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Abstract: Efficient labeling methods for protein visualization with minimal tag size and appropriate photophysical
properties are required for single-molecule localization microscopy (SMLM), providing insights into the organization
and interactions of biomolecules in cells at the molecular level. Among the fluorescent light-up aptamers (FLAPs)
originally developed for RNA imaging, RhoBAST stands out due to its remarkable brightness, photostability,
fluorogenicity, and rapid exchange kinetics, enabling super-resolved imaging with high localization precision. Here, we
expand the applicability of RhoBAST to protein imaging by fusing it to protein-binding aptamers. The versatility of such
bifunctional aptamers is demonstrated by employing a variety of protein-binding aptamers and different FLAPs.
Moreover, fusing RhoBAST with the GFP-binding aptamer AP3 facilitates high- and super-resolution imaging of GFP-
tagged proteins, which is particularly valuable in view of the widespread availability of plasmids and stable cell lines
expressing proteins fused to GFP. The bifunctional aptamers compare favorably with standard antibody-based
immunofluorescence protocols, as they are 7-fold smaller than antibody conjugates and exhibit higher bleaching-
resistance. We demonstrate the effectiveness of our approach in super-resolution microscopy in secondary mammalian
cell lines and primary neurons by RhoBAST-PAINT, an SMLM protein imaging technique that leverages the transient

\binding of the fluorogenic rhodamine dye SpyRho to RhoBAST. )
Introduction tissue composition, SMLM has advanced our understanding

In single-molecule localization microscopy (SMLM), the
activation, photoswitching or transient binding of individual
fluorophores coupled with the determination of their
positions during the fluorescent event enables super-
resolved fluorescence imaging beyond the diffraction limit.!"
While conventional fluorescence microscopy has provided
insights into the organization of cellular compartments and

of cellular functions and biomolecular interactions to the
molecular level.”? SMLM encompasses various techniques,
including PALM (photo-activated localization
microscopy),”! dSTORM (direct stochastic optical recon-
struction microscopy),l! as well as DNA-PAINT (DNA
point accumulation for imaging in nanoscale topography)®
to investigate protein nanoarchitectures with nanometer-
scale resolution.
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In PALM, photoactivatable fluorescent proteins are
genetically fused to the protein of interest (POI) and
expressed in cells.”! In contrast, small organic fluorophores
have been employed for protein visualization through the
use of the genetically encodable HaloTag and SNAP-tag.”*!
These self-labeling and genetically encodable protein tags
covalently attach the fluorophores to the POI within the
cell.l’®

If genetic modification shall be avoided, immunostaining
remains the most common technique for visualizing proteins
in fixed cells and tissues. Typically, a primary antibody binds
to the POI and is visualized with a fluorophore-labeled
secondary antibody, binding the primary antibody. Immu-
nostaining for super-resolution microscopy utilizes
antibodies™ or nanobodies” linked to photoswitchable
fluorophores in dSTORM. Alternatively, this advancement
has also been achieved by employing antibodies labeled with
a DNA “docking strand” that can hybridize to fluorophore-
labeled DNA “imager strand” in DNA-PAINT.'! However,
conjugates of primary and secondary antibodies constitute
relatively large tags compared to RNA or DNA aptamers.
Peptide-PAINT, another variation of DNA-PAINT utilizing
transient peptide-peptide interactions, has also been applied
for super-resolved protein imaging.""'? Antibodies directly
labeled with fluorophores are also used, but the fluorophore
conjugation can affect their binding to the POL! Single-
stranded oligonucleotide aptamers exhibit selective and
high-affinity binding to their targets, including small
molecules!™ or proteins.'”! Protein-binding aptamers were
utilized in STED microscopy using covalently fluorophore-
labeled aptamers!'® or in DNA-PAINT by conjugating the
aptamer to an oligonucleotide docking strand.!”"® Examples
include slow off-rate modified aptamers (SOMAmers)
targeting various proteins!'”! or the GFP-binding AP3
aptamer.'® Further RNA aptamers were selected to
specifically bind fluorogenic dyes with high affinity paired
with fluorescence light-up.'*'*?] These genetically encod-
able tags, known as fluorescent light-up aptamers (FLAPs),
find application in visualizing and tracking of RNAs in live
cells.'#*»1 Compared to other FLAPs, RhoBAST is partic-
ularly suitable for SMLM due to its fast dye exchange
kinetics, high brightness, and outstanding bleaching
resistance.” Its ligand was further optimized, yielding the
fluorogenic spirocyclic rhodamine SpyRho.>!

The RhoBAST:SpyRho system offers remarkable fea-
tures such as high quantum yield (QY=0.95), excellent
photostability, and rapid association and dissociation ki-
netics for super-resolved imaging of biomolecules using
SMLM.” By binding to RhoBAST, SpyRho gains an
intrinsic resistance to photobleaching that surpasses even
the state-of-the-art fluorophore JFs,. This feature, com-
bined with the high brightness, allows for collecting a large
number of photons per blinking event, thus increases the
localization precision. The fast and continuous ligand
exchange of RhoBAST :SpyRho enables rapid acquisition of
super-resolved images with localization precision not limited
by photobleaching. Super-resolved imaging facilitated by
RhoBAST:SpyRho using SMLM adheres to principles
analogous to DNA-PAINT. However, the fluorogenic
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property of SpyRho—a fluorescence turn-on of about 60-
fold upon binding to RhoBAST—is a definitive advantage
of RhoBAST:SpyRho over traditional DNA-PAINT, pro-
viding a higher signal to background ratio.”

This work introduces a novel protein labeling method
based on bifunctional aptamers for super-resolution imag-
ing. Specifically, the approach involves fusing different
protein-binding aptamers with RhoBAST. The resulting
bifunctional aptamers bind to the respective POIs, where-
upon the intermittent fluorescence, crucial for SMLM, is
achieved through the interaction of SpyRho with RhoBAST
(Figure 1A, B). We implemented this design with various
protein-binding aptamers, including a GFP-binding aptamer
for SMLM imaging of GFP-tagged proteins, as well as
diverse aptamers binding to endogenous target proteins.
Furthermore, live-cell imaging of GFP-tagged proteins was
achieved with genetically encoded AP3-RhoBAST and cell-
permeable SpyRho. The bifunctional aptamers were em-
ployed in super-resolved protein imaging, and we compared
their performance with commercially available antibodies.

