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ABSTRACT: Positive-type reversibly photoswitching fluorescent pro-
teins (p-rsFPs) transition to a bright on-state upon light exposure for
fluorescence excitation and to a dark off-state under a different
wavelength. p-rsFPs are widely used in superresolution (SR) imaging
techniques, offering simplified observation procedure and enhanced
biocompatibility. Although some green p-rsFPs possess adequate
photoproperties for SR imaging, all red p-rsFPs (p-rsRFPs) to date
exhibit suboptimal properties, limiting the color palette for multiplexed
SR imaging. Here, we present a p-rsRFP, rsZACRO, with 3.0-fold brighter
fluorescence, 5.3-fold faster off-switching, and 1.5-fold higher on/off
contrast than rsCherry, a conventional representative p-rsRFP. Using
rsZACRO with superresolution polarization demodulation/on-state
polarization angle narrowing (SPoD-OnSPAN), we successfully demon-
strated SR imaging in the red spectrum and dual-color SR imaging with a single light for off-switching, visualizing vimentin
intermediate filaments and actin filaments at higher spatial resolution than the diffraction limit of light in a living mammalian
cell.

KEYWORDS: fluorescence, positive-type reversibly photoswitching fluorescent protein, red fluorescent protein, chromophore phenolate,
multiple equilibria, superresolution imaging, nanoscopy
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INTRODUCTION multiple fluorescence signals in single channel,”™"’ measure-
ment of cellular activities,"*™'” extension of fluorescence
anisotropy measurement to large molecular complexes,'® and
particularly, superresolution (SR) imaging."”

SR imaging allows for the visualization of minute intra-
cellular structures at a spatial resolution beyond the diffraction
limit of light."” Specifically, SR imaging techniques employing
rsFPs include reversible saturable optical linear transitions
(RESOLFT),””*" nonlinear structured illumination micros-
copy (NL-SIM),”> and photochromic stochastic optical
fluctuation imaging (pcSOFI).”* In addition, superresolution

Reversibly photoswitching fluorescent proteins (rsFPs) are a
class of genetically encodable fluorescent proteins that can
reversibly switch between a fluorescently bright state (on-state)
and a fluorescently dark state (off-state) upon light irradiation."
rsFPs are categorized into negative- and positive-types.
Negative-type rsFPs (n-rsFPs) transition from the on to the
off-state upon irradiation with light for fluorescence excitation
(off-switching) and from the off to the on-state with light at
another wavelength (on-switching). In contrast, positive-type
tsFPs (p-rsFPs) undergo on-switching with light for
fluorescence excitation and off-switching with light at another
wavelength. The photoswitching of both n-rsFPs and p-rsFPs Received:  November 23, 2024

is believed to involve the cis—trans isomerization of the Revised:  January 29, 2025
Accepted: January 30, 2025
Published: February 12, 2025

chromophore, along with the protonation and deprotonation
of its phenol group in the B-barrel.”~* rsFPs have been applied
to various techniques, including molecular tracking,” opto-
manipulation,® optical lock-in detection,”® detection of
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Figure 1. Development of rsZACRO. (A) Time trajectory of normalized fluorescence intensity for vimentin-HyperNova in HeLa cells,
subjected to continuous illumination at 561 nm and intermittent irradiation at 458 nm. Irradiation power densities were 1.0 W/cm? at 561
nm and 10 mW/cm? at 458 nm. (B) Locations of mutations introduced into HyperNova to derive rsZACRO, shown on the structure of its
precursor, SuperNova, (PDB ID, 3WCK).*' (C) Fluorescence response to a 438 nm light in the presence of a 542 nm light for HyperNova
(black), rsCherry (blue), asFP595-T70A/A148S (green), and rsZACRO (red) expressed in E. coli cells. Cells were initially exposed to 542
nm, followed by simultaneous irradiation with 542 and 438 nm. (D) Fluorescence response to stopping 438 nm light exposure while
continuing 542 nm light for these FPs. The initial exposure was to 438 nm, followed by 542 nm. The 542 nm light served for fluorescence
excitation and on-switching, and the 438 nm light for off-switching. Power densities were 2.6 mW/cm? at 542 nm and 1.7 mW/cm?” at 438

nm. FI denotes fluorescence intensity.

polarization demodulation/excitation polarization angle nar-
rowing (SPoD-ExPAN) is an SR imaging technique that
resolves oriented fluorophores using linearly polarized lights
for excitation and stimulated emission depletion (STED).**
However, the required power density of STED light exceeds
10° W/cm?, leading to significant phototoxicity in living cells.
We thereupon devised a technique to circumvent these issues
by exploiting the nonlinear fluorescence response of Kohinoor
and Kohinoor2.0 p-rsFPs, avoiding the use of STED light.”>~*’
Consequently, we developed a highly biocompatible SR
imaging technique known as SR polarization demodulation/
on-state polarization angle narrowing (SPoD-OnSPAN). In
fact, we successfully performed SR imaging using SPoD-
OnSPAN with illumination at a significantly reduced power
density of approximately 1 W/cm?”>~*’ p-rsFPs are also used
in RESOLFT and NL-SIM techniques, characterized by
significantly low power densities of irradiation light and
simplified irradiation sequences.”* " However, the currently
available p-rsFPs with adequate photoproperties for live cell SR
imaging are limited to green-fluorescence variants, specifically
Kohinoor2.0 and Padron2.””*’

Positive-type reversibly photoswitching red fluorescent
proteins (p-rsRFPs) are anticipated to enable multicolor SR
imaging and live cell imaging with reduced phototoxicity and
enhanced observation depth.”' ™" To date, the developed p-
rsREPs include asFP595* and rsCherry.”” Although asFP3595
was initially used for the proof-of-concept of RESOLFT
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imaging in vitro,”" proteins tagged with asFP595 have
frequently been reported to mislocalize in cells due to
oligomerization.?’6 Although rsCherry is monomeric, its
photoproperties are suboptimal for SR imaging with a
fluorescence quantum yield (QY) of approximately 0.02 in
the on-state and a photoswitching contrast of only 6.7 between
the on- and the off-states.”” Due to the suboptimal perform-
ance of existing p-rsRFPs as fluorescence tags, the color palette
for SR observation remains limited, and achieving dual-color
SR imaging remains challenging; therefore, there is a need to
develop a p-rsRFP with brighter fluorescence and higher on/
off contrast for SR imaging.

In this study, we developed a p-rsREP, 1sZACRO, suitable as
a fluorescent tag for SR imaging. rsZACRO exhibits higher
fluorescence intensity, faster off-switching speeds, and greater
on/off contrast in mammalian cells compared to the
conventional p-rsRFP, rsCherry. To develop rsZACRO, we
conducted directed evolution using HyperNova’ as the
starting material and screened the variants by monitoring
their fluorescence intensity and on/off contrast. We demon-
strated dual-color SPoD-OnSPAN imaging in live mammalian
cells using rsZACRO and Kohinoor2.0,”” employing single
light irradiation for off-switching. This approach enabled us to
visualize the fine structures of vimentin intermediate filaments
and actin filament networks within the same field of view.

https://doi.org/10.1021/acsnano.4c16847
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Figure 2. Photophysical properties of rsZACRO in vitro. (A) Spectral extinction coefficients for rsZACRO in the on-state (red) and the off-
state (black). (B) Fluorescence emission and excitation spectra of rsZACRO in the on-state, with the excitation wavelength for the emission
spectrum set at 560 nm, and the emission wavelength for the excitation spectrum set at 630 nm. (C) pH-dependent absorption profiles for
HyperNova, rsCherry, asFP595-T70A/A148S and rsZACRO, with respective absorbance wavelengths at 565, 570, 570, and 573 nm.
rsCherry, asFP595-T70A/A148S, and rsZACRO were measured in the on-state. Solid lines for HyperNova and rsZACRO were model-
derived (Supporting Information Figure S$4B), while those for rsCherry and asFP595-T70A/A148S were based on a single protonation
equilibrium model (n = 3). (D) pH-dependent mole fractions of protonated (dotted lines) and deprotonated (solid line) chromophore states
for rsCherry, asFP595-T70A/A148S, and rsZACRO. FI denotes fluorescence intensity.

