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Super-resolution RNA imaging using a
rhodamine-binding aptamer with fast exchange

kinetics

Murat Sunbul
Franziska Griin', Karin Nienhaus

Overcoming limitations of previous fluorescent light-up RNA
aptamers for super-resolution imaging, we present RhoBAST,
an aptamer that binds a fluorogenic rhodamine dye with fast
association and dissociation kinetics. Its intermittent fluores-
cence emission enables single-molecule localization micros-
copy with a resolution not limited by photobleaching. We use
RhoBAST to image subcellular structures of RNA in live and
fixed cells with about 10-nm localization precision and a high
signal-to-noise ratio.

Super-resolution fluorescence microscopy of cellular structures
continually provides fundamentally new insights into biology'.
Over the years, an elaborate toolbox has become available to attach
fluorescent markers to proteins for such studies. By contrast, marker
tools for super-resolution RNA imaging are still scarce’. Recently,
fluorescent light-up aptamers (FLAPs) have been recognized as
promising tools for RNA imaging’. So far, they have mostly been
employed for conventional, diffraction-limited imaging. FLAPs
for super-resolution imaging were reported only last year, specifi-
cally the SiRA aptamer* for stimulated emission depletion (STED)
microscopy and the Pepper aptamer® for structured illumination
microscopy (SIM). Further optimization of these RNA markers will
facilitate their widespread use in super-resolution microscopy.

Our laboratory has developed FLAPs that bind fluorophore-
quencher conjugates and, thereby, disrupt contact quenching
(Fig. 1a)®". This strategy affords the use of bright and photostable
state-of-the-art fluorophores for RNA imaging’*. For example, the
SRB-2 aptamer binds various membrane-permeable rhodamine
dyes with high affinity, but it does not provide sufficient sensitiv-
ity for imaging RNAs of low abundance in cells’. Here we present
RhoBAST (Fig. 1b), a FLAP endowed with excellent photophysi-
cal properties that were optimized for single-molecule localization
microscopy (SMLM)'. With this technique, we have visualized
subnuclear RNA structures in live and fixed cells with image
resolutions far beyond the classical diffraction limit.

Starting from a 15% doped SRB-2 aptamer library, in vitro
evolution was employed to improve the affinity, thermal stabil-
ity, photostability and brightness of SRB-2 using tetramethylrho-
damine (TMR) as bait (Fig. 1c,d). After incubation of the library
with TMR-decorated beads, mutants binding TMR were specifi-
cally eluted, amplified and subsequently used as input for the next
round of evolution. Enrichment of the library was confirmed by the
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fractional increase of eluted RNA and the fluorescence enhance-
ment of the fluorophore-quencher conjugate TMR-dinitroaniline
(TMR-DN) upon mixing with RNA pools after each round (Fig. 1d).
After seven iterations, the enriched variants were sequenced and
screened for fluorescence enhancement upon binding TMR-DN
(Supplementary Fig. 1). Sequence and truncation analysis
(Supplementary Figs. 2 and 3) revealed two beneficial mutations
in the SRB-2 sequence, namely an insertion of a single U nucleo-
tide between C6 and U7 and a U22A mutation (Supplementary
Fig. 4). These features were incorporated into the design of SRB-3
(Supplementary Fig. 4), which exhibits 50% higher brightness and
1.8-fold higher affinity (K, =20+ 1nM) for TMR-DN than SRB-2.
To eliminate alternative secondary structures predicted for SRB-3
(Supplementary Fig. 5), we rationally exchanged the U8-A19 base
pair by C-G and the UUCG tetraloop by GAAA (Fig. 1b). Indeed,
these mutations were beneficial, resulting in a new aptamer dubbed
RhoBAST (Rhodamine Binding Aptamer for Super-resolution
Imaging Techniques). It features a fraction of 86+5% in the
proper fold, a 26-fold fluorescence turn-on and a K of 15+1nM
(Supplementary Fig. 6).

SRB-2, SRB-3 and RhoBAST have similar circular dichroism (CD)
spectra (Supplementary Fig. 6). The fluorescence emission of their
complexes with TMR-DN is independent of sodium or potassium
ions but strictly depends on the magnesium ion (Mg**) concentra-
tion (Supplementary Fig. 7), in contrast to G-quadruplex-forming
FLAPs'-". However, RhoBAST:-TMR-DN retains more than 90%
of its maximum fluorescence at 0.25mM Mg?*, implying that
RhoBAST functions effectively under physiological conditions
(Supplementary Fig. 7). RhoBAST:-TMR-DN exhibits excellent
brightness and well-defined fluorescence spectra, with excitation
and emission maxima at 564 nm and 590 nm, respectively (Fig. 1e).
It is 4.6- and 7.6-fold brighter than Broccoli:DFHBI-1T' and
Corn:DFHO", respectively, and has similar brightness to
Pepper:HBC620 (Pepper620)°, which is the brightest and most pho-
tostable version of Pepper aptamer:dye complexes (Supplementary
Table 1). With a melting point, T, of 79°C, RhoBAST is extremely
thermostable. Consequently, upon raising the temperature to 37°C,
RhoBAST:-TMR-DN retains 69% of its fluorescence intensity at
25°C, compared to 54% for SRB-2:TMR-DN (Supplementary Fig. 6).
Furthermore, RhoBAST:TMR-DN appears remarkably photostable.
Only 1% of its fluorescence was bleached during 3h of continuous
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Fig. 1| Directed evolution and characterization of RhoBAST. a, Scheme showing the genetically encoded fluorophore-binding aptamer and a
contact-quenched fluorophore-quencher (F-Q) conjugate for imaging an RNA of interest. F-Q is non-fluorescent in solution and lights up upon binding
to the aptamer. b, Predicted secondary structure of RhoBAST; changed ribonucleotides are highlighted in yellow. ¢, Chemical structure of TMR-DN. TMR,
orange; polyethylene glycol linker, black; DN, blue. d, Directed evolution of RhoBAST for binding to the TMR fluorophore using iterative cycles of SELEX
and rational design. The initial library was composed of 15% doped SRB-2 flanked by constant primer A and primer B binding regions. The T7 promoter

was used for efficient transcription of the library by T7 RNA polymerase. Progress of selection was assessed by calculating the percentage of eluted RNA
and the fluorescence enhancement of TMR-DN upon addition of RNA pools after each round. e, Normalized excitation and emission spectra of TMR-DN
and RhoBAST:-TMR-DN. f, Fluorescence intensity decay upon constant-level illumination of TMR-DN (20 nM) complexed with RhoBAST (500 nM), the
JF545-Halo fluorophore (20 nM), the fluorescent protein mRuby3 (20 nM) and HBC620 (20 nM) complexed with Pepper (500 nM). After 3 h, the fractional
decrease was 1.0 +£0.4%, 11.5+0.9%, 40.0 + 2.2% and 66.4+2.2% (mean +s.d., n=3 independent experiments), respectively. g Scheme showing on

and off switching of the fluorescence due to TMR-DN association to and dissociation from RhoBAST immobilized on a coverslip. RhoBAST was modified
with biotin at 5" and Cy5 at 3’ and bound to the glass surface via NeutrAvidin. h, Top, fluorescence time trace taken on an individual, surface-immobilized

RhoBAST molecule after addition of TMR-DN (2.2 nM) containing buffer. Bottom, expanded view of the time trace (300-460's, marked by the dashed
box), revealing multiple fluorescence bursts due to continuous TMR-DN association and dissociation. i, Dependence of the average dissociation

(ky= <7,,>7) and association (k’,=k,c= <z.> ") rate coefficients on the TMR-DN concentration. Here, <z,,>and <z,;> are the average lengths of
emissive and dark time periods, respectively. Data are shown as mean + s.d. See Methods for further details on the statistical analysis.

illumination, whereas the rhodamine-based JF;,,-Halo fluorophore,
the mRuby3 fluorescent protein and Pepper620 decreased their
fluorescence by 12%, 40% and 66%, respectively, under identical
conditions (Fig. 1f and Supplementary Note 1).

Next, we measured the kinetic parameters of TMR-DN associa-
tion to and dissociation from the aptamers using single-molecule
imaging. To this end, RhoBAST molecules were sparsely immobi-
lized on glass surfaces (Fig. 1g). After adding TMR-DN solution,
fluorescence intensity time traces from individual molecules were
acquired (Fig. 1h). Analysis of the fluorescence on and off times

in these traces as a function of the TMR-DN concentration in the
range of 1-10nM yielded dissociation (k;=0.66+0.01s") and
association (k,=1.8+0.1x10"M's™") rate coefficients (Fig. 1h,i),
resulting in K, =37 & 3 nM, which agrees well with those of solution
measurements (Supplementary Fig. 6 and Supplementary Note 2).
A TMR-DN ligand remains bound to RhoBAST for 1.5s on aver-
age, dissociates and is replaced by a new ligand within about 5s
(at 10nM). Stopped-flow spectrometry on solutions also revealed
more than 200- and 300-fold greater association and dissociation
rates, respectively, for RhoBAST in comparison to other FLAPs
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under the same conditions (Supplementary Note 2). Consequently,
RhoBAST emission displays fast intermittency (blinking), which is
a key requirement for SMLM. Continuous ligand exchange implies
that the number of photons, N, captured from the aptamer is not
limited by photobleaching. As the localization precision scales with
N2, molecular positions can be determined with, in principle,
unlimited precision. Ligand exchange also has been exploited by
SMLM variants such as DNA-PAINT", but the light-up property
of RhoBAST:-TMR-DN is a clear additional advantage. These favor-
able characteristics make the RhoBAST:TMR-DN system a superb
genetically encoded tag for RNA imaging in fixed and live cells using
super-resolution SMLM as well as classical, diffraction-limited
microscopy.