Results and Discussion

Exploring Bifunctional RhoBAST Aptamers for Protein
Visualization

To enable straightforward and widely applicable protein
imaging by SMLM, we sought to leverage the capabilities of
RhoBAST to protein-binding aptamers by creating bifunc-
tional aptamers (Figure 1A). For proof-of-principle experi-
ments, we first selected GFP-tagged proteins as target
proteins and AP3 as the protein-binding RNA aptamer,
which specifically binds members of the GFP-family
including EGFP, CFP, and YFP with high affinities.[*”
Incubation of cells expressing GFP-tagged target proteins
with the bifunctional AP3-RhoBAST fusion aptamer would
enable labeling of the target protein with RhoBAST.
Colocalization of GFP and RhoBAST fluorescent signals in
the presence of SpyRho serves as a valuable tool for
verifying the functionality and specificity of AP3-RhoBAST.
Furthermore, considering the vast number of expression
plasmids coding for GFP-tagged proteins and cell lines
stably expressing GFP-tagged proteins, it is attractive to
devise a method that leverages the GFP-tag for enabling
super-resolution imaging by SMLM. To create the bifunc-
tional aptamer AP3-RhoBAST, we tested three different
scaffolds for linking AP3 and RhoBAST: i) The F30-scaffold
(F30),” characterized by a stable three-way junction,
supporting stable and independent folding of both con-
nected aptamers; ii) insertion of the protein-binding aptamer
into RhoBAST’s tetraloop (Loop), known to be exchange-
able without compromising the binding affinity or specificity
to SpyRho;®! iii) a flexible, single-stranded 10-nucleotide
linker (Linker) between the aptamers (Figure SIA-C). All
bifunctional and individual aptamers were in vitro
transcribed, purified by polyacrylamide gel electrophoresis,
and in vitro characterized (Figure S1, Table S1). The binding
affinities between the bifunctional aptamers and SpyRho (or
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Figure 1. Characterization of bifunctional aptamer AP3-RhoBAST for protein visualization in fixed cells. A) Schematic drawing of a bifunctional
aptamer consisting of a protein-binding aptamer (green) and a fluorescent light-up aptamer (FLAP, orange). The protein-binding aptamer binds
the POI, while the FLAP binds a fluorogen, resulting in intermittent fluorescence due to fast association (k,) and dissociation (kg) rate coefficients.
B) Equilibrium of spirocyclic rhodamine (SpyRho) between the colorless, non-fluorescent spirocyclic form and the colored, fluorescent quinoid
form. SpyRho lights up upon binding to the aptamer, RhoBAST. C) Binding isotherms of AP3-RhoBAST (Loop) with SpyRho (10 nM, orange solid

line) and GFP (5 nM, green dashed line) giving dissociation constants (

mean +s.d., N=3 independent experiments) of K,=77+7 nM and

Kp=>56+6 nM, respectively. Minimal and maximal fluorescence intensities were normalized to 0 and 1, respectively. D) Quantification of SpyRho
fluorescence intensities (mean+s.d., N=50 cells) of HEK293T cells expressing H2B-GFP, derived from confocal images as shown in E) giving the
in cellula fluorescence turn-on values. E) Confocal images of fixed and permeabilized HEK293T cells expressing H2B-GFP. Cells were incubated with
500 nM (bifunctional) aptamer (30 min), washed once with ASB and stained with 100 nM SpyRho (15 min). Scale bar, 10 pm. F) Confocal images
of fixed and permeabilized neurons expressing membrane-bound GFP-tag or synaptophysin-GFP. Cells were incubated with 500 nM AP3-RhoBAST
(30 min), washed once with ASB and incubated with 100 nM SpyRho (15 min) prior to imaging. White frames indicate the region of interest,
depicted as zoom-in. Scale bars, 10 pm. G) Normalized fluorescence intensity profiles of GFP (green, dashed line) and SpyRho (orange, solid line)

along the dashed lines in (F).

GFP) were determined by measuring the fluorescence
change while titrating the aptamers to SpyRho (or GFP).
SpyRho lights up upon interaction with RhoBAST, whereas
AP3 binding decreases GFP’s fluorescence (Figure 1C).
Notably, SpyRho showed high binding affinities towards all
bifunctional AP3-RhoBAST scaffolds, with K values of
104+7 nM (F30), 77+7 nM (Loop), and 120+4 nM (Link-
er) (Figure 1C, Figure S1F, G, Table S1). Furthermore, all
designed bifunctional AP3-RhoBAST constructs exhibited a
high binding affinity to GFP, with K}, values of 75+15 nM
(F30), 566 nM (Loop), 84+7nM (Linker) (Figure 1C,
Figure S1F, G, Table S1). Moreover, fusing RhoBAST with
AP3 did not substantially affect the light-up property of the
RhoBAST:SpyRho complex, shown by high fluorescence
turn-on values with all tested constructs (Table S1). Next,
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we investigated the in cellula performance (Figure 1D) of
the bifunctional aptamers using confocal laser-scanning
microscopy (CLSM) (Figure 1E, Figure S2A). HEK293T
cells expressing GFP-tagged histone H2B protein were
fixed, permeabilized, incubated with the freshly folded AP3-
RhoBAST aptamer, and then washed. Prior to imaging, cells
were incubated with SpyRho. In confocal images, we
exclusively detected the SpyRho fluorescence within the
nucleus, consistent with the nuclear localization of H2B.
Colocalization of GFP and SpyRho fluorescence verified the
specificity of the AP3-RhoBAST and GFP-H2B interaction
(Figure 1E, Figure STH-M, Figure S2A). Due to the tran-
sient transfection of the cells with the GFP-H2B plasmid,
the GFP fluorescence intensity varied among the cells, and
this variation is also reflected in the SpyRho intensity
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(Figure 1D, E, Figure SIH-M). In contrast, the individually
applied RhoBAST or AP3 aptamers, employed as negative
controls, yielded no fluorescence (Figure 1D, E). Across all
scaffold designs of AP3-RhoBAST, H2B-GFP visualization
in cellula was achieved with comparable turn-on ratios. The
quantification of the SpyRho fluorescence revealed substan-
tial signal-to-background ratios of 19 to 22 (Figure 1D,
Table S2). Due to its best signal-to-background ratio, most
compact predicted secondary structure and shortest se-
quence, AP3-RhoBAST fused via the loop of RhoBAST
(Figure S1A) was selected for all subsequent experiments.

Next, we expanded the application of AP3-RhoBAST to
primary cells expressing GFP-tagged proteins. To this end,
rat hippocampal neurons were transduced, using adeno-
associated virus, to transiently express the major synaptic
vesicle protein, synaptophysin-GFP, or a membrane-bound
GFP-tag. These neurons were labeled with AP3-RhoBAST
and imaged in the presence of SpyRho as described before.
Visualization by confocal microscopy and the observed
colocalization of GFP and SpyRho fluorescence revealed
successful targeting of synaptophysin-GFP in neurites and
cell soma as well as membrane-bound GFP at the plasma
membrane of neurons by AP3-RhoBAST and SpyRho
(Figure 1F, G, Figure S2B, C).

