ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2018,
54, 7151

dynamicst

Received 11th May 2018,
Accepted 1st June 2018

DOI: 10.1039/c8cc03805h

rsc.li/chemcomm

Here, we developed two pairs of high-contrast chemical probes and
their RNA aptamers with distinct readout channels that permitted
simultaneous live-cell imaging of endogenous B-actin and cortactin
mRNAs. Application of this technology allowed the direct observation
of the formation process of stress granules, protein—RNA assemblies
essential for cellular response to the environment.

The spatiotemporal dynamics of mRNA plays an important role
in protein expression. Non-translating mRNAs usually form non-
membrane-bound organelles, so-called RNA granules, which
are classified into two classes: (i) processing bodies (P-bodies)
that regulate mRNA turnover and (ii) stress granules, whose
formation is accelerated upon cellular stress." In mammalian
cells, P-bodies and stress granules dock and undock from one
another,” suggesting that mRNAs inside these two granules are
exchanged between them. Analysis of how the RNA-containing
granules interact, and how endogenous mRNAs inside them are
exchanged, is important for understanding how cells traffic-control
cytosolic mRNAs. Live-cell imaging of mRNAs inside granules
would be useful for this purpose. Although an increasing number
of methods for live-cell RNA imaging have been developed, includ-
ing the MS2? and Spinach” systems, these seminal methods permit
the detection of only tagged or engineered mRNA. A few methods
have been reported for the live-cell detection of native, non-
engineered mRNA, including the pioneering methods represented
by molecular beacons and related oligonucleotide probes.” The
high designability for specific RNA targets permits the visualization
of a wide range of endogenous RNAs. However, several challenges
remain. For example, low stability of the beacons in cells produces
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relatively high background fluorescence. Another recently developed
approach uses hybrid proteins that combine split GFP and RNA-
binding proteins.® This genetically encoded approach has provided
valuable information about the dynamics of endogenous RNAs. The
primary drawback of this method is the need to design a specific
probe for each RNA target.

We and others previously described a live-cell RNA imaging
method that potentially overcomes these limitations.” This method
combines a tailormade RNA aptamer with a cell-permeable,
quenched fluorescent chemical probe. In our method,”” the
chemical probe is conjugated with BHQ1, a black hole quencher,
and its quenched fluorescence is restored when the BHQ1 segment
binds to the RNA aptamer in the presence of the mRNA of interest.
When the RNA aptamer, which is encoded by a transfected plasmid,
hybridizes to a complementary sequence in the target mRNA, it
forms a binding loop for BHQ1 to restore the fluorescence of the
conjugate. This versatile method permits the visualization of non-
engineered, endogenous mRNAs in living cells. The development of
simple approaches for the simultaneous imaging of multiple RNAs
is essential to gain deeper insights into the functions and dynamics
of RNA in cells. In the present study, we aimed to complement and
advance our previous work by designing optimized, high-contrast
chemical probes with distinct readout channels that permitted
simultaneous live-cell imaging of RNA granule dynamics and inter-
actions (Fig. 1).

We previously showed that the quenched BHQ1-sulfoCy3
conjugate probe (1, Fig. 1A) became fluorogenic upon binding to a
BHQ1-binding aptamer. However, it remained unclear exactly how
binding to the aptamer turned on the fluorescence. Quenching
of such turn-on probes is often mediated by intermolecular
or intramolecular contacts, and BHQ1 is also a fluorescence
resonance energy transfer (FRET) type quencher. Therefore, we
reasoned that the quenching of the BHQ1-sulfoCy3 conjugate
probe (1) is mediated by a combination of contact quenching
and FRET mechanisms.

To examine the contribution of contact quenching, we
measured the UV spectra of the BHQ1-sulfoCy3 conjugate probe
(1), sulfoCy3, and BHQ1 in an aqueous buffer (Fig. S1B, ESIt).
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Fig. 1 Schematic representation of the RNA imaging method described in this
study. (A) Chemical structures of the probes used in this work. (B) Each RNA
aptamer hybridizes with its target RNA to form a quencher-binding loop.
Interaction of the loop with its corresponding probe restores the fluorescence
of the probe. (C) Multicolor RNA imaging in living cells. Introduction of aptamer
expression vectors and probes into identical cells allows the simultaneous detec-
tion of subsets of MRNA granules. The multicolor imaging method permits
direct observation of the formation of stress granules in response to cellular stress.

