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ABSTRACT: Single-molecule localization microscopy (SMLM) allows the reconstruction of super-resolution images but generally
requires prior intense laser irradiation and in some cases additives to induce blinking of conventional fluorophores. We previously
introduced a spontaneously blinking rhodamine fluorophore based on an intramolecular spirocyclization reaction for live-cell SMLM
under physiological conditions. Here, we report a novel principle of spontaneous blinking in living cells, which utilizes reversible
ground-state nucleophilic attack of intracellular glutathione (GSH) upon a xanthene fluorophore. Structural optimization afforded
two pyronine fluorophores with different colors, both of which exhibit equilibrium (between the fluorescent dissociated form and the
nonfluorescent GSH adduct form) and blinking kinetics that enable SMLM of microtubules or mitochondria in living cells.
Furthermore, by using spontaneously blinking fluorophores working in the near-infrared (NIR) and green ranges, we succeeded in
dual-color live-cell SMLM without the need for optimization of the imaging medium.

B INTRODUCTION

Super-resolution fluorescence imaging provides microscopic
images with a resolution well below the diffraction limit and is a
powerful tool for detailed investigation of cellular structures and
processes.' > Single-molecule localization microscopy (SMLM)
is one of the most frequently used methods and reconstructs
super-resolution images through detection and high-precision
localization of individual fluorescent molecules attached to the
observation target.z’6 In order to perform SMLM with
conventional organic fluorophores, approaches known as direct
stochastic optical reconstruction microscopy (dSTORM)” or
ground-state depletion microscopy followed by individual
molecule return (GSDIM)® have been developed. These
methods require the fluorophores to be converted into a dark
state via the excited state and then to revert stochastically to the
fluorescent state under intense laser irradiation in the presence
of reducing agents such as thiols.”” However, intense laser
irradiation can be cytotoxic and may cause photobleaching of
the fluorophores; also, especially in the context of multicolor
SMLM, it can be difficult to find a suitable composition of the
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imaging buffer to induce appropriate blinking states of multiple
fluorophores.”' "

We previously reported a first-in-class spontaneously blinking
fluorophore, HMSIR, based on an intramolecular spirocycliza-
tion reaction in the ground state. This fluorophore exists mostly
in a colorless and nonfluorescent form and spontaneously blinks
with fluorescence emission in the near-infrared (NIR) range. In
contrast to conventional fluorophores, HMSiR does not require
intense laser irradiation or any additive for blinking, so it is
suitable for live-cell SMLM under physiological conditions.'” In
order to expand the color range of spontaneously blinking
fluorophores, we also developed a spontaneously blinking
fluorophore with green-light emission, HEtetTFER, and by
using the two fluorophores, we succeeded in dual-color SMLM
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of fixed cells in additive-free buffer solution without
optimization.10 Unfortunately, however, we found that
HEtetTFER could not be used for live-cell SMLM, probably
due to an unfavorable subcellular localization, poor cell-
membrane permeability, or other reasons. These results clearly
demonstrate that spontaneously blinking fluorophores that work
in vitro do not always work in live cells, and therefore we need to
prepare a variety of candidate blinking fluorophores and select
those that can work in live cells in order to achieve dual-color
live-cell SMLM.

