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Abstract

Live-cell RNA imaging with high spatial and temporal resolution remains a major challenge. Here we report the
development of RhoBAST:SpyRho, a fluorescent light-up aptamer (FLAP) system ideally suited for visualizing RNAs
in live or fixed cells with various advanced fluorescence microscopy modalities. Overcoming problems associated
with low cell permeability, brightness, fluorogenicity, and signal-to-background ratio of previous fluorophores, we
designed a novel probe, SpyRho (Spirocyclic Rhodamine), which tightly binds to the RhoBAST aptamer. High
brightness and fluorogenicity is achieved by shifting the equilibrium between spirolactam and quinoid. With its high
affinity and fast ligand exchange, RhoBAST:SpyRho is a superb system for both super-resolution SMLM and STED
imaging. Its excellent performance in SMLM and the first reported super-resolved STED images of specifically
labeled RNA in live mammalian cells represent significant advances over other FLAPs. The versatility of

RhoBAST:SpyRho is further demonstrated by imaging endogenous chromosomal loci and proteins.
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Introduction

Fluorescence microscopy has become a key technology in the life sciences?. Visualization of biomolecular processes
with highest spatial and temporal resolution relies largely on the ability to label biomolecules selectively with bright
fluorophores. Imaging specific proteins in live cells and organisms has been facilitated greatly by genetic encoding,
e.g., by using GFP-type proteins? and self-labeling protein tags®. Similar approaches for imaging RNA molecules are
still limited, in marked contrast to their biological importance. In recent years, fluorescent light-up aptamers (FLAPs)
have emerged as promising tools for RNA visualization in live cells*>. A FLAP system consists of an RNA aptamer
that can be genetically fused to a target RNA of interest and a fluorogenic small-molecule probe that lights up after
specific binding to the cognate aptamer. Popular FLAP systems such as Spinach®, Broccoli” and Pepper?® are based
on dyes that are essentially non-fluorescent in solution but acquire fluorescence upon aptamer binding due to
effective suppression of their intramolecular dynamics. Furthermore, FLAPs such as RhoBAST, SiRA, DNB and
Riboglow have been developed that are based on photostable, bright and intrinsically fluorescent dyes, notably
rhodamines®'®. High brightness and low apparent photobleaching of RhoBAST- and SiRA-based aptamer:dye
complexes have allowed their use as genetically encoded probes for super-resolution imaging, including single-

molecule localization microscopy (SMLM) and stimulated emission depletion (STED) microscopy'? 3,

RhoBAST binds the fluorophore-quencher conjugate TMR-DN (tetramethyl rhodamine-dinitroaniline)* with high
affinity and rapid exchange kinetics®3. The interaction between TMR and DN is greatly suppressed in complex with
RhoBAST, leading to a fluorescence enhancement (Fig. 1a,b). The incessant association and dissociation of ligands
from the aptamer site results in intermittent fluorescence emission. Notably, photobleaching is not a problem due
to the fast and continuous ligand exchange. Working along similar principles as DNA-PAINTY, the use of
RhoBAST:TMR-DN as an imaging probe enables SMLM of RNA molecules with super-resolution, and has the
additional advantage of the dye lighting up upon binding. STED microscopy is an alternative super-resolution
imaging method for fast image acquisition of nanoscale structuresl. However, it is generally sensitive to
photobleaching, especially in live-cell experiments!®. Exchangeable ligands, as employed in the aptamer-based
systems, can circumvent this problem?®. The intermittent fluorescence of RhoBAST:TMR-DN is disadvantageous for
STED microscopy, as the dark periods reduce the time-averaged emission intensity and lower the signal-to-
background ratio. Higher TMR-DN concentrations help shorten the dark periods but raise the probe background
due to its moderate fluorescence turn-on upon aptamer binding, and unspecific interactions can also cause
unquenching. Therefore, there is great demand for bright, fluorogenic and photostable aptamer:fluorophore pairs
displaying low background fluorescence, high affinity and fast ligand exchange kinetics that are versatile tools for

super-resolution RNA imaging with a variety of fluorescence imaging modalities including STED and SMLM.

Here, we introduce a novel fluorogenic probe for the RhoBAST RNA imaging system, SpyRho (Spirocyclic
Rhodamine), which exploits the open-closed equilibrium for fluorescence activation (Fig. 1c,d). The

RhoBAST:SpyRho system features high brightness and fluorescence turn-on upon complex formation, as well as
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high photostability and fast ligand exchange kinetics. We demonstrate an excellent performance in SMLM and

report the first super-resolved STED images of specifically labeled RNA in live mammalian cells.
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Figure 1. FLAP concepts for aptamer-based RNA imaging. a) Schematic illustration of the fluorescence turn-on mechanism of fluorophore-
quencher conjugates binding to their cognate aptamer. b) Chemical structure of fluorophore-quencher conjugates used as ligands of the
rhodamine-binding aptamer RhoBAST. c¢) Scheme of fluorescence light-up of spirocyclic rhodamines upon binding to RhoBAST. d) Equilibrium
of rhodamines between spirocyclic (closed) and quinoid (open) form. e) Strategies for tuning the spirocyclization equilibrium and the

corresponding rhodamine derivatives synthesized in this work; left: fluorination; right: amidation.

Results and Discussion

Design and characterization of fluorogenic spirocyclic rhodamine probes

In the quest for a brighter FLAP system, we observed that the modest fluorescence quantum yields, X ¢, of RhnoBAST-
bound TMR-DN and its azetidine-containing analog JFsss-DN (0.57 and 0.55, respectively) result from incomplete
unquenching in the complex (Fig. 1b, Supporting Note 1). Consequently, we decided to design quencher-free
rhodamine probes that exploit a shift in the open-closed equilibrium upon binding to RhoBAST for fluorogenicity

(Fig. 1c,d)? 22,
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We considered two strategies for the design of quencher-free rhodamine probes for RhoBAST (Fig. 1e), (i)
fluorination of the amine substituents to increase the electrophilicity of the xanthene core, and (ii) amidation of
the carboxyl group at the 3-position of the benzene moiety to enhance the nucleophilicity of the internal
nucleophile. Both of these modifications were reported to increase the propensity of rhodamines to switch to the

colorless, non-fluorescent spirocyclic form?%28

. Following the first strategy, we synthesized the fluorinated
azetidinyl rhodamine 5C-JFs;s, which indeed favors the spirolactone form more than non-fluorinated 5C-JFsa9 (Fig.
le, Supplementary Note 2). However, as 5C-JFszs binds RhoBAST with about 20-fold lower affinity than 5C-JFss and
displays a fluorescence decrease instead of the desired light-up, this strategy was not further pursued

(Supplementary Note 2).

