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Photoswitchable fluorescent molecules (PSFMs) are positioned as valuable tools for biomolecule
localization tracking and super-resolution imaging technologies due to their unique ability to reversibly
control fluorescence intensity upon light irradiation. Despite the high demand for PSFMs that are suitable
for live-cell imaging, no general method has been reported that enables reversible fluorescence control

on proteins of interest in living cells. Herein, we have established a platform to realize reversible
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Accepted 16th December 2023 uorescence switching in living cells by adapting a protein labeling system. We have developed a new
PSFM, named HTL-Trp—BODIPY-FF, which exhibits strong fluorogenicity upon recognition of Halo-tag

DOI: 10.1039/d3sc04953a protein and reversible fluorescence photoswitching in living cells. This is the first example of a PSFM that
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Introduction

The use of photoswitchable fluorescent molecules (PSFMs) for
tracking cellular dynamics' and visualizing cellular compo-
nents with high spatial resolution using super-resolution
imaging®*® has greatly increased in recent years. While photo-
activatable fluorophores irreversibly photoswitch from non-
fluorescent to fluorescent states upon light irradiation,”**
PSFMs exhibit reversible fluorescence switching upon light
irradiation allowing each PSFM to be localized multiple times.
This is useful for live-cell studies where molecular dynamics can
be visualized over long periods. Notably, PSFMs are also used in
RESOLFT (reversible saturable optical fluorescence transition)
techniques which enable live-cell super-resolution imaging with
lower-intensity light irradiation mitigating phototoxicity
compared to conventional STED (stimulated emission deple-
tion) nanoscopy.*® Despite the high demand for PSFMs for live-
cell imaging, there have only been a few examples of reversible
photoswitching in living cells, namely fluorescent proteins,**™**
fluorene-based chromophore-hCRBPII (human cellular retinol-
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can be applicable to a general-purpose Halo-tag protein labeling system for no-wash live-cell imaging.

binding protein 1II) complexes,” and self-blinking
fluorophores.”””™ In general, synthetic fluorophores have
greater photostability than fluorescent proteins and are thus
more favorable for live-cell imaging. Chromophore-hCRBPII
complexes exhibit fast thermal isomerization and slow photo-
isomerization rates from fluorescence ON to OFF states. Self-
blinking fluorophores have been used for single-molecule
localization nanoscopy with high spatial resolution; however,
the temporal resolution is still lower than other super-
resolution techniques, including STED and RESOLFT
imaging. Therefore, the establishment of a platform to perform
reversible photoswitching using synthetic PSFMs in living cells
is highly desirable for present live-cell imaging technologies.
Cy3-Alexa647 heterodimer” and fluorescent diarylethenes®*°
have both been developed as PSFMs for RESOLFT imaging.
However, neither can be used for live-cell imaging because
cyanine dyes require high concentrations of primary thiols (over
100 mM) and potassium iodide for reversible photoswitching,
and diarylethenes contain multiple carboxylic acids to improve
water solubility, resulting in poor membrane permeability.
Recently, PSFMs based on photochromic molecules that
undergo reversible photoisomerization upon photoirradiation
have been described. In addition to the diarylethenes,***>
spiropyran,* arylazopyrazole,* and fulgimide®>**-based PSFMs
have been reported in the last few years. However, these
photochromic PSFMs are highly hydrophobic and can form
intermolecular aggregates in aqueous solution,**** and display
reduced photostability. Our group has previously demonstrated
that a PSFM modified on the protein surface enables persistent
reversible photoswitching performance in biological media.*
The keystone of this mechanism is that chemical modification
of PSFMs on the protein surface suppresses physical
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intermolecular aggregation among PSFMs resulting in a signif-
icant increase in their photostability. We have demonstrated
the utility of this strategy in fixed cells by immunostaining;*
however, this approach is not suitable for live cell imaging.
Therefore, no methodology has been established to use PSFMs
for live-cell imaging without compromising their photostability.

