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Tracking the Dynamic Folding and Unfolding of RNA G-Quadruplexes

in Live Cells

Xiu-Cai Chen', Shuo-Bin Chent, Jing Dai, Jia-Hao Yuan, Tian-Miao Ou, Zhi-Shu Huang, and Jia-Heng Tan*

Abstract: Due to the absence of methods for tracking RNA G-
quadruplex dynamics, especially the folding and unfolding of this
attractive structure in live cells, understanding of the biological roles
of RNA G-quadruplexes is so far limited. Here we reported a new red-
emitting fluorescent probe, QUMA-1, for a selective, continuous and
real-time visualization of RNA G-quadruplexes in live cells. The
applications of QUMA-1 in several previously intractable applications,
including live-cell imaging of the dynamic folding, unfolding and
movement of RNA G-quadruplexes and visualizing the unwinding of
RNA G-quadruplexes by RNA helicase have been demonstrated.
Notably, our real-time results revealed the complexity of the dynamics
of RNA G-quadruplexes in live cells. We anticipate that the further
application of QUMA-1 in combination with appropriate biological and
imaging methods to explore the dynamics of RNA G-quadruplexes will
uncover more information about the biological roles of RNA G-
quadruplexes.

RNA can fold back on itself and form fully paired or non-
canonically paired structures to execute diverse biological
functions.I"l The mechanisms of many such processes in cells is
still unknown because real-time in situ visualization of the folding
and unfolding of RNA structures in cells is very difficult. Currently,
only a few methods can be employed to directly examine RNA
structures in cells and even fewer to examine non-canonically
paired structures.?!

One such structure is the RNA G-quadruplex that is formed
upon self-assembly of guanine-rich RNA sequences into stacked
G-quartets.® During the past decade, RNA G-quadruplexes have
received a considerable amount of attention because of the
biological significance of these structures.! The folding and
unfolding of RNA G-quadruplex structures have been viewed as a
biological on-off switch that may play vital roles in the regulation of
a variety of cellular events.’! For example, formation of G-

quadruplexes in mMRNAs may participate in the translational control.

G-quadruplexes at telomeric RNA may regulate telomere
elongation.® However, similar to the problems encountered while
examining RNA structures, there is a lack of appropriate
approaches to identify the dynamics of an RNA G-quadruplex
structure in its native cellular context.

In previous cellular studies, imaging experiments using
antibodies and molecular probes have supported the formation of
RNA G-quadruplexes in cells;! however, more recent dimethyl
sulfate (DMS) probing and reverse transcription (RT)-stop profiling
studies have suggested that such structures are globally unfolded
in the steady state.®®! These results made us curious about the
nature of RNA G-quadruplex folding and unfolding in native cellular
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contexts and about the factors that influence this dynamic process.
Activatable fluorescent probes can potentially be used to answer
these questions by lighting up RNA G-quadruplexes in live cells,
whereas switching off upon the structures unfolding. However, few
RNA G-quadruplex-specific fluorescent probes have been found,
and none of these probes have been employed to track the
dynamic folding and unfolding of RNA G-quadruplex structures in
cells.’™™ 7¢ 9 QObviously, a specific and applicable RNA G-
quadruplex fluorescent probe is still in demand.

Here, we present a RNA G-quadruplex-specific fluorescent
probe, QUMA-1 (Figure 1A), and the application of this probe in
the study of RNA G-quadruplex dynamics in cells. The scaffold of
QUMA-1 is the coumarin-hemicyanine fluorophore that was
derived from our previously reported isaindigotone-based G-
quadruplex probes.['” This new compound was prepared via the
condensation of a coumarin aldehyde and an N-methylated
quinoline moiety (Scheme S1 and Figures S1-S13) and was
identified as selectively staining RNA in HelLa cells by enzyme-
digestion-based screening (Figure S14).
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Figure 1. lllustration of the structure of QUMA-1 and the specificity of QUMA-1
for RNA in HelLa cells. (A) Chemical structure of QUMA-1. (B) Imaging of fixed
cells stained with QUMA-1. (C) Complete loss of QUMA-1 staining after RNase
A treatment. (D) Maintenance of QUMA-1 staining after DNase | treatment. (E)
Maintenance of cytoplasmic, but not nuclear, QUMA-1 staining after CX-5461
treatment. (F) Loss of cytoplasmic QUMA-1 staining after a-Amanitin treatment.
(G) Quantification of the QUMA-1 fluorescence intensity for B-F. For each
sample, approximately 3000 cells were measured.

