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Reversibly Photoswitchable Fluorescent Proteins: Integrating
Photophysics, Photochemistry, Bioimaging, and Protein Engineering

Ryohei Ozaki-Noma,? Tetsuichi Wazawa,? Kai Lu,” Tomoki Matsuda®, and Takeharu Nagai®<¢

Reversibly photoswitchable fluorescent proteins (rsFPs) represent a unique class of genetically encoded probes that undergo
light-driven transitions between non-fluorescent OFF and emissive ON states. Their distinctive switching properties enable
repeated, non-destructive control of fluorescence and have become central to advanced bioimaging approaches. In this
review, we provide a critical overview of the molecular mechanisms underlying rsFP function, focusing on GFP-like proteins
and fluorogen-activating systems that employ external chromophores. We describe switching kinetics, ON/OFF contrast,
and fatigue as fundamental performance parameters, and highlight mechanistic insights from spectroscopy, crystallography,
and computational studies. The three subclasses of GFP-like rsFPs—negative, positive, and decoupled types—are discussed
in detail, alongside external-chromophore systems such as FAST, UnaG, FbFPs, and biliverdin-binding near-infrared proteins.
We further survey a wide range of applications, including super-resolution microscopy, functional biosensing, multiplex
discrimination, anisotropy-based analyses, diffusion and transport studies, optical data storage, and optogenetic control.
Finally, we outline emerging strategies for improving brightness, photostability, spectral diversity, and switching robustness,
emphasizing opportunities for rational protein engineering guided by structural and computational approaches. Together,
these developments establish rsFPs as versatile, chemically tunable tools that expand the frontiers of fluorescence imaging

and quantitative biology.

1. Introduction

Fluorescent proteins have become indispensable tools in
biological research. In general, the term “fluorescent proteins”
(hereafter “FPs”) refers to proteins that intrinsically emit
fluorescence in the visible to near-infrared range. A
representative example is the green FP (GFP)%23, Because the
amino acid sequence of a protein is encoded by a gene and
expressed through gene expression, the introduction of an
exogenous gene encoding an FP into a cell leads to intracellular
expression of the corresponding protein®. This feature has
enabled researchers worldwide to design and express a wide
variety of FP variants in living systems.

FPs are particularly valuable for fluorescence microscopy, as
they allow minimally invasive imaging following gene delivery.
They are widely used as markers to label specific intracellular
compartments or proteins. In addition, FPs serve as building
blocks for genetically encoded fluorescent indicators that
visualize diverse biological parameters, including ion
concentrations, protein interactions, temperature, and
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macromolecular crowding®®. To date, more than 1,000 FPs have
engineered (see FPbase:
https://www.fpbase.org). While most belong to the GFP-like
family, an increasing number of structurally distinct FPs have
also been reported®.

been identified or

Beyond constitutive fluorescence, some FPs exhibit
photoinduced changes in absorption, excitation, and emission,
either reversible or irreversible. Based on these behaviours,
they are classified as photoconvertible, photoactivatable, or
rsFPs®. Photoconvertible FPs irreversibly shift their emission to
longer wavelengths (typically from green to orange or red) upon
irradiation at ~405 nm. Photoactivatable FPs are initially non-
fluorescent under the excitation light used for the activated
state and irreversibly become fluorescent upon activation with
~405 nm light. In contrast, rsFPs reversibly switch between non-
or low-fluorescent OFF states and bright ON states under
alternating light exposure, enabling repeated imaging cycles

without chemical replenishment.

These photoswitching properties have been widely exploited in
advanced imaging strategies, particularly in super-resolution
(SR) microscopy?®. Beyond SR, rsFPs have also enabled novel
applications such as separation of fluorescence signals from
background autofluorescence, discrimination of spectrally
overlapping fluorophores, and extension of measurable
molecular size ranges in time-resolved fluorescence anisotropy.
Collectively, these advances highlight the broad potential of
rsFP-based approaches for expanding the limits of optical
imaging.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04534g

Open Access Article. Published on 30 December 2025. Downloaded on 12/31/2025 1:56:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Nanoscale

This review summarizes the fundamental mechanisms and
photophysical principles underlying rsFP photoswitching,
discusses their molecular engineering, and highlights key
imaging technologies enabled by these proteins. By providing
an integrated perspective, we aim to stimulate the
development of next-generation imaging tools and inspire new
directions in life science research.