To address the above-mentioned issue, we have implemented
a protein-tag labeling system using a PSFM with fluorogenic
capabilities. Some environmentally sensitive fluorophores have
been used as fluorogenic probes for no-wash imaging due to their
unique property of exhibiting strong fluorescence emission after
binding to a protein tag while minimizing the fluorescence signal
from unlabeled free fluorophores.”** No-wash imaging is highly
desirable for live-cell imaging because it avoids extensive washing
of cells and provides simplified experimental procedures.
Therefore, it is greatly advantageous to develop PSFMs that allow
no-wash fluorogenic labeling in living cells.

In this study, we have developed a novel PSFM named HTL-
Trp-BODIPY-FF, which contains the Halo-tag ligand,* the
environmentally sensitive fluorophore Trp-BODIPY**” and
furylfulgimide (FF)***** (Fig. 1la). To achieve site-specific
protein labeling in living cells, we chose the Halo-tag system,
which is versatile for live-cell imaging applications,*® and Trp-
BODIPY, which exhibits brighter fluorescence emission in
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hydrophobic environment.***” HTL-Trp-BODIPY-FF exhibits
limited fluorescence emission in aqueous solutions predomi-
nantly due to the free rotation between the phenyl group and
the BODIPY core which facilitates non-radiative decay rather
than radiative decay as fluorescence (OFF state). On the other
hand, HTL-Trp-BODIPY-FF showed a fluorescence intensity
increase after binding Halo-tag (ON state), because it was
adjacent to the hydrophobic Halo-tag protein surface and
sterically inhibited the rotation of the phenyl groups (Fig. 1b). It
helps to minimize the fluorescence signal derived from unla-
beled HTL-Trp-BODIPY-FF and allow no-wash labeling. FF is
a photochromic molecule that undergoes quantitative revers-
ible photoisomerization between colorless open- and colored
closed-ring forms. The open-ring form of HTL-Trp-BODIPY-FF
shows fluorescence after labeling Halo-tag (ON state). On the
other hand, after UV light irradiation induces photo-
isomerization to the closed-ring form of FF that works as
a Forster resonance energy transfer (FRET) acceptor for Trp-
BODIPY, resulting in fluorescence quenching (OFF state)
(Fig. 1b). Although the use of UV light can cause phototoxicity in
living samples, FF outperforms other photochromic
compounds in the desired spectral change between two states,
making it a suitable photoswitchable FRET quencher. The
labeled HTL-Trp-BODIPY-FF exhibited reversible fluorescence

v No-wash fluorogenic labeling
: inside cell

labeling }" A =
1 ¢
N3
Halo- QC\
tag

v Reversible fluorescence photoswitching
inside cell

(a) Chemical structures of Trp—BODIPY—-FF and HTL-Trp—BODIPY—-FF. (b) Mechanism of reversible fluorescence switching in living cells

using HTL-Trp—BODIPY—FF. The increase in fluorescence intensity was induced on the hydrophobic Halo-tag protein surface. After labeling, the
fluorescence intensity was reversibly controlled by photoisomerization of furylfulgimide (FF) based on Forster energy transfer (FRET) efficiency.
The persistent reversibility was assisted by Halo-tag protein surface. POI: protein of interest.
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switching upon light irradiation with higher photostability
compared to the unlabeled probe, assisted by the Halo-tag
protein surface that prevents intermolecular aggregation
among probes. We used this feature to visualize the reversible
fluorescence control of HTL-Trp-BODIPY-FF to Halo-tag
expressed in live cells. To the best of our knowledge, this is
the first example of a fluorogenic PSFM modified with a Halo-
tag protein showing reversible fluorescence photoswitching
and represents a valuable tool for the development of future
PSFM structures.