We evaluated RhoBAST in comparison to SRB-2 and SRB-3
for diffraction-limited confocal imaging of Escherichia coli
bacteria. Single copies of the aptamers without stabilizing scaffolds
were fused to the 3’ untranslated region (UTR) of green fluores-
cent protein (gfp) (Supplementary Fig. 8). In the TMR detection
channel, the signal-to-background ratios for bacteria express-
ing gfp-RhoBAST, gfp-SRB-3 and gfp-SRB-2 messenger RNAs
(mRNAs) were, respectively, 14+1, 8+1 and 4+ 1. These values
were calculated by dividing the average fluorescence intensity at
the poles of bacteria expressing the gfp-aptamer by that of bacte-
ria expressing only gfp mRNA (Supplementary Fig. 8). Moreover,
the fluorescence intensity of RNAs carrying multiple RhoBAST
repeats increased almost linearly up to eight repeats and still
showed 70% of the expected value at 16 repeats (Supplementary
Fig. 9). Such constructs with enhanced emission can greatly facili-
tate imaging of low-abundance RNAs. To analyze the sensitivity
of RhoBAST:-TMR-DN, bacteria expressing different amounts of
gfp-RhoBAST,; mRNA were fixed with paraformaldehyde (PFA)
and imaged. Even at a level of ~1 molecule of gfp-RhoBAST, per
cell (quantified by reverse transcription quantitative polymerase
chain reaction (RT-qPCR)), significantly higher fluorescence was
detected in the TMR channel than in control bacteria expressing
only gfp mRNA (Supplementary Fig. 9). Furthermore, to image
endogenously expressed mRNAs, multiple RhoBAST repeats were
stably introduced into the genome of E. coli K12, and ompA, rnaseE
and cat mRNAs displayed distinct localization patterns in the
images (Supplementary Fig. 10).

To investigate RhoBAST:TMR-DN for optical microscopy of
live mammalian cells, a diverse set of RNA species with different
reported localization patterns and transcribed from different pro-
moters were examined. First, RhoBAST embedded into the Tornado

plasmid system'® was expressed as a single-copy, circular aptamer
under the control of the U6 promoter in HEK293T cells. Besides
nuclear puncta, most of the circular RhoBAST was observed in the
cytosol (Fig. 2a), as previously reported for circular Broccoli'® and
Corn'®. This result shows that RhoBAST folds properly and func-
tions as expected in mammalian cells. Second, GFP mRNA tagged
with RhoBAST ; was expressed under the CAG promoter in live
HEK293T cells, revealing the typical cytosolic localization of GFP
mRNA (Fig. 2b). Third, the CGG trinucleotide repeat-containing
FMRI (fragile-X mental retardation gene)-GFP mRNA fused to
RhoBAST; was expressed in HeLa cells under the CMV promoter.
It showed the distinct nuclear aggregation pattern reported for
this mRNA" (Fig. 2c). The low fluorescence in the TMR chan-
nel of control cells demonstrates the specific effect of RhoBAST
on the TMR-DN fluorescence (Fig. 2d). Furthermore, when
GFP-RhoBAST,; mRNA was expressed at low levels in HeLa cells,
we observed individual spots in the TMR channel, co-localizing
with single-molecule fluorescence in situ hybridization (smFISH)
probes that specifically hybridize to the GFP sequence (Fig. 2e,f).
This experiment indicates that RhoBAST is still intact and func-
tional after the smFISH protocol and highlights its sensitivity
and specificity. Tagging RNAs of interest (ROIs) with RhoBAST
did not change their localizations (Supplementary Fig. 11)
and did not interfere with degradation by exonuclease XRNI
(Supplementary Fig. 12).

To assess RhoBAST:TMR-DN in super-resolution SMLM
applications, we visualized gfp-RhoBAST mRNA in bacteria.
Excellent super-resolution images were obtained (Fig. 2g) owing to
the fast blinking (ligand exchange) of the RhoBAST:TMR-DN sys-
tem, resolving even single aptamers. In contrast, SMLM imaging of
gfp-Pepper with the HBC620 dye was severely compromised due to
its slow dye exchange (Supplementary Fig. 13 and Supplementary
Note 2) and fast fluorescence decay under illumination (Fig. 1f and
Supplementary Video 1). Next, we imaged structures inside the cell
nucleus formed upon expression of circular RhoBAST in live and
fixed HEK293T cells. Intriguingly, we observed hollow spheres in
the nucleus, details of which were hardly visible in the epifluores-
cence image (Fig. 2h and Supplementary Fig. 14). Elaborate immu-
nofluorescence and co-localization studies of these subnuclear
structures with literature-reported nuclear bodies (Supplementary
Fig. 15) revealed that cyclic RhoBAST in the nucleus co-localized
with NONO and PSPC1, proteins that are crucial components of
paraspeckle nuclear bodies'®. Presumably, the high concentration of
circular RhoBAST in the nucleus triggers phase separation of RNA

>

>

Fig. 2 | Confocal, epifluorescence and SMLM with the RhoBAST:TMR-DN system. a, Confocal imaging of live HEK293T cells expressing circular RhoBAST
aptamers transcribed under the control of the U6 promoter using the Tornado system. Cells were co-transfected with another GFP-expressing plasmid as a
transfection control. b, Confocal imaging of live HEK293T cells expressing GFP mRNA fused to RhoBAST,, transcribed under the control of CAG promoter.
¢, Confocal imaging of live Hela cells expressing the trinucleotide CGG repeat-containing FMRT-GFP mRNA fused to RhoBAST, transcribed under the
control of CMV promoter in Hela cells. d, Confocal imaging of live HEK293T cells expressing GFP (negative control) to show the background fluorescence
due to the presence of free TMR-DN. e, Comparison of GFP-RhoBAST, mRNA imaging using smFISH and RhoBAST-TMR-DN. GFP-RhoBAST,; mRNAs in
fixed Hela cells were first hybridized to Atto647N-conjugated smFISH probes (specific to GFP sequence) and then incubated with TMR-DN and imaged.
f, Scatter plot showing the co-localization of the TMR and smFISH channels in e (Pearson’s coefficient = 0.856). g, Epifluorescence and SMLM images of
gfp-RhoBAST mRNA in fixed E. coli bacteria. Fluorescence intensity profiles across the six dots marked by white arrows. Symbols, experimental data; thin
lines, Gaussian fits to the individual profiles; thick line, Gaussian fit to the average profile, yielding a full width at half maximum (FWHM) of 73 +5nm. The
constant widths of the individual dots suggest that they represent single fluorophores. Additional support comes from the average localization uncertainty,
o=32+7nm, of the emitters in the SMLM map, which is consistent with the FWHM. h, Epifluorescence and SMLM images of live HEK293T cells showing
hollow spheres containing circular RhoBAST in the nuclei. Fluorescence intensity profiles along the white lines show the effective background removal and
the much higher spatial resolution of SMLM. Gaussian fitting yields FWHM values for the left and right peaks, respectively, of 77.8 + 0.3 and 95.8 + 0.7 nm
in the SMLM profile, and 590 +10 and 750 +10 nm in the epifluorescence image, respectively. i, tolB-gfp MRNA fused to RhoBAST in fixed bacteria was
imaged via SMLM and epifluorescence. These images are also shown as overlays on top of bright-field images. j, Epifluorescence and SMLM images of the
trinucleotide CGG repeat-containing FMR1-GFP mRNA fused to RhoBAST ¢ in Hela cells. k, Epifluorescence and SMLM images of Hela cells expressing
GFP-RhoBAST,, mRNA labeled with Atto647N-conjugated smFISH probes (specific to the GFP sequence) and TMR-DN. The overlay image shows
significant co-localization (in white). Scale bars in a-e, 10 um; in g, 500 nm; in h, 4 um (left) and Tum (middle, right), respectively; in i, Tum; in j, 4 um and
Tum, respectively; in k, 4 um. At least three independent experiments were carried out with similar results.
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with the assistance of NONO and PSPC1, forming paraspeckle-like
nuclear bodies (Supplementary Fig. 16).