Probe 1 exhibited a UV spectrum distinct from the combined
spectrum of sulfoCy3 and BHQ1, suggesting that the ground
electronic states of sulfoCy3 and BHQ1 in the conjugate are
different from those of the molecules standing alone. In con-
trast, addition of a BHQ1-binding aptamer (A1) rendered the UV
spectrum of the conjugate analogous to the combined spectra of
sulfoCy3 and BHQ1 (Fig. S1C, ESIt). These results suggest that
the interaction of the aptamer with the BHQ1 segment of probe 1
releases its physical contacts with sulfoCy3, making sulfoCy3
more susceptible to photoexcitation.® Two-dimensional NOESY
spectra of probe 1 revealed a number of NOE signals between
sulfoCy3 and BHQ1 in 50% (v/v) D,O/DMSO-dg, but not in 100%
DMSO-dg, supporting the notion that these two groups of probe
1 are in close proximity in an aqueous solution (Fig. S2, ESIt).
In addition to the contact inhibition mechanism, FRET is
thought to play a role in quenching the fluorescence of probe
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conjugate 1. A remaining question is whether BHQ1 maintains
its ability to exert FRET for quenching when in complex with
the aptamer. The UV absorbance profile of BHQ1 exhibited no
detectable alteration, even in the presence of the BHQ1-binding
aptamer, suggesting that aptamer-bound BHQ1 is likely to
maintain its properties for exerting FRET (Fig. S3, ESIT). In
fact, the fluorescence intensity of the aptamer-bound probe is
70 times lower than that of sulfoCy3 (Fig. S4, ESIY).

One approach to improving the signal-to-background ratio
of probe 1 is to optimize its fluorescence intensity upon
binding to the aptamer. As the efficiency of FRET is inversely
proportional to the sixth power of the distance between the
donor and the acceptor, introduction of a longer linker into
probe 1 would reduce the effect of the residual FRET after the
BHQ1-binding aptamer releases physical contacts between
BHQ1 and sulfoCy3. We synthesized two BHQ1-sulfoCy3 conjugates
with longer linkers (probes 2 and 3) and analysed their ability to
restore fluorescence upon binding to the aptamer. Lengthening the
poly(ethylene glycol) linker significantly increased fluorescence
intensity upon binding to the BHQ1-binding aptamer. Conversely,
probe 4 with a shorter linker displayed lower fluorescence intensity
than the parental probe (1) (Table S1 and Fig. S5, ESIt). We selected
probe 2 for further optimization.

Another approach to improve the signal-to-background ratio
is to reduce the background signal of unbound probe 2. The
physicochemical properties of fluorophores usually govern the
extent of contact-induced fluorescence quenching effects. There-
fore, we replaced sulfoCy3 of probe 2 with six different fluorophores
(Table S2, ESIt). The probe with sulfoCy5 (probe 5, Fig. 1A) showed
the lowest background, with a signal-to-background ratio of 20
(Fig. S6, ESIt). We used probe 5 for subsequent multicolor imaging.

To achieve multicolor imaging, we needed to pair a chemical
probe equipped with a distinct quencher and its partner RNA
aptamer. As a new quencher, we selected 1,3-dinitrobenzene
(DNB), a low molecular weight, low hydrophobic quencher that
has been used in a number of imaging studies.”®® To obtain an
RNA aptamer for DNB, we carried out the in vitro selection of an
RNA library comprising 60-base random sequences (Fig. S7 and
Table S4, ESIT). Eight rounds of selection yielded four DNB-binding
RNA aptamers with sequences conserved in all four (DNB1-4), and
another conserved in only three (DNB1-3) (Fig. S8A, ESIT). Their
ability to bind to DNB was evaluated using a DNB-TAMRA probe
(6, Fig. 1A). Fluorescence measurements revealed that DNB1-3
restored the fluorescence of the probe, while DNB4 failed to do
so (Fig. S8B and C, ESIt), indicating that both of the conserved
sequences are required for the interaction. We selected the most
sensitive DNB1 for further analysis.

Secondary structure prediction of DNB1, calculated using
CentroidFold (http://rtools.cbre.jp/centroidfold/), suggested a
stem-loop structure in which the two conserved sequences form
an internal loop (Fig. 2A). To validate the model, we designed a
simplified aptamer (DNB1-short), in which minimal essential
RNA segments for the formation of the internal loop were main-
tained (Fig. 2B). Indeed, DNB1-short restored the fluorescence of
the probe to the same level as DNB1 (Fig. 2C). We further
designed a point mutant of DNB1-short (DNB1-short-mut), in