Here, in order to expand the molecular design strategy of
spontaneously blinking fluorophores, we develop a novel
principle of spontaneous blinking in living cells, which builds
on our previous finding that some xanthene fluorophores
convert between a colored, fluorescent form and a colorless,
nonfluorescent form as a result of a reversible ground-state
nucleophilic attack of intracellular glutathione (GSH) upon the
9th carbon atom of the xanthene ring (Figure 1). We previously
utilized this thermal equilibrium of intermolecular nucleophilic
addition/dissociation to develop a reversible fluorescent probe
for monitoring intracellular GSH concentration. The probe has
a suitable dissociation constant toward GSH (Kygsu) of
millimolar level and a subsecond response rate for real-time
monitoring of intracellular GSH dynamics.'® In particular, we
thought that the lack of background fluorescence of the GSH
adduct in this thermal equilibrium would be advantageous for
achieving high localization precision in SMLM. In order to
utilize this intermolecular reaction for SMLM, it is essential to
ensure that only a small subset of the fluorophores is switched
on, followed by stochastic reversion to the nonfluorescent state
with appropriate kinetics.'” Therefore, we started by derivatizing
xanthene fluorophores to look for candidate fluorophores with
appropriate K gy values and blinking kinetics. As a result, we
found two candidate fluorophores, SiP650 and CP550, working
in the NIR and green wavelength ranges, respectively, with
which we were able to perform SMLM of microtubules in living
cells by utilizing the endogenous intracellular GSH. Further-
more, we achieved dual-color live-cell SMLM by using CPS50
together with our previously developed NIR spontaneously
blinking fluorophore, HMSIR, and succeeded in observing two
targets in mammalian cells and in bacterial cells without the need
for optimization of the imaging medium.

B RESULTS AND DISCUSSION

Design and Synthesis of Novel Blinking Fluorophores:
Evaluation of Thermal Equilibrium of Addition and
Dissociation of GSH. In order to develop a new class of
spontaneously blinking fluorophores for SMLM based on
intermolecular nucleophilic addition/dissociation of intra-
cellular GSH (Figure la), we considered that it would be
essential to optimize two parameters: (1) the dissociation
constant toward GSH (Kjggy), so that a small subset of
fluorophores would exist in the fluorescent state in the
physiological GSH concentration range, in order to avoid
overlapping signals; (2) the lifetime of the fluorescent form (z,
the duration until the fluorescent dissociated form reverts to the
nonfluorescent GSH adduct form) in order to match the
exposure time of microscope cameras so that sufficient photons
can be detected for precise localization."

We first tried to optimize the Kygsy values of xanthene
derivatives to control the percentage of the fluorescent
dissociated form at physiological GSH concentrations of 1—10
mM."*"* The KjGsu value can be determined from the dose—
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Figure 1. Spontaneously blinking fluorophores for SMLM based on the
ground state nucleophilic addition and dissociation of intracellular
GSH. (a) Fluorescence switching based on intermolecular nucleophilic
addition and dissociation of GSH to and from xanthene derivatives as a
novel mechanism of fluorescence blinking for SMLM. Xanthene
derivatives can convert between the fluorescent dissociated form and
the nonfluorescent GSH adduct form. Kygsy is the dissociation
constant toward GSH, and 7 is the lifetime of the dissociated form. (b)
Preparation of new xanthene derivatives with sufficiently low Kygsy
values. Chemical structures of candidate fluorophores based on silicon
pyronine (SiP) and carbopyronine (CP) scaffolds are shown with the
measured Ky values and fluorescence quantum yields (®j). (c)
Dose—response curves of the candidate fluorophores versus GSH. The
normalized absorbance at the indicated wavelengths (absorption
maxima of the dissociated forms) is plotted against GSH concentration
to evaluate Kyggy for each fluorophore. Absorption spectra were
measured in 200 mM sodium phosphate buffer (pH 7.4) containing
various concentrations of GSH and 1% dimethyl sulfoxide (DMSO) as
a cosolvent and normalized with respect to those in the absence of
GSH. The K gsy of SiP600 was not determined because the majority of
the molecules underwent nucleophilic addition of hydroxide ion in 200
mM sodium phosphate buffer (pH 7.4) in the absence of GSH.