In SMLM, multiple RhoBAST repeats can increase the
total number of association and dissociation events within a given
time interval. Thus, the overall image acquisition time decreases, as
photons can be collected at a higher rate to pinpoint the position
of the target RNA. The larger tag size is of lesser concern unless
one aims at very high image resolution (<10nm). We imaged
tolB-gfp-RhoBAST,; mRNA in bacteria, where the TolB signal
peptide should cause localization of the mRNA at the inner bacterial

membrane due to signal recognition particle (SRP)-mediated
co-translational translocation' of TolB-GFP. Indeed, it was pos-
sible to use fewer camera frames (shorter overall exposure time)
to collect high-quality SMLM images, which clearly revealed
that folB-gfp-RhoBAST,; mRNA localized at the inner membrane
(Fig. 2i and Supplementary Figs. 17 and 18). In contrast,
gfp-RhoBAST |, lacking the tolB sequence or carrying another
SRP-independent signal peptide sequence showed substantially
different localization patterns (Supplementary Fig. 17). Localization
of tolB-gfp-RhoBAST;, gfp-RhoBAST,; and gfp mRNAs was
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also validated by smFISH probes as well as super-resolution
SIM* (Supplementary Figs. 19 and 20). Furthermore, we imaged
(CGG)yy-FMRI-GFP-RhoBAST,; mRNA in mammalian cells with
SMLM to reveal architectural details of disease-causing RNA aggre-
gates containing CGG repeats, which are excessively formed in
patients with fragile X syndrome (Fig. 2j, Supplementary Fig. 21 and
Supplementary Video 2). Finally, we explored dual-color micros-
copy of GFP-RhoBAST,; mRNA expressed at low levels in HeLa
cells using far-red fluorescent smFISH probes (specific to the GFP
sequence) and TMR-DN. SMLM images in the TMR channel dis-
played a high degree of co-localization with epifluorescence images
in the far-red channel (Fig. 2k). Note the much enhanced resolution
of the SMLM image in the figure.

In summary, we have introduced a next-generation rhodamine-
binding aptamer, RhoBAST, as a genetically encoded tag for
super-resolution RNA imaging. The RhoBAST:-TMR-DN system is
the first FLAP that was specifically developed for live cell SMLM,
owing to its continuous and fast fluorophore exchange combined
with exceptionally high photostability and brightness. In com-
parison to its parent, SRB-2, it features markedly improved folding
and thermal stability, higher affinity to TMR-DN as well as higher
fluorescence quantum yield and photobleaching resistance. With
RhoBAST:TMR-DN, subcellular and subnuclear structures of RNA
can readily be visualized with excellent localization precision in live
or fixed specimens.
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Methods

General. All reagents were purchased from Sigma-Aldrich or Thermo Fisher
Scientific unless otherwise specified and used without further purification.
Reverse-phase high-performance liquid chromatography purifications

were performed on a Luna 5um C18(2) 100 A column, 250 mm x 10 mm
(Phenomenex), and compounds were eluted with a mixture of buffer A consisting
of 100mM Et;N/AcOH (pH 7.0) in Milli-Q-water and buffer B containing 100 mM
Et;N/AcOH (pH 7.0) in an acetonitrile:water (4:1) mixture. High-resolution

mass spectra were recorded on a Bruker microTOFQ-II ESI mass spectrometer.
DNA and RNA concentrations were determined with a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies). Fluorescence measurements were
performed with a JASCO FP-6500 spectrofluorometer equipped with an ETC-
273T digital temperature controller. CD spectra were recorded on a JASCO J-810
spectropolarimeter. Stopped-flow experiments were conducted using an SX-18

M stopped-flow spectrometer (Applied Photophysics). Agarose gels were stained
with ethidium bromide and visualized by ultraviolet (UV) illumination using an
Alphalmager 2200 (Alpha Innotech). Absorbance spectra were recorded on a Cary
50 UV-Vis spectrophotometer (Varian). Synthetic DNA oligonucleotides were
purchased from Integrated DNA Technologies (IDT). HEK293T cells (DSMZ,
ACC 635) and HeLa cells (DSMZ, ACC 57) were cultured at 37 °C under 5% CO,
in Dulbecco’s Modified Eagle’s Medium containing high glucose, HEPES and
glutamine without phenol red (Thermo Fisher Scientific) supplemented with 10%
FBS, 100 U ml™ of penicillin and 100 pg ml™ of streptomycin. E. coli DH5a, K12
and BL21 Star (DE3) cells (Thermo Fisher Scientific) were typically grown at 37°C
with shaking at 150 r.p.m. in Luria-Bertani (LB) medium.

Synthesis. Synthesis and characterization of TMR-SS-Biotin (used for systematic
evolution of ligands by exponential enrichment (SELEX)) and TMR-DN are
described in Supplementary Note 3.

DNA library preparation for SELEX. A 93-nucleotide-long single-stranded DNA
(ssDNA) oligonucleotide library consisting of a 15% doped 54-nucleotide SRB-2
sequence flanked by two constant primer binding sites was synthesized (IDT).
DNA library sequence (5’ to 3'):

GGAGCTCAGCCTTCACTGC(N3)(N3)(NI1)(N1)(N2)(N2)(N4)(N2)
(N3)(N2)(N4)(N4)(N2)(N3)(N3)(N2)(N3)(N1)(N4)(N3)(N1)(N4)(N3)
(N3)(NT)(N3)(NT)(N3)(N3)(N2)(N3)(N2)(N1)(N1)(N3)(N3)(N4)(N4)
(NT)(NT)(N2)(N2)(N3)(N2)(N2)(N4)(N2)(N1)(N3)(N3)(N4)(N4)(N2)(N2)
GGCACCACGGTCGGATCCAC. N1, N2, N3 and N4 are mixtures of {85% A, 5%
C, 5% G, 5% T}, {5% A, 85% C, 5% G, 5% T}, {5% A, 5% C, 85% G, 5% T} and {5%
A, 5% C, 5% G, 85% T}, respectively.

Next, 0.5 nmol of the oligonucleotide pool (~3 X 10'* molecules) was
amplified in a 1-ml PCR reaction for eight cycles by using the forward primer
(Primer A: 5-TCTAATACGACTCACTATA GGAGCTCAGCCTTCACTGC-3')
and reverse primer (Primer B: 5'-GTGGATCCGACCGTGGTGCC-3') to yield
the double-stranded DNA template for the transcription of the library. After
phenol:chloroform:isoamyl alcohol (25:24:1, pH 8) extraction, the PCR product
was precipitated with sodium acetate and ethanol. The DNA pellet was dissolved in
water and directly used for the in vitro transcription reaction.

SELEX. For the first round of selection, a large-scale in vitro transcription mixture
(1 ml) containing double-stranded DNA template (0.5 uM), transcription buffer
(40 mM Tris pH 8.1, 2mM spermidine, 22 mM MgCl,, 0.01% Triton X-100), DTT
(10mM), BSA (0.01 mg ml~!'), NTP (4 mM each of ATP, CTP, GTP and UTP) and
T7 RNA polymerase (1 pM, lab-prepared stock) was prepared. After incubation for
4h at 37°C, DNasel (50 U) was added into the mixture and incubated for 30 min
at 37°C. RNA was purified on a 10% denaturing polyacrylamide gel, excised from
the gel and eluted into 0.3 M sodium acetate buffer (pH 5.5) overnight. RNA was
precipitated by adding isopropanol and then dissolved in water. To promote the
correct folding of the aptamer, the RNA solution was incubated at 75 °C for 2 min
and slowly cooled to 25°C over 10 min. Then, 1/5 volume of 6X aptamer selection
buffer (ASB) containing 120 mM HEPES (pH 7.4), 30 mM MgCl, and 750 mM KCl
was added, and the RNA library was incubated at 25 °C for another 10 min.
TMR-decorated beads were prepared by mixing TMR-SS-Biotin (dissolved in
water) with streptavidin beads (0.2 ml) in 1x ASB. After 5min, TMR beads were
washed with 1X ASB to remove excess, unbound TMR-SS-Biotin (if any). Next, the
folded RNA was mixed with the TMR beads and shaken for 1h at 25°C. To remove
unbound and low-affinity aptamers, the resin was washed with seven volumes of
1Xx ASB, and the TMR-bound RNA was eluted with 20 mM DTT, which cleaves the
disulfide bond between TMR and biotin. The eluted RNA was ethanol precipitated
with glycogen (20 pg), reverse transcribed using SuperScript III (Invitrogen) and
PCR amplified for ten cycles. The purified double-stranded DNA template was
subjected to the next round of selection. Seven rounds of SELEX were performed
using the described protocol with progressively increased stringency. The TMR
concentration on the streptavidin resin was decreased from 40 uM (round 1) to
10 uM (rounds 2-7), and the RNA concentration was decreased from 20 uM (round
1) to 10uM (rounds 2-4) and 5uM (rounds 5-7), whereas the number of washes
to remove low-affinity binders from the resin was increased to 14 volumes of 1x
ASB in the final round. After each round of SELEX, the efficiency of the selection

was monitored by quantifying the amount of eluted RNA and measuring the
fluorescence enhancements of TMR-DN (25 nM) upon addition of the RNA pool
(500nM). After seven rounds, the double-stranded DNA was cloned into a vector,
which was subsequently transformed into bacteria, and 96 individual colonies were
sent for Sanger sequencing.

Screening of SRB-2 mutants for fluorescence enhancement. Before fluorescence
measurements, SRB-2 mutants (1.2 uM, dissolved in water) were incubated at

75°C for 2min and then cooled to 25°C within 10 min to promote the correct
folding of the aptamer. Then, 1/5 volume of 6x ASB was added, and the aptamer
solution was incubated at 25 °C for an additional 10 min. The fluorescence intensity
of the aptamer solutions after addition of TMR-DN (20 nM) was recorded and
divided by the fluorescence of TMR-DN without any aptamer to yield fluorescence
enhancement values of each mutant. The best mutants were further characterized
in detail.

In vitro characterization of SRB aptamers. Aptamers were always folded

as described above, and all properties were measured in 20 mM HEPES (pH

7.4), 125mM KCl and 1 mM MgCl, buffer unless specified. For fluorescence
measurements, excitation and detection wavelengths were set to the excitation and
emission maxima of the aptamer:TMR-DN complexes. The fluorescence turn-on
value is defined as the ratio of the emission peak intensity of the fluorophore
(20nM) in the presence (500 nM) and absence of SRB aptamers.