RESULTS AND DISCUSSION

Development of a Positive-Type Reversibly Photo-
switching Red Fluorescent Protein, rsZACRO. We noticed
that HyperNova, a red fluorescent photosensitizing protein,”’
exhibited a glimpse of positive-type reversible photoswitching
in HeLa cells (Figure 1A). For SPoD-OnSPAN imaging with
higher spatial and temporal resolution and greater biocompat-
ibility, larger on/off contrast, higher fluorescence brightness,
and faster on- and off-switching speed are critical requirements
for p-rsFP. Considering these requirements, the low on/off
contrast of HyperNova makes it unlikely to be suitable for
SPoD-OnSPAN imaging (Figure 1A). Therefore, we decided
to enhance the on/oft contrast of HyperNova through directed
evolution. HyperNova, derived from SuperNova,38 which itself
was developed from KillerRed,” incorporates A44-KR variant
known to under§o light-induced cis—trans isomerization of the
chromophore.””™*  Consequently, we hypothesized that
HyperNova’s photoswitching mechanism similarly involves
cis—trans isomerization of the chromophore, and conducted
site-saturation mutagenesis on amino acids surrounding Tyr-
66, a component of the chromophore, guided by the crystal
structure of SuperNova (PDB ID, 3WCK).*® Additionally, we
introduced the T10R mutation, known to enhance chromo-
phore maturation efficiency in SuperNova and KillerRed.*
Subsequently, we cultured Escherichia coli (E. coli) cells
transformed with the mutant ¢cDNA library on LB agarose
gel plates and monitored the fluorescence intensity and
photoswitching contrast of each colony. These were measured
as the ratio of fluorescence intensity under excitation at 542
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nm to that under off-switching at 438 nm followed by
additional excitation at 542 nm using an in-house-built
illumination system (Supporting Information Figure S1A).
Ultimately, we isolated a mutant (HyperNova-T10R/A82S/
I143R/S145C/1163M) (Figure 1B) that exhibited a signifi-
cantly higher photoswitching contrast than rsCherry, a
representative conventional p-rsRFP,*” and asFP395-T70A/
A148S™ in E. coli colonies (Figure 1C,D and Supporting
Information Figure S1B). We denote the HyperNova variant as
rsZACRO (for the primary sequence, see Supporting
Information Figure S2).

Photophysical Properties of rsZACRO In Vitro. We
analyzed the photoproperties of purified rsZACRO. At room
temperature equilibrium, rsZACRO’s absorption spectrum
featured bands at 450 and 580 nm (peak wavelengths of 446
and 581 nm, respectively) (Figure 2A), which are attributed to
the protonated and deprotonated states of the phenolic group
in the chromophore, respectively.z’4 In addition, we identified a
minor nonfluorescent absorption band at 512 nm (Figure
2A,B), potentially due to anionic p-hydroxybenzylidene
imidazolinone (a green chromophore), similar to DsRed.**
Both the 580 and 450 nm bands were fluorescent, as confirmed
by the excitation spectrum (Figure 2B); the fluorescence
emission from the 450 nm band likely occurs through excited-
state proton transfer (ESPT).*>* The quantum yield (QY) of
rsZACRO when excited at 550—570 nm was measured to be
0.19, and its fluorescence brightness—calculated as the
product of fluorescence quantum yield and molar extinction
coefficient—was 3.5 times higher than that of rsCherry (Table

https://doi.org/10.1021/acsnano.4c16847
ACS Nano 2025, 19, 7188-7201
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Table 1. Photophysical Properties of rsZACRO and Other FPs

protein rsZACRO

excitation/emission wavelength (nm) 584/612

extinction coefficient” (M~ cm™)

fluorescence quantum yield 0.19
brightness” 1400
maturation speed (t;/,, min) 29.9

pK, (pK,/pK,) 11.2/5.75
pLu 10.7

ko (s7%, 561 nm/1 W/cm?) 0.066
kog (s7, 458 nm/10 mW/cm?) 0.40
Fo/E 10.1
photobleaching (t,,, s) 512
photobleaching with periodic 458 nm light 94.3

(tl/ZJ S)

7200 (on, 581 nm) 34,200 (off, $58 nm)

rsCherry HyperNova asFP595-T70A/A148S
591/614 576/607 578/603
40,200 (on, 572 nm) 30,500 (577 nm) 33,700 (on, 571 nm)
0.01 0.32 0.04
400 9800 1300
14.9 18.6 16.2
5.26 10.0/5.35 3.39
N/A 10.2 N/A
0.29 ND ND
0.076 ND ND
6.85 ND ND
33.1 391 ND
184.1 ND ND

“The molar extinction coefficient for each protein was determined by measuring absorbance at the peak wavelength. Protein concentration was
quantified using the BCA assay. bQy multiplied by the molar extinction coefficient. °F, and F, g were determined based on fluorescence intensities
after on-switching and off-switching, respectively, as shown in Supporting Information Figure S5. ND and NA stand for “not determined” and “not

applicable,” respectively.

1). Upon irradiation with 438 nm light, rsZACRO transitioned
to the off-state, subsequently displaying two absorption bands
at 558 and S12 nm (Figure 2A), corresponding to the
chromophore phenolate and green chromophore, respectively.
The half-time for oxygen-dependent maturation of rsZACRO
was 29.9 min (Table 1 and Supporting Information Figure S3),
indicating that rsZACRO is unsuitable for studies such as SR
imaging of proteins with short half-lives. However, rsZACRO
fluorescence can be observed if the target is not a short-lived
protein, provided that sufficient time has elapsed after gene
transfection.