As shown in Figure 1B, the fixed HeLa cells stained by QUMA-
1 exhibited strong and distinct fluorescent foci. Most of these foci
are located in cytoplasm, with a few in nucleoli (Figure S15). The
specificity of QUMA-1 for RNA was identified by the complete loss
of the fluorescent signal upon treatment with RNase A (Figure 1C)
but no loss of signal upon DNase | treatment (Figure 1D). To
further validate the digestion results, we employed two RNA
polymerase inhibitors, CX-5461 and a-Amanitin, to inhibit the
transcription of rRNA in nucleoli and RNA in cytoplasm,
respectively.'! The number of corresponding QUMA-1 foci were
significantly decreased upon the addition of the two inhibitors
(Figures 1E-F). Similar results were observed upon quantification
of cells using a high-content imaging platform (Figure 1G), further
confirming the RNA specificity of QUMA-1.

We next asked what kind of RNAs will contribute to strong
fluorescence signals of QUMA-1 in cells. We therefore studied the
fluorescence properties of QUMA-1 with various RNAs (G-
quadruplex, double stranded, single stranded, etc.) using
fluorescence spectroscopy (Table S1 and Figures S16-S17).
Notably, QUMA-1 alone in buffer exhibited very weak emission,
and only RNA G-quadruplexes (FMR1, TERRA, TB1 and MT3)
could significantly enhance the fluorescence signal of QUMA-1 at
approximately 660 nm (Figure 2, Table S2, and Figures S18-
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$20).'? Conversely, incubation of QUMA-1 with these RNA G-
quadruplexes in several G-quadruplex-unfolding conditions
dramatically decreased the fluorescence signal (Figure $21). The
Kp values of QUMA-1 with the RNA G-quadruplex TERRA were
up to 0.57 uM (Figure S22), which corresponds to a much stronger
affinity than that observed with the mutated single-stranded RNA
TERRAmut (Kp > 5 pM). In competition assays, the enhanced
fluorescence due to the interactions of QUMA-1 and RNA G-
quadruplexes was only slightly affected in the presence of various
amounts of competitive RNAs (Figure $23). Accordingly, these
results showed that the activatable fluorescent probe QUMA-1
preferentially recognizes G-quadruplex structures in vitro.
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Figure 2. Fluorescence spectrum of QUMA-1 with RNAs. (A) Fluorescence
spectrum of 1 yM QUMA-1 with or without 2 yM RNAs. (B) Fluorescence
emission change of 1 yM QUMA-1 at 660 nm against the ratio of [RNAs}/[QUMA-
1] at Aex = 555 nm.

To further elucidate the cellular target of QUMA-1, we employed
the chemical denaturant formamide and RNase Il to destroy all
RNA secondary structures and to specifically cleave double-
stranded RNA, respectively. The formamide treatment led to a total
loss of the QUMA-1 foci (Figure 3B), but RNase Il treatment did
not affect the fluorescence signal (Figure 3C), suggesting that
QUMA-1 might selectively stain some kinds of non-canonically
paired structure in HelLa cells. In contrast to cells treated with
RNase lll, cells treated with RNase T1 exhibited no QUMA-1 foci
(Figure 3D), and these results were the same as those observed
with RNase A and formamide treatments. Since RNase T1
specifically cleaves RNA at guanosine residues, the loss . of
QUMA-1 fluorescence might be a consequence of the degradation
of RNA G-quadruplex structures. Accordingly, we individually
transfected a FAM-labeled pre-folded RNA G-quadruplex and
single-stranded RNA into cells to examine the interactions of these
molecules with QUMA-1. Remarkably, the QUMA-1 foci
colocalized with the transfected RNA G-quadruplex instead of with
the single-stranded RNA (Figure S24), showing that QUMA-1
exhibits considerable selectivity for RNA G-quadruplexes.

Based on above observation, we then used a classical G-
quadruplex ligand, BRACO19, and a RNA G-quadruplex-specific
ligand, CarboxyPDS, to compete with QUMA-1 for its endogenous
cellular target. As shown in Figures 3E-F, the original
fluorescence of QUMA-1 in cells dramatically decreased after
BRACO19/CarboxyPDS treatment (Figure $25).'2 '3 On the
other hand, unfolding of RNA G-quadruplexes using the C-rich
oligonucleotide PolyC (Figure 3G) and overexpressed GFP-
tagged G-quadruplex-specific RNA helicase DHX36 (Figure 3H-I)
also resulted in a dramatic reduction in the number of QUMA-1
foci.l'" Moreover, we employed two highly specific G-quadruplex
antibodies, BG4 and D1,/ " in the immunofluorescence
experiments to compare their localization with QUMA-1 (Figure 4
and Figure S26). As shown in Figure 4, the QUMA-1 foci well co-
localized with BG4 and D1 staining in the cytoplasm. Collectively,
these results confirmed that QUMA-1 can be used to selectively
visualize RNA G-quadruplex structures in cells.