response curve of the fluorophore as the GSH concentration at
which the absorbance of the dissociated form is reduced to half
of the maximum (Figure Ic). When the Kjgsy value of a
fluorophore is 1 mM, as is the case with silicon-substituted
rhodamine 2'Me SiR600 (Figure 1b),"* more than 10% of the
fluorophore exists in the fluorescent dissociated form in the
presence of 1—10 mM GSH. In contrast, a Kj gy value of less
than 10 uM implies that less than 1% of the fluorophore would
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be in the fluorescent form and most of it would be in the
nonfluorescent GSH adduct form at physiological GSH
concentrations. Considering recent advances in multi-emitter
localization algorithms,l(’_21 we set a criterion for Ky gy value of
roughly 1—100 uM so that the percentage of the fluorescent
form would be less than 10%. Since it has been suggested that
the affinity of a xanthene fluorophore for GSH or other
nucleophiles is correlated with the lowest unoccupied molecular
orbital (LUMO) level of the fluorophore and the steric
hindrance around the 9th carbon atom of the xanthene
ring,'”">** we focused on modifying 2'Me SiR600 and 9Phe
SiP650, both of which showed low K gs values in our previous
study (1.0 mM and 1.1 mM, respectively),'® aiming to prepare
silicon-substituted xanthene fluorophores with decreased K gsy
values by reducing the steric hindrance around the 9th carbon
atom (Figure 1b). We prepared 9Phe SiP600, SiP600, and
SiP650 by removing the methyl group from the pendant phenyl
group of 2’"Me SiR600 or removing the pendant phenyl group
itself from 2"Me SiR600 and 9Phe SiP650. 9Phe SiP600 and
SiP650 exhibited K;gsy values of 15 uM and 1.0 uM,
respectively; however, it was difficult to determine the Kygsy
value of SiP600, since nucleophilic attack of hydroxide ion in the
buffer solution readily occurred due to the high electrophilicity
of the fluorophore (Figures 1cand S1 and Table S1). Further, in
order to expand the color range, we also prepared carbopyronine
derivatives CP550 and CP600 by replacing the silicon atom at
the 10th position of SiP600 and SiP650 with a carbon atom.
CP550 and CP600 exhibited increased Ky sy values of 3.1 uM
and 96 uM, respectively, probably due to the increased LUMO
energy levels of the fluorophores (Figures 1c and S1 and Table
S1). These results strongly suggested that the LUMO energy
level of the core xanthene ring and the steric hindrance around
the 9th carbon of a xanthene fluorophore are indeed important
determinants of the Kygsy value. Through this derivatization,
we obtained four candidates with acceptable K gy values in the
range of 1—100 uM (9Phe SiP600, SiP650, CP550, CP600).
Among these derivatives, SiP650, CP550, and CP600 showed
sufficiently high quantum yields (@4 = 0.39, 0.70, and 0.49,
respectively), while 9Phe SiP600 exhibited a low fluorescence
quantum yield (@ = 0.09), probably due to the rotation of its
pendant phenyl ring.'”*’ Low fluorescence quantum yield
would be disadvantageous considering that the localization
precision of a single molecule essentiallgf depends on the number
of photons emitted from the molecule,”"** so we excluded 9Phe
SiP600 as a candidate. Among the remaining three candidates,
we selected two pyronines, SiP650 and CPS50, as different-
colored candidate scaffolds, since these fluorophores can be
efficiently excited by commonly used laser lines. In addition, "H
NMR analyses provided evidence of nucleophilic attack by thiol
at the 9th carbon of the xanthene units of SiP650 and CPS50
(Figure S2).

Evaluation of Duration of the Dissociated Form by
Laser Photolysis. The lifetime of the fluorescent dissociated
form (7) is another critical parameter for spontaneously blinking
fluorophores (note, this parameter is not the fluorescence
lifetime ). We supposed that an appropriate 7 value would be one
that matches the exposure time of the camera in order to achieve
detection of sufficient photons for precise localization,"* and we
set a criterion for 7 value of millisecond order, taking account of
the exposure time of cameras recently used for SMLM.>*°