Results and discussion
Molecular design and synthesis of Trp-BODIPY-FF

First, we designed the photoswitchable fluorogenic molecule Trp-
BODIPY-FF to scrutinize its photophysical properties, including
both environmental sensitivity and photoswitching performance
(Fig. 1a). Trp-BODIPY is an environmentally sensitive fluorophore
that emits green fluorescence in high viscosity or hydrophobic
environments.**” In the previous study, we optimized the core
structure of Trp—BODIPY, which has high environmental sensitivity
and ease of synthesis.** Trp-BODIPY has lower fluorescence
quantum yields (®g, = 0.22 in phospholipid membranes®)
compared to the conventional meso-phenyl BODIPY (®g;, = 0.65 in
methanol®) (chemical structures are shown in Fig. S1t). This may
be due to photoinduced electron transfer from donor tryptophan to
the acceptor BODIPY core.* In addition, the introduction of tryp-
tophan can lower the transition energy barrier to access non-
radiative decay, which improves fluorogenicity.*® Considering this
advantage of tryptophan, we speculate that Trp-BODIPY exhibits
significant fluorogenic ability in hydrophobic environments, and it
is suitable for our purpose of fluorogenic protein labeling. FF is
known to exhibit quantitative photoisomerization to the closed-ring
form upon irradiation at 365 nm and to the open-ring form upon
irradiation at 530 nm.”® The open-ring form of FF has no visible
absorption (Fig. S2 and Table S17) and doesn't show any FRET with
Trp-BODIPY; therefore, Trp-BODIPY is able to fluoresce in
a hydrophobic environment (ON state). While the closed-ring form
has a large absorption band in the visible region (Fig. S2 and Table
S17) and functions as a FRET-based fluorescence quencher for Trp-
BODIPY (OFF state). In addition, a rigid cyclohexyl linker between
Trp-BODIPY and FF was incorporated to prevent intramolecular
quenching.®* Taken together, Trp-BODIPY-FF was designed to
exhibit its fluorogenic nature after interacting with the protein
surface, and the fluorescence intensity was regulated by light irra-
diation. The detailed synthetic scheme and full characterization
data are described in the ESI (Fig. S3a and b).t

Photophysical properties of Trp-BODIPY-FF

Next, we measured the photophysical properties of Trp-BOD-
IPY-FF. The fluorescence intensity of Trp-BODIPY-FF is
significantly higher with increasing glycerol concentration in
phosphate buffer (PB), and displays its strongest fluorescence
emission in high viscosity environments (Fig. 2a). This viscosity
sensitivity is consistent with our previously reported Trp-
BODIPY derivatives.>” The viscosity sensitivity is closely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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related to the C-C bond rotation between the BODIPY core and
the phenyl group. In high viscosity environments, this rotation
is restricted, while the fluorescence intensity is enhanced
because the nonradiative decay is inactivated.*” The fluores-
cence intensity also increased upon its dissolution in low
polarity alcohols with longer carbon numbers (n-octanol > n-
hexanol > n-butanol > ethanol > PB), indicating that BODIPY-FF
shows strong fluorescence in low polarity environments
(Fig. 2b). The reason that higher polarity environments cause
loss of fluorescence may be partially due to photoinduced
electron transfer from the benzene moiety to the BODIPY core,
as some phenyl BODIPY derivatives have previously reported.*
In addition, the fluorescence intensity was significantly
enhanced in PB containing bovine serum albumin (BSA) as
a model protein, indicating that the fluorogenic behavior was
triggered on the hydrophobic binding cavities within BSA
(Fig. 2c). The reason for the increase in fluorescence intensity of
Trp-BODIPY-FF surrounded by BSA is considered to be two
factors; (1) a decrease in polarity by being adjacent to the
hydrophobic protein surface, and (2) the sterically inhibited
C-C bond rotation between BODIPY and phenyl groups. These
photophysical properties were also confirmed in the control
Trp-BODIPY without FF, indicating that its fluorogenicity was
not affected by the introduction of FF (Fig. S47). The absorption
spectra and fluorescence quantum yield of Trp-BODIPY and
Trp-BODIPY-FF were also measured (Fig. S5, S6, Tables S2 and
S31). The fluorescence quantum yield in each solvent between
Trp-BODIPY and Trp-BODIPY-FF are almost the same value,
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Fig. 2 Fluorescence spectra of 1.0 uM Trp—BODIPY in (a) 100 mM
phosphate buffer (PB) (pH 7.4) with increasing glycerol concentrations
(from top to bottom: 100, 50, 25, 12.5, and 0%), in (b) n-octanol (blue
line), n-hexanol (purple line), n-butanol (magenta line), ethanol (red
line), and PB (orange line) in (c) 100 mM PB (pH 7.4) with/without 5.0
uM BSA (blue/orange line). Aex: 470 nm, 37 °C. (d) Quenching efficiency
of Trp—BODIPY-FF over repetitive photoirradiation cycles in PB
(orange), glycerol (green), n-octanol (magenta), and PB with 5.0 uM
BSA (blue). Aex/em: 490/520 nm, 37 °C.
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indicating that open-ring form of FF does not affect the fluo-
rescence intensity of Trp-BODIPY. The fluorescence quantum
yield of Trp-BODIPY(-FF) is lower than previously reported Trp-
BODIPY derivatives. This is mainly due to the absence of the
methyl group at the 7-position in the BODIPY cores (Fig. S17).