Endogenous Proteins in Fixed and on Live Cells

To visualize endogenous proteins within cells, RhoBAST
can be combined with a protein-binding aptamer directly
targeting the protein of interest. In these experiments, we
utilized the single-stranded DNA aptamer AS1411, which
targets nucleolin, a highly abundant protein found in the
nucleolus.”* Due to its elevated expression in several
cancer types, nucleolin serves as an attractive target for both
diagnostic and therapeutic purposes, with AS1411 previously
explored in drug-conjugate studies and as a therapeutic
agent.”!! Here, we exploited AS1411 to visualize endogenous
nucleolin in cells. To create bifunctional AS1411-RhoBAST
as a DNA-RNA conjugate, we ligated the 3’ end of in vitro
transcribed RhoBAST with the 5 end of single-stranded
AS1411 oligonucleotide (Figure S3A, B). The resulting
bifunctional AS1411-RhoBAST aptamer was purified by
polyacrylamide gel electrophoresis and characterized (Fig-
ure S3C, D, Table S1). As expected, AS1411-RhoBAST
retained RhoBAST’s high affinity to SpyRho (Kp=92+
3 nM) and a large fluorescence turn-on ratio of (37 £ 3)-fold
(Figure S3D, Table S1). Confocal imaging of endogenous
nucleolin in fixed and permeabilized HEK293T cells with
AS1411-RhoBAST and SpyRho showed successful labeling,
as indicated by the localized SpyRho fluorescence in the
nucleolus (Figure 2A, Figure S3E). In control samples, in
which either RhoBAST or AS1411 aptamer was used
instead of the bifunctional aptamer, we did not observe any
specific fluorescent pattern (Figure 2A, Figure S3E).

We also targeted the epidermal growth factor receptor
(EGFR) using the EGFR-binding RNA aptamer J18.5%* A
simple linear fusion of J18 to RhoBAST enabled targeting
of endogenous EGFR of fixed as well as live A431 cells
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Figure 2. Confocal images of endogenous proteins visualized by bifunc-
tional aptamers in fixed and on live mammalian cells. A) Nucleolin was
visualized in fixed and permeabilized HEK293T cells using AS1411-
RhoBAST (500 nM, incubated for 30 min, washed once with ASB) and
SpyRho (100 nM, incubated for 15 min prior to imaging). B) EGFR was
visualized in fixed and on live A431 cells using premixed )18-RhoBAST
(500 nM) and SpyRho (100 nM) incubated for 10 min prior to imaging.
As negative controls, protein-binding aptamer (500 nM) or RhoBAST
(500 nM) in the presence of SpyRho are shown (100 nM). Nuclei were
stained with Hoechst 33342. Scale bars, 10 pm.

(Figure 2B, Figure S4). A431 cells are well known for their
high expression of EGFR, whereas HeLa cells served as
negative controls (Figure S4F). In this case, the in vitro
synthesized bifunctional aptamer J18-RhoBAST and
SpyRho could be added simultaneously without the need for
an additional washing step. Incubation of fixed or live A431
cells with J18-RhoBAST:SpyRho permitted imaging after
only 10 minutes of incubation (Figure 2B, Figure S4E, F).
The specificity of the bifunctional aptamers was further
highlighted by transient transfection of A431 cells with a
plasmid encoding a GFP-tagged EGFR and visualization
either with AP3-RhoBAST or J18-RhoBAST (Figure S4E).
As expected, EGFR was stained in all A431 cells by J18-
RhoBAST and only in GFP-positive cells by AP3-Rho-
BAST (Figure S4E).

Genetically Encodable Bifunctional RhoBAST Aptamers for Live-
Cell Protein Imaging

A significant advantage of unmodified RNA aptamers lies in
their genetic encodability. Therefore, they can be expressed
in live cells using various RNA expression systems.[****
SpyRho's cell permeability and non-toxic nature enhance its
applicability to live-cell experiments.? Thus, when combin-
ing RhoBAST with another genetically encoded RNA
aptamer, such as the GFP-binding AP3 aptamer, the bifunc-
tional aptamer can also be expressed in cells and utilized for
protein imaging in live cells. To this end, we employed the
Tornado expression system®! to express circular AP3-
RhoBAST in mammalian cells. We transiently co-trans-
fected COS7 with a plasmid encoding for the GFP-tagged
POI and a second plasmid encoding AP3-RhoBAST. This
approach enabled the visualization of various subcellular
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structures, including microtubules using GFP-tagged Tau,
the endoplasmic reticulum membrane with GFP-tagged
Sec61p, and the outer mitochondrial membrane with GFP-
tagged TOMM20 in living cells (Figure 3). The colocaliza-
tion of GFP and SpyRho fluorescence indicates the
successful imaging of the subcellular structures by the AP3-
RhoBAST bifunctional aptamer (Figure3). In control
experiments, we expressed the circular individual aptamers
AP3 and RhoBAST. Cells expressing GFP-tagged proteins
and circular RhoBAST displayed a homogeneously
distributed cytosolic SpyRho signal, which was not colocal-
ized with GFP fluorescence (Figure S5). On the other hand,
cells expressing GFP-tagged proteins and circular AP3
showed minimal SpyRho fluorescence background and no
colocalization with GFP fluorescence (Figure S5).

Dual-Color Protein Imaging Using Bifunctional RhoBAST and
SiRA Aptamers

Our approach to protein labeling with bifunctional aptamers
is modular, i.e., not only the protein-binding aptamer but
also the FLAP is exchangeable. To facilitate multiplexing,
we introduced silicon rhodamine-binding aptamer (SiRA) as

A Live-cell imaging B
SpyRho GFP Merge
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ﬁ 1.0 .
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Figure 3. Protein visualization by genetically encoded bifunctional AP3-
RhoBAST in live COS7 cells. A) Confocal images of live COS7 cells co-
expressing Tau-GFP, Sec61B-GFP, or TOMM-20-GFP and circular AP3-
RhoBAST (Loop). Cells were incubated with SpyRho (100 nM) for

30 minutes before imaging. The white frames indicate the regions of
the shown zoom-ins. Scale bars, 5 pm. B) Normalized fluorescence
profiles of SpyRho (orange, solid line) and GFP (green, dashed line)
fluorescence along the dashed lines depicted in A).
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a far-red FLAP with an excellent quantum yield (QY =0.98)
to the bifunctional aptamer system (Figure 4A).5% SiRA
was connected to AP3 following the same scaffold design
and characterization strategy as for AP3-RhoBAST (Fig-

SIRA CO0~
R (;j’.\"”(,\/o\;z/\NHz

SiR (spirocyclic) SiR ( qum0|d)
B C
12 3000y __ 7fold
S1d 3 __4fold
| J * 2-fold
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J18-RhoBAST AP3-SiRA  H2B-GFP
Hoechst SpyRho GFP SiR SpyRho/SiR