We analyzed the pH-dependent absorption spectrum of
rsZACRO and compared it with those of HyperNova,
rsCherry, and asFP595-T70A/A148S to gain insight into the
photoswitching mechanism of rsZACRO. We observed that
the absorbance of the 580 nm band for these proteins
increased with rising pH, whereas that of the 450 nm band
decreased correspondingly (Supporting Information Figure
S4A). These spectral changes likely reflect the pH-dependent
equilibrium between the deprotonated (phenolate) and
protonated (phenol) form of the chromophore.* Specifically,
rsZACRO and HyperNova exhibited distinct pH-dependent
behaviors compared to rsCherry and asFP595-T70A/A148S:
the absorbance at 580 nm for rsZACRO increased with rising
pH below pH 6 and above 9, but remained stable between pH
6 and 9 (Figure 2C). Additionally, as the pH increased from
9.5 to 12, the peak wavelength of the 580 nm band for
rsZACRO shifted from 582 to 573 nm (Supporting
Information Figure S4A). Analyzing the pH-dependent
absorption alongside the protonation/deprotonation equili-
brium of the chromophore’s phenolic g1‘0up,27’46 we
discovered that rsZACRO’s chromophore phenolate proto-
nation likely involves two pK, values, pH-dependent, in
contrast to the single pK, value observed for the chromophore
protonation in rsCherry and asFP595-T70A/A148S (Support-
ing Information Figure S4B, Table 1). The multiple pK, values
involved in the protonation of rsZACRO’s chromophore
phenolate at different pH levels facilitates an equilibrium
between its phenol and phenolate forms (phenolate: phenol =
1:2.9-2.6) near neutral pH (pH 6.5-9) (Figure 2D),
suggesting the protonated and deprotonated states of the
rsZACRO chromophore in the on-state maintain a dynamic
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equilibrium with comparable mole fractions of them in the pH
range between pK; (11.2) and pK, (5.75). The protonated
state of chromophore, responsible for the 450 nm absorption
band, allows rsZACRO to transition to the off-state (CH—X"
— OFF and CH-XH — OFF in Supporting Information
Figure S4B) when excited. Furthermore, the deprotonated
state of the chromophore spontaneously transitions to the
protonated state (C™—X~ — CH—X~ and C"—XH — CH-X
in Supporting Information Figure $S4B), which, upon excitation
at ~450 nm, can also transition to the off-state. For reference,
the mole fractions of protonated phenol at pH 7 were
determined to be 1.8% and 0.024% for rsCherry and asFPS95-
T70A/A148S, respectively (Figure 2D). Therefore, we propose
that the multiple protonation equilibrium of the rsZACRO
chromophore plays a crucial role in its off-switching
mechanism, contributing to a faster off-switching speed and
higher on/off contrast compared to rsCherry. Similar pH-
dependent multiple equilibrium behaviors of chromophore
have also been observed in green p-rsFPs such as Kohinoor,”®
Kohinoor2.0>” and Padron2,” where it was suggested that
these equilibria involve a hydrogen bonding network including
His-193, Glu-144, and Glu-211.”” While the specific amino
acids involved in the multiple protonation equilibrium of
rsZACRO remain unidentified, further research into the amino
acids surrounding the chromophore that participate in this pH-
dependent equilibrium could yield invaluable insights for the
rational design of high-performance p-rsFPs. Additionally,
HyperNova, a photosensitizing fluorescence protein, also
exhibits a multiple protonation equilibrium with a phenolate
mole fraction of 0.63 at pH 7.0 (Supporting Information
Figure S4C). It is important to note that the extinction
coefficient of HyperNova at ~580 nm, which significantly
impacts the reactive oxygen species (ROS) production
efficiency, depends on the mole fraction of the chromophore
phenolate. Therefore, potential exists for further enhancing the
ROS production efficiency of HyperNova by increasing the
mole fraction of chromophore phenolate through mutagenesis,
akin to the development of Kohinoor2.0.””

Properties of rsZACRO in Live Mammalian Cells. We
investigated the photoswitching, photobleaching, fluorescence
intensity, and phototoxicity of rsZACRO in live HeLa cells,
aiming to apply it in cellular fluorescence imaging. To estimate

https://doi.org/10.1021/acsnano.4c16847
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Figure 3. Properties of rsZACRO in live mammalian cells. (A) Fluorescence images of HeLa cells expressing vimentin-rsZACRO (upper
panels) and vimentin-rsCherry (lower panels). Left panels: post off-switching with 458 and 561 nm irradiation; right panels: post on-
switching with 561 nm irradiation. Images post off-switching and post on-switching are displayed at identical brightness and contrast setting
for comparison. (B) Time trajectories of normalized fluorescence intensities for rsZACRO and rsCherry in HeLa cells under continuous
irradiation at 561 nm and intermittent irradiation at 458 nm. Irradiation power densities were 1.0 W/ cm? at 561 nm and 10 mW/cm? 458
nm. (C) On- and off-switching rate constants for rsZACRO and rsCherry derived from (B) with respective power densities of 1.0 W/cm? and
10 mW/cm?® Data are mean + standard deviation (SD) (n = 5). (D) On/off contrasts for rsZACRO and rsCherry, as determined from
Supporting Information Figure SS. Data are mean + SD (n = 10). (E) Fluorescence images of ubiquitously expressed EGFP-P2A-rsZACRO
(upper panels) and EGFP-P2A-rsCherry (lower panels) in HeLa cells, 44 h posttransfection. Left panels show EGFP fluorescence; upper
right and lower right panels show rsZACRO and rsCherry fluorescence, respectively. Images in green and red channels are displayed at
identical brightness and contrast setting for comparison. (F) Plots of red fluorescence intensity of rsZACRO and rsCherry against EGFP
fluorescence. Sample sizes were 62 and 88 cells, respectively. Solid lines represent linear regressions used to calculate relative fluorescence
intensities of rsZACRO and rsCherry to EGFP. (G) Fluorescence brightness of rsZACRO and rsCherry relative to EGFP derived from (F).
Data are mean + standard error. (H—R) Confocal fluorescence images showing unfused rsZACRO and rsZACRO fused with various
localization tags and proteins in HeLa cells: (H) unfused rsZACRO (the intensity range; 0—1200 AU); (I) fusion with the C-terminal amino
acids of K-Ras (CAAX) (the intensity range; 0—1500 AU); (J) fusion with targeting signal of cytochrome c oxidase subunit 8A (Cox8A) (the
intensity range; 0—400 AU); (K) fusion with a subunit of the Sec61 translocon complex Sec61f (the intensity range; 0—800 AU); (L)
rsZACRO fused with f-tubulin (the intensity range; 0—50 AU); (M) fusion with intermittent filament Keratin (the intensity range; 0—500
AU); (N) fusion with actin-binding peptide LifeAct (the intensity range; 0—2000 AU); (O) fusion with microtubule-associated protein of
EB3 (the intensity range; 0—100 AU); (P) fusion with histone 2B (H2B); (the intensity range; 0—1000 AU) (Q) fusion with zinc-binding
phosphoprotein Zyxin (the intensity range; 0—100 AU); (R) fusion with nucleolar protein Fibrillarin (the intensity range; 0—1000 AU). FI
and AU stand for fluorescence intensity and arbitrary unit, respectively. Scale bars: 10 gm. The color scale bars are linear and normalized to
the maximum intensity value (AU) of each 16 bit image.

photoswitching rates, we observed rsZACRO-labeled vimentin (Figure 3A). During simultaneous irradiation at 561 nm for
intermediate filaments (vimentin-rsZACRO) expressed in fluorescence excitation and on-switching, and 458 nm for off-
HeLa cells using a fluorescence microscope and measured switching, the fluorescence intensity of rsZACRO was initially
the subsequent changes in fluorescence upon photoswitching low (0—20 s in Figure 3B). The fluorescence intensity of
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rsZACRO increased over time once the off-switching light at
458 nm was turned off (20—80 s in Figure 3B), indicating the
on-switching process of rsZACRO. Subsequently, the
fluorescence intensity decreased when we resumed the
irradiation with the off-switching light at 458 nm (80—110 s
in Figure 3B), indicative of the relaxation to an equilibrium
between the on- and off-states. Thereupon, we conducted
least-squares fitting analysis on the fluorescence intensity time
trajectory using single exponential functions to determine the
rate constants for on- and off-switching (k,, and k.g
respectively), as we previously reported.”> In addition, we
measured the photoswitching of rsCherry in the same manner
for comparison and found that rsZACRO’s k,, and k. were
4.4 times lower and 5.3 times higher, respectively, than those
of rsCherry (Figure 3C and Table 1). Considering that the
kog/ ko ratio is critical for spatial resolution in SPoD-OnSPAN
imaging,”*® rsZACRO appears more suitable for achieving
high spatial resolution. However, the slower k,, could be a
disadvantage for temporal resolution in SPoD-OnSPAN
imaging, as this technique relies on the cycles of on- and off-
switching of p-rsFPs. The on/off contrast ratios for rsZACRO
and rsCherry, determined by comparing fluorescence inten-
sities after off-switching and on-switching, were 10.1 and 6.85,
respectively. The on/off contrast value for rsCherry was
consistent with a previous report.”> This indicates that
rsZACRO’s on/off contrast was 1.5 times higher than that of
rsCherry (Figure 3D, Supporting Information Figure SS and
Table 1).