Equilibrium dissociation coefficients (Kp,) of aptamer:TMR-DN complexes in
solution were determined by measuring the fluorescence intensity as a function of
RNA concentration in the presence of a fixed amount of TMR-DN (1 nM) at 25°C.
Dissociation coefficients were calculated by fitting the curves to Eq. (1) by using
least-squared fitting (OriginPro 8.5.1):

F—Fyt (Fao—Fy) {(KD+PU+[Apt])—\/(i/l)it]—Pu)z+Kn>< (Ko-+2[Ap02Py) | 7 (1)
where F is the fluorescence at any given aptamer concentration, F, is the
fluorescence of the free TMR-DN with initial concentration of P, F,, is the
maximum fluorescence intensity reached when all TMR-DN is in complex with
the aptamer, [Apt] is the final concentration of added aptamer, and Kj, is the
equilibrium dissociation constant.

To determine the Mg** dependence, 1/5 volume of 6x ASB buffer containing
different amounts of MgCl, (0-10 mM) was added to the RNA (600 nM in water,
already incubated at 75 °C for 2min and cooled to 25°C) and incubated for
10min at 25°C.

To determine the dependence of the aptamer:TMR-DN fluorescence on
monovalent cations (Li*, Na*, K*), 1/5 volume of a 6x buffer containing 750 mM
of the corresponding cation as chloride salt or without any monovalent cation,
120mM HEPES (pH 7.4) and 6 mM MgCl, was added to the aptamer solutions
(600nM in water, already incubated at 75°C for 2 min and cooled to 25°C) and
incubated for 10 min at 25 °C. Fluorescence intensities were measured upon
addition of TMR-DN (500 nM).

To study the temperature dependence of the aptamer: TMR-DN complexes,
folded aptamers (500 nM) were incubated with TMR-DN (500 nM) for 10 min.
Then, the fluorescence was recorded while increasing the temperature from 25°C
to 65°C (0.5°C per minute).

To obtain CD spectra, aptamers (5uM) were folded in 20 mM Na,HPO,/
NaH,PO, (pH 7.2), 125mM KCl and 1 mM MgCl, as described above and
incubated at 25°C for 10 min. Measurements were performed at 25°C with 1-nm
resolution using a 1-mm cell. CD melting curves of the aptamers (5uM) were
recorded upon increasing the temperature from 25°C to 98°C (2 °C per minute) by
monitoring the amplitude at 268 nm.

The folding assay was carried out using a slightly modified procedure of Strack
et al. ?'. Briefly, the fluorescence intensity of a mixture containing 500 nM aptamer
(ten-fold excess) and 50 nM TMR-DN was measured (F,), so that the amount
of formed complex was controlled by the limiting component TMR-DN. Next,
the fluorescence intensity of a mixture containing 50 nM aptamer and 500 nM
TMR-DN (ten-fold excess) was measured (F,), where the amount of formed
complex is controlled by the limiting component aptamer. Finally, the fluorescence
intensity of 500 nM TMR-DN was measured (F;) for fluorescence background
correction due to unbound excess TMR-DN. Fluorescence intensities were
measured in 20 mM HEPES (pH 7.4), 1 mM MgCl, and 125mM KCl at 25°C. The
fraction of correctly folded aptamer (f) was calculated by using Eq. (2):

F,—F

f:Fl Z0.1F;

@)

Quantum yields (QYs) of the aptamer:TMR-DN complexes were determined
using a cross-calibrated sulforhodamine 101 standard (QY = 1.00 in ethanol).
The integral of the fluorescence emission spectra and the absorbance of the
samples at the excitation wavelength (528 nm) were measured for at least four
different concentrations of the compounds. To avoid inner filter effects in the
fluorescence measurements, concentrations with an absorbance below 0.05 were
used. The obtained values were plotted in a graph (integrated fluorescence versus
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absorbance). The slope of the linear fit was compared with that of the reference
sample, and the QYs were determined using Eq. (3):

or-an2)(2)

where m is the slope,  is the refractive index of the solvent and the subscript R
refers to the reference fluorophore with known QY.

For photo-induced fluorescence intensity decay experiments, the JF.,,-HaloTag
ligand®, the fluorescent protein mRuby?3 (ref. %), Pepper:HBC620 (ref. °) and
RhoBAST:-TMR-DN were prepared in ASB supplemented with 0.05% (v/v) Tween
20 at a final concentration of 20 nM. RhoBAST:TMR-DN and Pepper:HBC620
(ref. °) complexes were freshly prepared by mixing 500 nM of in vitro transcribed
RNA and 20 nM of the corresponding dye. All samples were incubated for
30 min at room temperature before the start of the measurement. The samples
were irradiated by using an LED setup equipped with a Luxeon Rebel ES Lime
LED (nominal wavelength = 567nm, U = 3.0V, I = 800mA). The LED beam
illuminated the whole sample (5X 3 X 10 mm?) in an airtight sealed quartz
cuvette. The power of the focused LED beam illuminating the sample volume was
determined to be 10.2mW (680 uW mm~2). All samples were irradiated for 3h at
25°C, and the fluorescence of the samples was measured every 20 min.

The kinetics of TMR-DN binding to RhoBAST were investigated using
stopped-flow spectroscopy. TMR-DN (5nM) was titrated with various
concentrations of RhoBAST, and the fluorescence intensity at the emission peak
was measured over time at 25 °C. Kinetic experiments were performed in either
single-molecule (SM) buffer (20 mM HEPES, pH 7.4, 1 mM MgCl,, 125mM KCl,
0.1% (v/v) Tween 20, 10% (w/w) glucose,1 mM Trolox) or ASB supplemented with
0.05% (v/v) Tween 20. Owing to its slow binding kinetics, the Pepper620 system
was studied on the spectrofluorometer by rapid mixing of dye and aptamer.

To extract the apparent rate coefficient, k,,, the time-dependent fluorescence,
F(t), was fitted using

app>
F(t) = (Fy — Fx)e ™' + Fyy (4)

where F| is the initial and F__ is the final (equilibrium) fluorescence intensity. The
association and dissociation rate coefficients, k, and k,, respectively, were obtained

by fitting the dependence of k,,,, on the aptamer concentration, [Apt], using

kapp = ka[Apt] + ka. (5)

DNA cloning. For bacterial expression, double-stranded DNA carrying SRB-2,
SRB-3, RhoBAST and Pepper sequences (Supplementary Table 3) flanked by
EcoRI and Sall restriction sites were created in a PCR reaction, double digested
and ligated into EcoRI/Sall double-digested pET-GFP plasmid (Addgene, plasmid
no. 29663) to form pET-GFP-SRB-2, pET-GFP-SRB-3, pET-GFP-RhoBAST
and pET-GFP-Pepper plasmids. The chloramphenycol acetyl transferase (cat)
gene was PCR amplified from the pLysS plasmid (Thermo Fisher Scientific,
isolated from BL21(DE3)pLysS E. coli) and cloned into the HindIII and EcoRI
sites of pTAC-MAT-Tag?2 (Sigma-Aldrich) to yield the pTac-Cat plasmid. A
single-stranded, ultramer oligonucleotide containing two repeats of synonymous
RhoBAST (Supplementary Table 3) flanked by Sall and Xhol sites was synthesized,
PCR amplified and blunt-end ligated into PCR-linearized pTac-Cat to yield
pTac-Cat-RhoBAST,. Another ultramer containing two repeats of synonymous
RhoBAST flanked by Sall and Xhol sites was synthesized, PCR amplified, double
digested with Sall and Xhol and cloned into Xhol-digested and dephosphorylated
pTac-Cat-RhoBAST, to yield pTac-Cat-RhoBAST,. A cassette containing
four repeats of RhoBAST was obtained by PCR using pTac-Cat-RhoBAST,
as a template. RhoBAST, was then double digested with Sall and Xhol and
cloned into Xhol-digested and dephosphorylated pTac-Cat-RhoBAST, to yield
pTac-Cat-RhoBAST;. A cassette containing eight repeats of RhoBAST was
obtained by Sall and Xhol double digestion of pTac-Cat-RhoBAST; followed by
gel purification. Cloning this cassette into XhoI-digested and dephosprylated
pTac-Cat-RhoBAST; yielded pTac-Cat-RhoBAST.

The GFP gene carrying HindIII at 5" and Sall-Sphl at 3" was PCR
amplified from the pET-GFP plasmid and cloned into HindIII and Sphl sites of
pTAC-MAT-Tag2 to yield pTac-GFP. A cassette containing 16 repeats of RnoBAST
was obtained by double digestion and gel purification of pTac-Cat-RhoBAST,,.
It was cloned into Sall-digested and dephosphorylated pTac-GFP to yield
pTac-GFP-RhoBAST . TolB (MKQALRVAFGFLILWASVLHA), DsbA
(MKKIWLALAGLVLAFSASA) and PhoA (MKQSTIALALLPLLFTPVTKA) signal
peptide sequences were fused to the N-terminus of GFP in pTac-GFP-RhoBAST
by PCR. Then, linearized plasmids were phosphorylated and self-ligated
to form pTac-TolB-GFP-RhoBAST,, pTac-DsbA-GFP-RhoBAST; and
pTac-PhoA-GFP-RhoBAST ;.