Figure 4. Characterization of AP3-SiRA and its application in dual-color
protein imaging. A) Equilibrium of silicon rhodamine (SiR) between the
non-fluorescent spirocyclic form and the fluorescent quinoid form. SiR
lights up upon binding to the aptamer, SiRA. B) Binding isotherms of
AP3-SiRA (F30) with SiR (10 nM, red solid line) and GFP (5 nM, green
dashed line) giving dissociation constants (mean=s.d., N=3 inde-
pendent experiments) of K,=401+14 nM and K,=108+7 nM,
respectively. Minimal and maximal fluorescence intensities were
normalized to 0 and 1, respectively. C) Quantification of SiR
fluorescence intensities (mean=+s.d., N=50 cells) of HEK293T cells
expressing H2B-GFP from confocal images as shown in D). D) Con-
nfocal images of fixed and permeabilized HEK293T cells expressing
H2B-GFP. Cells were incubated with 1000 nM aptamer (incubated for
30 min), washed once with ASB and stained with 500 nM SiR (15 min
prior to imaging). Scale bar, 10 pm. E) Confocal images of dual-color
protein labeling. First, EGFR was visualized on live A431 cells
expressing H2B-GFP. Therefore, cells were incubated with premixed
J18-RhoBAST (500 nM) and SpyRho (100 nM) for 10 min and imaged.
Secondly, H2B-GFP was visualized. Here, cells were fixed, permeabi-
lized, incubated with AP3-SiRA (1000 nM, 30 min), washed once with
ASB, and stained with SiR (500 nM, 15 min). Scale bar, 10 ym.
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ure S6, Table S1). Consequently, SiRA and AP3 were
combined in three constructs using: i)the F30-scaffold,
ii) the tetraloop of SiRA, and iii) a 10-nucleotide linker
(Figure S6A-D). SiRA has two tetraloops and we examined
both positions for the introduction of AP3 (Figure S6A, C).
Evaluating the fluorescence turn-on and affinity of AP3-
SiRA connected via Loopl (UGAA) or via Loop2 (UUCG)
with the fluorogenic silicon rhodamine (SiR) dye revealed
that only fusion into Loop2 retained SiRA’s binding and
turn-on (Figure S6A, C, I). Two AP3-SiRA scaffolds
exhibited strong binding affinities to SiR with K, values of
366+29 nM (Loop2) and 401+ 14 nM (F30), while a larger
Ky, of 895+ 37 nM was observed for the scaffold with Linker
(Figure 4B, Figure S6F, G). The highest fluorescence turn-
on was measured for AP3-SiRA in the F30-scaffold (7-fold,
Table S1).

For the in cellula investigations of AP3-SiRA, we chose
the same procedure for H2B-GFP visualization in fixed and
permeabilized HEK293T cells, as described above. Staining
with each AP3-SiRA construct consistently resulted in
colocalization of the GFP and SiR fluorescence signals for
all fusion designs, whereas minimal fluorescence was
observed for the negative control samples SiRA and AP3
(Figure 4C, D, Figure S6J-M, Figure S7A). It is important to
note that the fluorescence turn-on of AP3-SiRA varied
significantly among the three fusion designs (Figure 4C, D,
Table S1). We observed 7-, 4-, and 2-fold turn-on values for
F30-, Loop2- and Linker-scaffolds, respectively. Since AP3-
SiRA in the F30-scaffold displayed the most favorable in
cellula performance, it was selected for all further experi-
ments.

Utilizing the bifunctional aptamers J18-RhoBAST and
AP3-SiRA, we successfully visualized EGFR and H2B-GFP
within the same A431 cells. For this purpose, A431 cells
were transiently transfected to express H2B-GFP. Since
EGFR can be visualized in live cells, we adopted a
sequential procedure for this experiment. First, the trans-
fected live A431 cells were stained with J18-Rho-
BAST:SypRho to visualize EGFR. Subsequently, the cells
were washed, fixed, and permeabilized. After washing, the
cells were incubated with AP3-SiRA and stained with SiR to
achieve the desired visualization of histone H2B (Fig-
ure 2E). All aptamers used in this experiment exhibited high
specificity towards their respective targets as confirmed
through multiple negative control experiments, including all
aptamers individually (Figure S7B).

Super-Resolved Protein Imaging Using RhoBAST-PAINT

RhoBAST:SpyRho has already proven to be an excellent
tool for SMLM-based super-resolved RNA imaging,
operating on the same principles as DNA-PAINT.?! Here,
we advance its capabilities to visualize proteins with super-
resolution using bifunctional aptamers, and name this
technology RhoBAST-PAINT. To validate the feasibility of
this approach, we first determined the kinetic rate coef-
ficients of the bifunctional AP3-RhoBAST and SpyRho
using stopped-flow kinetic measurements. Titrating SpyRho
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with different AP3-RhoBAST concentrations and measuring
the fluorescence intensity increase over time revealed an
association rate coefficient (k,) of 3.8x10’M's™' and a
dissociation rate coefficient (k;) of 1.2s™' (Figure S8,
Table S3). These values were comparable to those of the
RhoBAST:SpyRho complex (k,=2.1x10’ M s and k,=
1.8 571, further supporting the applicability of bifunctional
aptamers in RhoBAST-PAINT. Next, to test the
performance of bifunctional aptamers in super-resolved
protein visualization, the GFP-tagged histone H2B was
imaged with AP3-RhoBAST and SpyRho in fixed
HEK?293T cells. To minimize multiple simultaneous blinking
events in the same area, we used a low concentration of
SpyRho (1 nM). Reconstruction of 40,000 frames resulted in
a super-resolved image with a localization precision of
27 nm for H2B-GFP and a resolution of 69 nm obtained by
decorrelation analysis (Figure SA—C).””" Subsequently, we
imaged the endogenous EGFR in fixed A431 cells using J18-
RhoBAST and SpyRho with the RhoBAST-PAINT ap-
proach achieving a comparable localization precision and
resolution (26 nm, 67 nm, respectively. Figure SD-F).

Comparative Analysis of Bifunctional RhoBAST Aptamers and
Antibodies in Protein Imaging via CLSM and SMLM