To examine photobleaching, we recorded changes in
fluorescence intensity over time for vimentin-tagged rsZA-
CRO, HyperNova, and rsCherry in HeLa cells under
continuous light at 561 nm (Supporting Information Figure
S6A). Fluorescence decay for rsCherry was modeled using a
single exponential function, while decay for HyperNova and
rsZACRO utilized a double exponential model, resulting in
half-lives of 5.12 s for rsZACRO, 33.1 s for rsCherry, and 3.94
s for HyperNova, all measured at a power density of 10 W/
cm? To investigate photoswitching fatigue, we monitored
vimentin-rsZACRO expressed in HeLa cells under continuous
561 nm illumination and periodic intermittent light at 458 nm
(Supporting Information Figure S6B). The data showed that
rsZACRO photobleached faster than rsCherry during the
photoswitching fatigue tests, yet rsZACRO’s fluorescence
responded more distinctly to intermittent 458 nm illumination
than rsCherry’s, even after significant photobleaching (inset in
Supporting Information Figure S6B). This suggests a potential
advantage of rsZACRO over rsCherry in SR imaging.
Additionally, photobleaching under intermittent 458 nm light
(Supporting Information Figure S6B) occurred significantly
slower (halflife of 94.3 s for rsZACRO) compared to
continuous light (halflife of 5.12 s for 1sZACRO), even at
the same 561 nm power density of 10 W/cm® (Supporting
Information Figure S6A and Table 1). This result indicates
that the off-state chromophore would be more resistant to
photobleaching than the on-state chromophore. Considering
that ROS generation upon chromophore excitation is
responsible for photobleaching®” and assuming that the on
and off-states correspond to the cis and trans states of the
rsZACROQO’s chromophore, respectively, the resistance of
rsZACRO in the off-state to photobleaching aligns with
findings from a previous study on amn2CP, an ancestor of
KillerRed, and rsZACRO."" This previous study demonstrated
that the amn2CP chromophore produced ROS with
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significantly lower efficiency than KillerRed, where the
amn2CP and KillerRed chromophores predominantly exists
in the trans and cis forms, respectively.'

To compare the fluorescence intensities of rsZACRO and
rsCherry in mammalian cells, we transfected HeLa cells with a
plasmid containing a fusion gene series comprising EGEP,*® a
self-cleaving P2A polypeptide,49 and either rsZACRO or
rsCherry p-rsRFP (EGFP-P2A-rsZACRO or EGFP-P2A-
rsCherry). We expected that EGFP and p-rsRFP would be
expressed in approximately equimolar ratios, remaining
separate within the cells and thereby preventing FRET
between EGFP and p-rsRFP. We confirmed the ubiquitous
expression of rsZACRO and EGFP in HeLa cells (upper panels
in Figure 3E), measured the fluorescence intensity of EGFP as
a reference alongside that of rsZACRO in each cell, and
plotted the fluorescence intensities of rsZACRO against EGFP
for each cell (Figure 3F). Similarly, we measured the
fluorescence intensity of rsCherry relative to EGFP using the
same method (lower panels in Figure 3E,F). Figure 3F shows
that the fluorescence intensities of rSZACRO and rsCherry are
proportional to EGFP’s; hence, we used EGFP fluorescence as
an indicator of rsSZACRO or rsCherry expression level in each
cell. To quantitatively compare the fluorescence intensities of
rsZACRO and rsCherry, we conducted a linear regression
analysis on the data from Figure 3F to calculate the ratios of
fluorescence intensity for rsZACRO and rsCherry relative to
EGFP. Consequently, we found that the fluorescence intensity
of 1sZACRO in HeLa cells was 3.0-times higher than that of
rsCherry (Figure 3G), closely aligning with the result of in vitro
characterization (Table 1). Additionally, in our attempts to
study asFP595-T70A/A148S, we were unable to confirm the
presence of fluorescently labeled vimentin intermediate
filaments; instead, we observed significant aggregates in
HeLa cells transfected with the vimentin-asFP595-T70A/
A148S gene (Supporting Information Figure S7A). Further-
more, the ubiquitous distribution observed with EGFP was
absent in asFP595-T70A/A148S in HeLa cells transfected with
the EGFP-P2A-asFP595-T70A/A148S gene (Supporting In-
formation Figure S7B). These results suggest that oligomer
formation by asFP595-T70A/A148S may have interfered with
the proper localization of the tagged protein.36 As a result, we
decided not to continue further experiments with asFPS595-
T70A/A148S. Conversely, no such aggregates were observed
in HeLa cells expressing either vimentin-rsZACRO or
vimentin-rsCherry (Figure 3A and Supporting Information
Figure S7A). Moreover, we confirmed the proper localization
of rsZACRO fusion proteins and rsZACRO tagged with
localization signals in HeLa cells (Figure 3H—R), demonstrat-
ing rsZACRO’s compatibility with localization tags.

Phototoxicity of rsZACRO could be a concern in
fluorescence live-cell imaging applications. Therefore, we
assessed the phototoxicity of rsZACRO alongside HyperNova,
mCherry, and EGFP in E. coli cells by measuring the rate of
light-induced cell death in cells expressing these proteins.’”
The survival rate of cells expressing rsZACRO (53%) was
comparable to that of cells expressing mCherry (59%), a
commonly used red fluorescent protein in fluorescence
imaging,”’ and was significantly higher than that of cells
expressing HyperNova (13%) (Supporting Information Figure
S8A). Additionally, we evaluated phototoxicity in HeLa cells
by monitoring the localization of the Plekstrin homology (PH)
domain, which detaches from the cell membrane upon
inactivation by ROS.”*" We prepared HeLa cells transfected
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Figure 4. SR imaging of rsZACRO fusion proteins in live HeLa cells and human iPSC-derived cardiomyocyte by SPoD-OnSPAN. (A,B) Raw
and SR images of (A) vimentin intermediate filaments and (B) actin filaments in live HeLa cells. The right panels in (A,B) display magnified
views of the areas enclosed by squares in the left panels. The raw image is an average of over 20 frames taken within 10 s during SPoD-
OnSPAN observation. The rotation speed of the quarter waveplate is 6 rpm. SR images were generated from these frames using L -
regularized maximum llkellhood estimation with parameters p = 1.1, 4, = 0.1, and 4;, = 5.0. Irradiation power densities were 2.5 W/ cm’ at
561 nm and 10 mW/cm? at 458 nm. (C) Line profiles of fluorescence 1ntens1ty along the line segments indicated by arrows in (A,B). Profiles
from raw (gray) and SR (black) images are shown. Gaussian distribution functions fitted to the data points analyze these profiles, with values
indicating FWHM (nm) of the peaks. (D) FRC analysis of SR images to evaluate the lateral spatial resolution, with two SR images from the
data set in (A) used for this analysis. A lateral spatial resolution of 62 nm was determined at a spatial frequency where a correlation value
reached a threshold of 1/7. (E) Raw and a time series of SR images of Z-disc in a live human iPSC-derived cardiomyocyte expressing /-
tubulin-rsZACRO. The raw image is an average of 10 frames taken in 0.16 s during SPoD-OnSPAN observation. The rotation speed of the
quarter waveplate was 180 rpm. SR images were generated using L —regularlzed maximum hkehhood estimation with parameters of p = 1.1,
/1 = 0.1, and 4, = 5.0. Irradiation power densities were 28.2 W/cm? at 561 and 100 mW/cm? at 458 nm. (F) Line profiles of fluorescence
1ntens1ty along the line segments indicated by the arrows in (E). Profiles from raw (gray) and SR (black) images show average spacing
between two adjacent Z-discs of 1.93 um (n = §). w,,,, and wgy indicate average FWHM (nm) in raw and SR images, respectively (n = 6). (G)
Colocalization analysis of SR images in (E) using Pearson’s correlation coefficient to compare the SR image at 0 s with one at each
subsequent time point. FI stands for fluorescence intensity. The color scale bars are linear and normalized to the maximum intensity value
(in arbitrary unit) of each 32 bit image.