Light irradiation experiments were performed for each
solution in PB, glycerol, n-octanol, and PB in the presence of
BSA. In all samples, the absorbance at 550 nm was increased
following first-order kinetics upon 365 nm irradiation and
decreased following first-order kinetics after 530 nm irradiation
(Fig. S67). It clearly indicated that Trp-BODIPY-FF undergoes
cyclization and cycloreversion reactions at 365 and 530 nm
irradiation. The detailed photophysical parameters including
cyclization/cycloreversion reaction kinetics per light irradiation
intensity (koc/co/lirr) and quantum yields (@oc/co) are determined
following ESI experiments (Table S31). More importantly, the
fluorescence intensity of Trp-BODIPY-FF was decreased after
365 nm irradiation and completely recovered after 530 nm
irradiation (Fig. S77), indicating that FF works as a photo-
switchable FRET quencher. However, in PB and glycerol, the
fluorescence intensity after 365 nm irradiation was gradually
suppressed with increasing cycle number (Fig. S8a and bf).
Meanwhile, Trp-BODIPY-FF in both n-octanol and PB
including BSA showed persistent repeatability (Fig. S8c and d).
The difference in the photostability in each solution is due to
the ease of aggregate formation. Dissolution in low-polarity
solvent (n-octanol) or solution containing hydrophobic
proteins circumvents the formation of aggregate, while in
higher-polarity solvents (PB or glycerol), Trp-BODIPY-FF
readily aggregates to reduce its photostability during light
irradiation. To quantify the photofatigue progress over repeti-
tive photoirradiation cycles, we calculated quenching efficiency
of Trp-BODIPY-FF in each solvent conditions. Quenching effi-
ciency was determined by dividing the difference in fluores-
cence intensity before and after 365 nm irradiation by the
fluorescence intensity before 365 nm irradiation. Trp-BODIPY-
FF in both n-octanol and PB including BSA showed no photo-
fatigue over 30 photoirradiation cycles (Fig. 2d). In addition, we
prepared the bioconjugate of Trp-BODIPY-FF with BSA, named
Trp-BODIPY-FF-BSA, by conjugating with the carboxylic acid of
Trp-BODIPY-FF and lysine residues on the BSA surface. A
detailed preparation procedure and characterization are
described in ESI and Fig. S9a. Trp-BODIPY-FF-BSA also shows
persistent reversibility even after 10 cycles of photoswitching
(Fig. S9bt). These results are consistent with our previous
findings that showed improved photostability of PFSM in
hydrophobic environments, including protein surfaces, thus
circumventing intermolecular aggregation among PSFMs.>® As
a next step, we conjugated Trp~-BODIPY-FF to a Halo-tag ligand
to evaluate whether Trp-BODIPY-FF would display fluorescence
switching upon binding to the Halo-tag protein.