Focusing on the preparative handling and the performance
in both confocal and single-molecule localization
microscopy, we compared the bifunctional aptamer to the
commonly used immunofluorescence antibody approach.
Therefore, we visualized Synaptophysin-GFP, EGFR, and
nucleolin using either bifunctional RhoBAST aptamer or a
combination of primary and secondary antibodies. For a fair
comparison, we used a secondary antibody conjugated with
the tetramethylrhodamine fluorophore, which is structurally
similar to SpyRho and can be excited with the same laser
wavelength. For visualization with bifunctional aptamers,
the above-described protocols were applied, while for anti-
body staining, we adhered to the manufacturers’ protocols.
Traditional immunostaining involves a lengthy protocol,
including BSA blocking, multiple washes, and incubation
with primary and secondary antibodies. Our approach,
utilizing in vitro synthesized bifunctional aptamers, simpli-
fies the process significantly, requiring only one wash, or in
case of EGFR visualization no washes at all. Synaptophysin-
GFP in fixed neurons was visualized with AP3-RhoBAST
and SpyRho, or with anti-synaptophysin primary antibody
and secondary rhodamine-labeled antibody, resulting in
qualitatively comparable structures and colocalization with
GFP fluorescence (Figure 6A, Figure S9). For EGFR target-
ing, similar localizations were observed using either J18-
RhoBAST:SpyRho or anti-EGFR antibody and secondary
rhodamine-labeled antibody in fixed A431 cells (Figure 6A).
Lastly, in targeting nucleolin in fixed HEK293T cells, we
used AS1411-RhoBAST and SpyRho or anti-nucleolin anti-
body with a secondary rhodamine-labeled antibody (Fig-
ure 6A). The aptamer approach exhibited superior bleach-
ing resistance: fluorescence intensity decreased by only 13 %
during sequential acquisition of 23 frames, compared to
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Figure 5. Application of bifunctional aptamers in RhoBAST-PAINT. A) Fixed and permeabilized HEK293T cells expressing H2B-GFP were stained
with AP3-RhoBAST (500 nM) and SpyRho (1 nM). The SMLM image was reconstructed from 40,000 frames with an exposure time of 30 ms. Scale
bar, 5 pm. B) Zoom-in of the region indicated by the white frame in A). Scale bar, 2 ym. C) Normalized fluorescence intensity profiles of
epifluorescence (dashed lines) and super-resolved (solid line) images along the dashed line shown in B). D) Visualization of EGFR in fixed A431
cells stained with J18-RhoBAST (500 nM) and SpyRho (1 nM). The SMLM image was reconstructed from 3000 frames. Scale bar, 5 pm. E) Zoom-in
of the region indicated by the white frame in D). Scale bar, 2 pm. F) Normalized fluorescence intensity profiles of epifluorescence (dashed lines)

and super-resolved (solid line) images along the dashed line shown in E).

39 % with antibodies. This enhanced performance is attrib-
uted to fast dye exchange and increased photostability of
SpyRho upon binding to RhoBAST. dSTORM is a widely
used method for super-resolved imaging of proteins, in
particular for immunofluorescence applications.!'*3*! There-
fore, we next compared RhoBAST-PAINT and dSTORM
within the same sample, using the previously described
maS TORM setup.™ In dSTORM, photoswitchable fluoro-
phores capable of transitioning between a fluorescent and
non-fluorescent state are used to generate the required
blinking. Rat hippocampal cells expressing GFP-tagged
synaptophysin were fixed and permeabilized. To ensure
minimal interference between aptamer- and antibody-based
methods, we utilized GFP-binding AP3-RhoBAST, while an
anti-synaptophysin antibody directly targeted synaptophy-
sin. Furthermore, fluorophores with different excitation and
emission wavelengths were chosen, namely SpyRho and the
established dASTORM dye CF680.5*4! First, super-resolved
images of synaptophysin-GFP were obtained by using AP3-
RhoBAST with SpyRho (Figure 6B, Supplementary Movie).
This experiment yielded a localization precision of 10.9 nm
according to nearest neighbor analysis! and a resolution of
27.8 nm, as quantified by decorrelation analysis (Figure 6E,
F).' After washing the cells, dSTORM images were
acquired using an anti-synaptophysin primary antibody and
CF680-labeled secondary antibody (Figure 6B, Supplemen-
tary Movie). Analysis of dSSTORM data resulted in a slightly
lower resolution of 33.4 nm with a localization precision of
12.6 nm (Figure 6E, F). The comparable resolutions of
dSTORM and RhoBAST-PAINT proved the applicability
of bifunctional aptamers in super-resolved protein imaging.
Moreover, the quantitative analysis of the number of
identified localizations over time revealed substantial de-
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crease of 66% in dSTORM, compared to only 25%
decrease in RhoBAST-PAINT (Figure 6D).

Conclusion

In summary, we have introduced bifunctional aptamers for
protein visualization, leveraging the exceptional photophys-
ical properties of fluorescent light-up aptamers and the
specificity of protein-binding aptamers. This approach offers
versatility and adaptability on both sides, the FLAP and the
protein-binding aptamer. FLAPs are available over a broad
spectral range as well as with varying photophysical proper-
ties, and several thousand protein-binding aptamers are
hitherto known."*! The demonstrated combination of
RNA/DNA aptamer fusions further extends the palette of
possible target proteins. Notably, RNA aptamers are easily
synthesized in vitro and cost-effective in comparison to
antibodies, with the added advantage of genetic encodabil-
ity, enabling their application in living cells. While transient
transfection may introduce challenges due to varying
expression levels of proteins and bifunctional aptamers,
AP3-RhoBAST has demonstrated utility. It is essential to
recognize that, unlike some protein-binding aptamers,!!
AP3-RhoBAST's interaction with GFP minimizes changes
or inhibition of the target protein‘s function, since the
aptamer binds to the GFP-tag rather than directly to the
target protein itself. Based on bifunctional aptamers, we
developed RhoBAST-PAINT, successfully utilizing the
RhoBAST:SpyRho system for super-resolution imaging of
proteins due to excellent photophysical properties and fast
association and dissociation kinetics. Here, proteins were
imaged on the nanometer scale, yielding resolutions of a few
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Figure 6. Comparison of bifunctional aptamers to antibodies in CLSM and SMLM. A) Confocal images comparing staining with protein-binding-
aptamer-RhoBAST and SpyRho to immunostaining with primary and rhodamine-labeled secondary antibodies. From left to right panel:
Synaptophysin-GFP (Synph-GFP) in fixed and permeabilized hippocampal cells was visualized either with AP3-RhoBAST : SpyRho or anti-
synaptophysin primary and rhodamine-labeled secondary antibodies. EGFR in fixed or live A431 cells was visualized either with J18-
RhoBAST : SpyRho or anti-EGFR primary and rhodamine-labeled secondary antibodies. Nucleolin in fixed and permeabilized HEK293T was
visualized either with AS1411-RhoBAST : SpyRho or anti-nucleolin primary and rhodamine-labeled secondary antibodies. Scale bars, 10 pm.

B) Comparison of RhoBAST-PAINT and dSTORM in hippocampal cells expressing synaptophysin-GFP. Cells were fixed, permeabilized and
incubated with AP3-RhoBAST (500 nM, incubated for 30 min), washed once with ASB and imaged using SpyRho (1 nM). Thereafter, the sample
was washed and immunostained using anti-synaptophysin primary antibody and CF680-labeled secondary antibody. Reconstruction of 20,000
frames each yielded the super-resolved RhoBAST-PAINT and dSTORM image, respectively. Scale bars, 5 ym for upper panels and 1 pm for zoom-
in. C) Normalized fluorescence decrease of aptamer or antibody staining of nucleolin in fixed and permeabilized HEK293T cells shown in A (fourth
panel) over 23 frames confocal imaging using a laser power of 440 yW (mean +s.d., N=25 nucleolin regions of interests). D) Decrease of the
number of localizations per frame over time (30 ms per frame) of the experiment shown in B). E) Nearest neighbor analysis of SSTORM or
RhoBAST-PAINT images, as shown in B), gave the localization precision. Data represent mean=+s.d. (N=3 for SSTORM, N =4 for RhoBAST-
PAINT). F) Spatial resolution of the SMLM images achieved by dSTORM or RhoBAST-PAINT, as shown in B), were determined by decorrelation
analysis. Data represent mean £s.d. (N=3 for dSTORM, N =4 for RhoBAST-PAINT).

