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1 | INTRODUCTION

Abstract

The combination of super-resolution microscopy and synthetic fluorescence probes
has emerged as a universal tool to monitor dynamic biological events at the
nanometer scale. However, the limited site-specificity and fluorogenicity of syn-
thetic fluorescent probes make it still difficult to realize long-term super-resolution
imaging. Herein, we introduce a dynamic aggregation mediated SNAP-tag flu-
orogenic probe, BGAN-Aze, which can specifically bind to various SNAP-tag
fusion proteins with 41-fold fluorescence enhancement. The equilibrium between
the non-fluorescent aggregate/dimer (A—-D) and the fluorescent monomer (M) of
BGAN-Aze acts as an effective method to reduce the fluorescence background and
endow BGAN-Aze with the capability of conducting washing-free super-resolution
imaging of various intracellular and extracellular proteins. Using this probe, we
monitored multiple dynamic biological events, such as MMC, mitophagy, the fusion
of nucleolus, and the growth and contact of filopodia. We expect that BGAN-Aze
will become a widely used SNAP-tag for super-resolution imaging of dynamic bio-
logical events and the A—-D—M equilibrium can be a general strategy for designing
fluorogenic probes.
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display limited site-specific labeling, cell permeability, and
fluorogenicity in complex cellular environments.!*!

Live cells are highly complex machines driven by a series
of dynamic biological events. Our deep understanding of
their inner mechanism critically depends on the visualization
of dynamic cellular contents with high spatial and temporal
resolution.!'! In recent years, the combination of fluorescence
microscopy and synthetic fluorescence probes has success-
fully evolved as a universal tool to investigate these biological
events in real-time or over a period of time.[?! Especially, the
emerging super-resolution imaging has surpassed the optical
diffraction limit and allowed the imaging of cellular contents
at the nanometer scale.l*! However, a significant challenge
in long-term super-resolution imaging of dynamic biologi-
cal events still exists, as synthetic fluorescence probes always

Qinglong Qiao and Wenjuan Liu contributed equally to this work.

To improve the specificity of synthetic probes, self-
labeling protein tags were proposed. These tags can be
flexibly combined with various synthetic probes through
specific enzymatic reactions, thus effectively exerting the
optical properties of traditional organic fluorophores.!”]
Nowadays, various protein fusion tags have been devel-
oped and widely used in labeling proteins of interest (POI),
including HaloTag,°! PYP-tag,!”! SNAP-tag,[®! TMP-tag,!"]
and BL-tag.'”l One of the most prominent is SNAP-
tag, an engineered variant of the human repair protein
0°-alkylguanine-DNA alkyltransferase (hAGT), which can
specifically react with a broad variety of O°-benzylguanine
(BG) derivatives through the formation of a stable thioether
bond.[®!"1 Its diverse applications have been demonstrated
in efficient and precise editing of endogenous transcripts,! ']
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FIGURE 1

super-resolution fluorescence imaging,!'*! and biomolecular

tracking inside living cells,/'*! therefore generating extensive
development of synthetic SNAP-tag probes.