Accordingly, we focused on the second strategy and synthesized a set of rhodamine derivatives with electron-
deficient amide functionalities at the 3-position, similar to the previously reported MaP dyes (Fig. 1e)?*. First, the
absorbance values of the rhodamine dyes were measured as a function of the dielectric constant of the solvent to
determine the Dso value (dielectric constants at half-maximum absorbance), a characteristic parameter reporting
on the positions of the open-closed equilibrium (Fig. 1d)**3'. Compared to the parent dye TMR (Dso = 12;
€= 75,000 M*cm?), all amide-functionalized probes 1-5 displayed greater Dso values (>40) and smaller extinction
coefficients (<200 to 24,000 Mcm™) in aqueous solution (Fig. 2a, Supplementary Table 1), reflecting their strong
tendency to form the colorless spirolactam. Encouraged by these results, we investigated if binding to RhoBAST
leads to the desired shifts of the equilibrium to the fluorescent quinoid form. Indeed, upon RhoBAST addition (5 uM)
to probes 1-5 (1 uM), we observed a significant absorbance (from 2.6- to >100-fold) and fluorescence (from 15- to
>900-fold) increase, whereas the absorbance and fluorescence of TMR only increased by factors of 1.1 and 2.9,
respectively (Fig. 2b, Supplementary Fig. 1a,b). At 5 uM RhoBAST, probes 1-4 exhibited similar absorbances
(extinction coefficients, € = 60,000 to 69,000 Mcm™), while 5 showed a substantial lower absorbance due to
incomplete complexation, as is confirmed by measurements of the equilibrium dissociation coefficients, Kp (see
below). All probes 1-5 displayed the characteristic bathochromic shifts of the absorption and emission maxima after
binding to RhoBAST®3. As with TMR (®+, bound = 0.92), a roughly twofold quantum yield increase (®f, bound = 0.95; D,
unbound < 0.47) was observed for 1-5 in complex with RhoBAST, contributing to the observed fluorescence
enhancement. The very high quantum yields resulting in high molecular brightnesses in combination with the
observed fluorogenicity are the key advantages of this quencher-free design strategy over the previously
established fluorophore-quencher conjugates. The observed fluorogenicity roughly follows the trend expected
from the Dso values; a higher Dsg correlates with a greater fluorescence enhancement. Furthermore, incubation of
probes 1-5 with total RNA did not result in a major fluorescence increase, demonstrating the specificity of the
interaction between the probes and RhoBAST (Fig. 2c). Spectroscopic parameters of all free and RhoBAST-bound

rhodamine probes are compiled in Supplementary Table 1.
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Figure 2. Fluorogenic, spirocyclic rhodamines for RNA imaging. a) Absorbance of amide-functionalized rhodamine dyes and TMR (both 5 uM)
as a function of the dielectric constant of the solvent mixture (water/dioxane). Data were normalized to the peak TMR absorbance. b)
Normalized absorption (dotted lines) and emission (solid lines) spectra of 4 (1 uM) in the presence (orange lines) and absence (grey lines) of
RhoBAST (5 uM). Measurements were performed in aptamer selection buffer (ASB) at 25°C after 1 h incubation. c) Fluorescence turn-on of
rhodamines (1 uM) in the presence of E. coli total RNA (500 ng/uL) and RhoBAST (5 uM, ca. 100 ng/uL) in ASB at 25 °C after 1 h incubation.
d) Confocal imaging of live HEK293T cells expressing circular Pepper-RhoBAST or circular Pepper aptamer incubated with rhodamines
(100 nM) and HBC530 (1 uM) for 1 h. e) Quantification of normalized fluorescence (mean * s.d.) in the cytosol of individual transfected

(Pepper-RhoBAST (+), Pepper (-)) cells (N = 50) of TMR-channel images such as those shown in d). Scale bars, 20 um.

RhoBAST exhibits high binding affinities towards the novel rhodamine probes 1-4, with Kp values ranging from 27
to 43 nM, except for 5 (Kp > 10 uM; Supplementary Fig. 1c, Supplementary Table 1). As for the RhoBAST:TMR-DN
complex, we observed rather large association (kon values ranging from 2.1x 10”to 6.8 x 10’ Ms?) and
dissociation (kof values ranging from 1.6 st to 3.6 s%) rate coefficients for probes 1-4 (Supplementary Fig. 4,

Supplementary Table 2).
Performance of the new probes in no-wash live-cell RNA imaging

For the assessment of probes 1-5 in the live-cell confocal laser scanning microscopy (CLSM), we generated a circular
Pepper-RhoBAST fusion aptamer (Pepper-RhoBAST), which we expressed in HEK293T cells from the U6 promoter
using the Tornado expression system3? (Supplementary Fig. 3a-c). The fluorescence of the Pepper:HBC530 system,
which was detected in a separate green channel, was used to normalize the expression levels of RNA in different
cells. Cells were incubated with 100 nM of tetramethyl rhodamine probes and imaged. All probes except 5 showed
a high cytosolic fluorescence in cells expressing the RhoBAST construct (Fig. 2d). Cells expressing the Pepper

aptamer only were used as control. Consistent with the previous characterization, the background fluorescence in
5
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control cells increased with decreasing Dso values, and the highest signal-to-background ratio (47-fold) was
observed for the sulfamide compound 4 (Fig. 2e, Supplementary Fig. 3d). Furthermore, 4 displayed the most
favorable in vitro properties such as a high fluorescence turn-on (60-fold) and brightness when complexed with
RhoBAST (g = 65,000 Mcm™; ®¢ = 0.95), a high binding affinity towards RhoBAST (Kb = 34 nM) and fast exchange
kinetics (kon = 2.1 x 107 M1s; kor = 1.8 s7). Accordingly, we focused on 4, dubbed SpyRho (Spirocyclic Rhodamine),

for further characterizations and applications.