2. Fluorescent proteins

FPs contain chromophores that absorb and emit light in the
visible to near-infrared range, in contrast to the ultraviolet
fluorescence of aromatic amino acids such as tryptophan,
tyrosine, and phenylalanine found in ordinary proteins. These
chromophores are generated either autocatalytically from
amino acid residues within the FP itself or through the binding
of an external biomolecular ligand. GFP-like FPs, for instance,
form their chromophores via an intrinsic post-translational
cyclization, dehydration, and oxidation process, enabling
fluorescence without the need for additional cofactors®. In
contrast, other FP families require noncovalently bound ligands
such as bilirubin, biliverdin, or flavin mononucleotide to
fluoresce. This section provides an overview of these major
classes of FPs. For a comprehensive catalog of reported
variants, see FPbase (https://www.fpbase.org/).
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2-1. GFP like fluorescent protein View Article Online
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GFP-like FPs share a characteristic B-barrel structure, often

referred to as the “B-can,” which encloses the chromophore
(Fig. 1A). The canonical chromophore, p-hydroxybenzylidene-
imidazolinone (p-HBI), is autocatalytically formed from a
tripeptide motif (typically Ser—Tyr—Gly) through cyclization,
dehydration, and oxidation reactions® (Fig. 1A, 5). In isolation,
such chromophores are virtually non-fluorescent in solution
(quantum yield < 0.0001!%). However, when embedded within
the rigid B-barrel scaffold,
fluctuations of the chromophore are suppressed, thereby

thermal and conformational
reducing non-radiative decay and resulting in a dramatically
enhanced fluorescence quantum yield—for example, 0.93 for
mTurquoise2!?, 0.60 for EGFP3, and 0.22 for mCherry4.

Although GFP-like proteins have been identified in organisms
such as jellyfish, lancelets, and sea anemones, most FPs widely
used in research are the products of directed evolution or
rational design aimed at improving specific photophysical or
biological properties. For bioimaging applications, desirable
features include optimized excitation and emission
wavelengths, monomeric behaviour to prevent interference
with target localization, high brightness, and resistance to
photobleaching. Expanding spectral diversity has been particu
larly important for multicolour imaging.
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Fig. 1 Fluorescent protein structures and their chromophores. (A) GFP-like FP structure (pdb ID: 2y0g)®! (left) and its autocatalysed
chromophores for GFP-like FP variants (1-9, right). (B) FAST structure derived from Photoactive Yellow Protein (PYP) (pdb ID: 6umz)%?
and its external chromophores, HMBR and HBR-3, 5DOM for green and red fluorescence, respectively. (C) UnaG structure (pdb ID:
4i3d)34 and its external chromophore bilirubin. (D) miRFP structure (pdb ID: 5viv)®3 and its external chromophore biliverdin.
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The green fluorescence of Aequorea victoria GFP (A_em = 510
nm; Fig. 1A, 5) can be tuned by modifying the mt-electron system
of the chromophore. Substitution of Tyr with Trp, His, or Phe
results in a shorter m-conjugation length, leading to blue-shifted
emission (A_em = 480, 448, and 424 nm for CFP, BFP'5, and
UVFP16, respectively; Figs. 1A and 2—4). Further reduction of the
m-conjugation length, achieved through imidazole ring
hydration and protonation of the Tyr residue, produces the
deep-ultraviolet FP Sumire!” (A_em = 414 nm; Fig. 1A, 1).
Conversely, in YFP, i—t stacking between the chromophore and
Tyr203 extends conjugation, leading to a red-shifted emission'®
(A_em =525 nm; Fig. 1A, 6).

Most red FPs (RFPs) are derived from Entacmaea quadricolor or
Discosoma species. Despite low sequence homology with GFP,
they retain the B-barrel fold (Fig. 1A). Modulation of their m-
electron conjugation has yielded numerous variants, such as
mOrange (Fig. 1A, 7), mCherry'* (Fig. 1A, 8), and mNeptune!®
(Fig. 1A, 9), exhibiting fluorescence from orange to far-red?°.