In addition to the performance of QUMA-1, we were also
interested in its sensing mechanism. Interestingly, we found
QUMA-1 exhibited negligible fluorescence in low-viscosity buffer
but strong fluorescence in high-viscosity glycerol solvent (Figure
S27A). Since QUMA-1 had little propensity to aggregate in buffer
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solution (Figure S28), such enhancement may be caused by
conformational changes in the excited state of QUMA-1, most
likely by the rotation restriction around the methine-bridge that
separates the coumarin and N-methylated quinoline moiety. This
assumption was further supported by the correlation between
fluorescence quantum yield and solvent viscosity (Figure
S§27B).'"® On the other hand, we also found the N-
methylpiperazine group and the diethylamino-coumarin moiety in
QUMA-1 were both crucial for its high affinity and specificity to
RNA G-quadruplex in cells, as revealed by a comparison with its
structural analogs, QUMA-2 and QUID-1 (Figure S14 and Figure
$29-S30). The tight binding of QUMA-1 to RNA G-quadruplexes
instead of other RNA structures might lock QUMA-1 in its
fluorescent active conformation and activate the specific
fluorescence accordingly.
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Figure 3. lllustration of the specificity of QUMA-1 for RNA G-quadruplexes in
Hela cells. (A) Imaging of fixed cells stained with QUMA-1. (B) Complete loss of
QUMA-1 staining after formamide treatment. (C) Maintenance of QUMA-1
staining after RNase Il treatment. (D) Complete loss of QUMA-1 staining after
RNase T1 treatment. (E) Complete loss of QUMA-1 staining after treatment with
G-quadruplex ligand BRACO19. (F) Complete loss of QUMA-1 staining after
treatment with RNA G-quadruplex-specific ligand CarboxyPDS. (G) Loss of
QUMA-1 staining after treatment with C-rich sequence PolyC. (H) Loss of
QUMA-1 staining after overexpression of GFP-tagged G-quadruplex-specific
RNA helicase DHX36. (1) Quantification of the QUMA-1 fluorescence intensity for
B-H. For each sample, approximately 3000 cells were measured.
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Figure 4. lllustration of the specificity of QUMA-1 for RNA G-quadruplexes in
Hela cells. (A) Imaging of fixed cells stained with QUMA-1 (red) and specific G-
quadruplex antibody BG4 (cyan) after DNase | treatment. (B) Imaging of fixed
cells stained with QUMA-1 (red) and specific G-quadruplex antibody D1 (cyan)
after DNase | treatment. (C) Quantification of QUMA-1 foci inside specific G-
quadruplex antibody foci. Enlarged image in the yellow box shows the co-
localized foci. For each sample, approximately 100 cells were measured.

Encouraged by the outstanding specificity of QUMA-1, we
sought to use this probe in live HelLa cells. We anticipated that
QUMA-1 fluorescence would be activated in the presence of RNA
G-quadruplexes but would be quenched when the structures were
unfolded. We could therefore track the dynamic changes in the
RNA G-quadruplexes by analyzing the QUMA-1 foci. To further
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ensure the practicability of using QUMA-1 in live cells, the
cytotoxicity, photostability, response speed and cell permeability of
QUMA-1 were also determined and the probe was confirmed to be
fully functional (Figures S31-S36).
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Figure 5. Tracking the dynamics of RNA G-quadruplexes by QUMA-1 in live
Hela cells. (A) Imaging of live cells stained with QUMA-1. (B) Mobility analysis
of the QUMA-1 foci in A. (C, D) Time-lapse images of the region denoted by the
boxes in A.

Upon QUMA-1 treatment, the live HelLa cells exhibited strong
and distinct foci, with a distribution similar to that in fixed cells
(Figure 5A). Based on this observation, we next analyzed the
movement and intensity of QUMA-1 foci in a time-dependent
experiment (Movie S1). The motion of QUMA-1 foci could be

mainly classified into three categories (Figure 5B and Figure S37):

stationary, diffusive, and directed; these categories are consistent
with previous mobility analyses of RNA molecules.['" In addition,
as expected, we found that some of the QUMA-1 foci gradually
disappeared during the observation period, while new fluorescent
foci appeared (Figure 5C and Figure S38). This pattern of
fluorescence change is indicative of a dynamic process of folding
and unfolding of RNA G-quadruplexes in live cells. Moreover, we
observed merge and split events of QUMA-1 foci (Figure 5D),
which might be attributed to assembly and disassembly of higher-
order G-quadruplex structures or to large protein—G-quadruplex
complexes.l'®l Taken together, these continuous, real-time results
revealed the complexity of the dynamics of RNA G-quadruplexes
in live cells. The molecular probe QUMA-1 potentially provides a
promising tool for exploring the nature, mechanism and
significance underlying such interesting dynamics.