For mammalian expression, an ultramer ssDNA containing two repeats of
synonymous RhoBAST was synthesized, PCR amplified and cloned between
the Sall and Xbal sites of pAV-U6+27 (Addgene, plasmid no. 25709) to yield
pAV-U6+27-RhoBAST,. To generate pAV-Tornado-RhoBAST, an ultramer
ssDNA containing the RhoBAST sequence embedded into the Tornado system'
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was synthesized, PCR amplified and cloned between the Sall and Xbal sites of
pAV-U6+27. pUC19-CAG-GFP was prepared by digesting the GFP gene from the
AAVS1-mEGFP (Addgene, plasmid no. 91565) plasmid by using Sdal and NotI
and cloning it into PCR-linearized pUCI19. A cassette containing RhoBAST; was
obtained by Sall and Xhol digestion and gel purification of pTac-Cat-RhoBAST ;.
It was then blunted and cloned into pUC19-CAG-GFP, which had already

been digested with the Mlul enzyme, blunted and dephosphorylated, to yield
pUC19-CAG-GFP-RhoBAST . Blunt-end repaired RhoBAST,, was cloned into

5" UTR CGG 99x FMR1-EGFP (Addgene, plasmid no. 63091), which had already
been digested with Notl, blunted and dephosphorylated, to yield 5 UTR CGG 99x
FMR1-EGFP-RhoBAST,.

E. coli K12 genome editing. To genomically label ompA and rnaseE with
RhoBAST arrays at the 3’ UTR, double-stranded DNA cassettes containing a left
homologous arm, RhoBAST), a terminator, a kanamycin expression system and
a right homologous arm sequences were prepared by PCR and ligation reactions
(Supplementary Table 4). Furthermore, the double-stranded DNA cassette for
insertion of the cat gene into the Jacz locus was prepared by double digestion of
pTac-Cat-RhoBAST plasmid with BamHI and Pagl and gel purification of the
cat-RhoBAST ¢ expression system. It was subsequently ligated to a left homologous
arm carrying a synthetic terminator at the 5" end and to a right homologous arm
at the 3’ end (Supplementary Table 4). Red/ET homologous recombination in

E. coli K12 was established using the double-stranded DNA cassettes prepared as
described above and the Quick and Easy E. coli Gene Deletion Kit (Gene Bridges)
according to the manufacturer’s instructions. Selection of bacteria with modified
genomes was accomplished in the presence of kanamycin for ompA and rnaseE or
chloramphenicol for cat. Successful genome modifications were verified by PCR.

Preparation of 5’-Biotin and 3’-Cy5-labeled RhoBAST. T7 RNA polymerase was
added into a transcription mixture containing the double-stranded DNA template
(5'- TCTAATACGACTCACTATTAGGAACCTCCGCGAAAGCGGTGAAG
GAGAGGCGCAAGGTTAACCGCCTCAGGTTCCAA-3'; the sequence of the
T7 2.5 promoter is underlined, 1 uM), ATP (0.5 mM), Biotin-HDAAMP (2mM),
CTP (1mM), GTP (1 mM), UTP (1 mM), DTT (10 mM), spermidine (2mM),
Tris-HCI (40 mM, pH 8.1), MgCl, (22mM), Triton X-100 (0.01%), BSA (40 pg
ml™) and pyrophosphatase (1 U ml™). After 4h at 37 °C, the reaction mixture

was treated with DNasel (50 U ml™) for 30 min at 37 °C. RNA was purified by
electrophoresis on a 10% denaturing polyacrylamide gel, excised from the gel,
ethanol precipitated and dissolved in water. The percentage of biotinylation (~30%)
was determined by a streptavidin shift assay. Next, the 3’ end of Biotin-RhoBAST
was further ligated to Cy5 by incubating the RNA (10 uM) with ATP (1 mM),
pCp-Cy5 (20 uM) and T4 RNA ligase at 4°C overnight. RNA was then extracted
with phenol:chloroform:isoamyl alcohol (25:24:1, pH 4.5), precipitated with
sodium acetate and ethanol, dissolved in water and stored at —20°C. The
percentage of Cy5 labeling (~60%) was calculated from the absorption of the
Cy5-labeled RNA (extinction coefficients of Cy5: 250,000 M~'cm™" at 648 nm and
12,500 M~'cm™" at 260 nm).

Live cell confocal imaging of bacterial cells. BL21 Star (DE3) competent E. coli
cells were transformed with either pET-GFP (control plasmid) or pET-GFP-SRB-2,
-3 or pET-GFP-RhoBAST plasmids. On the following day, single colonies were
picked from LB agar/kanamycin (30 ug ml™) plates and grown in 5ml of LB
medium containing kanamycin (30 ug ml™') overnight at 37 °C with shaking at
150 r.p.m. A fresh culture with an ODy, of 0.01 was started using the overnight
culture as a starter culture in a 50-ml Falcon flask containing 10 ml of LB medium
with 30 ug ml~' of kanamycin. When the ODy,, was 0.4, IPTG (at the desired
concentration, <1 mM) was added to the culture, and flasks were shaken for an
additional 2-3h at 37°C. Then, 200 ul of the culture was removed and spun down,
and the bacterial pellet was resuspended in 1 ml of M9 medium. Then, 200 pl of
this suspension was transferred into a poly-p-lysine (PDL) coated eight-well glass
chamber and incubated at 37 °C for 20 min. Finally, the wells were gently washed
twice, and bacteria were incubated with 100 nM of TMR-DN in M9 medium for
20min at 37 °C before imaging.

Images were taken on a point-scanning confocal microscope with hybrid
scanner (galvo/resonant) equipped with a Nikon N Apo X60 NA 1.4 As OI (WD
0.14mm, FOV 0.21 x 0.21 mm?) objective. A 405-nm laser was used to excite
Hoechst 33342 (detection via an emission filter set of 450 +25nm); a 488-nm laser
was used to excite GFP (emission filter set of 525+ 25nm); and a 561-nm laser
was used to excite TMR (emission filter set of 595+ 25nm). The laser settings
were optimized for each condition. z-stack images were taken with a step size of
250 nm. Images were analyzed by Fiji/Image]*', and background was corrected by
subtracting the mean fluorescence intensity of a surface area without attached
E. coli cells from the whole image. The mean fluorescence intensity was determined
from defined areas at the poles of the bacteria.

For imaging GFP mRNA using pTac-GFP (control plasmid),
pTac-GFP-RhoBAST , pTac-TolB-GFP-RhoBAST , pTac-DsbA-GFP-RhoBAST ¢
and pTac-PhoA-GFP-RhoBAST ; plasmids, DH5a cells were used, and the LB
growth medium was supplemented with ampicillin (100 ug ml™") instead of
kanamycin. For imaging ompA and rnaseE mRNA in E. coli K12, LB growth
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medium was supplemented with kanamycin (15ug ml™). For imaging cat
mRNA in E. coli K12, LB growth medium was supplemented with chloramphenicol
(10ug ml™).

Confocal imaging of fixed E. coli cells. Next, 700 ul of bacteria expressing the ROI
fused to RhoBAST in LB or M9 medium (as described above) was quickly mixed
with 100 ul of 8% PFA solution and incubated for 10 min at room temperature.
Bacteria were then pelleted by centrifugation, washed twice with 1 ml of MgPBS
(DPBS containing 1 mM MgCl,), resuspended in 1 ml of MgPBS and stored
overnight at 4°C. On the next day, 200 pl of the culture was transferred into a
PDL-coated eight-well glass chamber and incubated at room temperature for

20 min. Finally, the wells were gently washed twice, and bacteria were incubated
with 1 ug ml™ of Hoechst 33342 and 50 nM TMR-DN in MgPBS (or M9 medium)
at 37°C for 20 min. Then, the bacteria were imaged at room temperature.

RT-qPCR. Chemically competent DH5a E. coli cells (Thermo Fisher Scientific)
were transformed with pTac-GFP (negative control) and pTac-GFP-RhoBAST .
On the next day, single colonies were picked from the LB agar/ampicillin
(100 ug ml™') plates and grown overnight in 5ml of LB medium containing
ampicillin (100 ug ml™') at 37 °C with shaking. A fresh culture with an ODg, of
0.01 was started using the overnight culture as a starter in a 50-ml conical Falcon
flask containing 15 ml of LB medium with 100 pug ml™" of ampicillin. After 3h
(ODgy, ~0.4), the culture was equally divided into three different Falcon flasks, and
different amounts of IPTG (0, 10 uM, 40 uM) were added into each culture flask.
Cells were shaken for another 2h at 37°C. Then, 2ml of the cultures was spun
down, LB medium was carefully removed and the pellet was resuspended in 450 pl
of M9 medium. Then, 400 pl of this mixture was used for total RNA isolation, and
50 pl was used for fixed cell imaging. Total RNA from the bacteria was isolated
using RNAzol RT according to the manufacturer’s instructions, and the obtained
RNA pellet was finally dissolved in 200 pl of water.