Beyond spectral tuning, engineering efforts have focused on
enhancing brightness, folding efficiency, and photostability.
Recent developments include highly bright variants such as
mGreenlLantern?! and mScarlet3?2. Photostable proteins—
including StayGold variants?3-26, mScarlet3-H?7, and mGold228—
have been successfully applied to super-resolution imaging. For
specialized applications such as correlative light and electron
microscopy (CLEM), expansion microscopy (ExM), and rapid
tissue clearing, chemically robust proteins including
HyperfolderYFP2%, mScarlet3-H?’, and mEos4b3 have been
developed.

Through extensive molecular engineering, GFP-like FPs now
encompass a wide range of spectral and functional variants,
greatly expanding the potential of fluorescence-based
bioimaging.

2-2. Fluorescent protein which needs external chromophore

Some FPs acquire fluorescence by binding an external
chromophore that functions as a cofactor. These proteins are
broadly classified as fluorogen-activating systems, in which non-
fluorescent fluorogens become emissive only upon binding to a
protein scaffold. Representative examples include tetracysteine
peptides that bind fluorescein or resorufin derivatives3;
Fluorogen-Activating Proteins (FAPs)3%; the Fluorescence-
Activating and absorption-Shifting Tag (FAST)33; the bilirubin-
binding green FP UnaG3% flavin-based FPs (FbFPs)3>; and
biliverdin-binding far-red FPs36:37.38,

Despite their diversity, all share two essential features: (i) a
genetically encoded, non-fluorescent apo-protein, and (ii) a
fluorogenic cofactor that is non-emissive in solution but
becomes fluorescent upon non-covalent binding. While
fluorogenic and photoresponsive fluorescent ligands have been
reported for covalent labelling systems such as HaloTag?®,
SNAP-tag?, or CLIP-tag*!, these systems fundamentally differ
from fluorogen-activating systems in that fluorescence
activation relies on covalent labelling rather than reversible
fluorogen binding. In fluorogen-activating systems, unbound

This journal is © The Royal Society of Chemistry 20xx
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fluorogens undergo non-radiative decay, whereas. binding,te
the protein restricts intramolecular motionsd HRE/ BuPptessEs
these decay pathways, thereby enabling fluorescence emission.
The first demonstration of fluorogen activation employed
tetracysteine peptides containing a Cys—Cys—Pro—Gly—Cys—Cys
motif that bind fluorescein arsenical hairpin binder (FIAsH—
EDT,;) and emit green fluorescence3!. Upon binding, the
complex formation displaces protective ethanedithiol ligands,
generating a rigid arsenic—thiol coordination structure. A red-
emitting analogue, ReAsH—EDT,, later extended the colour
palette*?. However, nonspecific interactions with endogenous
cysteine-rich proteins often caused background fluorescence,
limiting the system’s applicability in live-cell imaging.
Fluorogen-Activating Proteins (FAPs) addressed the limitations
of earlier systems by employing a genetically encoded single-
chain variable fragment (scFv) that binds synthetic fluorogens
with high specificity32. Reported activatable fluorogens include
malachite green derivatives (emission ~660 nm), thiazole
orange derivatives (~¥530 nm)*3, and dimethylindole red (~610
nm)*4. Because only the bound fluorogen is fluorescent, FAPs
provide high signal-to-noise ratios and are well suited for live-
cell imaging, pulse-chase experiments, and super-resolution
microscopy.

FAST represents a smaller and more versatile alternative to
scFv-based FAPs. Engineered from the photoactive yellow
protein (PYP) of Halorhodospira halophila, FAST (~14 kDa)
reversibly  binds synthetic fluorogens such as 4-
hydroxybenzylidene rhodanine (HBR) derivatives with high
affinity33. Variants such as greenFAST and redFAST selectively
recognize  HMBR and HBR-3,5DOM, respectively*>. The
promiscuous pFAST variant further extends the spectral range
from blue (473 nm) to red (616 nm)*. FAST fluorescence is
oxygen-independent, making it suitable for hypoxic
environments, and its reversible, non-covalent ligand binding
enables fluorescence recovery and exceptional photostability—
features advantageous for super-resolution imaging*®47.