The 7 values of the candidate fluorophores, SiP650 and
CP550, were determined by laser photolysis as the time constant
of conversion from the fluorescent dissociated form to the
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nonfluorescent GSH adduct form (Figure S3). In sodium
phosphate buffer (pH 7.4) containing physiological concen-
trations of GSH (1—10 mM), most of the fluorophores exist in
colorless, nonfluorescent GSH adduct form. Upon pulsed
irradiation with an ultraviolet laser (308 nm), transient
absorption decay was observed at a wavelength characteristic
of each xanthene fluorophore (Figure S4). As the shape of the
transient absorption spectrum corresponded well to that of the
dissociated form of the fluorophore (Figure S4), the observed
transient absorption and its decay were attributed to the
transient dissociation of GSH from the xanthene fluorophore,
followed by the readdition of GSH. By fitting the obtained decay
curve to a pseudo-first-order equation, we could calculate the 7
values of the candidate fluorophores. Although the 7 values
varied depending on GSH concentration, SiP650 and CPS550
exhibited appropriate 7 values in the millisecond range in the
presence of 1—10 mM GSH (Tables 1 and S2). In the case of

Table 1. Properties of SiP650 and CPS550 Derivatives®

absorbance emission  fluorescence 7° (ms)
maximum maximum quantum Kygsu SmM
(nm) (nm) yield” (uM) GSH
SiP650 633 654 0.39 1.0 1.0
SiP650- 636 656 0.46 2.9 2.3
BA
SiP650- 639 663 0.52 25 9.9
HaloTag
CPSSO 550 570 0.70 3.1 0.46
CPSS0- 567 586 0.69 35 1.7
BA
CPS550- 576 593 0.65 210 7.6
HaloTag

“Measured in 200 mM sodium phosphate buffer (pH 7.4), except for
7 values measured in 10 mM sodium phosphate buffer (pH 7.4).
b . CT sfps . .
Absolute quantum yield. “Lifetime of the fluorescent dissociated
form. Note, this parameter is not the fluorescence lifetime.

9Phe SiP600, which we excluded from our candidates due to its
low fluorescence quantum yield, we observed relatively long 7
values, particularly at lower concentrations of GSH, which was
probably due to the steric hindrance around the 9th carbon.
These results confirm that SiP650 and CPSS0 are promising
candidates as different-colored scaffolds.

Evaluation of the Fluorescence Properties of SiP650
and CP550 by Single-Molecule Fluorescence Imaging.
We next examined the fluorescence properties of SiP650 and
CP550 by means of single-molecule imaging using total internal
reflection fluorescence (TIRF) microscopy. We introduced a
ligand unit of HaloTag,”” one of the most widely used protein
tags, into SiP650 and CPS50 to prepare SiP650-Halo and
CP550-Halo, which were then coupled with a purified HaloTag
protein to afford SiP650-HaloTag and CPS550-HaloTag as
fluorophore—protein conjugates (Figure 2a). These protein
conjugates showed larger K; sy and 7 values than those of their
parental small molecules SiP650 and CPSS0 (Table 1 and
Figures SS and S6), probably because of the increased electron
density of the xanthene ring due to the N-alkylation or N-alkyl
extension and the increased steric hindrance around the 9th
carbon of the xanthene ring due to the protein labeling.
Nevertheless, both the 7 values and the Kj gy values remained
almost within the original target range (7 = 9.9 ms for SiP650-
HaloTag and 7.6 ms for CP550-HaloTag in the presence of 5
mM GSH; Ky s = 25 M for SiP650-HaloTag and 210 uM for
CP550-HaloTag). The percentage of the fluorescent form in the
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Figure 2. Evaluation of switching properties of the HaloTag protein—fluorophore conjugates by single-molecule fluorescence imaging. (a) Chemical
structures of SiP650- and CP550-based HaloTag ligands, and labeling of purified HaloTag proteins to prepare fluorophore—protein conjugates
(SiP650-HaloTag, CP550-HaloTag). (b) Single-molecule fluorescence time traces of SiP650-HaloTag (left) and CP5S0-HaloTag (right). (c, d)
Excitation intensity dependence of photon number per switching event (c) and lateral localization precision (d) of SiP650-HaloTag (red) and CPS50-
HaloTag (green) (mean + SE, N = 416—12802). Single-molecule imaging was performed in 10 mM sodium phosphate buffer (pH 7.4) containing S
mM GSH. Excitation 647 nm (100 W/cm? for panel b) for SiP650 and 561 nm (100 W/cm? for panel b) for CP550. Exposure 8.8 ms/frame.