This journal is © The Royal Society of Chemistry 2018


http://rtools.cbrc.jp/centroidfold/

ChemComm

A B 3
5/
GCCUAG G
c GcUU L o0,
37 & internal G tem 1 £
C
e e SR
CUGCG RS SR TG
5/ A [ G U
G‘\y %U U stem II g,c‘{y 37 5’
Ucceg) éll;c“ &
[50) i hairpin $
S G ok
2 A?: G ¢ ceens
a 3
et é’&éc; DNB1-short &<°
c U UgA (DNB1-short-mut) c 3
Géf?%“‘ DNB1 Fangaueeu
& [ &
s.gﬁ a2 G'é"(-;l
o 5, &
U‘%é; CA&:GG 'é? complementary
G ¢ uu e 6§ sequence to
Ugh CuGe, G RNA of interest
. ]
formation of tz c
DNB binding loop “u ;. &
G-
U-A ~~——
37 U U 5

S RNA of interest

D
200 120 4
DNB1 RTS
GUGU +
- DNB1-short  %¢C -~ target RNA
5150 % 5 90
< AC"?G RT5 S
o iioad]
3 DNB1- 6.5 cc 3
= short-mut 2 K S
& 100 i1 g 860 1
@ no aptamer Ug.cG o
S G-C [}
= “U—AU u_:_
& 50 3 s
target RNA
complementary
0 sequence 0

550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 2 DNB aptamers. (A) Predicted secondary structure of the DNB1
aptamer. (B) Design of DNB1-short and DNB1-short-mut aptamers and
outline of the design. Truncation of the stem regions and introduction of
sequences complementary to those of the target RNA regenerate the
DNB-binding stem-loop structure only in the presence of the target RNA.
Three G bases marked by blue color were converted to C bases in DNB1-
short-mut. (C) Fluorescence emission spectra of probe 6 in the presence
of DNB1, DNB1-short, or DNB1-short-mut aptamers. (D) Sequence and
potential secondary structure of the RT5 aptamer. (E) Fluorescence emis-
sion spectra of probe 6 with the RT5 aptamer in the absence (blue) and
presence (red) of the target RNA.

which three guanines were replaced by three cytosines (Fig. 2B).
This replacement would unfold the internal loop by disassembling
or destabilizing stem I and II structures. As expected, DNB1-short-
mut failed to restore the fluorescence of the probe (Fig. 2C). These
results collectively provide support for the predicted secondary
structure.

Taking advantage of the stem-loop structure of DNB1-short,
we next aimed to design a DNB aptamer that is responsive to an
RNA of interest. Cleavage of stem II in DNB1-short would
disassemble the DNB-binding stem-loop structure and thereby
impair its ability to bind to DNB. We envisioned that introducing
sequences complementary to that of the target RNA to the ends of
the cleaved aptamer would regenerate the DNB-binding stem-loop
structure only in the presence of the target RNA (Fig. 2B). Such
consideration led to the design of an aptamer that was equipped
with a 16-base complementary sequence at each end (RT1). As
expected, the designed aptamer restored the fluorescence of the
probe in the presence of the 36-base target RNA (Fig. S9, ESIT).
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However, we detected a slight increase of fluorescence even in
the absence of the target RNA, suggesting the existence of
persistent target RNA-independent affinity of RT1 to DNB. To
further destabilize the DNB-binding stem-loop structure, we
designed three additional aptamers with shorter stem II sequences
(RT2-4). RT2, with a one-bp shorter stem II, exhibited an improved
signal-to-background ratio, due to reduced background fluores-
cence in the absence of the target RNA. Further shortening of RT3
and 4 impaired the ability of the aptamers to restore the fluores-
cence of the probe, possibly due to their inability to fold into the
DNB-binding stem-loop structure in the presence of the target RNA.

We selected RT2 for further simplification, and designed
truncated versions, RT5-7, in which the upper hairpin structure
was shortened. RT5 showed similar ability to RT2 in restoring
the fluorescence of the probe, while RT6 and 7 exhibited lower
signal-to-background ratios than RT2. RT5 was selected for
subsequent live-cell imaging studies (Fig. 2D and E).

To further improve the signal-to-background ratio, we optimized
the DNB-TAMRA probe (6) by replacing TAMRA with each one of
six different fluorophores, just as we did for the BHQ1-sulfoCy3
probe (1). Fluorescence of these DNB conjugate probes was
monitored in the absence or presence of DNB1, a DNB-binding
aptamer. The DNB probe conjugated with 1-(5-carboxy-pentyl)-4-
[(E)-2-(7-diethylamino-2-oxo-2H-chromen-3-yl)-vinyl]-pyridinium
(DNB-DY, probe 7) displayed an excellent signal-to-background
ratio of 156 (Fig. S10, ESIt), and showed no detectable cross-
responses to the BHQ1-binding aptamer Al. Furthermore, the
DNB1 aptamer had no detectable effect on the fluorescence of
BHQ1 conjugate probe 5 (Fig. S11, ESIt). These results suggest
that these two high-contrast probes and their corresponding
aptamers can be exploited for simultaneous imaging of multiple
mRNAs in cells.