However, most synthetic SNAP-tag probes exhibit high
background and low cell permeability, which limit their
applications in the study of dynamic biological events,!'”]
especially in long-term super-resolution imaging. These false
signals from the background seriously affect the accurate
judgment of the occurrence of biological events. Therefore,
it is important to design fluorogenic SNAP-tag probes which
show great increase in fluorescence upon the binding of
SNAP-tags.[1%] So far, several fluorescence activation strate-
gies have been applied in constructing fluorogenic SNAP-tag
probes, such as introducing quenchers,!!”! inhibiting molec-
ular twisting,!'®] conjugating environment-sensitive fluo-
rophores, and molecular switches.[!”! Furthermore, control-
ling the assembly of synthetic probes evolves as an optimized
way of tuning optical properties of dyes and enabling new
design strategies for fluorescence tools including fluoro-
genic SNAP-tag probes.!’’! Rhodamine dyes have nowadays
become the preferred fluorophore for designing fluorogenic
SNAP-tag probes for super-resolution imaging,!*!! due to the
equilibrium between a non-fluorescent spirocycle (L) form
and a fluorescent zwitterion (Z) form.[?2] The key factor for
their fluorogenicity is that the aggregation of unreacted or
unspecific binding of rhodamines to hydrophobic structures
will stay in the non-fluorescent L-form, thereby reducing
the background noise.[*}! However, the L-Z equilibrium of
rhodamine is severely affected by the charged microenvi-
ronment of POI and the linker length between rhodamine
and BG group, since only negatively charged proteins cause
the L-to-Z transition of rhodamines through electrostatic
attraction.[?*! Moreover, the BG and zwitterions rhodamine
make it difficult to penetrate cell membranes and image intra-
cellular contents at the nanometer scale. Therefore, there is an
urgent need for fluorogenic SNAP-tag probes with universal
labeling ability for different types of target proteins.

In this paper, we introduce a dynamic aggregation equi-
librium, which triggers fluorescence “ON” and “OFF”, to
design a fluorogenic SNAP-tag probe BGAN-Aze used for
wash-free long-term super-resolution imaging of dynamic
biological events (Figure 1). The three components in

LR 000ty
monomer dimer

The proposed A—D-M equilibrium of fluorogenic SNAP-tag probe BGAN-Aze

BGAN-Aze of azetidine substituted naphthalimide, benzene
ring, and guanine moieties are highly flat. Of particular
importance, since the guannine group in the SNAP-tag sub-
strate is prone to 77— interactions with chromophores,!>*!
this allows BGAN-Aze to adopt a U-shaped configuration to
cross together to form a unique and fluorescence-quenched
dimer. And due to the hydrophobic effect, dimers further
aggregate to form spherical nanoparticles. The equilibrium
between non-fluorescent aggregate/dimer (A-D) and fluo-
rescent monomer (M), which always remain neutral, can
enhance fluorogenicity and cell permeability simultaneously.
Once BGAN-Aze reacts with SNAP-tag, its fluorescence
will be activated and enhanced by 41-fold with the dissoci-
ation of the dimer. Compared with our previously reported
naphthalimide-derived SNAP-tag probe AN-BG which can
only fluorescently label mitochondria with high selectiv-
ity due to the formation of less stable aggregates only
through hydrophobic interactions, ?’! the formed stable and
neutral dimer enables BGAN-Aze to rapidly penetrate mem-
branes and has versatility for structural protein labeling and
long-term super-resolution imaging of different intracellu-
lar organelles, including mitochondria, mitochondrial cristae,
nucleolus, and filopodia. We further monitored the process of
nucleolar fusion and its duration via super-resolution imaging
for the first time. And the growth curve of filopodia was also
successfully tracked in situ at the nanometer scale.

2 | RESULT AND DISCUSSION

2.1 | Existence of dimer and quenching effect
As the core regulatory trigger, A—-D-M equilibrium was
first demonstrated through high-resolution mass spectrometry
(HRMS), computational analysis, fluorescence, and UV-vis
absorption spectroscopy. First, we found an obvious dimer
ion peak at 1011.3828 ([2M+H]™", calculated 1011.3803,
electrospray ionization as an ionization source) in the HRMS
spectrum besides a monomer ion peak at 506.1958 ((M+H]™,
calculated 506.1941). These peaks prove the existence and
high stability of the dimer (Figure 2A and Figure S1). In
the meanwhile, a UV-vis absorption peak of the dimer at
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Characterization and quenching effect of dimer. (A) HRMS spectra of BGAN-Aze in high purity water. (B) Plots of the reduced density