UnaG, a 15.6 kDa FP from the Japanese eel Anguilla japonica,
fluoresces upon binding bilirubin, a heme-derived metabolite34.
Binding within the B-barrel stabilizes bilirubin, producing bright
green fluorescence (Fig. 1C). Directed evolution has yielded
improved variants: eUnaG (Val2Leu), which exhibits
approximately twofold greater brightness in bacteria®®, and
eUnaG2, carrying nine additional mutations that enhance
stability and confer roughly fivefold higher brightness in yeast?°.
Beyond use as a fluorescent tag, UnaG-based biosensors have
been developed for biomedical applications, as bilirubin serves
as a key diagnostic marker, particularly in neonatal jaundice®°.
Flavin-based FPs (FbFPs) originate from Light, Oxygen, Voltage
(LOV) domains of phototropins and fluoresce upon binding
flavin mononucleotide (FMN)3. In their native form, LOV
domains undergo a photocycle that involves covalent bond
formation between FMN and a conserved cysteine residue.
Substitution of this cysteine with alanine abolishes covalent
bond formation, suppresses FMN quenching, and halts the
photocycle, thereby enhancing fluorescence. FbFPs carrying
this substitution have been engineered from multiple species,

J. Name., 2013, 00, 1-3 | 3
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including Bacillus subtilis, Pseudomonas putida, and Arabidopsis
thaliana®*°%°3, and continued optimization have further
improved their brightness>#>°. Similar to UnaG and FAST, FbFPs
are relatively small (12-19 kDa), require no molecular oxygen
for chromophore formation, and bind their chromophore
noncovalently. These features make FbFPs advantageous as
fusion tags compared with GFP-like proteins, allowing imaging
under anaerobic conditions>®.

Another major class of fluorogen-activating proteins utilizes
biliverdin IXa as a chromophore (Fig. 1E). These proteins are
typically derived from bacterial phytochromes (BphPs),
phycobiliproteins, or cyanobacteriochromes (CBCRs), and emit
in the far-red to near-infrared range (650-720 nm). The iRFP
family—including iRFP670, iRFP682, iRFP703, and iRFP720—
was engineered to provide distinct emission spectra suitable for
multicolour imaging®’. The subsequent miRFP series (e.g.,
miRFP670, miRFP703, miRFP720) represents monomeric
variants with improved brightness and efficient expression in
mammalian cells3¢°8. Among the smallest engineered FPs,
miRFP670nano (~17 kDa) and its brighter derivative
miRFP670nano3, derived from CBCRs of Nostoc punctiforme®®
60 exhibit superior stability against denaturation and
degradation compared to BphP-based iRFPs. These compact
monomers can also serve as FRET donors for the near-infrared
FP miRFP720, enabling red-shifted FRET biosensors that can be
used in combination with visible-spectrum sensors and
optogenetic tools.

3. Reversibly photoswitching fluorescent
proteins

rsFPs undergo light-driven transitions between a non-
fluorescent OFF state and a bright ON state, followed by
thermal relaxation. The transition from ON to OFF is referred to
as OFF-switching, whereas the reverse process is called ON-
switching. These transitions can be described by pseudo—first-
order kinetics,

%[ON] = —kope[ON] + ko [OFF] (1)

where [ON] and [OFF] are the mole fractions of the ON and
OFF states, respectively, and kon and kogr are the rate
constants of ON- and OFF-switching under illumination.

Because [ON] + [OFF] = 1, the general solutions are:

k, k
[ON](r) = — exp[_(kON + kOFF)t] [[ON]O - ON]
kON OFF kON kOFF
(2)
and
[OFF](t) = _ Ko +exp[—(kox + ko )t] _kox [ON]
kON + kOFF o o kON + kOFF ’
(3)

where [ON]p is the initial mole fraction of the ON state.

4| J. Name., 2012, 00, 1-3

The photoswitching process can be experimentally, menitgred
by recording the time-dependent fluBtescEREEDSIHteMsIt:
Provided that the fluorescence intensity is proportional to
a[ON] + b[OFF], the photoswitching follows an exponential with
time constant 1/(kon + kore), Wwhere a and b are constants. When
illumination strongly favors ON-switching, the photoswitching
time approaches 1/kon; conversely, when OFF-switching
dominates, the time constant is approximately 1/kore.

In many experimental settings, both ON- and OFF-switching
may occur simultaneously, for example, when ON- and OFF-
switching wavelengths are applied at the same time. In such
cases, the same formalism applies, with the understanding that
kon and kogr are determined by the specific wavelengths and
light intensities used.