SpyRho displays a fast cellular uptake thanks to its highly membrane permeable predominant non-polar spirocyclic
form (Supplementary Fig. 4). In fact, the appearance of cellular fluorescence of RhoBAST in HEK293T cells was
greatly accelerated upon SpyRho exposure with respect to the zwitterionic TMR-DN ligand under otherwise
identical conditions (Supplementary Fig. 4c). Furthermore, we compared the brightness, signal-to-background ratio
and effective photostability of RhoBAST:SpyRho with RhoBAST:TMR-DN and Pepper:HBC620, which has been
reported to be the brightest and most photostable Pepper:ligand complex®. In live cells expressing the RhoBAST or
Pepper circular aptamers, the RhoBAST:SpyRho system displayed a two- and fourfold brighter fluorescence, and a
five- and threefold higher signal-to-background ratio than RhoBAST:TMR-DN and Pepper:HBC620, respectively, at
100 nM probe concentration (Fig. 3 a,b). Even with a tenfold higher HBC620 concentration, RhoBAST:SpyRho was
still twice as bright as Pepper:HBC620 (Supplementary Fig. 5). Comparison of the fluorescence decay of these FLAPs
in live cells under continuous illumination impressively demonstrates the superb effective photostability of the
rhodamine probes (Fig. 3 c,d). While the fluorescence intensity of Pepper:HBC620 dropped by 65% within 60 s of
continuous illumination, the decrease was only 15% and 5% for RhoBAST:TMR-DN and RhoBAST:SpyRho,

respectively.

Suppression of twisted intramolecular charge transfer (TICT) through binding of SpyRho to RhoBAST

TICT is a major non-radiative decay mechanism of tetraalkyl-substituted rhodamine-based fluorophores that relies
on the rotational freedom of the amine-xanthene bond. Accordingly, its suppression through chemical
modifications of the substituents at the amino groups results in significantly increased ®r (Supplementary Fig. 6a)**

3% reduced temperature dependence of ®¢ and enhanced photostability of the fluorophore33 3>,

The quantum yields of the RhoBAST:dye complexes (®f, bound 2 0.92) are markedly higher than those of the
corresponding free rhodamines (®¢, free < 0.47), which strongly suggests that the TICT pathway is efficiently
suppressed upon RhoBAST binding. Comparison of SpyRho with the azetidine-substituted SpyRho analog 6
(Supplementary Fig. 6b) yields further support of this claim. Indeed, free 6 showed a higher quantum yield (®¥, free
= 0.94) than free SpyRho (Dk, free = 0.44), suggesting successful inhibition of TICT. In contrast, the RhoBAST:SpyRho
and RhoBAST:6 complexes displayed similar quantum vyields (®f complex = 0.95), supporting our hypothesis.
Accordingly, 6 is inferior to SpyRho as a RhoBAST ligand due to its more than twice greater ®¢ of the free probe
(Supplementary Fig. 6 c-e), which results in roughly twofold lower fluorescence turn-on (32-fold) and signal-to-

background ratio of 6 in live cells (24-fold) (Supplementary Fig. 6 c-e).
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Figure 3. Comparison of RhoBAST:SpyRho with other FLAPs. a) Confocal imaging of live HEK293T cells expressing circular RhoBAST or circular
Pepper aptamers, incubated with the corresponding fluorogenic probes (100 nM) for 1 h prior to imaging. As control, cells expressing the
aptamer (Pepper for SpyRho and TMR-DN, RhoBAST for HB620) were used. b) Quantification of normalized fluorescence (mean % s.d.) in the
cytosol of individual transfected cells (N = 100) from TMR-channel images as those shown in a). c) Imaging of live HEK293T cells expressing
circular RhoBAST or circular Pepper, incubated with the corresponding fluorogenic probes (100 nM) for 1 h prior to imaging. Cells were
imaged continuously at a confocal spinning disk microscope (9.7 frames/s, 1.65 mW) for 60 s. d) Fluorescence intensity decay under
continuous illumination, plotted against time and normalized to the initial value (mean + s.d.). Data are based on the cytosolic fluorescence

from individual cells (N = 30) as those shown in c). Scale bars, 5 um.

We further studied the temperature dependence of the fluorescence emission of the free tetramethyl rhodamines
SpyRho and TMR and the azetidine-substituted 5C-JFsss dye (Supplementary Fig. 6f). At 37 °C, the fluorescence
intensities of the free dyes SpyRho, TMR and 5C-JFsss were only 76%, 77% and 95%, respectively, of their values at
25 °C. The weak temperature dependence of 5C-JFs49 indicates that the TICT pathway is intrinsically inhibited. We
anticipated that the steric hindrance exerted by RhoBAST on the tetramethylamine moieties of SpyRho or TMR
upon binding would substantially decrease the temperature dependence of their fluorescence emission. Indeed,
the fluorescence intensities of RhoBAST:SpyRho, RhoBAST:-TMR and RhoBAST:5C-JFs49 at 37 °C were still 84%, 87%

and 89% of the values at 25 °C, respectively (Supplementary Fig. 6h).

Finally, we compared the photostabilities of RhoBAST:SpyRho, RhoBAST:6 and Pepper:HBC620 in an in vitro
photobleaching experiment. To monitor the intrinsic photostability of the complexes, we used a 25-fold molar

excess of the aptamer (500 nM) over the dye (20 nM), so that bleached probes cannot be replaced by intact ones.

7
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Both RhoBAST:SpyRho and RhoBAST:6 complexes displayed an excellent photobleaching resistance under

continuous illumination, markedly superior to that of the Pepper:HBC620 complex (Supplementary Fig. 6g,h).