gradient s vs. the electron density multiplied by the sign of the second Hessian eigenvalue [sign(4,)p]. sign(4,)p > 0 denotes strong repulsion, sign(4,)p < 0
denotes strong attraction, and sign(4,)p = 0 denotes vdW interactions. (C) Fluorescence spectra of BGAN-Aze at various concentrations from 0.1 to 20 uM.
(D) Fluorescence spectra of BGAN-Aze in phosphate-buffered saline (PBS) (20 mM, pH = 7.4), excited at various wavelengths from 400 to 500 nm (with a
step size of 10 nm). (E) Scanning electron microscopy (SEM) imaging of aggregates of BGAN-Aze. Scale bar: 200 nm. (F) Structured illumination microscopy
(SIM) imaging of aggregates of BGAN-Aze which were standing for 48 h in PBS (pH = 7.4, 20 mM). Scale bar: 5 um. (G) Fluorescence spectra of BGAN-Aze
in various solvents. [BGAN-Aze] = 10 uM. (H) Fluorescence spectra of 5 uM BGAN-Aze in the absence and the presence of 10 mM sodium dodecyl sulfate
(SDS) in PBS (20 mM, pH = 7.4). (I) Absorption spectra of 5 uM BGAN-Aze with different concentration of SDS (0.8-2.0 mM) in PBS (20 mM, pH = 7.4).
Inset: plot of the fluorescence intensity at 539 nm as a function of the concentration of SDS (0-2.0 mM)

525 nm was observed, in contrast to the monomer peak at
450 nm (Figure S2). The redshift in the dimer was con-
sistent with our time-dependent density-functional theory
calculations, which shows that the dimer of BGAN-Aze
demonstrated a noticeable redshift in the UV—vis absorption
spectrum, in comparison to that of the monomer (Figure S3).
These results inspired us to simulate various aggregation
conformations between two monomers of BGAN-Aze and
explore its aggregation pattern, using molecular dynamics
(MD) (Figure 2B and Figure S4-6). The most stable dimer
conformation from the MD calculations was further opti-
mized and analyzed with reference to a monomer, using
density functional theory. Our results showed that both the
azetidine-substituted naphthalimide (Figure S7, S31, crystal
of a reference compound AN-Aze) and guanine moieties in
BGAN-Aze were highly flat. Such a highly flat 7-conjugated
network afforded a strong tendency for aggregation. Con-
sequently, two monomers of BGAN-Aze could form a
“folded” dimer via van der Waal (vdW) and 7—7 interac-

tions (Figure 1). The calculated intermolecular interaction
energy (AE) amounts to —2.09 eV, indicating a substan-
tial aggregation tendency. On the other side, we found
that BGAN-Aze showed obvious redshifted absorption and
emission compared with respect to the reference compound
AN-Aze and 2 (BGAN-Aze: 4,,; = 470 nm, A, = 571 nm;
AN-Aze: A, = 465 nm, A, = 555 nm; 2: A, = 465 nm,
Aem = 557 nm) (Figures S8, S9, Table S1). Similarly, with the
concentration of BGAN-Aze increasing in aqueous solution,
the maximum absorption and emission wavelengths shifted
from 556 nm (0.1 uM) to 572 nm (20.0 uM), which suggested
that BGAN-Aze was apt to form J-aggregates (Figure 2C).
This also could be confirmed by the normalized fluores-
cence spectra: as the excitation wavelength (4.,) shifted
from 400 to 500 nm, the peak emission wavelength (A..,)
also progressively shifted from 545 to 570 nm (Figure 2D
and Figure S10). A quite subtle excitation shoulder, which
appeared at 490 nm, also became stronger when moni-
tored at a longer emission wavelength (Figure S11). These
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exceptional spectral profiles again demonstrated the J-
aggregation of BGAN-Aze.

We also analyzed the nature of such strong intermolecular
interactions, using the electron density and reduced density
gradient (RDG) analysis developed by the Yang group,!*°]
whereby a small value of sign(4,)p close to O indicates
vdW interactions. Indeed, our calculations revealed a low-
density and low-gradient spike for the dispersion-bounded
dimer, as highlighted in a green circle (Figure 2B). These
results implied that vdW interactions are the main driving
force for molecular aggregation. The vdW interactions could
further promote the dimer of BGAN-Aze to form aggre-
gate of nanoparticles, as confirmed by the dynamic light
scattering (DLS) experiments (Figure S12). After standing
for 48 h in phosphate-buffered saline (PBS), yellow aggre-
gates formed and directly proved the larger aggregates of
BGAN-Aze (Figure S13). SEM images also showed that
BGAN-Aze aggregated to ~50 nm nanoparticles (Figure 2E)
which could also be seen as weak fluorescent dots through
super-resolution imaging (Figure 2F).