presence of S mM GSH was estimated to be 0.5% for SiP650-
HaloTag and 4% for CP550-HaloTag, which would still be
within the acceptable range when using multi-emitter local-
ization algorithms.l(’_21 However, the K;ggy values of these
conjugates increased further under more acidic pH conditions
(Figure S7), indicating that our fluorophores would be less
suitable for SMLM at lower pH. We further confirmed that
SiP650-HaloTag and CPS550-HaloTag exhibit sufficient fluo-
rescence quantum yields (@ = 0.52 and 0.65, respectively)
(Table 1), which are comparable to those of the parental small
molecules, SiP650 and CPS550.

In order to examine the fluorescence properties of SiP650-
HaloTag and CP550-HaloTag at the single-molecule level, these
fluorophore—protein conjugates were adsorbed onto a coverslip,
and their single-molecule fluorescence behaviors were observed
with a TIRF microscope in sodium phosphate buffer (pH 7.4)
containing 1—10 mM GSH. We confirmed that the majority of
SiP650 and CP550 fluorophores existed in the nonfluorescent
GSH adduct form, and showed reversible fluorescence blinking
even under low-intensity excitation (Figure 2b and Movie S1).
The average durations of the fluorescent states of SiP650-
HaloTag and CP550-HaloTag were calculated to be 7.4—10 ms
and 6.5—12 ms, respectively, in the presence of 1—10 mM GSH,
showing clear GSH concentration dependence (Figures S8 and
S9). As well as being consistent with the results of the bulk
transient absorption measurements, these values meet the
criterion for use in SMLM. The number of emitted photons
detected per switching event and the localization precision of

single molecules varied depending on the laser intensity (40 W/
cm?-1.5 kW/cm?), and with the highest intensity, we obtained
the best values: 1300 photons and 8.0 nm precision for SiP650-
HaloTag (647 nm excitation) and 1600 photons and 6.1 nm
precision for CP5S0-HaloTag (561 nm excitation) (Figures
2¢,d, S10, and S11). These values are comparable to those of
conventional fluorophores used for SMLM (Alexa647">%~*°
and TMR*®*73") at the highest laser intensity (1.5 kW/cm?) in
an optimized buffer solution containing f-mercaptoethylamine
(MEA) and an enzymatic oxygen scavenging system (GLOX):
1100 photons and 7.3 nm precision for Alexa647-HaloTag
conjugate (647 nm excitation) and 300 photons and 15 nm
precision for TMR-HaloTag conjugate (561 nm excitation)
(Figure S12). These results demonstrated that SiP650-HaloTag
and CP550-HaloTag, working in different color regions, both
exhibit appropriate blinking for SMLM at physiological GSH
concentrations.