Synthesis and photophysical properties of HTL-Trp-BODIPY-
FF

We synthesized the compound HTL-Trp-BODIPY-FF by
conjugation of the chloroalkane Halo-tag ligand to the terminal
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amine of Trp-BODIPY-FF (Fig. 1a). The detailed synthetic
scheme and characterization data are included in ESI
(Fig. S3c).t We verified that HTL-Trp-BODIPY-FF had
increased fluorescence intensity in high viscosity environments
as with its precursor compound, Trp-BODIPY-FF (Fig. S10a and
Table S4t). We further measured the viscosity dependence of
HTL-Trp-BODIPY-FF and compared it to Trp-BODIPY and
Trp-BODIPY-FF by plotting the fluorescence intensity against
dynamic viscosity (Fig. S111). HTL-Trp-BODIPY-FF clearly
showed a strong fluorescence emission with increasing
dynamic viscosity, consistent with the results of Trp-BODIPY
and Trp-BODIPY-FF. We corroborated that the fluorescence
intensity of HTL-Trp-BODIPY-FF was enhanced in non-polar
environments in the same manner as Trp-BODIPY-FF (Fig.
S10b and Table S4t1). We also checked the affinity of Trp-
BODIPY-FF and HTL-Trp-BODIPY-FF with BSA (Fig. S121). The
dissociation constant of Trp-BODIPY-FF and HTL-Trp-BOD-
IPY-FF were determined to be 6.9 + 2.8 uM and 11.8 &+ 3.9 uM,
respectively and the fluorescence increase of HTL-Trp-BOD-
IPY-FF was suppressed compared to Trp-BODIPY-FF in higher
concentrations of BSA. It may be due to the Halo-tag ligand
(HTL) bypassing the interaction of Trp-BODIPY moiety with
BSA.

The absorption spectrum and fluorescence quantum yield of
HTL-Trp-BODIPY-FF were also determined (Fig. S13 and Table
S4t1). The photophysical properties including excitation
maximum, extinction coefficient, and fluorescence quantum
yield between Trp-BODIPY-FF and HTL-Trp-BODIPY-FF are
almost the same value. Importantly, in the presence of Halo-tag
in PB, the fluorescence intensity increased 12-fold as shown in
Fig. 3a and Table S4.1 Furthermore, we performed SDS-PAGE
gel analysis and observed a fluorescent band between 25 and 37
kDa, indicating that Halo-tag (34 kDa) had been coupled to
HTL-Trp-BODIPY-FF (Fig. 3b and S14f). Fluorogenicity has
great advantages for live cell imaging because it suppresses
background fluorescence derived from free probes and allows
for no-wash labeling. We further described the optimized
conformation of HTL-Trp-BODIPY-FF labeled with Halo-tag
using computational calculation software (Macromodel:
Schrodinger Maestro v13.1) as presented in the ESL.¥ As shown
in Fig. S15,7 no specific binding interaction was observed except
for the HTL region and Trp-BODIPY was partially exposed in
hydrophobic environments surrounded by several hydrophobic
residues. It is reported that the crystal structure of HTL-bearing
tetramethylrhodamine demonstrates multiple interaction
modes at the protein surface.** Although we do not exclude the
possibility that HTL-Trp-BODIPY-FF may have similar inter-
actions, the result of the simulation indicates that Trp-BODIPY
is confined in hydrophobic environments, supporting the
mechanism that fluorogenic enhancement is induced by
hydrophobic interaction and steric suppression of phenyl ring
rotation.

We determined the labeling rate constant k, to be 1.5 X
10®> M~ ' s ! by the second-order approximation, and the
increase in fluorescence intensity was mostly completed
within 20 min of the addition of 1 uM HTL-Trp-BODIPY-FF
to 2 uM Halo-tag solution (Fig. 3c). The labeling kinetics of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence spectra of 1.0 uM HTL-Trp—BODIPY—FF in PB
(pH 7.4), after (blue)/before (orange) incubating with 2.0 pM Halo-tag
for 20 min. Aex: 490 nm, 37 °C. (b) The results of SDS—-PAGE of HTL—
Trp—BODIPY-FF with Halo-tag. The left and right image shows CBB-
stained and fluorescence images, respectively. 2.0 uM HTL-Trp—
BODIPY-FF was incubated with 4.0 pM Halo-tag at 37 °C for 1 h. The
first column at the left represents a ladder to comfirm protein size
(Halo-tag: 34 kDa). Fluorescence images were obtained with excita-
tion at 488 nm. (c) Time course of fluorescence intensities of 1.0 uM
HTL-Trp—BODIPY-FF after incubating with 2.0 uM Halo-tag in PB (pH
7.4). N = 3. (d) Quenching efficiency of HTL-Trp—BODIPY-FF over
repetitive photoirradiation cycles in PB (orange), glycerol (green), n-
octanol (magenta), and PB after incubating with 2 uM Halo-tag for
30 min (blue). Aex/em: 490/520 nm, 37 °C.