To validate the quenching effect of the dimer, we investi-
gated the absorption and fluorescence spectra of BGAN-Aze
and AN-Aze in different solvents (Figure 2G and Figure S8).
Due to the sensitivity of naphthalimide to the microenviron-
ment, their absorption wavelength and fluorescence wave-
length all exhibited redshifts as the solvent polarity increased
(Table S1). However, several differences between BGAN-
Aze and AN-Aze are of note. The fluorescent brightness and
molar extinction coefficient of BGAN-Aze decreased sharply
in PBS, while AN-Aze kept moderate. Consequently, the
quantum yield of BGAN-Aze was below 0.016 which was
much lower than that of AN-Aze (0.20). It was indicated that
the guanine group indeed made BGAN-Aze form dimer in
PBS and the photo-induced electron transfer from guanine to
naphthalimide quenched the fluorescence.

2.2 | Fluorogenicity of binding to SNAP-tag

The quenched aggregate/dimer of BGAN-Aze provided
a novel strategy for designing fluorogenic probes toward
SNAP-tags and encouraged us to investigate whether the
aggregate/dimer could be disassembled and thereby recover
high-fluorescence intensity simultaneously. With the addition
of surfactant sodium dodecyl sulfate (SDS), the fluorescence
of BGAN-Aze (5.0 um in PBS, pH = 7.4) was greatly
enhanced by more than 130 folds (Figure 2H and Figure S14,
Table S2). On the contrary, the fluorescence intensity of
AN-Aze only increased by less than three-folds at various
concentrations of SDS from 0.1 to 20.0 uM (Figure S15).
Surprisingly, we found the fluorescence enhancement mainly
originated from the disassembly of dimer absorbing at
525 nm (Figure 2I and Figures S16 and S17). Upon the
addition of SDS (0-0.8 mM), the aggregate of nanoparti-
cles would first disassemble with a significant decrease at
the absorption wavelength between 450-510 nm but negli-
gible fluorescence enhancement (Figure S16). Subsequently,
the dimer would gradually disassemble into monomer as
more SDS was added (0.8—-5 mM). Importantly, with the con-
tinuous decrease of absorption wavelength at 525 nm the
fluorescence was enhanced greatly by 86.9 folds from 0.8
to 2.0 mM of SDS (Figure 2I). These results indicated that

turn-on fluorescence response was driven by the disassembly
of the aggregate/dimer and thus ensured its fluorogenicity to
SNAP-tag.

We then used BGAN-Aze to label SNAP-tag in vitro
and found the fluorescence intensity enhanced 41 folds
after BGAN-Aze reacted with SNAP-tag which indicated
excellent fluorogenicity for SNAP-tag (Figure 3A and
Figure S18). DLS measurements further validated that
BGAN-Aze (5.0 uM) aggregated into nanoparticles with a
diameter around 600 nm in PBS (20 mM, pH = 7.4). These
nanoparticles were indeed disassembled by SNAP-tag and
the size decreased to ~4 nm after the conjugation to SNAP-
tag (Figure 3B). The quantum yield of BGAN-Aze increased
from 0.016 to 0.39 once binding to SNAP-tag (Table S1 and
Figure 3A). It was worth noting that the emission wave-
length of BGAN-Aze shifted to 540 nm from 571 nm after
it bound to SNAP-tag (similar with the emission in MeOH at
540 nm). Since naphthalimide was a polarity-sensitive fluo-
rophore (its emission experiences blueshifts with the decrease
of polarity), we could speculate that the environment at the
binding pocket of the SNAP-tag was highly polar. The pro-
tein labeling process was next monitored by recording the
fluorescence intensity of BGAN-Aze at 535 nm to study
the kinetics of the reaction rate, in which the total con-
centration of BGAN-Aze and SNAP-tag was 5 uM. And
the time required for 50% labeling of SNAP-tag was about
56 s for BGAN-Aze (Figure 3C). The further kinetic anal-
ysis showed the second-order rate constant (K,) of reaction
between BGAN-Aze and SNAP-tag was 1998 + 275 M~ !s~!
(Figure S19). It indicated that the dimer of BGAN-Aze could
be effectively disassembled by SNAP-tag along with great
fluorescence enhancement.