Interfering Effects of Other Intracellular Nucleophiles.
In order to examine the effects of other intracellular nucleophiles
on the optical properties of SiP650 and CP550, we measured the
in vitro absorption spectra of SiP650-HaloTag and CPSS0-
HaloTag in the presence of thiol-containing species other than
GSH, such as cysteine, homocysteine, and H,S, at the maximum
concentrations possible in a live-cell environment™*~>° (Figures
S13 and S14). These thiol-containing species also induced
considerable decreases in the absorbance, suggesting that these
nucleophiles are reactive with the fluorophores in vitro.
Interestingly, the intermolecular reactions with cysteine and
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Figure 3. Live-cell SMLM with SiP650-Halo and CP550-Halo. #-Tubulin—Halo fusion proteins were transiently expressed in Vero cells and labeled
with SiP650-Halo (a) or CP550-Halo (c) for 30 min. Imaging was performed in cell culture medium (DMEM) after washing. (a, c) Conventional
images (averaged projection images, left) and SMLM images (right). Excitation 647 nm (200 W/cm?) for panel a and 561 nm (200 W/cm?) for panel
c. Acquisition 8.8 ms/frame, 2000 frames (17.6 s) for panel a and 1000 frames (8.8 s) for panel c. (b, d) Transverse profiles of fluorescence intensity in
the conventional images (black) and localizations in the SMLM images (red) corresponding to the regions outlined by the solid yellow lines (left) and
by the dotted yellow lines (right). Panels b and d correspond to panels a and c, respectively; fwhm = 347.4 + 25.5 nm (conventional) and 109.2 + 8.4
nm (SMLM) (mean + SE, N = 6) for panel b and 339.3 + 11.1 nm (conventional) and 100.4 + 5.1 nm (SMLM) (mean =+ SE, N = 6) for panel d. Scale

bars 3 ym (a) and 2 um (c).

homocysteine were reversible, whereas the reaction with H,S
was irreversible for some reason (Figure S15). Considering that
the physiological concentration of H,S in living cells is in the
sub-micromolar range,37 this irreversibility should not be an
impediment to practical use for live-cell imaging (we were able
to obtain images without difficulty) but should be taken into
account when the probes are applied to cells with high levels of
intracellular H,S. Further, considering the fact that GSH exists at
amuch higher concentration than the other nucleophiles in cells,
the fluorescence behavior of the fluorophores should be
predominantly determined by GSH in live-cell environments.
We also confirmed that a physiological concentration of taurine
(a representative amine-containing molecule) or a basic pH of
9.0 had little effect on the performance of the fluorophores.
Validation of SiP650 and CP550 for Live-Cell SMLM.
Encouraged by the above results, we next attempted to apply our
spontaneously blinking fluorophores to live-cell SMLM. First, in
order to examine whether the fluorophores could be used to
label specific target proteins in living cells, we applied the
HaloTag ligands SiP650-Halo and CP550-Halo to Vero cells
expressing f-tubulin fused with HaloTag (Figure S16a). SiP650-
Halo and CPS550-Halo specifically labeled microtubules,
indicating that both ligands are cell-permeable and react
specifically with the HaloTag proteins (Figure S17a,b). Most
importantly, these fluorophores exhibited spontaneous blinking
based on the reversible reaction with the endogenous GSH
inside the living cells without prior intense laser irradiation and
in the absence of any chemical additive (Movies S2 and S3).
We next examined whether SMLM images can be
reconstructed from the blinking fluorescence signals of our
fluorophores. Because intense laser illumination is not required
to induce blinking with our fluorophores, the illumination power
can be reduced to minimize photobleaching and potential
photodamage. Thousands of consecutive images were recorded
at a laser intensity of 200 W/ cm?, which is lower than the
illumination power typically required for dSTORM”*° or
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GSDIM,® and analyzed to reconstruct a super-resolution
image (see Supporting Information for localization analysis
employing a multi-emitter fitting algorithm). As a result, the
microtubules were visualized more sharply and with better
separation than a conventional image (Figure 3), while no
obvious cellular structures were constructed when these
fluorophores were applied to cells not expressing tag protein
(Figure S18a,b). These results indicate that our spontaneously
blinking fluorophores enable SMLM with minimal photo-
toxicity.