common Halo-tag ligands conjugated with fluorophores
show different values (around 10° to 10°* M~ ' s™' order)
because the affinity is strongly influenced by the substrate
structure.*® The labeling kinetics of HTL-Trp-BODIPY-FF
with Halo-tag is relatively slow compared to other fluo-
rophores bearing HTL. Thus, it may be partly due to the
negative charge on the carboxylic acid of HTL-Trp-BODIPY-
FF, which has less affinity to the Halo-tag protein surface,
resulting in low labeling kinetics.** In the molecular simu-
lation, no interactions were observed, and the carboxylic
acid was exposed to the solvent (water) away from the Halo-
tag residues as shown in Fig. S16b.T According to the latest
reviews on bioorthogonal click chemistry, one of the fastest
click reactions is the inverse electron demand Diels-Alder
(IEDDA) reaction.*® The kinetics of IEDDA reactions used for
protein labeling reach about 10* M™' s '.%*% The rate
constant is higher than that of HTL-Trp-BODIPY-FF with
Halo-tag; however, IEDDA reactions have been reported that
fluorophore-tetrazine conjugates shows slow labeling and
takes more than 1 hour until the completion in living
cells.*»** On the other hand, HTL-Trp-BODIPY-FF
completed Halo-tag labeling within 20 min in live cells,
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which is comparable to the result of the in vitro experiment,
as discussed in the next section.

Light irradiation experiments were performed for each
solution in glycerol, n-octanol, and before and after Halo-tag
binding in PB. In all samples, the absorbance at 550 nm was
increased following first-order kinetics upon 365 nm irradiation
and decreased following first-order kinetics after 530 nm irra-
diation (Fig. S137), and the fluorescence intensity was decreased
after 365 nm irradiation followed by recovery after 530 nm
irradiation (Fig. S16). The detailed photoswitching parameters
were determined following a ESI experiment (Table S4t). The
photophysical properties of HTL-Trp-BODIPY-FF labeled with
Halo-tag were compared with other representative green pho-
toswitchable fluorescent proteins applicable for super-
resolution imaging (rsEGFP2,”* Dronpa,”> and Padron2 (ref.
53)) in Table S5.7 Although, the fluorescence quantum yield and
brightness of HTL-Trp-BODIPY-FF are lower than those of
photoswitchable fluorescent proteins, both OFF-to-ON and ON-
to-OFF photoswitching quantum yields (@Popp-on and Popp-on)
are higher than those of proteins (@opr-on Of Dronpa shows
higher value; however, ®on_orr is over 200 times lower than that
of HTL-Trp-BODIPY-FF. ®qn_opr Of Padron2 shows a slightly
higher value; however, ®@orr_on is 10 times lower than that of
HTL-Trp-BODIPY-FF). Overall, the photoswitching efficiency
of HTL-Trp-BODIPY-FF is superior to photoswitchable fluo-
rescent proteins. The photofatigue progress was observed in
glycerol over 10 cycles of photoirradiation, while not in n-octa-
nol even after 30 cycles of photoirradiation (Fig. 3d and S177).
Most importantly, the pre-labeled HTL-Trp-BODIPY-FF
showed a rapid reduction of quenching efficiency over repeated
light irradiation cycles, whereas the labeled HTL-Trp-BODIPY-
FF obtains persistent fluorescence switching performance
maintaining over 50% quenching efficiency after repeated 30
cycles of light irradiation (Fig. 3d). It was demonstrated that the
protein surface-assisted strategy is effective for site-specific
labeling with Halo-tag and contributes to the improved photo-
stability of a PSFM.