Total RNA (20 ul, ~2.6 ug) was subjected to DNasel (50 U ml™') treatment
in 60 pl of total volume at 37 °C for 1h. DNasel was inactivated by adding
4ul of 50mM EDTA and incubating at 65 °C for 10 min. Complementary
DNA was produced using 5 ul of each RNA sample and SuperScript
IV-RT (Invitrogen) according to the manufacturer’s instructions. Reverse
transcription reactions were diluted ten-fold with water before qPCR,
which was performed in a Light Cycler 480 instrument (Roche) using the
Brilliant ITI Ultra-Fast SYBR Green qPCR Mastermix (Agilent). Forward
and reverse GFP primers are 5'-TGCTGCTGCCCGACAACCAC-3’ and
5'-CGGTCACGAACTCCAGCAGGAC-3/, respectively. qPCR data were analyzed
with the LightCycler 480 software. No-RT and no-template reactions were used as
negative controls. All reactions were performed in triplicate on the 20-pl scale. 16S
rRNA was used as an internal reference gene. For absolute quantification of RNA
copy numbers, a small fragment (~180 nucleotides) of the GFP gene was in vitro
transcribed and used as a reference RNA in RT-qPCR.

Confocal imaging of live mammalian cells. HeLa or HEK293T cells were cultured
at 37°C under 5% CO, in Dulbecco’s Modified Eagle’s Medium (with 4.5 g L™ high
glucose, 4 mM L-glutamine, 25 mM HEPES and without phenol red) supplemented
with 10% FBS, 100 U ml™" of penicillin and 100 pg ml™" of streptomycin. To
improve the adherence of HEK293T cells, glass slides were coated with PDL before
plating the cells.

For imaging experiments, 3 X 10* cells were seeded overnight in p-Slide
chambered coverslips (Ibidi) with eight wells containing 300 pl of medium each.
On the following day, cells were transfected with the appropriate plasmid using
the FuGeneHD transfection reagent (Promega) according to the manufacturer’s
protocol. After 48h at 37 °C, the medium was exchanged with Leibowitz (L15)
medium containing 1 ug ml~' of Hoechst 33342 and 100 nM of TMR-DN. After
incubation for 1h, cells were imaged at 37 °C in a live cell imaging chamber with
controlled humidity.

Images were taken as described for bacterial cells, except that z-stack images
were taken with a step size of 500 nm. Images were analyzed by Fiji/Image].
Background was removed by subtracting the mean fluorescence intensity of a
surface area without adherent cells from the whole image.

SIM imaging of bacterial cells. DH5a cells E. coli cells were transformed

with either pTac-GFP (control plasmid) or pTac-GFP-RhoBAST
pTac-TolB-GFP-RhoBAST  or pTac-PhoA-GFP-RhoBAST ; plasmids. On the
following day, single colonies were picked from LB agar/ampicillin (100 ug ml~")
plates and grown in 5ml of LB medium containing ampicillin (100 ug ml™)
overnight at 37 °C with shaking at 150r.p.m. A fresh culture with an ODy,, of 0.01
was started using the overnight culture as a starter culture in a 50-ml Falcon flask
containing 10 ml of LB medium with 100 ug ml~! of ampicillin. When the ODy,,
was 0.4, IPTG (40 uM) was added to the culture, and flasks were shaken for an
additional 2-3 h at 37 °C. Then, 200 ul of the culture was removed, spun down
and resuspended in 1 ml of M9 medium. At this point, cells were fixed using PFA
(see above) and imaged later. For live cell imaging, 200 ul of this suspension was
transferred into a PDL-coated eight-well glass chamber and incubated at 37 °C for
20 min. Finally, the wells were gently washed twice, and bacteria were incubated

with 50nM of TMR-DN in M9 medium at 37 °C. Bacteria were imaged after
20-min incubation at 37°C.

Images were taken on a Nikon N-SIM system equipped with a total internal
reflection fluorescence Apochromat 100 X 1.49 NA oil immersion objective
and an electron-multiplying charge-coupled device (EMCCD) camera with
single-molecule sensitivity (iXon3 DU897E; Andor Technology). A 488-nm
laser was used to excite GFP (detection via an emission filter set of 520/45nm); a
561-nm laser was used to excite TMR (emission filter set of 610/60 nm). The laser
settings were optimized for each condition. Images were taken sequentially within
a small z-stack (step size of 150 nm). Subsequently, image reconstruction was
performed with the NIS imaging and image analysis software (Nikon).

Dual-color imaging of RhoBAST-tagged mRNAs labeled with smFISH

probes and TMR-DN in bacteria. Single-molecule FISH probes (HuluFISH) for
GFP were designed and enzymatically labeled with Atto647N by PixelBiotech

(see Supplementary Table 3 for sequences). Bacteria expressing various
RhoBAST-tagged GFP constructs were fixed in 1% PFA in MgPBS as described
above. Bacteria were then pelleted by centrifugation, washed twice with 1 ml of
MgPBS and resuspended in 0.3 ml of water, and 0.7 ml of ethanol was added to
permeabilize the cells. After 2h at room temperature, bacteria were centrifuged,
and the supernatant was removed. The bacterial pellet was resuspended in 0.5 ml
of HuluWash (2x SSC and 2 M urea) and incubated at room temperature for

10 min. The cell suspension was centrifuged, the HuluWash solution was removed
and the bacteria were resuspended in 50 pl of HuluHyb (2x SSC, 2M urea, 10%
dextran sulfate, 5x Denhardt’s solution) containing FISH probes. After overnight
hybridization at 30 °C, bacteria were washed three times with HuluWash for 30 min
at 30°C. Finally, cells were resuspended in MgPBS, immobilized on a PDL-coated
eight-well glass chamber, incubated with 0.5 ug ml™ of Hoechst 33342 and 20nM
of TMR-DN in MgPBS for 30 min at room temperature. Images were taken with
the confocal microscope as described.

Imaging of immunostained mammalian cells. Next, 3 x 10* HEK293T cells were
seeded overnight in a PDL-coated p-Slide (chambered coverslip) with eight wells
containing 300 pl of medium. On the following day, cells were transfected with
pAV-Tornado-RhoBAST plasmid (~200 ng per well) using FuGeneHD transfection
reagent (Promega) according to the manufacturer’s protocol. After 48h at 37°C,
the medium was exchanged with 300 pl of L15 medium, and half of the medium
was removed. Then, 150 pl of 8% PFA (in DPBS, pH 7.4) was added, and the
solution was gently but quickly mixed. After 10 min at room temperature, cells
were washed three times with 500 ul of MgPBS. To permeabilize the cells, 400 pl of
0.1% Triton X-100 in MgPBS was added to the wells, and cells were incubated for
15 min at room temperature. Triton X-100 was removed, and the cells were washed
three times with 500 pl of MgPBS. Before proceeding to immunostaining, cells
were incubated with 500 ul of 2% BSA in MgPBS overnight at 4 °C for blocking. On
the next day, the appropriate concentration of primary antibody diluted in 500 ul of
0.1% BSA was added to the cells and incubated for 1-2h at room temperature. All
antibodies used in this study and their dilution factors are listed in Supplementary
Table 5. The primary antibody solution was removed from the wells, and the cells
were washed three times with 500 pl of MgPBS for 5min. Then, the appropriate
concentration of the Alexa488 fluorophore-labeled secondary antibody diluted

in 500 ul of 0.1% BSA was added to the cells and incubated for 1h at room
temperature. Finally, the secondary antibody solution was removed from the wells,
and the cells were washed three times with 500 pl of MgPBS for 5 min. Before
imaging, the solution was exchanged with MgPBS containing 1 ug ml~' of Hoechst
33342 and 100nM TMR-DN, and the cells were incubated for 10 min at room
temperature. Images were taken as described for live mammalian cells; imaging
conditions for Alexa488 were identical to those of GFP.

Dual-color imaging of RhoBAST-tagged mRNAs with smFISH probes and
TMR-DN in mammalian cells. HEK293T and HeLa cells were transfected with
the appropriate plasmids containing a GFP sequence as described above. To ensure
a low expression level, HeLa and HEK293T cells expressing GFP-RhoBAST
mRNA were fixed with 4% PFA already 12h after transfection. To induce RNA
aggregate formation, HeLa cells expressing (CGG),,-FMR1-GFP-RhoBAST ; were
fixed with 4% PFA 48h after transfection. Fixed cells on a PDL-coated eight-well
glass chamber were permeabilized with 400 pl of 0.1% Triton X-100 in MgPBS for
30 min at room temperature. Triton X-100 was removed, and cells were washed
three times with 500 pl of MgPBS and incubated with HuluWash for 10 min. After
removing HuluWash, 120 ul of HuluHyb containing FISH probes was added into
each well and left for overnight hybridization at 30 °C in a humidified chamber.
Subsequently, cells were washed three times with 500 pl of HuluWash and

once with MgPBS for 30 min at 30 °C. Finally, cells were incubated with

0.5 ug ml™ of Hoechst 33342 and 20-50nM TMR-DN in MgPBS for 30 min at
room temperature. Images were taken with the confocal microscope as described.

