriate concen-
trations with DEPC-treated water. The MB1 and MB2 were diluted
with 10mM HEPES (containing 100mM NaCl, 25mM KCl, 10mM
MgCl2, pH 7.0) to give the stock solutions. DEPC-treated deionized
water was used in all experiments.

2.2. Preparation of Hfq

Untagged Hfq were expressed in Escherichia coli BL21 (DE3)
Dhfq: cat/sacB cells grown in 1 L LB-Miller media (10 g L�1 tryptone,
5 g L�1 yeast extract, 10 g L�1 NaCl) supplemented with 100 mg/mL
ampicillin (Amp) to OD600 of 0.6 at 37 �C. The cells were collected
by centrifugation at 5000g for 10min. The plasmid for Hfq was
created by site-directed mutagenesis of the plasmid pET21b-Hfq
[5,8]. About 24 g Cell pellets were resuspended in 50mL of lysis
buffer (50mM Tris$HCl, pH 8.0, 1.5M NaCl, 250mMMgCl2, 1mM 2-
mercaptoethanol) and lysed by sonication. The lysate was clarified
by centrifugation at 27000g for 20min at 4 �C. Then, ammonium
sulfate was slowly added to the clarified lysate solution to a con-
centration of 1M at 4 �C. After 30min of equilibration, the lysate
concentration was also clarified by centrifugation at 27,000 g for
20min at 4 �C and filtered afterward. Then the solutionwas filtered
in a 5mL Hi-Trap Butyl FF Column (GE Healthcare) which previ-
ously equilibrated in hydrophobic interaction chromatography HIC
buffer (50mM Tris$HCl, pH 8.0, 1.5M NaCl, 1.5M (NH4)2SO4,
0.5mM EDTA) to remove nucleic acids. The column was washed
with HIC buffer and eluted in a single step with 50mM Tris$HCl, pH
8.0, 200mM NaCl, and 0.5mM EDTA. The eluate was dialyzed into
cation load buffer, and concentrated by ultracentrifugation before
storage at�80 �C. The purity of this protein (>95%) was determined
by using Quantity One software (Bio-Rad, USA) after SDS-PAGE.

2.3. RNA annealing reactions and amplification reactions

For RNA annealing reaction and duplex-specific nuclease (DSN)-
aided amplification, different concentrations of RNA1, MB2 and Hfq
were treated with and 100 nMMB2 and 0.5 U DSN; with volume of
50 mL reaction mixture containing 1�DSN buffer (50mM Tris-HCl,
pH 8.0; 5mM MgCl2, 1mM DTT, 10mM HEPES, 100mM NaCl, and
25mM KCl), and 20 U RNase inhibitor, were mixed at 37 �C. The
fluorescence intensities were measured by using
Spectrofluorophotometer.

2.4. Cell culture

HEK293T cells were cultured in RPMI-1640 media supple-
mented with 10% fetal bovine serum, streptomycin (0.1mgmL�1)
and penicillin (100 UmL�1) in the presence of 5% CO2 at 37 �C.

2.5. Cell lysis procedure

HEK 293 T cells (1� 106 per well) were washed with PBS buffer
for 3 times carefully and lysed with passive lysis buffer (Promega)
with protease inhibitors. The cytoplasmic organoids were pelleted
by centrifugation at 14000 RCF for 15min at 4 �C and the super-
natant was collected.