with genes encoding fusion proteins consisting of miRFP670- mCherry, or EGFP (miRFP670nano-PH-HyperNova,
nano,”” the PH domain, and either HyperNova, rsZACRO, miRFP670nano-PH rsZACRO, miRFP670nano-PH mCherry,
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Figure S. Two-color SR imaging of Kohinoor2.0 and rsZACRO in a live HeLa cell with single irradiation light for off-switching. (A) Merged
raw (upper panels) and SR (lower panels) images of HeLa cell expressing LifeAct-Kohinoor2.0 (green channel) and vimentin-rsZACRO (red
channel). Right panels show enlarged views of areas enclosed by square in the left SR image. The raw image compiles an average of 20
individual frames captured over 20 s during SPoD-OnSPAN observation. The rotation speed of the quarter waveplate was 3 rpm. SR images
were reconstructed from these frames using L ,-regularized maximum likelihood estimation, with parameters set at p = 1.1, 4, = 0.1, and 4, =
5.0. Irradiation power densities were 0.69 W/ cm? at 405, 1.2 W/cm? at 488, and 31.5 W/cm? at 561 nm. (B) Line profiles of fluorescence
intensity along the arrows in (A), with solid lines indicating Gaussian distribution fits to the SR data. Values represent the FWHM (nm) in
nanometers peaks in the green (Kohinoor2.0) and red (rsZACRO) channels. Koh2 stands for Kohinoor2.0 and FI for fluorescence intensity.
The color scale bars are linear and normalized to the maximum intensity value (in arbitrary unit) of each 32 bit image.

or miRFP670nano-PH-EGFP), and monitored their local-
ization using miRFP670nano with a confocal microscope. After
irradiating the cells with 554 nm light, we observed significant
dissociation of miRFP670nano-PH-HyperNova from the cell
membrane, evidenced by a marked decrease in miRFP670nano
fluorescence intensity on the cell membrane. In contrast, there
was minimal dissociation of miRFP670nano-PH-EGFP
(Supporting Information Figure S8B), consistent with the
previous reports.””*" Notably, the dissociation of miRFP670-
nano-PH-rsZACRO was considerably less pronounced than
that observed with miRFP670nano-PH-HyperNova and
miRFP670nano-PH-mCherry, highlighting the suitability of
rsZACRO as a fluorescent tag for live cell imaging.

SR Imaging of rsZACRO Fusion Proteins in Live HelLa
Cells and Human iPSC-Derived Cardiomyocyte by
SPoD-OnSPAN. We conducted SR imaging of HeLa cells
expressing vimentin-rsZACRO and those expressing rsZACRO
fused with actin-binding polypeptide LifeAct (LifeAct-
rsZACRO) using SPoD-OnSPAN technique,””** which
exploits the photoswitching properties of fluorescent proteins
to enhance spatial resolution. Figure 4A,B show wide-field raw
images of vimentin-rsZACRO and LifeAct-rsZACRO, respec-
tively, alongside their corresponding SPoD-OnSPAN images,
where the improved spatial resolution is evident. Furthermore,
line profiles of fluorescence intensities across vimentin
intermediate filaments and actin filaments, as indicated by
the line segments in Figure 4A,B (bottom right images),
distinctly reveal three and two peaks, respectively (black curves
in Figure 4CLIII). In contrast, these peaks are less distinct in
the line profiles (gray curves in Figure 4CLIII) from the wide-
field fluorescence images (upper right images in Figure 4A,B).
The full width at half-maximum (FWHM) of the cross-section
of the rsZACRO-labeled vimentin intermediate filament, as
profiled, was 64 nm (Figure 4CII), closely matching the spatial
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resolution of 62 nm determined by Fourier ring correlation
(FRC) analysis (Figure 4D).>* For reference, a study using
scanning transmission electron microscopy reported that the
diameter of vimentin intermediate filaments is approximately
30 nm.>* In addition, we conducted a comparative study of SR
images of vimentin-rsZACRO and vimentin-rsCherry ex-
pressed in HeLa cells (Supporting Information Figure S9A).
We conducted SPoD-OnSPAN observations followed by
SPoD observations, which did not involve photoswitching, in
the same field of view to calculate and compare the
reconstructed SR images of vimentin-rsZACRO and vimen-
tin-rsCherry (Supporting Information Figure S9A). FRC data
from SPoD-OnSPAN (Supporting Information Figure S9B)
demonstrated higher correlation values in the high spatial
frequency range of 0.01—0.019 nm™' (equivalent to 100—53
nm in space domain) than those from SPoD, highlighting the
enhanced spatial resolution achieved by incorporating
fluorescent protein photoswitching in SPoD-OnSPAN obser-
vations (Supporting Information Figure S9C). Furthermore,
FRC analysis showed that the correlation values in the spatial
frequency range of 0.01—0.019 nm™" for vimentin-rsZACRO
using SPoD-OnSPAN were significantly higher than those for
vimentin-rsCherry, while the correlation values in the same
frequency range from the SPoD images were comparable
between rsZACRO and rsCherry, and close to zero
(Supporting Information Figure S9B,C). Therefore, these
results indicate that the reconstructed image of vimentin-
rsZACRO by SPoD-OnSPAN retained more detailed features
than that of vimentin-rsCherry under the same observation
conditions. As previously discussed, (see Properties of
rsZACRO in live mammalian cells), the off-switching kinetics
and on/off contrast of rsZACRO are 5.3 and 1.5 times higher,
respectively, than those of rsCherry. These photoswitching
properties likely contribute to the enhanced spatial resolution
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in SPoD-OnSPAN imaging with rsZACRO compared to
rsCherry, aligning with the operational principle of SPoD-
OnSPAN.”*”® Since the observation conditions were not
optimized for the SPoD-OnSPAN imaging with rsCherry, it
might be possible to achieve a spatial resolution comparable to
SR imaging with rsZACRO by increasing the power density of
the illumination light. However, this would require a higher
power density for off-switching than that used in SR imaging
with rsZACRO, leading to increased phototoxicity in living
samples during observation.

We also conducted time-lapse SR imaging of a cardiomyo-
cyte derived from human induced pluripotent stem cells
(iPSCs) expressing f-tubulin fused with rsZACRO (f-tubulin-
rsZACRO) using SPoD-OnSPAN technique. Figure 4E shows
a raw image alongside a time series of sequentially captured SR
images, revealing that the periodically aligned structure of -
tubulin-rsZACRO localizes on the Z-discs of sarcomeres.”>*°
Line profiles of fluorescence intensities across Z-discs, as
indicated in Figure 4E (raw and SR images at 0 s),
demonstrated average FWHM’s of 231 and 430 nm for SR
and raw image, respectively, again underscoring the enhanced
spatial resolution achieved through SPoD-OnSPAN imaging
(Figure 4F). The average distance measured between adjacent
Z-discs was 1.93 um (Figure 4F), consistent with previous
reports of sarcomere length ranging from 1.7 to 2.0 pm.>”** In
this time-lapse imaging study, we captured reconstructed SR
images at a frame rate of 6 Hz for 10 s, and successfully tracked
the movement of Z-discs in beating cardiomyocyte at
approximately 1.1 s intervals (Figure 4E). Cardiomyocyte
contractions were analyzed through colocalization analysis of
SR images captured at 0 s and subsequent time points (Figure
4G). Such time lapse SR analysis of detailed structure could be
instrumental in identifying cellular abnormalities associated
with cardiac diseases, such as hypertrophic cardiomyopathy.*®
Moreover, high-resolution time-lapse observation of the
sarcomere structure could provide more detailed assessments
of the maturation of human iPSC-derived cardiomyocytes.