Northern blot analysis of GFP and GFP-RhoBAST,; mRNAs in HeLa
cells. Four T25 flasks were seeded with HEK293T cells overnight to obtain
60-70% confluency before transfection. On the following day, one flask
was transfected with pUC19-CAG-GFP, two flasks were transfected with
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pUC19-CAG-GFP-RhoBAST | using FugeneHD transfection reagent and one flask
remained untreated. TMR-DN (100 nM) was added to one of the flasks transfected
with pUC19-CAG-GFP-RhoBAST . Twenty-four hours after transfection, cells
were briefly washed with DPBS, and total RNA was isolated using RNAzol RT
according to the manufacturer’s instructions. For northern blot analysis, total RNA
(~10ug each) was separated on a 1% agarose gel prepared in 1x MOPS buffer
containing 2% formaldehyde and transferred to a Whatman Nytran SuPerCharge
nylon blotting membrane (GE Healthcare) overnight at 4 °C by electroblotting.
Next, membranes were UV crosslinked and then prehybridized in 15 ml of
ULTRAhyb Ultrasensitive Hybridization Buffer (Life Technologies) for 2h at 46 °C.
A GFP-specific DNA probe and a cocktail of DNA probes targeting synonymous
RhoBAST sequences (Supplementary Table 3) were prepared using *P y-ATP and
T4 polynucleotide kinase. A DNA probe (1.5nM) specific for the GFP sequence
was added to the prehybridized membrane and incubated overnight at 46 °C. The
blot was washed twice with wash solution 1 (2 X SSC, 0.1% SDS) for 5min each
and again twice with wash solution 2 (0.25 X SSC, 0.1% SDS) for 15 min each.
Membranes were visualized using storage phosphor screens (GE Healthcare) and a
Typhoon 9400 imager (GE Healthcare). Then, the GFP-specific probe was stripped
off by washing the membrane in 0.1% SDS three times for 15 min at 85°C. The
RNAs were rehybridized to RhoBAST-specific DNA probes, washed and imaged as
described above.

Single-molecule studies of RhoBAST binding kinetics. In a home-built total
internal reflection fluorescence (TIRF) microscope based on an Axiovert 200
frame (Zeiss)*, light from a 638-nm laser (MLD 638, Cobolt AB) and a 561-nm
laser (Jive, Cobolt AB) is combined via dichroic mirrors. The beams pass through
into an acousto-optical tunable filter (AOTFnC-400.650, A-A Opto-Electronic)
for precise and fast control of laser intensities (Labview 2018) and are guided into
a Pellin-Broca prism located on top of a quartz glass sample slide, where they are
totally reflected at the boundary between the sample slide and the aqueous sample
solution. Immersion oil (n = 1.518, Immersol 518 F, Zeiss) between the prism and
the quartz glass sample slide ensures undisturbed guidance of the beams to the
boundary layer. Fluorescence emission is collected through a water immersion
objective (C-Apochromat 63x/1.2W Corr M27, Zeiss) and detected by an EMCCD
camera (Ixon3 DU-897D, Andor) with a pixel size of 120 X 120 nm? (Andor Solis
v4.24.30004.0). Residual excitation light entering the detection path is blocked by
561-nm and 635-nm notch filters (Thorlabs).

For sample preparation, 75 X 75 X 1-mm?® quartz slides (Finkenbeiner,
Scientific Glass Blower) were sonicated for 30 min at 60°C in 1 M KOH twice
in succession (with fresh KOH). Afterwards, they were sonicated for 15min at
60°C in Millipore water twice in succession (with fresh water). Slides were dried
under nitrogen, plasma cleaned for 30 min and incubated overnight in 0.05% (v/v)
dichlorodimethylsilane (Sigma-Aldrich) solution in n-hexane (VWR). On the
following day, the slides were sonicated in n-hexane at room temperature for 1 min
three times in succession, each time with fresh n-hexane. Coverslips (20 X 20 X
0.17 mm?®, Menzel Gliser, Thermo Fisher Scientific) were prepared in essentially
the same way, except that plasma cleaning was omitted. Quartz glass slides and
coverslips were stored at 4 °C until use.

The quartz slides and coverslips were glued together using two pieces of
double-sided adhesive tape, leaving a 3-mm-wide channel in the middle. The
channel was filled with 20 ul of a 0.01 mg ml~! neutravidin solution in PBS and
incubated for 10 min. Then, the channel was washed with 100 ul of PBS and
incubated for 10 min with 100 pl of a 0.1 mg ml~' solution of Lutensol AT50
(BASF SE) in water for surface passivation. The channel was washed again with
100 ul of PBS. The RhoBAST stock solution (20 nM in water) was heated to 75°C
for 2min and then slowly cooled to room temperature before filling it into the
channel to ensure proper aptamer folding. To obtain a sparse surface decoration
with aptamers, the Cy5-labeled, biotinylated RhoBAST stock was diluted to a final
concentration of 25 pM with 1X ASB. The channel was flushed with 100 pl of this
solution and incubated for 10 min. Then, the channel was washed with 100 pl of
ASB and filled with 20 pl of imaging buffer containing the TMR-DN dye at the
desired concentration, an enzymatic oxygen scavenging system (1.4 mg ml~" of
glucose oxidase, 0.03 mg ml™ of catalase, 10% (w/w) glucose), 1 mM Trolox as
triplet quencher and 0.1% (v/v) Tween 20 in 1X ASB. The channel was sealed
with transparent nail polish, and measurements were started after 10 min of
equilibration.

To locate RhoBAST molecules, 100 camera frames (100-ms dwell time) were
recorded with 638-nm excitation (7mW in front of the prism) to excite Cy5
attached to the RhoBAST molecules. Then, the Cy5 was photobleached using high
(49-mW) laser power to exclude energy transfer from bound TMR-DN dyes to the
Cy5 label in the subsequent measurement. Afterwards, TMR-DN was imaged with
561-nm excitation, taking 18,000 frames (100-ms dwell time) with a laser power
between 2 and 7mW.

Images and time traces were analyzed in a semi-automatic way using our
own software written in MATLAB 2019a (MATLAB 9.7.0.1190202 (R2019b);
MathWorks, 2018). Aptamer locations were identified as local intensity maxima
in the images taken in the Cy5 channel. Only maxima with an intensity of 80%
or more of the global maximum were included. The intensities in the TMR-DN
channel were integrated within a 5 X 5-pixels window around the aptamer
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positions for all frames and combined in intensity time traces. From these traces,
on times (z,,,) and off times (z,;) were analyzed by setting a threshold of 3x the

s.d. above the mean background. For each time trace, on- and off-time histograms
were fitted with an exponential decay to obtain average 7,, and 7, values at a single
aptamer position. An error of + 50 ms was assigned to these values to account

for the camera dwell time. Average <z,,> and <z,;> values were calculated

(for identical TMR-DN concentration) as a weighted average according to the
uncertainties in the determination of average 7, and 7, values of individual
aptamers. Average rate coefficients of dissociation (kg = (ro,,)fl) and association
(K, = kac = (zo5r)" ) were calculated for each dye concentration. The final k, was
obtained by averaging over all concentrations and k, by a linear regression to the
concentration dependence (Fig. 1i). Data were taken at 1.1, 2.2, 4.5, 6.7 and 9.0nM
TMR-DN on 12 (410), 11 (610), 13 (1,230), 8 (1,000) and 10 (1,730) individual
molecules, respectively. The numbers in parentheses denote the total number of
on-switching events recorded.

Epifluorescence and SMLM imaging. A home-built widefield microscope based
on an Axio Observer Z1 frame (Zeiss) with single-molecule sensitivity was used
for SMLM, with small modifications from the design described earlier*. Light
from a 473-nm laser (Gem 473, Laser Quantum) and a 561-nm laser (Gem 561,
Laser Quantum) is combined via dichroic mirrors and passed through an AOTF
(AOTFnC-400.650, A-A Opto-Electronic) to ensure precise and fast control of
the laser intensities (Labview 2017). Two achromatic lenses with focal lengths of
10 mm and 100 mm (Thorlabs) expand the beam after the AOTE. For wide-field
illumination, the beam is focused onto the back focal plane of a high numerical
aperture oil immersion objective (o Plan-Apochromat 63x/1.46 Oil Corr M27
TIRE Zeiss) by a scan lens. Fluorescence emission is collected through the same
objective and filtered by a quad-band dichroic mirror (z 405/473/561/640, AHF).
After the tube lens, a beam splitter (OptoSplit II, Cairn Research) separates the
fluorescence into two color channels, which are imaged side by side on an EMCCD
camera (Ixon Ultra X-7759, Andor) with a pixel size of 109 X 109 nm? (Andor Solis
v4.23.30003.0).

In the SMLM measurements, GFP was excited with the 473-nm laser, and its
emission was collected through a 525/45-nm (center/width) filter. Typically, 300
camera frames were collected using continuous illumination with an exposure
time of 100 ms each and a laser power of 50 uW. Then, the excitation was swiftly
changed to 561 nm by means of the AOTE and TMR-DN was imaged using a
607/70-nm emission filter. Unless noted otherwise, 5,000-10,000 frames were
collected with an exposure time of 100 ms each. The laser power was adjusted
in the range 4.9-20.4mW to achieve temporally well-separated blinking events
in different cell regions. All laser powers were measured at the sample. Live cell
imaging was carried out at 37°C and 5% CO,; fixed samples were imaged at
room temperature.