A DHX36WT B
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Figure 6. Tracking the dynamic folding and unfolding of RNA G-quadruplexes by
QUMA-1 in live HeLa cells with overexpressed, underexpressed GFP-tagged
wild-type DHX36 (DHX36"“T) and overexpressed GFP-tagged N-terminal
recognition domain of DHX36 (DHX36N®"). For each sample, approximately 100
cells were measured. The data are expressed as the mean + SEM (standard
error of mean): (x*x) P < 0.0001, significantly different from the control; (ns) not
significantly different from the control.

The study of changes in the folding and unfolding of RNA G-
quadruplexes in native cellular contexts is crucial for
understanding the biological significance of these structures. To
further test the practicability of using QUMA-1 to track such
processes, GFP-tagged helicase DHX36 was used as a regulation
factor to specifically unfold the RNA G-quadruplex structures. As
shown in Figure 6A, overexpression of GFP-tagged DHX36
significantly decreased the fluorescence of QUMA-1, which was
consistent with the results observed in fixed cells. Based on this
observation, we next inhibited DHX36 expression using RNA
interference to allow the refolding of the RNA G-quadruplexes. As
anticipated, the fluorescence of QUMA-1 was recovered,
accompanied by a reduction in the levels of GFP-tagged DHX36

g

Foci per cell (~ 100 cells)

DHX36%T
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(Figure 6B and Figure S39). In addition, the fluorescence of
QUMA-1 was only slightly affected by the overexpression of N-
terminal recognition domain of DHX36, whose core helicase
domain was deleted, leading to the complete loss of unfolding
activity. Therefore, these results provide an operational example
of the practicability of using QUMA-1 to track the dynamic folding
and unfolding of RNA G-quadruplexes. Moreover, we envision the
extended application of QUMA-1 to identify unknown interactions
between RNA G-quadruplexes and proteins in live cells.

In summary, we have successfully developed a new probe,
QUMA-1, for the continuous, real-time visualization of the
dynamics of RNA G-quadruplexes in live cells. QUMA-1 is a
selective and activatable fluorescent probe. lts fluorescence is
significantly activated only by the RNA G-quadruplexes in cells,
thus allowing us to carry out several previously intractable
experiments, including live-cell imaging of the dynamic folding,
unfolding and movement of RNA G-quadruplexes. Given the
studies suggesting that RNA G-quadruplexes were folded in fixed
cells but unfolded in steady state,’® & our real-time observations
provide live cell-based dynamic evidence that has so far been
absent in the field.

In this study, we also achieved live-cell imaging of the folding
and unfolding processes of RNA G-quadruplexes by activating
and inhibiting the G-quadruplex-specific RNA helicase DHX36.
Proteins are key factors that are crucial in the regulation of the
dynamics and subsequent biological functions of RNA G-
quadruplexes. Previous studies also suggested the cell must find
ways to get around the folding problem of RNA G-quadruplexes,
and if given the opportunity, RNA G-quadruplexes will fold
again.[’® 8 "9 This is consistent with the dynamic change of RNA
G-quadruplex structure revealed in our studies. Notably, the
dynamics of RNA G-quadruplexes in live cells are very complex
and need deeper understanding. We anticipate that the further
application of QUMA-1 in combination with modern biological and
imaging methods to explore such attractive RNA G-quadruplex
dynamics will uncover more information about the biological roles
of RNA G-quadruplexes. The performance and feasibility of
QUMA-1 has promising potential in the future of understanding
the nature of RNA G-quadruplexes. The discovery of QUMA-1
and the collective results from this study may be an important step
toward achieving this goal.
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Tracking the Dynamic Folding and
Unfolding of RNA G-Quadruplexes in

Dynamic folding and unfolding of RNA G-quadruplexes in live cells have been Live Cells

demonstrated and discussed, by using a red-emitting, RNA G-quadruplex-specific,
fluorescent probe, namely QUMA-1. The performance and feasibility of QUMA-1 has
promising potential in the future of understanding the nature of RNA G-quadruplexes.
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