ten nanometer, depending on the imaging depth and the
sample. The bifunctional aptamers are approximately 7-fold
smaller in weight and size than conjugates of primary and
secondary antibodies, so that the expected linkage error to
the target is smaller (Table S4).'! The smaller tag size may
also provide better access to challenging epitopes and
improved tissue penetration. Furthermore, in the Rho-
BAST:SpyRho system, each RhoBAST binds a single
fluorogen, providing single-molecule blinking in PAINT,
whereas an antibody or nanobody is usually conjugated to
multiple fluorophore molecules in a stochastic manner.
Unlike Peptide-PAINT, which is limited to fixed or live
membrane protein imaging,[''?! both self-labeling proteins
such as HaloTag"*! and bifunctional RNA aptamers are
genetically encodable and thus are well suited for live-cell
imaging of intracellular proteins. RhoBAST’s non-covalent
interaction with SpyRho allows for exchange of photo-
bleached fluorophores, enhancing localization precision and
resolution. The concept of bifunctional aptamers for protein
visualization holds promise for future applications in
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advanced fluorescence microscopy and single-molecule
localization-based super-resolution imaging.

Supporting Information

The authors have cited additional references within the
Supporting Information.[**]

Acknowledgements

The authors are grateful to D. Englert providing plasmids
coding for GFP-tagged proteins and to K. Nienhaus
supporting SMLM imaging. We acknowledge the Nikon
Imaging Center, Heidelberg giving access to their
microscopy facility. We thank M. Mayer and L. Rohland for
assistance with stopped-flow experiments. We thank M.
Schmitt and F. Gleiche for excellent technical assistance in
hippocampal cell culture. A. Jdschke and M. Sunbul were
supported by the Deutsche Forschungsgemeinschaft (DFG

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWOD BAITeaID 9|ceol[dde au Ag peusenob ae sepile YO ‘8sn J0 So|nJ Joy AelqiauljuQ 481\ UO (SUONIPUOD-pUe-SWLe)Woo" A8 IM Afe1q 1 BU1|UO//SANY) SUONIPUCD pUe SWie | 8yl 8es *[S20z/T0/YT] uo Akigiqauluo A8|Ia “4 nisu| Jeynisiey Aq 0T8ZTY20Z 1Ue/Z00T OT/I0p/Wod A3 |im Akelqipuljuoy//:sdny o) pepeojumod ‘1S ‘¥20Z ‘€LLET2ST



GDCh
=

grant no.Ja794/11). G. U. Nienhaus was supported by the
Helmholtz Association (Program Materials Systems Engi-
neering) and by DFG (GRK 2039). Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the supplementary material of this article.

Keywords: Fluorescent light-up aptamer - Super-resolution
imaging - Point accumulation for imaging in nanoscale
topography (PAINT) - Protein imaging - Protein-binding
aptamer

[1] M. Lelek, M. T. Gyparaki, G. Beliu, F. Schueder, J. Griffié, S.
Manley, R. Jungmann, M. Sauer, M. Lakadamyali, C. Zimmer,
Nature Reviews Methods Primers 2021, 1, 39.

[2] M. Sauer, M. Heilemann, Chem. Rev. 2017, 117, 7478-7509.

[3] E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S.
Olenych, J.S. Bonifacino, M. W. Davidson, J. Lippincott-
Schwartz, H. F. Hess, Science 2006, 313, 1642-1645.

[4] M. Heilemann, S. Van De Linde, M. Schiittpelz, R. Kasper, B.
Seefeldt, A. Mukherjee, P. Tinnefeld, M. Sauer, Angew. Chem.
Int. Ed. 2008, 47, 6172-6176.

[5] R. Jungmann, C. Steinhauer, M. Scheible, A. Kuzyk, P.
Tinnefeld, F. C. Simmel, Nano Lett. 2010, 10, 4756-4761.

[6] G. U. Nienhaus, Angew. Chem. Int. Ed. 2008, 47, 8992-8994.

[7] G.V. Los, L. P. Encell, M. G. McDougall, D. D. Hartzell, N.
Karassina, C. Zimprich, M. G. Wood, R. Learish, R. F. Ohana,
M. Urh, ACS Chem. Biol. 2008, 3, 373-382.

[8] A. Keppler, S. Gendreizig, T. Gronemeyer, H. Pick, H. Vogel,
K. Johnsson, Nat. Biotechnol. 2003, 21, 86-89.

[9] J. Ries, C. Kaplan, E. Platonova, H. Eghlidi, H. Ewers, Nat.
Methods 2012, 9, 582-584.

[10] R. Jungmann, M.S. Avendafio, J. B. Woehrstein, M. Dai,
W. M. Shih, P. Yin, Nat. Methods 2014, 11, 313-318.

[11] A.S. Eklund, M. Ganji, G. Gavins, O. Seitz, R. Jungmann,
Nano Lett. 2020, 20, 6732-6737.

[12] C. Oi, Z. Gidden, L. Holyoake, O. Kantelberg, S. Mochrie,
M. H. Horrocks, L. Regan, Comun. Biol. 2020, 3, 458.

[13] M. S. Dietz, S.S. Wehrheim, M.-L. I. Harwardt, H. H. Nie-
mann, M. Heilemann, Nano Lett. 2019, 19, 8245-8249.

[14] S. Neubacher, S. Hennig, Angew. Chem. Int. Ed. 2019, 58,
1266-1279.

[15] N. Bjerregaard, P. A. Andreasen, D. M. Dupont, Wiley Inter-
discip. Rev.: RNA 2016, 7, 744-757.

[16] F. Opazo, M. Levy, M. Byrom, C. Schifer, C. Geisler, T. W.
Groemer, A. D. Ellington, S. O. Rizzoli, Nat. Methods 2012, 9,
938-939.

[17] S. Strauss, P. C. Nickels, M. T. Strauss, V. Jimenez Sabinina, J.
Ellenberg, J. D. Carter, S. Gupta, N. Janjic, R. Jungmann, Nat.
Methods 2018, 15, 685-688.

[18] J. Wang, A. Singh, A. Ozer, W.R. Zipfel, BioRxiv 2020,
2020.2002. 2027.968578.

[19] J. S. Paige, K. Y. Wu, S. R. Jaffrey, Science 2011, 333, 642-646.

Angew. Chem. Int. Ed. 2024, 63, €202412810 (9 of 10)

Research Article

Angewandte

intemationaldition’y) Chemie

[20] G.S. Filonov, J. D. Moon, N. Svensen, S.R. Jaffrey, J. Am.
Chem. Soc. 2014, 136, 16299-16308.