Taken together, the high quantum vyield, the weakly temperature-dependent fluorescence and the remarkable

photostability strongly argue in favor of TICT suppression upon tetramethyl rhodamine dye binding to RhRoBAST?®,

mRNA imaging in live cells with RhoBAST:SpyRho

Next, we aimed to assess the performance of SpyRho for imaging RhoBAST-tagged mRNAs using CLSM. To this end,
we fused 16 repeats of RhoBAST into the 3’ untranslated region (UTR) of green fluorescent protein (GFP) mRNAs
(Fig. 4a). Live HEK293T cells expressing GFP-RhoBAST:s mRNA were incubated with SpyRho (100 nM) and imaged.
The fluorescence in the TMR channel showed the expected mainly cytosolic localization (Fig. 4b,c)® 3. Cells
expressing GFP mRNA were used as negative control and displayed minimal background fluorescence in the TMR
channel. Additionally, we visualized the CGG trinucleotide repeat-containing FMR1 (fragile-X mental retardation)
mRNA. This mRNA is associated with the common genetic disease FXTAS (Fragile X-associated tremor/ataxia
syndrome) that arises from an increased number of CGG repeats (55-200 copies) in the 5-UTR of the fmr1 gene®”

38 The repetitive extension causes a greatly increased expression level of the fmr1 gene3*4!

, and the resulting mRNA
transcripts are known to form intranuclear aggregates® 37- 38 4243 The toxicity of these mRNA transcripts arises,
among other factors, from their excessive binding to various RNA binding proteins such as the splicing factor Sam68,
which leads to sequestration and (partial) loss of function of these proteins3” 42, To visualize the mRNA aggregates,
transcripts coding for an FMR1-GFP fusion containing 99 CGG repeats in the 5'-UTR and 16 copies of RhoBAST in
the 3’-UTR were expressed in Cos7 cells (Fig. 4d)*3, which displayed the characteristic nuclear aggregation pattern
of this mRNA (Fig. 4e). In accordance with previous studies, co-expression of CGGgo-FMR1-GFP-RhoBAST1s mRNA
and HaloTag7-Sam68 fusion protein in cells showed colocalization of CGG repeat-containing RhoBAST-tagged FMR1
mRNA aggregates and Sam68 protein (Fig. 4e,f)*> *3. Control cells expressing untagged CGG-containing mRNAs

displayed a similar Sam68 localization pattern, whereas a more homogenous distribution of Sam68 was detected

in the nuclei of cells expressing only Sam68.
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Figure 4. CLSM imaging of mRNAs using RhoBAST:SpyRho. a) Schematic illustration of the construct used for expressing RhoBAST-tagged
GFP mRNA. b) Confocal images of HEK293T cells expressing GFP-RhoBAST¢ or GFP (control) mRNA incubated with SpyRho (100 nM) for 1 h
before imaging. c¢) Normalized fluorescence profile along the dashed line in panel b (lower left). d) Schematic illustration of the constructs
used for expressing CGG-containing FMR1-GFP mRNAs fused to 16 repeats of RhoBAST and HaloTag7-Sam68. e) Confocal images of live Cos7
cells expressing CGGgs-FMR1-GFP-RhoBAST16, CGGas-FMR1-GFP or GFP (control) mRNA and HaloTag7-Sam68 fusion protein (plasmid ratio
10:1) incubated with SpyRho (100 nM) and MaP700-Halo (200 nM, SiR channel) for 1 h before imaging. f) Normalized fluorescence profiles
along the dashed lines shown in e). The fluorescence in the TMR channel was normalized to the highest value detected for CGGgo-FMR1-GFP

mRNA. Scale bars, 5 pm.
Applications beyond RNA imaging

In addition to RNA visualization, we further examined the RhoBAST:SpyRho system for live-cell imaging of
endogenous chromosomal loci. To this end, the RNA-guided, nuclease deficient Cas9 protein (dCas9) was used in
combination with RhoBAST-modified single-guide RNAs (sgRNAs) (Fig. 5a)*. Based on the design principle from
previous studies, RhoBAST was inserted into the tetraloop and/or the stem loop 2 of the sgRNA (Supplementary
Fig. 7a)® %+ % To visualize centromeres, cells were co-transfected with a plasmid coding for a dCas9-GFP fusion
protein and a second one for the centromere-targeting sgRNA. For all sgRNA constructs, numerous nuclear foci
were detected in the GFP channel, indicating that RhoBAST insertion did not abolish the function of the sgRNA (Fig.
5b, Supplementary Fig. 7b). Moreover, fluorescence in the TMR channel, which colocalized with the GFP signals,

was only visible in cells transfected with RhoBAST-modified sgRNAs, demonstrating the specificity of the aptamer-
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Figure 5. Visualization of genomic loci and proteins using RhoBAST:SpyRho. a) Illustration of the general principle of visualizing genomic
loci using nuclease-deficient Cas9 protein (dCas9) and RhoBAST-modified sgRNAs. b) Confocal imaging of HEK293T cells co-expressing NLS-
dCas9-GFP and an unmodified sgRNA or sgRNA-RhoBAST, construct (plasmid ratio 1:10) targeting centromeres (targeting sequence:
GAATCTGCAAGTGGATATT). Cells were incubated with SpyRho (100 nM) for 1 h prior to imaging. Maximum intensity projections of the
acquired z-stacks (500 nm step size, 5 um total) are shown for the GFP and TMR channels. c) lllustration of the general principle of visualizing
proteins using the dimeric MS2 coat protein (MCP) and RhoBAST-MS2 RNAs. d) Constructs used to express the protein of interest (POI) tagged
with synonymous tandem dimers of MCP (stdMCP) and GFP (stdGFP), and circular RhoBAST-MS2 reporter RNA. e) Confocal imaging of live
Cos7 cells co-expressing circular RhoBAST-MS2 (for H2B-stdMCP-stdGFP: circular [RhoBAST-MS2];) and different stdMCP fusion proteins
(plasmid ratio 10:1). Cells were incubated with SpyRho (100 nM) for 1 h prior to imaging. For clarity, the merged zoom-ins are shown without

Hoechst. f) Normalized intensity profiles along the indicated dashed lines in e). Scale bars, 5 um.
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based imaging approach. The highest average fluorescence intensity of foci was obtained for cells expressing the

sgRNA containing two copies of RhoBAST (Supplementary Fig. 7c).