SMLM data analysis. To reduce noise in the GFP channel, all 300 camera frames
were averaged by using Fiji/Image] software. For registration of the SMLM data
in the TMR-DN channel, our own custom-written a-livePALM software was
used'’. The major steps of the algorithm include background estimation and
Gaussian noise filtering. Based on the detected background information, regions
with local maxima are identified. Their location is precisely determined with the
maximum likelihood estimator (MLE) algorithm?. The localization precision of
SMLM images was calculated as described in ref. *. Sample drift was typically
corrected by a cross-correlation-based analysis®. To this end, a reference image
was reconstructed from a sub-stack of 500 frames. The following sub-stack was
reconstructed; its drift with respect to the reference frame was determined by
cross-correlation and compensated. The combined image was subsequently taken
as the new reference image. This procedure was repeated for all sub-stacks of the
total image stack. Alternatively, 100-nm fluorescent nanoparticles (TetraSpeck
microspheres, T7279, Thermo Fisher Scientific) were sparsely immobilized on the
glass slide and used as fiducial markers. Final images were generated with
Fiji/Image]. Intensity profiles were also analyzed with Fiji/ImageJ using a line
width of five pixels.

SMLM imaging of E. coli bacteria using RhoBAST. E. coli cells (strain DH5a)
expressing gfp (control), gfp-RhoBAST, gfp-RhoBAST g, tolB-gfp-RhoBAST
dsbA-gfp-RhoBAST s and phoA-gfp-RhoBAST ; were grown without IPTG to
keep RNA expression low. Cells were fixed and immobilized on a PDL-coated
eight-well glass chamber. Samples were incubated with either 15nM TMR-DN
(gfp (control), gfp-RhoBAST , tolB-gfp-RhoBAST,, dsbA-gfp-RhoBAST),; and
phoA-gfp-RhoBAST ) or 1nM TMR-DN (gfp-RhoBAST) in M9 medium for 30 min
before imaging.

For gfp (control)-, gfp-RhoBAST -, tolB-gfp-RhoBAST -, dsbA-gfp-RhoBAST -
and phoA-gfp-RhoBAST -expressing bacteria, sample drift during data
acquisition was corrected using cross-correlation-based analysis”. For
gfp-RhoBAST-expressing bacteria, fiducial markers were used for drift correction.

Comparison of RhoBAST:TMR-DN and Pepper620 in E. coli imaging. E. coli
DH5a cells expressing gfp-RhoBAST or gfp-Pepper were fixed and immobilized
on a cover glass. Then, the bacteria were incubated for 30 min in L15 medium
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containing 10nM of TMR-DN or HBC620, respectively. To quantify the
fluorescence decay during imaging, 300 camera frames (100 ms each) were taken
in sequence under continuous 561-nm laser illumination at 1.7 mW. In six or
seven cellular regions, mean fluorescence intensities were determined for all 300
frames. Background was removed by subtracting the mean fluorescence of ten cells
not expressing RhoBAST or Pepper, imaged under identical conditions. All mean
intensities were divided by the one of the first frame for normalization and plotted
as a function of time.

For a performance comparison of RhoBAST and Pepper in SMLM, fixed
bacteria were incubated for 30 min in L15 medium containing TMR-DN or
HBC620 at a concentration of 1 nM and then imaged. GFP was imaged as
described. TMR-DN and HBC620 were excited at 561 nm (1.7 mW). Then, 14,000
frames (100 ms each) were collected and analyzed; sample drift was compensated
by using fiducials.

The performance differences of RhoBAST:-TMR-DN and Pepper620 markers
in SMLM were visualized by splitting the 14,000 frames into seven bins of 2,000
frames each. For each bin, an SMLM image was reconstructed. The molecule
localizations per bin, as detected by the algorithm, were counted. They reveal
the differences in dye exchange rates of the two systems. Additionally, Pearson’s
correlation coefficients between the SMLM image of the first bin (frames 1-2,000)
and the reconstructed images of all other bins were determined using Fiji/Image].

SMLM imaging of mammalian cells. HEK293T cells expressing
Tornado-RhoBAST were prepared as described. For imaging live cells, the
medium was exchanged 48 h after transfection by L15 medium containing 100 nM
TMR-DN. After incubation for 1h, cells were imaged in a live cell imaging
chamber. Then, 1,000 frames of TMR-DN were collected with an exposure time of
30ms each (561-nm excitation, 3.1 mW).

Fixed cells were incubated in DPBS medium containing either 10nM or
20nM TMR-DN and 1 mM MgCl,. After incubation for 1h, 5,000 frames were
collected with camera dwell times between 15 ms and 50 ms and excitation laser
powers between 3.1 mW and 14.6 mW. Data were analyzed with the a-livePALM
software without drift correction. Intensity profiles were analyzed at corresponding
positions in the epifluorescence and SMLM images.

Fixed HeLa cells expressing the trinucleotide CGG repeat-containing
FMRI1-GFP mRNA fused to RhoBAST,; were incubated in L15 medium containing
10nM TMR-DN for 30 min before imaging. Hoechst and GFP were excited one
after the other using 405-nm and 473-nm light, respectively; their emission
was collected through a 525/45-nm filter. 300 camera frames (30 ms each) were
collected under continuous illumination (laser power 50-100 uW). Afterwards,
20,000 frames (30 ms each) of TMR emission were collected at an excitation laser
power of 20.4mW. For the three-dimensional (3D) image stack, 5,000 frames
each were acquired sequentially at different Z-positions. Data were analyzed with
the a-livePALM software; sample drift was corrected by cross-correlation-based
analysis. Images were created using Fiji/image]. The 3D representation in

Supplementary Fig. 21c and Supplementary Video 2 were generated with 3D Slicer™.

For comparison of RhoBAST:TMR-DN localization with smFISH, HeLa cells
expressing GFP-RhoBAST,; mRNA were fixed, permeabilized and hybridized
to Atto647N-conjugated smFISH probes (specific to the GFP sequence). Before
imaging, the samples were incubated for 30 min in L15 medium containing 10 nM
TMR-DN. Atto647N was excited at 640 nm with a laser power of 1.3 mW; the
emission was collected through a 684/24-nm filter. 300 frames (100 ms each)
were collected using continuous illumination and averaged by using Fiji/Image].
Background was cleared with a wavelet-based algorithm. Next, TMR-DN was
imaged using a 583/22-nm emission filter. 10,000 frames were collected at a laser
power of 20.4 mW. Finally, GFP was excited at 473 nm (100 uW), and the emission
was detected through a 583/22-nm emission filter.

Statistical analysis. All data are shown as means + s.d. with sample size (n) listed
for each experiment. Statistical analyses were carried out using Prism (GraphPad),

OriginPro and Excel (Microsoft). Two-tailed Student’s ¢-tests were used to analyze
significant differences among SRB-2, SRB-3 and RhoBAST, and the exact P values
were reported.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available upon reasonable
request from the corresponding authors. Aptamer sequences used for imaging
ROIs are available in the Supplementary Information.
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Polyclonal/PA5-82860

2) Anti-NPM1 (Mouse, Thermo Fisher, 32-5200), https://www.thermofisher.com/antibody/product/NPM1-Antibody-clone-
FC-61991-Monoclonal/32-5200

3) Anti-Fibrillarin (Mouse, Thermo Fisher, 480009), https://www.thermofisher.com/antibody/product/Fibrillarin-Antibody-
clone-38F3-Monoclonal/480009

4) Anti-RTCB (Rabbit, Thermo Fisher, PA5-64867), https://www.thermofisher.com/antibody/product/RTCB-Antibody-Polyclonal/
PA5-64867

5) Anti-NONO (Rabbit, Sigma Aldrich, N8789), https://www.sigmaaldrich.com/catalog/product/sigma/n8789?lang=de&region=DE
6) Anti-PSPC1 (Rabbit, Thermo Fisher, PA5-58585), https://www.thermofisher.com/antibody/product/PSPC1-Antibody-
Polyclonal/PA5-58585

7) Anti-Sam68 (Rabbit, Sigma Aldrich, HPA051280), https://www.sigmaaldrich.com/catalog/product/sigma/hpa051280?
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lang=de&region=DE

8) Anti-NPAT (Rabbit, Thermo Fisher, PA5-66839), https://www.thermofisher.com/antibody/product/NPAT-Antibody-Polyclonal/
PA5-66839

9) Anti-POLR3B (Rabbit, Thermo Fisher, PA5-57671), https://www.thermofisher.com/antibody/product/POLR3B-Antibody-
Polyclonal/PA5-57671

10) Anti-Coilin (Mouse, Sigma Aldrich, C1862), https://www.sigmaaldrich.com/catalog/product/sigma/c1862?
lang=de&region=DE

11) Anti-SC35 (Mouse, Sigma Aldrich, S4045), https://www.sigmaaldrich.com/catalog/product/sigma/s4045?lang=de&region=DE
12) Anti-IRS1 (Rabbit, Thermo Fisher, PA1-1057), https://www.thermofisher.com/antibody/product/IRS1-Antibody-Polyclonal/
PA1-1057

13) Anti-Mouse 1gG Alexa488 (Goat, Thermo Fisher, A28175), https://www.thermofisher.com/antibody/product/Goat-anti-
Mouse-lgG-H-L-Secondary-Antibody-Recombinant-Polyclonal /A28175

14) Anti-Rabbit 1gG Alexa488 (Goat, Thermo Fisher, A11008), https://www.thermofisher.com/antibody/product/Goat-anti-
Rabbit-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11008

Policy information about cell lines

Cell line source(s)
Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

HEK293T (ACC 635) and Hela (ACC 57) cells were obtained from DSMZ.
Cell lines were not authenticated.
Cell lines were not tested for mycoplasma.

No commonly misidentified cell lines were used.
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