2.3 | No-wash long-term super-resolution
imaging in living cells using BGAN-Aze

Inspired by the above results, we demonstrated the low cyto-
toxicity (Figure S20) and high permeability (Figures S21
and S22) of BGAN-Aze beforehand, which ensured the
success of wash-free fluorescence imaging of various intra-
cellular proteins based on BGAN-Aze. First, live HeLa cells,
expressing SNAP-vector, were incubated with BGAN-Aze
for 30 min and directly imaged by confocal microscopy
without washing step. Obvious green fluorescence was cap-
tured in the cytoplasm with good signal-to-noise ratio (13.0
folds) which indicated high cell permeability of BGAN-
Aze that is available for intracellular proteins labeling
(Figure 3D). On the contrary, non-transfected cells dis-
played negligible fluorescence. To further inspect the location
accuracy of BGAN-Aze to SNAP-tag, commercialized plas-
mids pSNAPf-H2B, pSNAPf-Cox8A, pSNAP{-NPM1, and
pSNAPf-ADRp2 were transiently transfected to HeLa cells.
It is satisfactory to observe strong fluorescence appearing
in specific locations with a high signal-to-background ratio.
Co-staining of BGAN-Aze and Hoechst 33342 was next
performed which demonstrated that BGAN-Aze could light
nuclear-localized SNAP-H2B with an excellent nuclei-to-
cytosol signal ratio (~22.5 folds, Figure 3E, Figure S23).
The intensity profiles of the linear regions across transfected
cells displayed in close synchrony and further indicated
colocalization between BGAN-Aze and Hoechst 33342.
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The response of BGAN-Aze to SNAP-tag. (A) Fluorescence spectra of 5 M BGAN-Aze in the absence and the presence of 5 uM SNAP-

tag. (B) DLS analysis of 5 uM BGAN-Aze in the absence and the presence of 5 uM SNAP-tag in PBS. (C) Time course of fluorescence intensity of 5 uM
BGAN-Aze in the presence of equal purified SNAP-tag. (D-F) No-wash HeLa live-cell imaging of SNAP-tag proteins labeled with BGAN-Aze. HeLa cells
transiently expressing SNAP-Vector, SNAP-H2B, and SNAP-Cox8A were incubated with 0.5 uM BGAN-Aze for 30 min. Graph: intensity profile of regions

of interest (ROI) across cells. Scale bar: 20 um

Moreover, the labeling of SNAP-Cox8A, SNAP-ADRf2, and
pSNAPf-NPM1 fusion proteins with BGAN-Aze revealed
mitochondrial, membranal, and nucleolar outlines for its
excellent fluorogenicity and location accuracy (Figure 3F and
Figures S24 and S25). These results suggest that BGAN-Aze
is highly suited for the visualization of various proteins at a
specific location without a washing procedure.

The excellent performance of our probe in imaging dif-
ferent types of target proteins prompted us to investigate
its application in long-term super-resolution imaging of dif-
ferent organelles and subcellular organelles (Figure S26).
Mitochondria are highly dynamic organelles. They are
highly sensitive to phototoxicity, as reflected by a sig-
nificant change in membrane potential (Figure S27). This
makes many mitochondrial probes incompatible in long-
term super-resolution imaging. Because these probes are
lipophilic cations and target mitochondria depend on the
negative mitochondrial membrane potential. Once the mito-
chondrial membrane potential is lost, a mass of probes will
dissociate into the cytoplasm and induce high background
fluorescence. Therefore, we intended to inspect the perfor-

mance of our probe, which could target mitochondria inner
membrane through forming a stable thioether bond with
SNAP-Cox8A fusion proteins, in long-term structured illumi-
nation microscopy (SIM) imaging and explore mitochondrial
dynamics.