Time-Lapse SMLM in Live Cells. In order to expand the
utility of our newly developed spontaneously blinking
fluorophores, we further prepared SiP650-BnCIPy and CPS550-
BnClIPy by introducing a benzylchloropyrimidine (BnClPy)
unit, a known substrate for SNAP-tag,SS_40 into SiP650 and
CP550, respectively. When we applied these substrates to live
Vero cells expressing SNAP-tag proteins in their mitochondria
(Figure S16b), we observed efficient labeling of the mitochon-
dria with CP550-BnClPy (Figure S17d), but only subtle labeling
was observed with SiP650-BnCIPy, probably due to its poor
cellular permeability (data not shown). Therefore, we focused
on investigating whether super-resolution imaging of mitochon-
dria in living cells can be performed with CP550-BnClIPy.
Considering the mobility (movement, fusion, or fission) of
mitochondria on the time scale of seconds to minutes,""** we
recorded thousands of consecutive images at an exposure time of
8.8 ms/frame to match the blinking kinetics of CP550 and then
reconstructed sequential SMLM images from partial (5S00-
frame) subsets with 400-frame overlaps (frames 1—500, 101—
600, 201—700, 301—800, and so on)'***** (Figure 4ab and
Movie S4). The resultant SMLM image sequence successfully
visualized the dynamics of the mitochondria at a temporal
resolution of a few seconds per reconstructed image. We also
confirmed that no obvious cellular structures were constructed
when CP550-BnCIPy was applied to cells not expressing tag
protein (Figure S18c). These results suggest that its
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Figure 4. Time-lapse, dual-color live-cell SMLM. (a, b) Time-lapse live-cell SMLM of mitochondria with CP550-BnClIPy. Mitochondria-localizable
SNAP-tag protein molecules were transiently expressed in living Vero cells and labeled with CP550-BnCIPy for 60 min. Imaging was performed in cell
culture medium (DMEM). Excitation 561 nm (400 W/cm?). Acquisition 8.8 ms/frame, 5000 frames (44 s) in total. (a) Subdiffraction localizations
collected from the whole data set of S000 frames. Each localization is color-coded according to the time at which it was detected. (b) Fast time-lapse
SMLM image sequence of the region boxed in panel a. Each SMLM image was reconstructed from SO0 consecutive frames (4.4 s) starting at the
indicated time point. Scale bars 2 ym. (¢, d) Dual-color live-cell SMLM with CP550 and HMSiR. (c) Mitochondria-localizable SNAP-tag (green) and
p-tubulin—Halo (microtubules, red) were transiently expressed in living Vero cells and labeled with CPS50-BnCIPy and HMSiR-Halo, respectively, for
60 min. Time-lapse imaging was performed at 0, 3, and 6 min in cell culture medium (DMEM). Significant changes in the mitochondrial structure and
arrangement can be seen in the boxed region (dotted boxes), with the magnified views shown in the insets. Laser illumination (561 nm, 300 W/cm? for
CP550 and 647 nm, 150 W/cm? for HMSiR) and image acquisition were performed at 8.8 ms/frame in an alternate manner for the two colors with an
8-frame duration for each turn. Each SMLM image was reconstructed from 960 frames for each color (16.9 s in total). Scale bars 3 ym (main images)
and 500 nm (insets). (d) Halo-tagged FtsZ (cell-division-related protein, green) and outer membrane (red) were labeled with CP550-Halo and
HMSiR-NHS, respectively, in living C. crescentus cells. Imaging was performed on 1.5% agar. Laser illumination (561 nm, 200 W/cm? for CP550 and
647 nm, 200 W/cm? for HMSiR) and image acquisition were performed at 15 ms/frame in an alternate manner for the two colors with a 7-frame
duration for each turn. Each SMLM image (right for each cell) was reconstructed from 7000 frames for each color (210 s in total). Conventional images
(averaged projection images, left) were generated from the corresponding raw images. Scale bars 1 ym.