To further illustrate the versatility of our RhoBAST:SpyRho system for aptamer-based imaging, we visualized

)*. The protein of interest (POI) was genetically fused to a GFP-tagged

proteins by exploiting the MS2 system (Fig. 5¢c
synonymous tandem dimer of the RNA-binding protein MCP (stdMCP-stdGFP)*’, and the corresponding MS2
binding motif was inserted into the tetraloop of RhoBAST (Fig. 5d, Supplementary Fig. 8a,b). Several POI-stdMCP-
stdGFP fusions, which localize in different subcellular compartments, specifically, the outer mitochondrial
membrane (TOMM?20), the endoplasmic reticulum membrane (Sec61p) and the nucleus (H2B), were co-expressed
with circular RhoBAST-MS2 RNA constructs in Cos7 and U20S cells (Fig. 5e, Supplementary Fig. 8c). Colocalization

of the GFP and the TMR emission clearly demonstrates the successful tethering of the investigated proteins to the

reporter RNA (Fig. 5f, Supplementary Fig. 8d).

Fluorophore localization-based super-resolution RNA imaging

SMLM is a microscopy technique that achieves nanoscale image resolution by precise localization of individual
fluorescence emitters®. Detection of photons from a particular fluorophore site without interfering contributions
from neighboring sites places special demands on the probes used for SMLM. Oftentimes, fluorophores or
fluorescent proteins are used that can switch, either spontaneously or by photoactivation, between fluorescent
and non-fluorescent states. Alternatively, it is also possible to decorate the sample with specific sites for transient
fluorophore binding, so that intermittent emission from these sites is visible in the presence of background created
by many freely diffusing fluorophores. By using FLAPs, we can combine these two conceptually different modes of
SMLM operation. There are two key advantages of this strategy. (i) Continuous ligand exchange ensures that the
number of photons collected from a particular site is not limited by photobleaching; it thus offers ultimate
localization precision and best-possible image resolution. (ii) Background from freely diffusing dyes is greatly

reduced due to fluorescence turn-on upon binding.

The RhoBAST:SpyRho system is excellent for SMLM because it combines high affinity (selectivity) with continuous
and rapid ligand exchange, which is essential for acquisition of camera frames in fast succession®. SpyRho binds to
RhoBAST forming the fluorescence-ON state, which has a lifetime of about 0.5 s on average (ton = Kkoff 1).
Subsequently, the ligand dissociates before another SpyRho molecule binds. This ligand-free period, the
fluorescence-OFF state, lasts for about 1 s on average in the presence of 50 nM SpyRho (Toff = ( kon X €)7}, with dye
concentration, c¢). The OFF state can be tuned via the SpyRho concentration. Moreover, it can be effectively
shortened by tagging the RNA of interest with multiple repeats of RhoBAST. In addition to these kinetic properties,

the large fluorescence turn-on of SpyRho ensures a low background arising from the unbound dye.
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Figure 6. SMLM of CGG-containing mRNA aggregates. a) Epifluorescence (Epi) images of fixed Cos7 cells expressing CGGgg-FMR1-GFP-
RhoBAST16 mRNA incubated with SpyRho (50 nM) for 30 min before imaging. b) Zoom-in of the epifluorescence image (TMR channel, white
square) in a) and the corresponding reconstructed SMLM image, reconstructed from 20,000 frames, each with 30 ms exposure. c) Top: Close-
ups of the regions indicated by the white frames in b); bottom: normalized intensity profiles along the white lines. Scale bars, 5 um (a), 1 um

(b) and 500 nm (c).

We exploited the superb properties of the RhoBAST:SpyRho system to visualize structural details of the nuclear
trinucleotide repeat-containing CGGoes-FMR1-GFP-RhoBAST:s mRNA aggregates in Cos7 cells (Fig. 6a,b). In
comparison to the widefield epifluorescence image, the reconstructed SMLM image shows greatly enhanced spatial
resolution (Fig. 6b,c). Additionally, we imaged the phase-separated, spherical subnuclear structures formed upon

overexpression of circular RhoBAST in Cos7 cells by SMLM (Supplementary Fig. 9)%3.
STED microscopy applications

As a raster-scanning microscopy method, STED microscopy is similar to CSLM. To achieve super-resolution, a donut-
shaped depletion beam is applied following the regular focused excitation beam?. The STED method is rather
sensitive to fluorophore photobleaching due to the necessary high power of the depletion beam?!®. The
RhoBAST:SpyRho system offers unique advantages for STED imaging because SpyRho bound to RhoBAST is
intrinsically extremely photostable, and the non-covalent nature of the system allows for constant and rapid dye
exchange. Consequently, this fluorescent probe system is minimally affected by photobleaching, unlike labeling

approaches using fluorescent proteins or covalent protein labeling tags such as SNAP or Halo'®. For STED imaging,
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the high fluorescence turn-on of RhoBAST:SpyRho is invaluable, allowing higher SpyRho concentrations without

compromising the image quality by background enhancement.

To demonstrate the beneficial properties, photobleaching in live-cells was compared for RhoBAST:SpyRho and
proteins covalently labeled with MaP555 derivatives?*, which are based on the identical fluorophore core as SpyRho
(Supplementary Fig. 10a). For this comparison, circular RhoBAST (cytosolic localization) and a HaloTag-SNAP-Tag
protein fused to a nuclear localization sequence were co-expressed in HEK293T cells and labeled with the
corresponding rhodamine derivative (Supplementary Fig. 10b,c). Repeated imaging of these cells clearly shows the
significantly higher bleaching resistance of the cytosolic RhoBAST:SpyRho complex compared to covalently
MaP555-labeled protein tags localized in the nucleus (Supplementary Fig. 10d). This experiment strikingly illustrates
the advantage of non-covalent labeling approaches in combination with the enhanced photostability of the

aptamer-bound dye over conventional labeling techniques.

Finally, we used RhoBAST:SpyRho to collect super-resolved images of trinucleotide repeat-containing CGGss-FMR1-
GFP-RhoBAST;s mRNA aggregates in live Cos7 cells using STED microscopy with two-dimensional STED confinement
(2D-STED, Fig. 7, Supplementary Fig. 11a) as well as 3D-STED (Supplementary Fig. 11d,e). To the best of our
knowledge, live-cell STED microscopy of RNAs was previously only shown in E.coli using the SiRA FLAP system??, so
here we report the first STED images of specifically labeled RNAs in live mammalian cells. Thanks to the high
photostability of the RhoBAST:SpyRho system, we could record multiple frames of the same region of interest with

negligible loss of fluorescence intensity (Supplementary Fig. 11b,c).