Two-Color SR Imaging of rsZACRO and Kohinoor2.0
in a Live HelLa Cell with Single Irradiation Light for Off-
Switching. Multiplex labeling of cells with rsZACRO and
Kohinoor2.0, a green p-rsFP,27 facilitates two-color SR
imaging. To simplify the optical setup for two-color SR
imaging, we used a 405 nm laser beam for off-switching of both
rsZACRO and Kohinoor2.0 in the SPoD-OnSPAN microscope
(Supporting Information Figure S10), having confirmed that
rsZACRO also underwent off-switching with a 405 nm beam
(Supporting Information Figure SI11A,B and Table S1).
Consequently, we conducted two-color SPoD-OnSPAN
observations of vimentin-rsZACRO (red channel) and Life-
Act-Kohinoor2.0 (green channel) in HeLa cells. Figure SA
shows merged wide-field and SPoD-OnSPAN images of a cell
from the two channels, highlighting how vimentin intermediate
filaments (in red) and actin filaments (in green) are more
distinctly delineated in the SR images than in the wide-field
images. In fact, the line profiles of fluorescence intensities
marked by white arrows in Figure SA clearly reveal a single
peak in the green channel between two peaks in the red
channel, which are difficult to resolve in the wide-field raw
image (Figure SB). Here, we note that for these observations,
we meticulously adjusted the optical alignment of the green
and red fluorescence emission channels (Supporting Informa-
tion Figure S12A) and validated this alignment through two-
color SPoD-OnSPAN observations of vimentin-rsZACRO and
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vimentin-Kohinoor2.0 in HeLa cells, demonstrating highly
precise colocalization between the two channels (Supporting
Information Figure S12B). The line profiles of fluorescence
intensities across vimentin intermediate filaments, indicated by
arrows in Supporting Information Figure S12C, reveal an
overlap of the two-color channels (Supporting Information
Figure S12D-1,2). However, a slight misalignment was also
noticeable, potentially due to the time lag between capturing
the two channels or variation in the spatial distribution of
vimentin-Kohinoor2.0 and vimentin-rsZACRO (Supporting
Information Figure S12D-3). Additionally, the line profiles
indicated improved spatial resolution in the SR images (dots
and solid curves in Supporting Information Figure S12D)
compared to the raw images (light lines in Supporting
Information Figure S12D), achieving spatial resolutions of 57
and 65 nm for the green and red channels, respectively, as
measured by the FWHM (Supporting Information Figure
S12D). Furthermore, we verified that the fluorescence
crosstalk between the green and red channels was negligibly
small (Supporting Information Figure S13A,B). Thus, in the
two-color SR imaging using a single light for off-switching, we
successfully visualized the vimentin intermediate filament and
actin filament networks at a resolution surpassing the
diffraction limit of light in living HeLa cells.

CONCLUSION

Although several p-rsRFPs have been reported to date,
conventional p-rsRFPs typically lack properties such as high
fluorescence brightness, efficient photoswitching, and effective
performance as fusion tags for SR imaging, thereby limiting the
color palette options for SR imaging techniques that utilize p-
rsFPs. In this study, we developed rsZACRO, a p-rsRFP that
exhibited fluorescence 3.0 times brighter, off-switching 5.3
times faster, and on/off contrast 1.5 times higher in HeLa cells
compared to rsCherry, a conventional p-rsRFP. Employing
rsZACRO with the SPoD-OnSPAN technique, we demon-
strated SR imaging of rsZACRO fusion proteins in live cells,
showcasing its red fluorescence and confirming an improve-
ment in spatial resolution over that obtained using rsCherry.
Furthermore, using rsZACRO and Kohinoor2.0, we achieved
two-color SR imaging of vimentin intermediate filaments and
actin filaments in HeLa cells visualizing these structures at the
nanometer scale. In these observations, we utilized a single 405
nm laser beam to off-switch both rsZACRO and Kohinoor2.0
in the SPoD-OnSPAN microscope, capitalizing on the
enhanced properties of rsZACRO.

rsZACRO is expected to broaden the color palettes available
for SR imaging with p-rsFPs. Although this study focused on
using 1sZACRO in SPoD-OnSPAN imaging, we anticipate its
effectiveness in other SR techniques involving p-rsFPs, such as
RESOLFT***” and NL-SIM.** Furthermore, rsZACRO
allowed for multicolor SR and highly biocompatible SR
imaging, utilizing longer wavelengths for excitation and off-
switching compared to conventional green p-rsFPs. Beyond SR
imaging, rsZACRO also offers a red fluorescence tagging
option for techniques involving rsFPs, such as out-of-phase
imaging after optical modulation'"*” and temporally multi-
plexed imaging.” However, the photostability of rsZACRO
may still be suboptimal for certain applications including long-
term SR imaging (Supporting Information Figure S6A). In the
future, further enhancements to rsZACRO will facilitate
biocompatible, long-term, and multicolor SR imaging, enabling
the simultaneous tracking of minute dynamic details in diverse

https://doi.org/10.1021/acsnano.4c16847
ACS Nano 2025, 19, 7188-7201


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c16847/suppl_file/nn4c16847_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c16847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

cellular components such as intracellular organelles and
proteins.

MATERIALS AND METHODS

Mutagenesis and Measuring the Fluorescence Intensity of
E. coli Colonies for Screening. For the site-directed mutagenesis,
we amplified the pRSET} vector harboring the HyperNova gene using
primers that incorporated a random nucleotide (NNK) or a specific
mutation, utilizing PCR with KOD-Plus DNA polymerase (Toyobo).
For screening, we incubated E. coli JM109(DE3) cells, transformed
with the resultant cDNA on an 88 mm LB agar plate at 37 °C for 16
h, followed by a further incubation at room temperature for 1 day. We
measured the fluorescence intensity of these E. coli colonies using an
in-house-built illumination system consisting of a CCD camera (01-
QIClick-F-M12; QImaging), a bandpass filter (FF01-641/75-25,
Semlock), and an LED light source (SPECTRA X Light Engine;
Lumencor) (Supporting Information Figure S1). Photoswitching was
monitored by sequentially irradiating the colonies with light at 542
and 438 nm for on-switching and off-switching, respectively. We
analyzed the data using Image] Fiji software.*

Gene Construction for Cell Expression Vectors. To study the
photoswitching of p-rsRFPs (asFP59S-T70A/A148S, rsCherry, and
rsZACRO) in mammalian cells, we amplified the rsZACRO gene
within the pRSET} vector using PCR primers designed with BamHI
and EcoRI restriction sites. This PCR product was used to replace the
Kohinoor2.0 gene in the mammalian expression vector pcDNA3,
creating Vimentin-p-rsRFPs (Vimentin-p-rsRFPs/ pcDNA3).27 To
compare brightness in mammalian cells, we substituted the mCherry
gene with an amplified EGFP gene using HindIIl and BamHI
restriction sites, and replaced the Kohinoor2.0 gene with amplified p-
rsRFPs using Nhel and Notl restriction sites in the mCherry-P2A-
Kohinoor2.0/pcDNA3 vector, generating EGFP-P2A-p-rsRFPs/
pcDNA3.*” Evaluating rsZACRO’s performance as a fusion protein
or fluorescent tag, we substituted the Kohinoor2.0 gene with the
amplified rsZACRO at BamHI and EcoRI sites in pcDNA3, resulting
in rsZACRO/pcDNA3, Lifeact-rsZACRO/pcDNA3, and Zyxin-
rsZACRO/pcDNA3. Additionally, we achieved replacements between
HindIII and EcoRI to yield rsZACRO-Fibrillarin and rsZACRO-H2B/
pcDNA3, and used EcoRI and Notl to create f-tubulin-rsZACRO/
pcDNA3.>” We amplified the Keratin,*® EB3 (from HeLa cell cDNA
library), Cox8A (Addgene #101129), and Sec-614° genes by PCR
using primers containing HindIII and EcoRI, HindIIl and BamHI,
Kpnl and EcoRI, and EcoRI and Xhol restriction sites, respectively.
The restricted products were subsequently used to replace genes
previously fused with rsZACRO, resulting in the creation of Keratin-
rsZACRO, EB3-rsZACRO, Cox8A-rsZACRO, and rsZACRO-Sec613
constructs. To construct rsZACRO-CAAX/pcDNA3, we amplified
the CAAX gene, which includes the 20 C-terminal amino acids of K-
Ras, using primers with EcoRI and Xhol restriction sites. The PCR
product was then used to replace a gene fused with rsZACRO. To
investigate phototoxicity in mammalian cells, we amplified
miRFP670nano, PHdomain (Addgene #21179), and fluorescent
proteins (FPs) such as EGFP, mCherry, HyperNova, and rsZACRO
using primers containing BamHI and Bglll, BglIl and EcoRI, and
EcoRI and Xhol restriction sites, respectively. We then ligated these
amplified genes using the respective restriction sites to generate
miRFP670nano-PHdomain-FPs/pcDNA3. In our study of maturation
kinetics, we replaced the Kohinoor2.0 gene with amplified red
fluorescent proteins (RFPs) such as HyperNova, asFP595-T70A/
A148S, rsCherry, and rsZACRO at the Bg/II and EcoRI restriction
sites of the pBAD vector.””