3. Results and discussion

3.1. The working principle

The working principle of the RNA chaperone induced RNA
annealing by DSN based amplification method is illustrated in



Fig. 1. Feasibility study. A) Real-time fluorescence monitoring of RNA annealing assay
in the presence of: a. 100 nMMB1 and 100 nM RNA1; b. 100 nMMB1, 100 nM RNA1 and
100 nMMB2; c. 100 nMMB1, 100 nM RNA1 and 100 nMMB2 treated with 0.5 U DSN; d.
100 nM MB1, RNA1 and 100 nM Hfq incubated with 100 nM MB2 and e. 100 nM MB1,
100 nM RNA1 and 100 nM Hfq incubated with 100 nM MB2 and treated with 0.5 U
DSN. Insert: linear part of line c and line e. B) The relationship between the fluores-
cence intensity and the concentration of Hfq. The concentration of MB1, RNA1, and
MB2 are all 100 nM and the DSN is 0.5 U.
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Scheme 1A. In this strategy, twomolecular beacons (MB1 andMB2)
were ingeniously designed. RNA1 consists of two fragment parts: a
part of A12 for Hfq recognition and another part for annealing with
complementary MB1. MB1 consists of two fragments: one for
annealing with RNA1 and another for hybridization with MB2's
loop part. In the initial state, the MB1 exists in the state of molec-
ular beacon. The MB2, which is modified with a Cy3 fluorophore at
its 30 terminus and a Black Hole Quencher2 (BHQ2) at a 50 terminus,
self-hybridizes to form a stem-loop structure that contains 2-OMe-
RNA base on its stem to avoid the cleavage by DSN (Scheme 1B). The
2-OMe-RNA differs from DNA in the 2-OMe on the pentose
(Scheme 1B), whichwill not be recognized and cleaved by DSN [38].
This closed stem-loop structure holds the fluorophore cy3 in close
proximity to the quencher BHQ2, which results in very weak
fluorescence emission. In the absence of Hfq, this stable interme-
diate accumulates very slowly (up to 30min). In the present of Hfq,
MB1/RNA1 annealing duplex can eventually stall at a stable helix
initiation intermediate, the trapped intermediate rapidly converts
to duplex. The MB1 in the MB1/RNA1 duplex has a tail at 30 end to
open MB2 to recover the fluorescence of cy3 modified on the MB2.
The MB2 challenged with MB1/RNA1 duplex will open the stem-
loop structure and form a double-stranded structure. DSN cleav-
ages the DNA bases stepwise from theMB2/RNA1 duplex, liberating
the fluorophore from the 30 terminus of MB2 before ultimately
releasing the Hfq/MB1/RNA1 complex. The released Hfq/MB1/RNA1
complex then hybridizes with another MB2 probe, immediately a
new cycle. RNA annealing of target RNA (RNA1) and molecular
beacon (MB1) in the absence of Hfq goes through multiple steps.
The MB1 and RNA1 initially formed a transient binary complex that
likely involves just a few base pairs (helix initiation, Scheme 1).
Then, some of theMB1/RNA1 duplex will continue to add base pairs
and form a stable duplex at the help of Hfq. Thus, a single copy of
the Hfq/MB1/RNA1 complex generates many Cy3 fluorophores
resulting in the appearance of a fluorescence signal.

3.2. Feasibility study

To verify the feasibility of this RNA annealing assay, the fluo-
rescence intensity changes under different conditions were inves-
tigated (see Fig. 1A). We combined MB1 and RNA1 (100 nM each)
with (line d) or without (line b) 100 nM Hfq hexamer and recorded
Scheme 1. (A) Principles of the RNA chaperone induced RNA annealing by DSN based amplification method. (B) The structure of the MB2: the sequences of DNA (loop part) or 2-
OMe-RNA (stem part) were marked.
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the fluorescence emission at 562 nm. An increase in fluorescence
intensity after the Hfq addition indicated that the MB1 and RNA1
bound Hfq during incubation, and Hfq accelerate the RNA anneal-
ing. After addition DSN (line c and line e), samples were growth in
fluorescence recorded for a 60min. The target RNA annealed with
the MB1 5.9 times faster in the presence of Hfq than without the
chaperone Hfq (compared with the slop of the linear part of line e
(reaction kinetics, krea, is 0.16 s�1) with which of line c (krea¼ 0.027
s�1)). We can conclude that Hfq increased the RNA annealing rate
and DSN helps the sensitivity assay, as manifested by higher reac-
tion endpoints and the slop of the linear part. This enhancement
depended on the specific chaperone activity of Hfq, and the DSN
aided amplification.