Mitochondrial cristae, formed by the inner membrane
of mitochondria, are highly dynamic sub-organelle struc-
tures that are still challenging for super-resolution imaging.
As they house the megadalton complexes of the electron
transport chain and adenosine triphosphate synthase, their
morphologies are recognized as an evaluation criterion for
mitochondrial health. As shown in Figure 4, due to its specific
location in the inner membrane, BGAN-Aze could clearly
image mitochondrial cristae via SIM (Figures 4, A1-6). Most
of the cristae were perpendicular to the mitochondrial macro
axis and formed sheet-like mitochondrial cristae. However,
there existed a large empty space, labeled by white arrows
in A1-6, at the junctions of mitochondria. To monitor the
dynamic network of mitochondrial cristae, we tracked sin-
gle branching mitochondrion under super-resolution imaging
for 10 min. Figure 4B showed the tanglesome mitochondrial
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FIGURE 4

Super-resolution imaging of mitochondria in living HeLa cells which were incubated with 0.5 uM BGAN-Aze for 30 min. BGAN-Aze

Aex = 488 nm, collected: 500-545 nm; Lyso-Tracker Red 4., = 561 nm, collected: 570-640 nm. (A-H) SIM imaging of mitochondria and mitochondrial
cristae based on SNAP-tag-Cox8A fusion protein labeled with BGAN-Aze. (A,E) Scale bar: 10 um. A1-6, (B-D), (F-H) Scale bar: 1.0 um. (I) Intensity
profile of regions of interest (ROI) across mitochondria and lysosome in (F). (J) Intensity profile of ROI across mitochondria and lysosome in (H) at different
time points. (K) Time dependence of the ratios of fluorescence intensities /iy, and fiygo

cristae at 40 s gradually changed into lamellar ones during
40-120 s. It was worth noting that the three sheet-like mito-
chondrial cristae in dashed box arranged parallelly and kept
close or far away from time to time. While, some of them,
labeled by pink arrows in Figure 4B, fractured into smaller
sheets at 200 s. As a consequence, the network of mitochon-
drial cristae was highly dynamic and could be imaged by
our probe at the nanometer scale. Furthermore, the instan-
taneous contact between two isolated mitochondria was also
observed in Figure 4C. Mitochondria, labeled by a blue arrow
in Figure 4C, turned into a round one and stretched vimi-
neous “tentacle” like branch toward right mitochondria at

20 s, simultaneously. In the blue dashed frame, intimate con-
tact was captured during 40-60 s. The two mitochondria soon
separated at 60 s and returned to the initial state. These results
inspired us to further chase the change of mitochondrial
cristae during the mitochondria—mitochondria interaction.
Fortunately, we monitored the fusion of two mitochondria
during 100-240 s (Figure 4D). At 100 s, the two mitochondria
approached each other showing the intimate contact. As the
event went on, the left mitochondrion displayed a clear sheet
and gradually turned into a rotund one from a clubbed one,
along with the disappearance of many mitochondrial cristae.
However, after complete fusion at 240 s, the newly formed

85U8017 SUOLILLIOD BAITERID 8|gedl(dde au A peusenob afe soppie YO ‘8sh Jo Sa|nJ 1oy A%eiqiT 8UIUO A3|1W\ UO (SUONIPLIOD-PUR-SLBI/AL0D A3 | 1M Ale.q 1 Bul|UO//:SdNy) SUONIPUOD pue Swe | 8U188S *[£202/50/9T] Lo Akeiqiauliuo A8|Im ‘BoIweyD JO ainisu| uelfed Ag 85z '210e/200T 0T/10p/woo Ao | 1M Atelg 1 jeut|uo//sdny wolj pepeojumoq ‘g ‘€202 ‘09572692