Protein Purification. We expressed fluorescent proteins tagged
with a 6 X His-tag at the N-terminus in E. coli JM109(DE3) at 23 °C
for approximately 70 h in LB medium supplemented with 0.1 mg/mL
carbenicillin. After harvesting, we resuspended the cells in PBS buffer
containing a protease inhibitor (cOmplete EDTA-free; Merck), and
lysed them using a French press (French Press G-M Model 11; Glen
Mills). Subsequently, we purified the fluorescent proteins from the
supernatant through affinity chromatography on a Ni-NTA agarose
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(QIAGEN) column, followed by gel filtration on a PD-10 column
(GE Healthcare BioSciences) preequilibrated with 20 mM HEPES-
NaOH (pH 7.5).

In Vitro Characterization. We measured the absorption
spectrum, fluorescence excitation and emission spectra, and
fluorescence quantum yield of purified proteins using a U-3900
spectrophotometer (Hitachi High-Tech Science), a F-7000 fluo-
rescence spectrophotometer (Hitachi High-Tech Science), and a
Quantarus-QY spectrophotometer (C11347-01; Hamamatsu Pho-
tonics), respectively. To determine the concentration of purified
proteins and subsequently calculate their molar extinction coefficients,
we employed the bicinchoninic acid (BCA) assay (Protein Assay BCA
Kit; Wako). We measured the pH-dependent absorption spectra of
these proteins, by mixing 6 uL of protein solution with 394 uL of a
buffer solution. For pH values from 2.5 to 8.5, we prepared a buffer
solution containing 30 mM trisodium citrate and 30 mM sodium
tetraborate, adjusting the pH with HCI. For pH values from 9.0 to
12.0, we used a buffer of 30 mM CHES (N-cyclohexyl-2-amino-
ethanesulfonic acid) and 30 mM CAPS (N-cyclohexyl-3-amino-
propanesulfonic acid), both from Dojindo, adjusting the pH with
NaOH. Before measurements, we incubated the purified rsZACRO
solution in the dark for over 15 min. We exposed rsCherry and
asFP595-T70A/A148S to light at 542 nm (110 mW/cm?) for 15 min
to transition them to the on-state. For the off-switching of rsZACRO,
we irradiated the solutions with light at 432 nm (80 mW/cm?) for 1
min.

Fitting pH Titration Curve. Using the four-state model
illustrated in Supporting Information Figure S4B, we defined the
equilibrium constants for chromophore conformation changes, Ly, K,
and K,, as follows

_[C —XH]
T =X«

_[CH-X]
T =X’

_ [CH-XH]
T [CT - XH]x
(1)

where x = [H'] and K; > K,. Therefore, the model function
simulating the apparent absorbance, A, 4., is derived as follows

and K,

H 1

A

model
= AC_
[C =XT]+[C —XH]
[C—XT]+[C —XH]+ [CH-X]+ [CH — XH]

+A
. [CH — X'] + [CH — XH]

[C —XT]+[C —XH]+ [CH-X]+ [CH — XH]
1+L
= AC_ HX 3
1+ (Ly + K)x + LyKyx
Kpx + LyKx®
ACH 2
1+ (Ly + K)x + LyKyx

)

where A-_ and Acy represent the absorbances values at a 100% mole
fraction for the protonated (C~) and protonated (CH) states of the
chromophores. We used the A 4 to fit the measured data to
determine the optimal values of the equilibrium constants using
OriginPro 2021 software (OriginLab).

Measurement of Oxygen-dependent Maturation Speed of
FPs. We cultured E. coli JM109(DE3) cells transformed with a pBAD
vector harboring the genes for rsZACRO, HyperNova, rsCherry, or
asFP595-T70A/A148S in 10 mL of LB medium supplemented with
0.1 mg/mL carbenicillin at 37 °C. Once the optical density at 595 nm
of the culture exceeded 0.5, we added arabinose to a final
concentration 0.4% w/v to induce protein expression and continued
to incubate for over 4 h at 37 °C under anaerobic conditions using
AnaeroPack (Mitsubishi Gas Chemical). Cells were then harvested by
centrifugation at 7300Xg for 3 min at 4 °C, resuspended in PBS
containing a protease inhibitor (cOmplete; Merck), and lysed by
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ultrasonication on ice. The mixture lysate was centrifuged at 20,600Xg
for 3 min at 4 °C to separate the supernatant. The fluorescence
intensity of the supernatant was monitored every 3 min at 37 °C
under air-saturated conditions using an F-7000 fluorescence
spectrophotometer (Hitachi High-Tech Science). The half-time of
chromophore maturation was calculated by fitting an asymptotic
exponential function to the fluorescence data using OriginPro 2021
(OriginLab).

Measurement of Phototoxicity in E. coli. To evaluate the
phototoxicity of fluorescent proteins (FPs) in E. coli, we cultured E.
coli JM109(DE3) transformed with a pRSETy vector containing
rsZACRO, HyperNova, EGFP, or mCherry at 23 °C for 3 days in LB
medium supplemented with 0.1 mg/mL carbenicillin. Subsequently,
the cells were diluted in PBS and split into two groups. One group
was irradiated with light at 542 nm (100 mW/cm?*) using an LED
light source (SPECTRA X Light Engine; Lumencor) for 30 min,
while the other was kept in the dark. After exposure, both groups were
incubated on LB agar plates at 37 °C for over 18 h. We then counted
the number of viable colonies. The survival rate was determined by
comparing the ratio of colonies that survived light exposure to those
incubated in the dark.