[21] X. Chen, D. Zhang, N. Su, B. Bao, X. Xie, F. Zuo, L. Yang, H.
Wang, L. Jiang, Q. Lin, Nat. Biotechnol. 2019, 37, 1287-1293.

[22] E. V. Dolgosheina, S.C. Jeng, S.S.S. Panchapakesan, R.
Cojocaru, P. S. Chen, P. D. Wilson, N. Hawkins, P. A. Wiggins,
P.J. Unrau, ACS Chem. Biol. 2014, 9, 2412-2420.

[23] M. Sunbul, J. Lackner, A. Martin, D. Englert, B. Hacene, F.
Griin, K. Nienhaus, G. U. Nienhaus, A. Jischke, Nat. Bio-
technol. 2021, 39, 686-690.

[24] J. L. Litke, S. R. Jaffrey, Nat. Biotechnol. 2019, 37, 667-675.

[25] B. Biihler, J. Schokolowski, A. Benderoth, D. Englert, F.
Griin, A. Jaschke, M. Sunbul, Nat. Chem. Biol. 2023, 19, 478—
487.

[26] D. Englert, E.-M. Burger, F. Griin, M. S. Verma, J. Lackner,
M. Lampe, B. Biihler, J. Schokolowski, G. U. Nienhaus, A.
Jdschke, Nat. Commun. 2023, 14, 3879.

[27] B. Shui, A. Ozer, W. Zipfel, N. Sahu, A. Singh, J. T. Lis, H.
Shi, M. Kotlikoff, Nucleic Acids Res. 2012, 40, ¢39-e39.

[28] G.S. Filonov, C. W. Kam, W. Song, S. R. Jaffrey, Chem. Biol.
2015, 22, 649-660.

[29] P.J. Bates, D. A. Laber, D. M. Miller, S.D. Thomas, J. O.
Trent, Exp. Mol. Pathol. 2009, 86, 151-164.

[30] P.J. Bates, J. B. Kahlon, S.D. Thomas, J. O. Trent, D. M.
Miller, J. Biol. Chem. 1999, 274, 26369-26377.

[31] R. Yazdian-Robati, P. Bayat, F. Oroojalian, M. Zargari, M.
Ramezani, S. M. Taghdisi, K. Abnous, Int. J. Biol. Macromol.
2020, 155, 1420-1431.

[32] N. Li, T. Larson, H.H. Nguyen, K.V. Sokolov, A.D.
Ellington, Chem. Commun. 2010, 46, 392-394.

[33] X. Tan, T.P. Constantin, K. L. Sloane, A. S. Waggoner, M. P.
Bruchez, B. A. Armitage, J. Am. Chem. Soc. 2017, 139, 9001-
9009.

[34] P. Good, A. Krikos, S. Li, E. Bertrand, N. Lee, L. Giver, A.
Ellington, J. Zaia, J. Rossi, D. Engelke, Gene Ther. 1997, 4, 45—
54.

[35] Z.Lu, G.S. Filonov, J. J. Noto, C. A. Schmidt, T. L. Hatkevich,
Y. Wen, S. R. Jaffrey, A. G. Matera, RNA 2015, 21, 1554-1565.

[36] R. Wirth, P. Gao, G. U. Nienhaus, M. Sunbul, A. Jischke, J.
Am. Chem. Soc. 2019, 141, 7562-7571.

[37] A. Descloux, K.S. GruBmayer, A. Radenovic, Nat. Methods
2019, 16, 918-924.

[38] M. Klevanski, F. Herrmannsdoerfer, S. Sass, V. Venkatarama-
ni, M. Heilemann, T. Kuner, Nat. Commun. 2020, 11, 1552.

[39] F. Wildchen, J. Schlegel, R. Gotz, M. Luciano, M. Schner-
mann, S. Doose, M. Sauer, Nat. Commun. 2020, 11, 887.

[40] Z. Zhang, S.J. Kenny, M. Hauser, W. Li, K. Xu, Nat. Methods
2015, 12, 935-938.

[41] S. Malkusch, M. Heilemann, Sci. Rep. 2016, 6, 34486.

[42] J. Candia, G. N. Daya, T. Tanaka, L. Ferrucci, K. A. Walker,
Sci. Rep. 2022, 12, 17147.

[43] A. Askari, S. Kota, H. Ferrell, S. Swamy, K. S. Goodman, C. C.
Okoro, I. C. Spruell Crenshaw, D. K. Hernandez, T. E. Oli-
phant, A. A. Badrayani, Nucleic Acids Res. 2023, gkad959.

[44] J. Kompa, J. Bruins, M. Glogger, J. Wilhelm, M. S. Frei, M.
Tarnawski, E. D’Este, M. Heilemann, J. Hiblot, K. Johnsson, J.
Am. Chem. Soc. 2023, 145, 3075-3083.

[45] M. Zuker, Nucleic Acids Res. 2003, 31, 3406-3415.

[46] K. Darty, A. Denise, Y. Ponty, Bioinformatics 2009, 25, 1974.

[47] R.E. Carter, A. Sorkin, J. Biol. Chem. 1998, 273, 35000-35007.

[48] B.R. Hoover, M.N. Reed, J. Su, R.D. Penrod, L.A.
Kotilinek, M. K. Grant, R. Pitstick, G.A. Carlson, L. M.
Lanier, L.-L. Yuan, Neuron 2010, 68, 1067-1081.

[49] A. Dondzillo, K. Sitzler, H. Horstmann, W. D. Altrock, E. D.
Gundelfinger, T. Kuner, J. Comp. Neurol. 2010, 518, 1008—
1029.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWOD BAITeaID 9|ceol[dde au Ag peusenob ae sepile YO ‘8sn J0 So|nJ Joy AelqiauljuQ 481\ UO (SUONIPUOD-pUe-SWLe)Woo" A8 IM Afe1q 1 BU1|UO//SANY) SUONIPUCD pUe SWie | 8yl 8es *[S20z/T0/YT] uo Akigiqauluo A8|Ia “4 nisu| Jeynisiey Aq 0T8ZTY20Z 1Ue/Z00T OT/I0p/Wod A3 |im Akelqipuljuoy//:sdny o) pepeojumod ‘1S ‘¥20Z ‘€LLET2ST