AGGREGATE

FIGURE 5

WILEY 122

(B) nucleolar fusion and dynamic

isolated

fusion

intensity
—— 0 min
—— 1 min
2 min

3 min

7 min

—— 14 min

©) 190.&>
>

o
0.5 1.0 15
Distance (um)

(D) 100,Int =-705 et#58 + 50
O

Time (min)

Super-resolution imaging of nucleolar fusion in living HeLa cells which were incubated with 0.5 uM BGAN-Aze for 30 min. 4., = 488 nm,

collected: 500-545 nm. (A) SIM imaging of nucleolus based on SNAP-tag-NPM| fusion protein labeled with BGAN-Aze. Scale bar: 1.0 um. (B) Schematic
diagram for the nucleolar fusion and connection bridge formation. (C) Relative intensity profile of connection bridge at different time points. (D) Time

dependence of the maximum fluorescence intensities in (C)

mitochondrion again showed distinct lamellar mitochondrial
cristae.

Although mitochondria are considered as semi-
autonomous organelles, they also engaged in many
physiological processes via dynamic interactions with
other subcellular organelles, including fission, mitophagy,
and apoptosis. As mitophagy acts as a crucial role in cel-
lular stress caused by aberrant oxidative bursts in which
damaged mitochondria are removed by autolysosomes,
we next carried out long-term dual-color SIM imaging to
reveal the dynamic interactions between mitochondria and
lysosomes (Figure 4E). The mitochondria were stained with
our probe and lysosomes were labeled with Lyso-Tracker
Red, respectively. As shown in Figure 4F, the lysosome,
lined out by a green arrow, was stranded in the center of
the annular mitochondrion and displayed intimate contact
with each other. While at 20 s the annular mitochondrion
was gradually cut off at the contact site and turned into a
linear one. The intensity profiles of the linear regions in

Figure 41 further indicated the left section of the annular
mitochondrion gradually disappeared with the decrease of
fluorescence intensity. Moreover, some prolonged contacts
between lysosomes and mitochondria had been captured.
The lysosome in Figure 4G moved around a linear mito-
chondrion (marked by a yellow arrow) and showed frequent
contact during 1-100 s (Figure S28). While another lysosome
remained motionless at an unchanged contact site. Due to
the stable covalent labeling of BGAN-Aze to mitochondria,
mitophagy was monitored in which damaged mitochondria
would be phagocytosed by acidic lysosomes. It was shown
in Figure 4H that the lysosome kept close contact with the
joint of mitochondrion during 1-300 s. But we could observe
the red lysosome, marked by white arrow, gradually changed
to light grey. The intensity profiles across the lysosome and
mitochondrion in Figure 4], which showed separated signals
at 1 s, increasingly exhibited co-localization and indicated
partial mitochondrion fused with this lysosome and the
occurrence of mitophagy. We also calculated the ratio of
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FIGURE 6  Super-resolution imaging of plasma-membrane in living HeLa cells which were incubated with 0.2 uM BGAN-Aze for 10 min. ., =488 nm,
collected: 500-545 nm. (A,B,D) SIM imaging of cytomembrane based on SNAP-tag-ADR}2 fusion protein labeled with BGAN-Aze. (C) Time dependence
of the length of filopodia labeled by a yellow arrow in (B). (A) Scale bar: 10 um. (BC) Scale bar: 1.0 um