Mammalian Cell Culture and Transfection. HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (D-MEM (low
glucose), 041-29775, Wako) supplemented with 10% (v/v) fetal
bovine serum. We transfected HeLa cells that had been transferred to
a 35 mm glass-bottom dish, using polyethylenimine (PEI Max 40K;
Polysciences) according to the manufacturer’s instructions. Cardio-
myocytes were differentiated from human iPSCs through monolayer
culture by modulating Wnt signaling, as previously described,*>* and
cryopreserved on day 15 of differentiation. For reculturing from
frozen stock, cells were initially cultured for 24 h on Matrigel-coated
dishes in RPMI-1640 (189-02145, FUJIFILM Wako) supplemented
with B27 (17504044, Thermo Fisher Scientific) and penicillin—
streptomycin, thereafter, referred to as RPMI/B27 medium, and 10%
KnockOut Serum Replacement (10828010, Thermo Fisher Scien-
tific). Afterward, the medium was changed to RPMI/B27 medium.
On day 19 of differentiation, the cells were passaged using TrypLE
Select (A1285901, Thermo Fisher Scientific) onto Matrigel-coated
glass-bottom dishes. For the first 24 h after passage, RPMI/B27
medium with 10% KnockOut Serum Replacement was used, and after
that, the cells were cultured in RPMI/B27 medium. Human iPSC
derived cardiomyocytes that had been transferred to a 35 mm glass-
bottom dish were transfected using VisFect transfection Reagent
(E498A; Promega) following the manufacturer’s instructions. More
than 36 h after gene transfection of HeLa cells or cardiomyocytes, we
replaced the medium with DMEM/F12 (11039021; Thermo Fisher
Scientific) supplemented with 10% (v/v) fetal bovine serum (S1780;
Biowest, Riverside), and then performed observations.

Cell Imaging and Measurement of Phototoxicity in HelLa
Cells. We observed HeLa cells expressing vimentin-p-rsRFP variants
(rsZACRO, rsCherry, or asFP595-T70A/A148S), EGFP-P2A-p-
rsREP, rsZACRO fused with various proteins or localization tags,
and miRFP670nano-PHdomain-FPs (rsZACRO, HyperNova,
mCherry, or EGFP), using a Nikon Ti-2 inverted microscope
equipped with a Dragonfly 200 confocal unit (Andor Technology), a
CFI Plan Apochromat A 100X Oil objective (Numerical Aperture
1.40; Nikon), and a Tokai Hit stage-top incubator. We used 488, 561,
and 630 nm laser lines to excite EGFP, p-rsRFPs and HyperNova, and
miRFP670nano, respectively. Fluorescence was captured using TR-
DFLY-F521-038, TR-DFLY-F600-050, and TR-DFLY-F700-075
bandpass filters (Andor Technology) for EGFP, p-rsRFPs/Hyper-
Nova, and miRFP670nano, respectively, with an iXon Ultra EMCCD
camera (Andor Technology). To assess the phototoxicity of
rsZACRO in cells expressing miRFP670nano-PH-FPs, we exposed
them to 554 nm light at 1.4 W/ cm? for 30 s using a Niji LED light
source (Bluebox Optics). The localization of the pH domain was
quantified by analyzing the intensity of miRFP670nano fluorescence
images processed with a first derivative filter in Image] Fiji software.

Measurement of Photoswitching, Photobleaching, and
Photoswitching Fatigue. For our studies on photoswitching,
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photobleaching, and photoswitching fatigue, we employed an
Olympus IX83 inverted microscope, equipped with a 100X oil
immersion objective (UPLXAPO100XO, NA 1.45; Olympus), a Z-
drift compensator (IX3-ZDC2; Olympus), an ultrasonic motorized
stage (IX3-SSU; Olympus), and a Tokai Hit stage-top incubator.
Fluorescence excitation and switching were managed with a 561 nm
laser (Sapphire; Coherent) for excitation and on-switching, and 405
nm laser (OBIS 405LX-100-HS-WM; Coherent) and 458 nm laser
(Sapphire; Coherent) for off-switching. Captured fluorescence was
filtered through a FF01-647/57 bandpass filter (Semrock) and imaged
with an ORCA-Flash4.0 V2 complementary metal-oxide-semiconduc-
tor (CMOS) camera (Hamamatsu Photonics). ImageJ Fiji software
was utilized for image analysis. To determine the photoswitching
kinetic rate constants, we analyzed fluorescence intensity time
trajectories using pseudo-first order kinetics, following previously
established methods.”® The equilibrium fluorescence intensity
Foniopr of a p-rsFP, when both on-switching/excitation and off-
switching lights are simultaneously irradiated, is given by

F _ Foxkon + Forekorr
ON+OFF =
3)
where Fqoy and Fogp represent the fluorescence intensities of the on
and off states, respectively, and koy and kggp are the rate constants,
for on- and off-switching under specific light power densities.”>*” The
on/off contrast as detailed in Supporting Information Table S1, was
computed from eq 3, as follows

kon + kopr

FON _ FONkOFF

(4)

These analyses were conducted using OriginPro 2021 (OriginLab).

Superresolution Imaging. For superresolution (SR) imaging, we
utilized the SPoD-OnSPAN technique.”>*® The SPoD-OnSPAN
technique is based on a wide-field epi-fluorescence microscopy
configuration. In SPoD observation, linearly polarized illumination
light with a rotating polarization plane was used to excite the
fluorophore. The fluorescence intensity from a fixed fluorophore is
proportional to cos*(wt — @), where w, t and @ represent the angular
velocity of rotation, time, and phase shift dependent on the
fluorophore’s orientation, respectively, resulting in fluorescence
modulation. Furthermore, in SPoD-OnSPAN observation, linearly
polarized off-switching light was used in addition to excitation and on-
switching light, enabling a photoswitching fluorescent probe to
undergo cycles of on- and off-switching, which enhanced the
modulation amplitude. A superresolved image was reconstructed
using L,-regularized maximum-likelihood calculations from the
observed data set containing fluorescence modulation information.>®
For SPoD-OnSPAN observation, we used an IX83 microscope
equipped with a UPLXAPO100XO oil-immersion objective (100X
magnification, NA = 1.45; Olympus). We used a 561 nm laser
(Sapphire 561-150 CW CDRH; Coherent) for excitation and on-
switching of rsZACRO, and a 458 nm laser (Sapphire 458—75 CW
CDR; Coherent) for off-switching p-rsREPs. For two-color SR
imaging, we utilized the same 561 nm laser for rsZACRO, a 488 nm
laser (PC14584; Spectra-Physics) for Kohinoor2.0, with a 405 nm
laser (OBIS 405LX-100-HS-WM; Coherent) for simultaneous off-
switching. We captured fluorescence using two CMOS cameras
(ORCA-Flash4.0 V2 C11440—22CU; Hamamatsu Photonics)
through a dual view optics system (W-View Gemini-2c A12801-10;
Hamamatsu Photonics), utilizing FF01-647/57 and FF01-525/45-25
bandpass filters (Semrock) for rsZACRO and Kohinoor2.0,
respectively, dichroic mirrors (ZT405-488/568rpc-UF1, 26 X 38;
Chroma and FFS560-FDi02-t3-25 X 36; Semrock) facilitated
separation of green and red fluorescence. Image reconstruction was
performed using a custom C++ program developed in our previous
study, compiled with Intel C/C++ compiler (ver. 19.0, Intel). We
assessed the spatial resolution of SR images by Fourier ring
correlation (FRC) analysis®® using an Image] plugin (available at
https:// github.com/BIOP/ijp—frc). Colocalization analysis was exe-
cuted using Image] Fiji software.

FOFF FON+0FF(kON + kOFF) - FONkON
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rsFP, reversibly photoswitching fluorescent protein; p-rsFP,
positive-type reversibly photoswitching fluorescent proteins; n-
rsFP, negative-type reversibly photoswitching fluorescent
proteins; p-rsREP, positive-type reversibly photoswitching red
fluorescent protein; SR, superresolution; RESOLFT, reversible
saturable optical linear transitions; NL-SIM, nonlinear
structured illumination microscopy; pcSOFI, photochromic
stochastic optical fluctuation imaging; STED, stimulated
emission depletion; SPoD-ExPAN, superresolution polariza-
tion demodulation/excitation polarization angle narrowing;
SPoD-OnSAPN, superresolution polarization demodulation/
on-state polarization angle narrowing; QY, fluorescence
quantum yield; ESPT, excited-state proton transfer; PH,
Plekstrin homology; ROS, reactive oxygen species; FWHM,
full width at half-maximum; iPSC, induced pluripotent stem
cells.
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