Live-cell imaging studies using HTL-Trp-BODIPY-FF

As a next step, we performed live cell imaging with HTL-Trp-
BODIPY-FF. The fluorescence signals of HTL-Trp-BODIPY-FF
were visualized in HeLa cells transfected with maltose binding
protein (MBP) fused to Halo-tag in order to stain intracellular
cytosol. The constructs were also fused with the red fluorescent
protein, mCherry, to both confirm the colocalization of Halo-tag
and HTL-Trp-BODIPY-FF and to quantitatively evaluate the
fluorescence intensity changes of HTL-Trp-BODIPY-FF during
light irradiation experiments. The plasmids used for live-cell
imaging (pcDNA3.1(+)-MBP-Halo-mCherry) were prepared
according to the procedures described in the ESL{ After incu-
bation of the cells with HTL-Trp-BODIPY-FF for 20 min, fluo-
rescence images were acquired under a confocal laser scanning
microscope. The green fluorescence signals from HTL-Trp-
BODIPY-FF co-localized with the red fluorescence signal from
mCherry in the cytosol of HeLa cells expressing Halo-MBP-
mCherry, (Fig. S18at). In contrast, cells transfected with an
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empty vector (pcDNA3.1(+)) were devoid of fluorescent signals
(Fig. S18bt). To demonstrate the stability of HTL-Trp-BODIPY-
FF in living cells, we have performed extended live cell imaging
and monitored fluorescence signals in transfected cells and
background signals in non-transfected cells, which show no
signal from mCherry in the same field of view with multiple
cells. After 20 min of incubation from probe addition, the
fluorescence signal from HTL-Trp-BODIPY-FF was fully
enhanced in transfected cells (Fig. S19at). Importantly, as seen
in Fig. S19b,} the fluorescence signals in transfected cells were
maintained without any attenuation even after prolonged
incubation time (up to 600 min after probe addition), while the
background signal from non-transfected cells (surrounded by
yellow circles) was negligible in this visualization.

We performed light irradiation experiments in Halo-MBP-
mCherry expressing HeLa cells after treatments with HTL-Trp-
BODIPY-FF. Cells were repeatedly irradiated at 365 nm for 10 s
and 488 and 561 nm for 20 s, respectively, using LED light and
excitation light from confocal microscopy. Although the 488
and 561 nm lasers were set up for excitation in the green
channel (HTL-Trp-BODIPY-FF) and the red channel (mCherry),
these light sources are sufficient to induce the cycloreversion
reaction because the closed-ring form of FF has a large
absorption band in the visible region (Fig. S2) that covers both
488 and 561 nm. Detailed experimental conditions are
described in the ESI (Fig. S20).f Under these conditions, the
fluorescence intensity of HTL-Trp-BODIPY-FF decreased upon
365 nm irradiation and rapidly recovered upon 488 and 561 nm
light stimulation, whereas the fluorescence intensity of
mCherry showed little changes during light irradiation (Fig. 4a
and S217). It indicates that the effect of FRET from HTL-Trp-
BODIPY-FF to mCherry was negligible. This resulted in the
fluorescence intensity ratio of HTL-Trp-BODIPY-FF to mCherry
to decrease after 365 nm irradiation followed by recovery after
488 and 561 nm excitation light (Fig. 4a). As shown in Fig. 4b, it
was confirmed that changes in fluorescence intensity induced
by light stimulation were repeated over more than 10 cycles in
a random selection of 10 cells. The fluorescence intensity ratios
did not change in the absence of 365 nm light irradiation
(Fig. S22bt). Moreover, we calculated the quenching efficiency
of HTL-Trp-BODIPY-FF in living cells transfected with Halo-
MBP-mCherry by dividing the difference in fluorescence
intensity ratio before and after 365 nm irradiation by the fluo-
rescence intensity ratio before 365 nm irradiation. It showed
persistent reversibility even after 10 cycles of photoswitching,
maintaining over 15% averaged quenching efficiency (Fig. 4c).

We have also investigated the photoswitching behavior of
unlabeled HTL-Trp-BODIPY-FF in non-transfected cells
(Fig. S237). The signal intensity of non-transfected cells is about
3 times lower than that of non-transfected cells (Fig. S23cf¥).
Fig. S23df shows representative photoswitching behavior of
transfected and non-transfected cells in the same field of view
(Fig. S23a and bt). As seen in Fig. S23e,i the fluorescence
signals from non-transfected cells were repeatedly changed
upon light irradiation.