https://doi.org/10.1021/acs.chemrev.6b00667
https://doi.org/10.1126/science.1127344
https://doi.org/10.1002/anie.200802376
https://doi.org/10.1002/anie.200802376
https://doi.org/10.1021/nl103427w
https://doi.org/10.1002/anie.200804998
https://doi.org/10.1021/cb800025k
https://doi.org/10.1038/nbt765
https://doi.org/10.1038/nmeth.1991
https://doi.org/10.1038/nmeth.1991
https://doi.org/10.1038/nmeth.2835
https://doi.org/10.1021/acs.nanolett.0c02620
https://doi.org/10.1021/acs.nanolett.9b03736
https://doi.org/10.1002/anie.201806482
https://doi.org/10.1002/anie.201806482
https://doi.org/10.1002/wrna.1360
https://doi.org/10.1002/wrna.1360
https://doi.org/10.1038/nmeth.2179
https://doi.org/10.1038/nmeth.2179
https://doi.org/10.1038/s41592-018-0105-0
https://doi.org/10.1038/s41592-018-0105-0
https://doi.org/10.1126/science.1207339
https://doi.org/10.1021/ja508478x
https://doi.org/10.1021/ja508478x
https://doi.org/10.1038/s41587-019-0249-1
https://doi.org/10.1021/cb500499x
https://doi.org/10.1038/s41587-020-00794-3
https://doi.org/10.1038/s41587-020-00794-3
https://doi.org/10.1038/s41587-019-0090-6
https://doi.org/10.1038/s41589-022-01228-8
https://doi.org/10.1038/s41589-022-01228-8
https://doi.org/10.1093/nar/gkr1264
https://doi.org/10.1016/j.chembiol.2015.04.018
https://doi.org/10.1016/j.chembiol.2015.04.018
https://doi.org/10.1016/j.yexmp.2009.01.004
https://doi.org/10.1074/jbc.274.37.26369
https://doi.org/10.1016/j.ijbiomac.2019.11.118
https://doi.org/10.1016/j.ijbiomac.2019.11.118
https://doi.org/10.1039/B920865H
https://doi.org/10.1021/jacs.7b04211
https://doi.org/10.1021/jacs.7b04211
https://doi.org/10.1038/sj.gt.3300354
https://doi.org/10.1038/sj.gt.3300354
https://doi.org/10.1261/rna.052944.115
https://doi.org/10.1038/s41592-019-0515-7
https://doi.org/10.1038/s41592-019-0515-7
https://doi.org/10.1038/nmeth.3528
https://doi.org/10.1038/nmeth.3528
https://doi.org/10.1021/jacs.2c11969
https://doi.org/10.1021/jacs.2c11969
https://doi.org/10.1093/nar/gkg595
https://doi.org/10.1093/bioinformatics/btp250
https://doi.org/10.1074/jbc.273.52.35000
https://doi.org/10.1016/j.neuron.2010.11.030
https://doi.org/10.1002/cne.22260
https://doi.org/10.1002/cne.22260

GDCh
~~

[50] V. C. Wimmer, T. Nevian, T. Kuner, Pfliigers Archiv 2004, 449,
319-333.

[51] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M.
Longair, T. Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B.
Schmid, Nat. Methods 2012, 9, 676-682.

[52] C. Stringer, T. Wang, M. Michaelos, M. Pachitariu, Nat.
Methods 2021, 18, 100-106.

[53] Y. Li, L. Shang, G. U. Nienhaus, Nanoscale 2016, 8, 7423-7429.

[54] Y. Li, Y. Ishitsuka, P. N. Hedde, G. U. Nienhaus, ACS Nano
2013, 7, 5207-5214.

[55] M. Guizar-Sicairos, S.T. Thurman, J.R. Fienup, Opt. Lett.
2008, 33, 156-158.

[56] S. Wolter, A. Loschberger, T. Holm, S. Aufmkolk, M.-C.
Dabauvalle, S. Van De Linde, M. Sauer, Nat. Methods 2012, 9,
1040-1041.

[57] S. Bolte, F. P. Cordelieres, J. Microsc. 2006, 224, 213-232.

[58] M. M. Dailey, M. C. Miller, P.J. Bates, A. N. Lane, J. O. Trent,
Nucleic Acids Res. 2010, 38, 4877-4888.

Research Article

Angewandte

intemationaldition’y) Chemie

[59] B. Shui, A. Ozer, W. Zipfel, N. Sahu, A. Singh, J. T. Lis, H.
Shi, M. Kotlikoff, Nucleic Acids Res. 2012, 40, e39—39.

[60] S.J. Sahl, S. W. Hell, S. Jakobs, Nat. Rev. Mol. Cell Biol. 2017,
18, 685-701.

[61] C. Oi, Z. Gidden, L. Holyoake, O. Kantelberg, S. Mochrie,
M. H. Horrocks, L. Regan, Comun. Biol. 2020, 3, 458.

[62] C. Deo, A.S. Abdelfattah, H. K. Bhargava, A.J. Berro, N.
Falco, H. Farrants, B. Moeyaert, M. Chupanova, L. D. Lavis,
E. R. Schreiter, Nat. Chem. Biol. 2021, 17, 718-723.

[63] M. A. Hink, R. A. Griep, J. W. Borst, A. van Hoek, M. H. M.
Eppink, A. Schots, A.J. W. G. Visser, J. Biol. Chem. 2000, 275,
17556-17560.

Manuscript received: July 8, 2024
Accepted manuscript online: August 8, 2024

Angew. Chem. Int. Ed. 2024, 63, €202412810 (10 of 10)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWOD BAITeaID 9|ceol[dde au Ag peusenob ae sepile YO ‘8sn J0 So|nJ Joy AelqiauljuQ 481\ UO (SUONIPUOD-pUe-SWLe)Woo" A8 IM Afe1q 1 BU1|UO//SANY) SUONIPUCD pUe SWie | 8yl 8es *[S20z/T0/YT] uo Akigiqauluo A8|Ia “4 nisu| Jeynisiey Aq 0T8ZTY20Z 1Ue/Z00T OT/I0p/Wod A3 |im Akelqipuljuoy//:sdny o) pepeojumod ‘1S ‘¥20Z ‘€LLET2ST


https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41592-020-01018-x
https://doi.org/10.1038/s41592-020-01018-x
https://doi.org/10.1039/C6NR01495J
https://doi.org/10.1021/nn4009388
https://doi.org/10.1021/nn4009388
https://doi.org/10.1364/OL.33.000156
https://doi.org/10.1364/OL.33.000156
https://doi.org/10.1038/nmeth.2224
https://doi.org/10.1038/nmeth.2224
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1093/nar/gkq166
https://doi.org/10.1093/nar/gkr1264
https://doi.org/10.1038/nrm.2017.71
https://doi.org/10.1038/nrm.2017.71
https://doi.org/10.1038/s41589-021-00775-w
https://doi.org/10.1074/jbc.M001348200
https://doi.org/10.1074/jbc.M001348200

	Super-Resolved Protein Imaging Using Bifunctional Light-Up Aptamers
	Introduction
	Results and Discussion
	Exploring Bifunctional RhoBAST Aptamers for Protein Visualization
	Endogenous Proteins in Fixed and on Live Cells
	Genetically Encodable Bifunctional RhoBAST Aptamers for Live-Cell Protein Imaging
	Dual-Color Protein Imaging Using Bifunctional RhoBAST and SiRA Aptamers
	Super-Resolved Protein Imaging Using RhoBAST-PAINT
	Comparative Analysis of Bifunctional RhoBAST Aptamers and Antibodies in Protein Imaging via CLSM and SMLM

	Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