Inito 10 fiyso (Figure 4K) and inspected the whole process of As the largest membrane-less organelle, nucleolar fission
mitophagy which indicated the process lasted about 120 s. and fusion act crucial roles in the liquid-liquid phase sep-
These results demonstrated the ability of BGAN-Aze in long- aration (LLPS). However, it is still difficult to imagine the
term super-resolution imaging of mitochondrial dynamics whole process of fusion at the nanometer scale because of
for its excellent specificity, stability, and fluorogenicity. its long duration.[?’] Inspired by the successful application in
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long-term super-resolution imaging, we monitored the over-
all process of nucleolar fusion at the nanometer scale for the
first time and found that the process lasted ~20 min (Figure 5
and Figure S25). As shown in Figure 5A, the two nucle-
oli appeared completely separated at 0 min and formed a
connection bridge at 3 min which gradually became bulky
(Figure 5B). Furthermore, relative fluorescence intensity was
adopted to further illustrate the formation of the connec-
tion bridge (Figure S29). The intensity between the initial
two nucleoli continuously increased until almost equal to the
intensity of the two nucleoli which indicated the formation of
a stable connection bridge (Figure 5C). The increase of fluo-
rescence intensity at the distance of 800 nm was analyzed in
Figure 5D and indicated that the process lasted about 20 min.
We also observed the behavior of H2B, a major protein in
chromatin, at the nanometer scale for 8 h (Figures S26 and
S30).

Besides intracellular proteins, we also tracked membranal
dynamics through SNAP-ADRf2 in which SNAP-tag was
exposed to the extracellular side of the membrane (Figure 6).
As plasma-membrane protrusions, filopodia primarily work
as antennae to probe the surrounding environment which is
involved in many biological events such as cell migration,
wound healing, and neurite outgrowth.[”®! However, filopo-
dia are highly dynamic with a nanometer size, and their
growth rate is still unclear. Fortunately, using BGAN-Aze we
observed the whole growth process of several filopodia and
calculated their growth rate (Figure 6A,B). At 0 min, two
subtle bulges, marked by blue and yellow circles, appeared
as growth sites for filopodia. The bulge, labeled by a blue
arrow in Figure 6B, first stretched out the filiform bub-
ble and extended 0.95 um after 1 min. Differently, the
bulge, which was labeled by a yellow arrow, underwent a
long-term growth process during 5-24 min. Through the
time-dependent growth curve, we could find that the growth
rate was dynamically changing and appeared slow in the
initial stage (Figure 6C). Moreover, another growth model
was captured. Bulge marked by a pink arrow was formed at
11 min and fused with lateral mature filopodia during 17—
23 min. Then, the newly syncretic filopodia continued to
extend 0.62 um during 23-24.5 min. Besides the formation
of fresh filopodia through original protrusions and fusion,
filopodia could also be newly formed by the fission of mature
filopodia (Figure 6D). The intact filopodia, labeled by white
arrows, showed obvious protrusions at 9.5 min which split
into two filopodia during 9.5-19.5 min and indicated the fis-
sion of mature filopodia. In addition, morphological changes
of filopodia were captured that the filopodia which displayed
linear at 0.5 min in the dashed box turned into dendritic one
showing fickle morphology. The aforementioned filopodia
also showed close contact with the adjacent filopodia at the
sites labeled by green arrows during 9.5-23.5 min and disso-
ciated at 24 min. Unlike the prolonged contact shown above,
it re-contacted the same filopodia at 25.5 min and dissociated
at 27 min showing less than 1.5 min contact time.

3 | CONCLUSION

In conclusion, through the A-D-M equilibrium of BGAN-
Aze, we developed a fluorogenic SNAP-tag probe and
realized long-term super-resolution imaging of universal

intracellular and extracellular proteins. BGAN-Aze forms
quenched aggregates with minimal background fluorescence.
Upon binding to the SNAP-tag, the fluorescence of BGAN-
Aze increased by 41-fold, as a result of the dissociation of
the aggregate. Finally, BGAN-Aze was successfully applied
to long-term super-resolution imaging of dynamic mito-
chondrial cristae, nucleolus, and filopodia, and revealed
various dynamic biological events, including mitochondria—
mitochondria contact (MMC), mitophagy, the fusion of
nucleolus, growth, and contact of filopodia. We believe
that the A—-D-M equilibrium as shown in BGAN-Aze will
become a promising new strategy for developing fluorogenic
probes.
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