In order to assay the RNA annealing, we then test the Hfq con-
centration's influence to the RNA annealing rate. We employed a
series of RNA1 and MB1 concentration (the RNA1, MB1 and MB2 in
each test are 100 nM) to treated different concentration of Hfq. The
rate of RNA1 and MB1 annealing after DSN amplification increased
with Hfq concentration, and reached saturation when the con-
centration of Hfq equaled the concentration of MB1 and RNA1
(Fig. 1B). So, we adopt the same concentration of Hfq as RNA1 and
MB1 for the next research.

3.3. Sensitivity of the RNA annealing

To test whether the strategy can be used to detect RNA
annealing effectively and quantitatively, the amplification reaction
kinetics were carried out, and the results were depicted in Fig. 2. As
shown in Fig. 2A, the real-time monitoring of fluorescence signal
intensity increased with the concentration of MB1, RNA1 and Hfq
increased from 0 to 100 nM, indicating that the cleavage of MB2 is
Fig. 2. Hfq catalyzed RNA annealing. The fluorescence intensity increase with the Hfq
catalysis time and DSN cleavage time. From a to h are: a) 0.5 fM RNA1, 0.5 fM MB1 and
0 fM Hfq; b). 0.5 fM RNA1, 0.5 fMMB1 and 0.5 fM Hfq; c) 5 fM RNA1, 5 fM MB1 and 5 fM
Hfq; d) 50 fM RNA1, 50 fM MB1 and 50 fM Hfq; e) 1000 fM RNA1, 1000 fM MB1 and
1000 fM Hfq; f) 50 pM RNA1, 50 pMMB1 and 50 pM Hfq; g) 2 nM RNA1, 2 nM MB1 and
2 nM Hfq; h) 100 nM RNA1 and 100 nM Hfq, incubated with 100 nM MB2 and treated
with 0.5 U DSN, respectively. Insert: The relationship between the fluorescence in-
tensity at 3600 s and the logarithm of concentration of Hfq. All data are taken from
independent experiments with repetition for at least three times, and the presented
data are the results of averaging.
highly dependent upon the concentration of MB1, RNA1 and Hfq
and the DSN aided amplification reaction kinetics. Fig. 2B shows the
corresponding calibration plot of the concentration of target MB1,
RNA1 and Hfq versus the fluorescence intensity at the reaction time
of 60min. The detection limit of MB1, RNA1 and Hfq was calculated
to be 0.18 fM according to the responses of the blank tests plus 3
times the standard deviation (3s). The detection limit of the
method had improved by as much as 7 orders of magnitude as
compared with previous traditional FRET method (3 nM) [39].
Fig. 3A shows liner part of the kinetic curve in Fig. 2A with the
reaction time from 0 to 1000 s. We calculated the amplification
reaction rates constant (krea) as the slops of fitting curve. The
relationship of the MB1, RNA1 and Hfq concentration and the re-
action rate constant krea are shown in Fig. 2B.