To confirm the photoswitching performance for other
targets in living cells, we have visualized both plasma
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Fig. 4 (a) Ratiometric imaging of living Hela cells transfected with

pcDNA3.1(+)-MBP-Halo—mCherry, using confocal microscope (Ti2-
E). After adding 1.0 uM, HTL-Trp—BODIPY-FF (0.1% DMSO), cells were
incubated for 20 min. Samples were alternately irradiated at 365 nm
(10 mW cm2 for 10 s) and 488 and 561 nm excitation light exposure
(20 s). Scale bar: 10 um. Green channel: Aex = 488 Nm, Aem, = 499-
551 nm. Red channel: Ay = 561 NnM, Aem = 571-625 nm. Ratiometric
images were generated by dividing the intensity of green channel by
that of red channel in each pixel. Maximum ratio: 0.8; minimum ratio:
0.1. (b) Time course of the ratio for fluorescence intensities of green
channel to red channel with 365 nm irradiation (10 cycles). The fluo-
rescence intensity ratio (Igreen//req) Was obtained from a random
selection of 10 cells in three different cell plates (the number of
replicates: N = 3). (c) Quenching efficiency calculated from the data of
(b). The black (b) line and (c) dots represent the average ratio intensity
and quenching efficiency from ten different cells. Other pale-colored
(b) lines and (c) dots describe each ratio intensity/quenching efficiency
from each cell.

membrane and mitochondria using the plasmids of
pcDNA3.1(+)-Halo-EGFR-mCherry and pcDNA3.1(+)-Tom20-
Halo-mCherry, respectively. We confirmed that the HTL-Trp-
BODIPY-FF localized to the plasma membrane and mitochon-
dria, respectively (Fig. S24 and S25%). Moreover, we have per-
formed the photoirradiation experiments as with cytosol
imaging. Both plasma membrane and mitochondria imaging
shows reputative fluorescence switching upon light irradiations
(Fig. S26 and S277). These experiments demonstrated that our
protein-surface-assisted strategy can be applied to live cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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imaging and enables reversible fluorescence photoswitching in
living cells.

Conclusions

In this study, we have developed a PSFM, named Trp-BODIPY-
FF, which has both fluorogenic and photoswitching properties.
Trp-BODIPY-FF exhibited fluorogenicity in hydrophobic envi-
ronments including on protein-surfaces. Trp-BODIPY-FF
enables reversible fluorescence switching upon repetitive light
irradiation cycles when interacting with protein surfaces. To
adapt Trp-BODIPY-FF to a protein labeling system for live-cell
imaging, we have further developed a PSFM, named HTL-Trp-
BODIPY-FF, which was created by the conjugation of a Halo-tag
ligand to Trp-BODIPY-FF. HTL-Trp-BODIPY-FF successfully
labeled Halo-tag with a significant increase in fluorescence
intensity. Importantly, HTL-Trp-BODIPY-FF exhibits reversible
fluorescence photoswitching in Halo-tag expressing live cells
upon light irradiation and for more than 10 cycles. This work is
the first example of a photoswitchable fluorogenic probe being
used as a Halo tag system for reversible fluorescence control in
living cells. Although there are concerns about the phototoxic
effects of UV light irradiation on live cells with visible light
responsive photochromic molecules such as indolyl fulgides,*®
hemi-indigos,* spironaphthoxazines,” and azobenzene deriva-
tives,**>” we believe that these molecules have the potential to
reduce the phototoxicity of PSFMs. The switching contrast of Trp-
BODIPY-FF derivatives is still challenging for our final purpose of
super-resolution imaging due to the low fluorescence switching
contrast between ON and OFF state. Even though this drawback,
we have demonstrated that synthetic PSFMs exhibit excellent
fluorogenicity and photoswitching efficiency that is superior to
representative photoswitchable fluorescent proteins applicable
for super-resolution imaging.

We demonstrated the methodology for reversible fluores-
cence control using no-wash fluorogenic labeling system. It is in
principle applicable to other protein tags for versatile live-cell
imaging technology. For example, SNAP*® and CLIP tag™
which may provide hydrophobic environments are also appli-
cable for using our fluorogenic labeling system if the ligand is
modified for each protein-tag. Moreover, we can also explore the
fluorogenic fluorophores that can bind in the hydrophobic
cavity of specific proteins as seen in PYP-tag® and would
provide more compact probe designs. In conclusion, this study
demonstrates a new scaffold for fluorescence photoswitching
and opens avenues in the design of future live-cell super-
resolution imaging.
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