As a proof of concept, we first attempted multicolor imaging
of B-actin mRNA in fixed HeLa cells. We designed DNB-binding
(RT5) and BHQ1-binding aptamers that recognize distinct sequences
within B-actin mRNA. Upon binding to B-actin mRNA, the custom-
designed aptamers should form loop structures required for
their association with DNB and BHQ1, colocalizing fluorescence
signals from DNB-conjugate probe 7 and BHQ1-conjugate probe
5 (Fig. S12A-a, ESIt). Indeed, confocal microscopic observation
revealed that both probes 5 and 7 permitted the detection of
B-actin mRNA-containing RNA granules. Dot-like morphologies
of the RNA granules are consistent with those observed in our
previous report.”’ As expected, probe 7-derived green signals
overlapped with probe 5-derived red signals (Pearson’s R: 0.64)
(Fig. S12B-a, ESIY).

We have carried out similar experiments with mRNA of
cortactin, an actin-related cytoskeletal protein (Fig. S12A-d,
ESIt), and found overlapping images of signals from probes 5
and 7 (Pearson’s R: 0.77) (Fig. S12B-d, ESIY). In contrast, when
each aptamer was designed to recognize a different mRNA
(Fig. S12A-b and A-c, ESIY), each probe detected a distinct set
of RNA granules (Pearson’s R: 0.18 and 0.14), suggesting that
mRNAs of B-actin and cortactin accumulate in different RNA
granules (Fig. S12B-b and B-c, ESI{). This observation is con-
sistent with previous FISH results."’
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Fig. 3 Live-cell time-lapse image of B-actin mRNA (red dots) and cortactin
MRNA (green dots) under cellular stress induced by adding NaAsO, (500 pM).
Staining of the nuclei with Hoechst 33342 is shown in blue. Co-localisation
between B-actin mRNA and cortactin mRNA was quantified using ImageJ.
Pearson’s correlation coefficient values (Pearson’s R) are shown at the bottom.

Encouraged by the results in fixed cells, we proceeded with
multicolor imaging of B-actin and cortactin mRNAs in living
cells. The same aptamers used in fixed cell experiments were
coexpressed in living HeLa cells through transfection of short-
RNA expression vectors encoding the aptamers. Probe 7 was
similarly used for live-cell imaging, while probe 5 was replaced
by its cell-permeable version (probe 8).”” When identical mRNA
was targeted, fluorescence signals were colocalized (Pearson’s
R: 0.83); when different mRNAs were targeted, the signals
exhibited little colocalization (Pearson’s R: 0.11) (Fig. S13 and
Movies S1-S5, ESIT). However, distributions of the fluorescence
signals in live cells were somewhat different from those in fixed
cells. The fixation procedure might have possibly affected the
localization of RNA granules. Overall, these results demonstrate
that our method permits the simultaneous detection of multiple
endogenous, non-engineered mRNAs in living cells.

We next attempted to observe the dynamics of B-actin and
cortactin mRNAs during stress-granule formation in living
HeLa cells. Stress granules are dense aggregations that absorb
surrounding free RNAs and RNA granules in response to various
types of stress, such as arsenite, heat shock, hypoxia, and viral
infections." Upon exposure to arsenite (500 pM), mRNA granules
containing P-actin and cortactin mRNAs (red and green dots,
respectively) started colocalizing to form slightly larger granules
(Fig. 3 and Movies S6-S8, ESIT). Time-lapse live-cell imaging showed
that the fusion of the RNA granules was initiated immediately
after addition of arsenite, and was completed within 14 minutes
when the majority of fluorescence signals came together in the
cytosol (Pearson’s R: 0.81).

Stress granules have been hypothesized to protect cells from
cellular stress via translational repression and RNA storage.
Previous analysis suggested that stress granules are fused
products of RNA granules and that their components are
dynamically exchanged among other granules.” Interestingly,
a subset of the molecules within stress granule components
exchange more slowly than others. Perhaps the components in
the core layer of stress granules are less dynamic than those
in the shell structure."* Despite the knowledge gained from
these previous studies, the dynamic process of stress granule
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formation has been unclear. Our multicolor live-cell method,
detecting internal mRNA components, sheds light on the direct
live-cell observation of stress granule formation.

Two limitations remain in our RNA-imaging technology:
(i) detection is highly dependent on the local concentration of
a target endogenous mRNA and (ii) target sequences in the
mRNA of interest must be carefully selected. These limitations
could potentially be solved by (i) further optimization of probes
and (ii) targeting sequences known for effective siRNA silencing.
Further improvement of the RNA-imaging method described
here may prove useful for studying stress granules and other
RNA-containing organelles.
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