3.4. The specificity test

Another concern we sought to address is off-target specificity
(please see Fig. 4). So, we removed Hfq with proteinase K. We
employed 1000 fM RNA1, 1000 fM MB1 and 1000 fM Hfq treated
with 0.5 U DSN for the specificity assay (Fig. 4, line a). When pro-
teinase K was added before the DSN amplification stage, the fluo-
rescence intensity was indefinitely stable (line b), and was always
still low, which was close to the fluorescence intensity of 0 fM Hfq
(line g). As well, the selectivity of this assay was further investi-
gated. We employed three proteins with the same concentration
(1000 fM) of Hfq into the reaction system, respectively. As also
shown in Fig. 4, low fluorescence intensity was detected in the
presence of BSA, AFP, and CEA, which was slightly higher than that
of the background (0 nM Hfq, line g) and closely to the fluorescence
intensity of 0.5 fM RNA 0.5 fMMB1and 0.5 fM Hfq treated by MB2
and DSN (line f). The results demonstrated that the RNA annealing
reaction triggered by the Hfq efficiently.
Fig. 3. Hfq catalyzed RNA annealing in the first 1000s after the incubation. The fluo-
rescence intensity increase with the Hfq catalysis time and DSN cleavage time in the
first 1000s. From a to h are: a) 0.5 fM RNA1, 0.5 fM MB1 and 0 fM Hfq; b). 0.5 fM RNA1,
0.5 fM MB1 and 0.5 fM Hfq; c) 5 fM RNA1, 5 fM MB1 and 5 fM Hfq; d) 50 fM RNA1,
50 fM MB1 and 50 fM Hfq; e) 1000 fM RNA1, 1000 fM MB1 and 1000 fM Hfq; f) 50 pM
RNA1, 50 pM MB1 and 50 pM Hfq; g) 2 nM RNA1, 2 nM MB1 and 2 nM Hfq; h) 100 nM
RNA1 and 100 nM Hfq, incubated with 100 nM MB2 and treated with 0.5 U DSN,
respectively. Insert): The relationship between the amplification reaction rate constant
(krea) in Fig. 3A and the logarithm of concentration of Hfq. All data are taken from
independent experiments with repetition for at least three times, and the presented
data are the results of averaging.



Fig. 4. Specificity assay. Real-time fluorescence monitoring of RNA annealing assay in
the presence of: a) 1000 fM RNA1, MB1 and Hfq, b) 1000 fM RNA1, MB1 and Hfq with
proteinase K, c) 1000 fM RNA1, MB1 and BSA, d) 1000 fM RNA1, MB1 and AFP, e)
1000 fM RNA1, MB1 and CEA, f) 0.5 fM RNA1, MB1 and Hfq, g) 0 fM RNA1, MB1 and Hfq.
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3.5. Real sample assay

A significant challenge for the RNA annealing is suppressing the
background signal interference derived from the real samples
which contain other RNAs such as cell lysate. The A/U-rich se-
quences encoded RNA annealing assays should yield interferential
signal since other RNA annealing reactions is not sufficient to
generate Hfq inducted reaction. To test this, we next detected Hfq
induced annealing in 10 time-dilution cell lysates using our well-
designed amplification sensing platform. Five concentrations of
RNA1, MB1 and Hfq with equal concentrations were spiked into 10
times-diluted cell lysates. Fig. 5 shows the assay results obtained
RNA1, MB1 and Hfq with spiked cell lysate samples. These results
indicate that the possible interference from the 10 time-dilution
cell lysates analysis was negligible. Therefore, this Hfq-induced
RNA annealing sensing platform could potentially be applied to
realistic biological samples.
Fig. 5. Distribution of fluorescence intensity at 3600s in detecting Hfq induced RNA
annealing with different concentration RNA1, MB1 and Hfq (RNA1, MB1 and Hfq has an
equal concentration).
4. Conclusions

In summary, we have developed a simple and ultrasensitive
method for the real-time assay of RNA annealing reaction by
coupling the DSN-aided signal amplification strategy with the Hfq
triggered RNA annealing reaction. By employing a MB probe which
modified 2-OMe-RNA at its stem part, we transform the RNA
annealing reaction to the real-time fluorescence intensity of Cy3.
Rather, the DSN-aided amplification reaction is a sensitivity
approach to assay RNA annealing with a krea of 0.16 s�1, analogous
to other popular large-scale reaction platforms are analyzed for
changes in response to chemical stimulant and biological stimulant.
Therefore, the as-proposed strategy homogeneous fluorescence
RNA annealing reaction assay may become a general method for
sensitive RNA chaperone's assay and amplification reaction kinetics
research and has great potential to be applied inmiRNA-related and
RNA chaperones related clinical diagnostics and biochemical
research.
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