§ 1.0 —CLSM —STED § 1.0 —CLSM —STED
§ 0.8 § 0.8
S 06 506
L 0.4 o4
Eo2 Eo2
Z00 Z 9.0l
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Distance (um) Distance (um)

Figure 7. STED microscopy of CGG-containing mRNA aggregates in live cells. a) Combined CLSM and STED image (deconvolved) of a nucleus
of a live Cos7 cell expressing CGGog-FMR1-GFP-RhoBAST1s mRNA, which was incubated with SpyRho (100 nM) for 1 h prior to imaging. b) Top:
Close-ups of regions marked by the white squares in a); bottom: normalized intensity profiles along the dashed lines depicted in the images.

Scale bars, 2 um (a) and 500 nm (b).
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Conclusions

We have described the development of fluorogenic, bright, photostable and fast-exchanging rhodamine dyes as
novel ligands for the rhodamine-binding aptamer RhoBAST. These probes rely on the environment-dependent
equilibrium of rhodamines between a non-fluorescent spirocyclic form and a fluorescent quinoid form. Thanks to
their enhanced brightness, fluorescence turn-on and effective photostability, these probes constitute a substantial
advance over previous ligands and allow for facile super-resolution RNA imaging with SMLM and STED microscopy.
We found strong evidence that suppression of the non-radiative decay process TICT upon binding of SpyRho to
RhoBAST is responsible for the excellent fluorescence quantum vyield and high photostability of the

RhoBAST:SpyRho complex.

The outstanding in vitro photophysical properties of the RhoBAST:SpyRho system were maintained in live-cell
experiments, with stronger fluorescence and greatly enhanced signal-to-background ratio in comparison to its
guencher-based predecessor RhoBAST:-TMR-DN. Its high photostability and the continuous dye exchange render
RhoBAST:SpyRho extremely resistant to photobleaching. It is a valuable tool for imaging RhoBAST-tagged mRNAs,
and can further be used to visualize endogenous chromosomal loci and proteins. Most exciting, however, has been
the performance of the RhoBAST:SpyRho system in super-resolved RNA imaging using two different super-
resolution modalities, SMLM and STED. SMLM was facilitated by the fast dye exchange kinetics resulting in
intermittent fluorescence emission, together with the enhanced brightness and fluorescence turn-on of SpyRho.
Apart from these factors, the extraordinary bleaching resistance of the RhoBAST:SpyRho system allowed us to
acquire super-resolved STED images of specifically labeled RNA molecules in live mammalian cells for the first time.
Clearly, RhoBAST:SpyRho constitutes a significant advance for in live-cell imaging over previously developed FLAPs
including RhoBAST:TMR-DN and Pepper:HBC620. We are confident that the excellent features of this novel imaging

tool will inspire many new applications of RhoBAST:SpyRho in advanced fluorescence microscopy.
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Methods

General. Reagents were purchased from Thermo Fischer, New England Biolabs or Sigma-Aldrich and used without
further purification. All DNA oligonucleotides were purchased from Integrated DNA Technologies. Oligonucleotide
concentrations were determined using a NanoDrop One UV/Vis spectrometer (Thermo Fischer). Deionized water
used for all experiments was purified with a Milli-Q Synthesis A10 Water Purification system (Merck). Absorbance
spectra were recorded on a Cary50 UV/Vis spectrometer (Varian) at ambient temperature. Fluorescence
measurements were performed on a JASCO FP-650 or FP-850 fluorometer equipped with a temperature controller

at 25°C.

Cell culture. Eukaryotic cells (HEK293T, U20S, Cos7) were cultured at 37 °C and 5% CO; in Dulbecco’s Modified
Eagle’s Medium (without phenol red, high glucose, HEPES and glutamine; Thermo Fischer) supplemented with FBS

(10%), penicillin (100 U/ml) and streptomycin (100 pg/ml). Cells were split every 2-3 days or at confluency.

Chemical synthesis. A detailed description of the chemical synthesis and characterization of novel dyes can be

found in Supplementary Note 3.

Extinction coefficient and fluorescence quantum yield. Concentrations of dye stock solutions were determined
from three independent *H NMR measurements using an internal standard with a known concentration. To obtain
the peak extinction coefficient, g, absorbance spectra were measured in Aptamer Selection Buffer (ASB; 20 mM
HEPES (pH 7.4), 1 mM MgCl;, 125 mM KCl) at three or more concentrations; and & was calculated from the peak
absorbance using the Lambert-Beer law.

Absolute fluorescence quantum yields were measured on a Quantaurus QY C11347 spectrometer
(Hamamatsu). All measurements were performed with dilute dye solutions (absorbance <0.1) in ASB at ambient

temperature.

Dso value. Absorbance spectra of dyes (5 uM) were recorded in different water-dioxane mixtures (10%, 20%, 30%,
40%, 50%, 60%, 70%, 80% and 90%; v/v; three independent measurements for each mixture). The absorbance was
normalized to the measured maximal absorbance of the individual derivative or TMR (for 1-5) and plotted against
the dielectric constant of the water-dioxane mixtures. Dso values were obtained by determining the dielectric

constant at half-maximum absorbance.