Cell1

Cell 2

appropriately fast spontaneous blinking rate makes CPS50 an which allowed us to obtain dual-color SMLM images of the
excellent choice for tracking mobile targets with minimal mitochondria and the microtubules, respectively, and thus to
damage, perturbation, or artifacts. visualize the relative arrangement of the two targets. Further, as
Dual-Color SMLM in Live Cells. Multicolor super- we used a low power level to minimize photobleaching and
resolution imaging has been a powerful tool for detailed studies photodamage, we were able to repeat dual-color SMLM
of biological processes involving multiple cellular components. imaging, for example, at 3 min intervals to allow time-lapse

However, when conventional organic fluorophores are used for experiments (Figure 4c).
multicolor SMLM, it is particularly troublesome to optimize the Next, we examined whether dual-color SMLM imaging with
experimental conditions for inducing appropriate blinking of our spontaneously blinking fluorophores would be applicable to
multiple fluorophores.”'>'" Spontaneously blinking fluoro- live bacterial cells, which contain structures too tiny to be
phores with different colors would circumvent this difficulty, analyzed by conventional fluorescence microscopy. HaloTag
since their blinking occurs spontaneously under intracellular fusion protein of FtsZ,"” a bacterial cytoskeletal protein forming
conditions, without the need for optimization of the imaging a part of the cell division machinery (Figure S16¢),*™* in live
buffer composition.'’ Therefore, we next focused on performing Caulobacter crescentus bacterial cells was labeled with CP550-
dual-color SMLM by utilizing our spontaneously blinking Halo, and the outer membrane of the cells was labeled with
fluorophores with different colors. Specifically, we labeled HMSiR-NHS, an N-hydroxysuccinimidyl ester of HMSiR."”
mitochondria-localized SNAP-tag with CP550-BnClPy and f- Then, the bacterial cells were immobilized on an agarose pad for
tubulin-HaloTag with HMSiR-Halo, a HaloTag ligand of imaging. CPS50 showed appropriate blinking inside the
HMSIR, which is our previously reported NIR-emitting, bacterial cells, as expected, since the concentration of GSH in
spontaneously blinking fluorophore based on intramolecular bacteria is reported to be in the millimolar range.”’~>* HMSiR
spirocyclization (Figure S17c)."” Irradiation with 561 and 647 also showed spontaneous blinking even on the cell surface, since
nm lasers was applied alternately to excite CP550 and HMSIR, it blinks on the basis of intramolecular spirocyclization.
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Reconstruction of dual-color SMLM images enabled detailed
observations of the localizations and structures of protein
complexes formed by FtsZ, together with fine profiling of the
bacterial morphology by imaging the cell membrane. As
previously reported,”® FtsZ exhibits a continuous band-like
pattern (Figure 4d, cell 1) or a spot-like pattern (Figure 4d, cell
2), which cannot be distinguished by conventional microscogpy.
Further investigations, for example, by three-dimensional**** or
time-lapse SMLM, ** should lead to a better understanding of the
distribution and behavior of FtsZ.

B CONCLUSION

We have established a novel principle of spontaneous blinking
for live-cell SMLM on the basis of nucleophilic addition and
dissociation of endogenous intracellular GSH to and from
xanthene fluorophores. By structural optimization of the
fluorophore, we have developed novel spontaneously blinking
fluorophores, SiP650 and CPS50, with appropriate equilibrium
constants between the fluorescent dissociated form and the
nonfluorescent GSH adduct form and with adequately fast
blinking kinetics. We confirmed that HaloTag ligands of SiP650
and CPSSO can specifically label target proteins and show
spontaneous blinking in live cells as a result of reversible
nucleophilic attack of intracellular GSH, enabling SMLM images
to be obtained. Further, by using CP550 in combination with
our NIR-emitting HMSiR, we achieved dual-color live-cell
SMLM in mammalian cells and in bacterial cells. Our dual-color
approach should be useful for investigating the relationships
between two biological targets in live cells with minimal
photodamage and without the need to optimize the imaging
buffer. We anticipate that the molecular design strategy
described in this work can be further applied to develop new
fluorophores with different optical properties and blinking
kinetics, thereby offering a wider range of tools for super-
resolution studies.
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