In vitro transcription of RhoBAST. The double-stranded DNA template (5'-
TCTAATACGACTCACTATAGGAACCTCCGCGAAAGCGGTGAAGGAGAGGCGCAAGGTTAACCGCCTCAGGTTCC-3; T7

promotor region is underlined) for the in vitro transcription of RhoBAST was prepared by polymerase chain reaction
(PCR) using Tag DNA polymerase (lab prepared stock). In vitro transcriptions were performed using 1 uM dsDNA
template, 50 ng/uL T7 RNA polymerase (lab prepared stock) and 2 mM NTPs in transcription buffer (40 mM Tris-
HCI (pH 8.1), 1 mM Spermidine, 22 mM MgCl,, 0.01% Triton X-100, 5% DMSO, 10 mM DDT). The transcription
mixture was incubated at 37 °C for 4 h and treated with 50U/mL DNAse | (Roche) at 37 °C for 30 min. The reaction

was quenched by the addition of one volume of gel loading buffer (100 mM Tris-Borate (pH 8.3), 2 mM EDTA in
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90% formamide) and purified by denaturing polyacrylamide gel electrophoresis. The appropriate RNA band was
excised and eluted in 0.3 M NaOAc (pH 5.5) at 19 °C overnight. Gel pieces were removed by filtration and the RNA
was precipitated with isopropanol. The obtained pellet was dissolved in deionized water and desalted using 10k

Amicon Ultra centrifugal filters (Merck).

In vitro characterization of RhoBAST:dye complexes. To ensure optimal folding, before each in vitro experiment,
the RNA aptamers were treated as follows. The RNA was diluted in water, incubated at 75 °C for 2 min and cooled
down to 25 °C in approximately 10 min. Next, the appropriate buffer concentrate (6x) was added and the sample
was incubated at 25 °C for an additional 10 min before use. If not stated otherwise, measurements were performed
in ASB (20 mM HEPES (pH 7.4), 1 mM MgCl,, 125 mM KCl).

To determine the fluorescence turn-on value, fluorescence measurements of the dyes (1 uM) were
performed in the presence and absence of RhoBAST (5 uM) after incubation at room temperature for 1 h. The
excitation and emission maxima of the corresponding RhoBAST:dye complex were chosen as wavelengths for
excitation and detection, respectively. The turn-on value was defined as the ratio of fluorescence intensity of the
aptamer:dye complex and the free dye.

Equilibrium dissociation coefficients (Kp values) of RhoBAST:dye complexes were determined through
measurements of the fluorescence change of the dyes upon binding to the aptamer. First, the fluorescence intensity
was measured as a function of the aptamer concentration using a fixed dye concentration (10 nM, 50 nM for 5).
Fluorescence measurements were performed in ASB supplemented with 0.05% (v/v) Tween 20 at 25 °C. To

determine Kp values, the measured intensities were fitted using the equation,

(Kp + Py + [Apt]) — \/([Apt] — Py)? + Kp X (Kp + 2[Apt] + 2P,)

F:F0+(F00_FO) 2P
0

with measured fluorescence intensity, F, fluorescence of the free dye, Fo, fluorescence upon saturation, F.., initial
dye concentration, Py, and aptamer concentration [Apt].

To obtain gvalues of RhoBAST:dye complexes and free dyes in ASB, absorbance spectra of the fluorophores
(1 uM) were recorded in the presence and absence of RhoBAST (5 uM) after incubation at room temperature for 1
h.

The quantum yields, ®¢, complex, Of RNOBAST:dye complexes were determined in relative measurements using
a sulforhodamine 101 solution (®f, e = 0.95 in ethanol)*® as a reference. Absorbance and fluorescence emission
spectra (excitation wavelength 528 nm) were measured at four or more different dye concentrations (absorbance
<0.1) using a constant RhoBAST concentration (5 uM). Next, the areas under the fluorescence spectra were plotted
against the absorbance (at 528 nm) and the slopes, m, were determined by fitting a line to the data points. The

guantum yields of the complexes were determined using the following equation:

2
_ mcomplex ncomplex
CDF, complex — cI)F,ref X 2 ’
Myef Nyer

with n denoting the refractive index of the respective solvent.
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In vitro photobleaching experiments of RhoBAST:dye complexes were performed as described previously.'?
Briefly, RhoBAST:dye complexes were prepared in ASB supplemented with 0.05% (v/v) Tween 20 by mixing dye and
RhoBAST solutions to yield concentrations of 20 and 500 nM, respectively. After incubation at room temperature
for 30 min, the whole volume of the sample (50 pL) was irradiated in an airtight sealed quartz cuvette using a
focused Luxeon Rebel ES Lime LED (nominal wavelength = 567 nm, 10.2 mW). Samples were irradiated for 3 h and
the fluorescence intensity was measured every 20 min at 25 °C. The experiment was performed three times for
each RhoBAST:dye complex.

The association and dissociation kinetics of RhoBAST:dye complexes were determined in ASB supplemented
with 0.05% (v/v) Tween 20 using stopped-flow experiments as described previously.'® Briefly, kinetic properties
were determined using an SX-18 M stopped-flow spectrometer from Applied Photophysics. Each dye (5 nM) was
titrated with different concentrations of RhoBAST at 25 °C and the fluorescence intensity was measured. To
determine the observed kinetic rate ko»s the time-dependent fluorescence F(t) was fitted using the following

equation:
F(t) = (Fy — Fo)e *obst + F,

where Fy as the initial and F. as the final fluorescence intensity. The association rate coefficient k,, and the
dissociation rate coefficient ko were extracted by plotting kobs versus RNA concentration and linear fitting according

to the following equation:
kops = kon[RNA] + koff

DNA cloning. Sequences of all constructs can be found in Supplementary Table 3.

Plasmids expressing RNA constructs embedded into the Tornado system were prepared by restriction enzyme
cloning. Therefore, DNA inserts containing the aptamer sequence (RhoBAST, Pepper, Pepper-RhoBAST, RhoBAST-
MS2, [RhoBAST-MS2],) flanked by Notl and Sacll restriction sites were prepared by PCR. The inserts were double-
digested and cloned into the double-digested pAV-U6+27-Tornado-Broccoli plasmid (Addgene, plasmid #124360).

To prepare the pcDNA5-FRT/TO-NLS-dCas9-NLS-GFP plasmid, the NLS-dCas9-NLS-GFP gene was amplified from
plasmid pSLQ1658-dCas9-EGFP (Addgene, plasmid #51023) by PCR and inserted into the BamHI and Xhol restriction
sites of the pcDNA5-FRT/TO plasmid (Invitrogen).

The pcDNA3-HaloTag7-Sam68 plasmid was prepared using the NEBuilder HiFi DNA Assembly kit (NEB). The
vector backbone and the HaloTag7 insert were amplified by PCR using the pcDNA3-HA-Sam68-WT vector (Addgene,
plasmid #17690) and pcDNA5-FRT- Halo-SNAP-NLS plasmid (kindly provided by the Johnsson group, Heidelberg) as
templates.

The pAV-U6-centromere-sgRNA plasmids (sgRNA, sgRNA-RhoBAST-1, sgRNA-RhoBAST-2, sgRNA-RhoBAST)
were prepared by inserting a double-digested gene fragment containing the U6 promotor sequence, the sgRNA
construct and a polyT stretch for termination into the BamHI and Xhol restriction sites of the pAV-U6+27 plasmid

(Addgene, plasmid #25709).
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Plasmids expressing stdMCP-fusion proteins were generated using the NEBuilder HiFi DNA Assembly kit (NEB).
To obtain plasmids carrying an stdGFP-tagged stdMCP gene, the vector backbone was amplified from the pcDNA5-
FRT plasmid (Invitrogen), the stdMCP-stdGFP fragment was amplified from the pUbC-NLS-HA-stdMCP-stdGFP
plasmid (Addgene, plasmid #98916) and the localization sequences were ordered as gene block (H2B, Sec61pB) or
prepared by PCR (TOMM?20). The three fragments were assembled according to manufacturer’s protocol to obtain
the pcDNA5-FRT-H2B-stdMCP-stdGFP, pcDNA5-FRT-TOMM?20-stdMCP-stdGFP and pcDNA5-FRT-stdMCP-stdGFP-
Sec61p plasmids.

Live-cell confocal microscopy. For imaging experiments, cells were seeded into Ibidi p-Slides (glass bottom) with 8
or 18 wells and incubated overnight in 300 or 100 puL medium, respectively. For HEK293T cells imaging, slides were
coated with poly-D-lysine before use. On the next day, transient transfection of the appropriate plasmid(s) was
performed using FUGENE HD (Promega) according to the manufacturer’s procedure. After incubation overnight,
the medium was exchanged with fresh DMEM. Cells were incubated in total for 48 h after transfection;
subsequently, the medium was exchanged to Leibowitz (L15) medium containing the appropriate dyes. Samples
were incubated for 1 h at 37 °C before imaging.

If not stated otherwise, imaging experiments were performed on a point scanning Nikon A1R confocal
microscope equipped with a hybrid scanner (galvo/resonant), 4 channel detection (with GaAsP detectors), and a
live-cell imaging chamber with controlled temperature and humidity. All images were acquired using a Nikon N Apo
60x NA 1.4 As Ol (WD 0.14 mm, FOV 0.21 x 0.21 mm) objective. Hoechst 33342 and mAzurite were excited at 405
nm; the emission was detected via a 450 *+ 25 nm filter. GFP and HBC530 were excited at 488 nm; the emission was
detected via a 525 * 25 nm filter. TMR derivatives and HBC620 were excited at 561 nm; the emission was detected
via a 595 = 50 nm filter. Drag5 and SiR were excited at 640 nm; the emission was detected viaa 700 + 37.5 nm filter.
Images were acquired using the Nikon NIS Elements software (5.11.01).

Spinning disk confocal microscopy was performed with an ERS-VoX system (PerkinElmer), based on an
automated inverted Nikon Ti microscope equipped with a Hamamatsu C9100-02 EMCCD camera, a Yokagawa CSU-
X1 confocal scanning unit and a temperature-controlled live-cell imaging chamber. TMR derivatives and HBC620
were excited at 561 nm; the emission was detected via a 615 = 35 nm blue/red dual-pass filter. Experiments were
performed using a Nikon Plan Apo VC 100x NA 1.4 Qil objective and images were recorded at a resolution of 1024
x 1024 pixels with an exposure time of 100 ms (9.7 frames/sec) utilizing the Perkin Elmer Volocity software.

Images were processed and analyzed by the open-source application Fiji.>!

Single-molecule Localization Microscopy. Single-molecule localization microscopy was performed on a home-built
widefield microscope based on an Axio Observer Z1 frame (Zeiss) equipped with an Ixon Ultra X-7759 EMCCD
camera (Andor) with a pixel size of 109 x 109 nm and a quad-band dichroic mirror (z 405/473/561/640, AHF). Lasers
emitting at 473 nm (Gem 473, Laser Quantum) and 561 nm (Gem 561, Laser Quantum) were used in combination
with an acousto-optic tunable filter (AOTFnC-400.650, A-A Opto-Electronic) and two achromatic lenses (focal
lengths 10 mm and 100 mm, Thorlabs) to expand the laser beam. Images were acquired using a Zeiss a Plan Apo

63x NA 1.46 Oil Corr M27 TIRF objective. GFP was excited with the 473 nm laser (~ 100 uW) and the signal was
20


https://doi.org/10.1101/2022.10.24.513449
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.24.513449; this version posted October 25, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

collected through a 525 + 45 nm emission filter. TMR derivatives were exited with the 561 nm laser (~ 20 mW) and
the signal was collected through a 583 + 22 nm emission filter. Typically, 20,000—-30,000 frames (30 ms exposure
time) were acquired and used for reconstruction of the SMLM image. SMLM analysis was performed with our a-

livePALM software;* image drift was corrected as previously described.?

Live-cell STED microscopy. STED microscopy was performed using a Leica SP8 STED 3X microscope (Leica
Microsystems, Mannheim, Germany) equipped with an 80 MHz white light laser, three depletion lasers (592, 660
and 775 nm), HyD detectors and an in-house developed temperature-controlled live-cell imaging incubator (EMBL
Heidelberg, Heidelberg, Germany). SpyRho was excited at 561 nm and depleted by using the 660 nm CW-STED laser;
the detection gate was open from 2 — 6 ns for 2D-STED and 1.5 — 6 ns for 3D-STED. All experiments were performed
using a Leica HC PL APO 86x/1,20 W motCORR STED white water immersion objective. Images were acquired using
the LAS X software version 3.5.7.23225 (Leica Microsystems, Mannheim, Germany). Images were processed and
analyzed using Fiji.! Deconvolution was performed using Huygens Professional version 22.04 (Scientific Volume

Imaging B.V., Hilversum, The Netherlands).
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