In addition to photoswitching kinetics, two other key properties
of rsFPs are ON/OFF contrast and switching fatigue. ON/OFF
contrast is defined as the ratio of fluorescence intensity in the
ON state to that in the OFF state within an ensemble of rsFPs.
During repeated switching cycles,
intensity and the ON/OFF contrast typically decrease. This
progressive signal loss, referred to as switching fatigue, is
commonly evaluated either by the number of switching cycles
or by the time required for the fluorescence intensity to decline
to 50% of its initial value.

both the fluorescence

GFP-like rsFPs are generally classified into three subclasses—
negative, positive, and decoupled types—each exhibiting distinct
responses to excitation and switching illumination. Their
photoswitching behavior has been investigated in detail
through spectroscopic measurements, nuclear magnetic
resonance (NMR), crystallographic analyses, and molecular
dynamics simulations, with particular focus on the electronic
states of the chromophore, the geometry of its cis/trans
isomers, and the associated reaction pathways®. In contrast,
rsFPs that incorporate external chromophores rely primarily on
cofactor exchange or reversible covalent bonding to achieve
switching. Consequently, their mechanisms differ
fundamentally from those of GFP-like rsFPs. The subsequent
sections therefore distinguish between the photoswitching
modes and mechanisms of GFP-like proteins and those of
chromophore-binding variants.

3.1. Photoswitching of GFP-like negative type rsFPs

Negative-type rsFPs (n-rsFPs) exhibit OFF-switching upon
irradiation with the excitation light used for fluorescence and
ON-switching upon illumination at a different wavelength.
Green n-rsFPs such as Dronpa® and rsEGFP® emit green
fluorescence when excited at 488 nm but simultaneously
undergo OFF-switching. Consequently, the fluorescence
intensity of an ensemble of n-rsFP molecules decreases over
time under continuous 488 nm illumination (Fig. 2A, left).
Although this fluorescence decay superficially resembles
photobleaching, it can be fully restored by subsequent

irradiation at 405 nm (Fig. 2A, left), confirming that the change

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Photoswitching of GFP-like rsFP. (A) Fluorescence response of GFP-like green n-rsFPs (left), green p-rsFPs (middle), and

decouple type green rsFPs (right) to continuous irradiation at 488 nm and intermittent irradiation at 405 nm and/or 360 nm. (B)
Chromophore isomerization, hydration, and protonation states in the ON and OFF states of n-rsFPs (left), green p-rsFPs (middle),

and decouple type green rsFPs (right). (C) lllustration of absorbance spectra in the ON and OFF states of n-rsFPs (left), green p-

rsFPs (middle), and decouple type green rsFPs (right).

is reversible photoswitching rather than irreversible
photobleaching.

The photoswitching mechanism of n-rsFPs is explained by cis—
trans isomerization of the chromophore, accompanied by a
change in the protonation state of its phenolic group®”. In
typical n-rsFPs such as rsEGFP and Dronpa, the ON state
corresponds to the cis-deprotonated form, whereas the OFF
state corresponds to the trans-protonated form (Fig. 2B, left).

In contrast, in rsGamillus, the ON state is mainly the trans-

deprotonated form and the OFF state the cis-protonated form®8,

A key feature that enables negative photoswitching behavior is
the spectral separation between the excitation wavelengths of
the ON and OFF states (Fig. 2C, left), resulting in distinct
wavelength dependencies for ON- and OFF-switching. Cis—trans
isomerization serves as the structural mechanism that
differentiates the deprotonated (ON) and protonated (OFF)
states by reconfiguring the hydrogen-bond network between
the chromophore’s phenol/phenolate group and nearby amino
acid residues within the B-barrel®70,

This journal is © The Royal Society of Chemistry 20xx

Time-resolved crystallography and absorption spectroscopy,
together with computational studies using excited-state
quantum mechanics/molecular mechanics (QM/MM) and
molecular dynamics (MD) simulations, have revealed multiple
intermediate states during photoswitching between the ON and
OFF forms’%72, These studies indicate that isomerization of the
chromophore’s phenolic group proceeds via the “hula-twist”
and/or “one-bond-flip” mechanisms’3.7475,

Interestingly, cryogenic temperatures,
chromophore mobility is highly constrained, rsEGFP2 still

even at where
exhibited OFF-switching and adopted a non-fluorescent cis
conformational state’®. This observation suggests the possible
existence of a photoswitching mechanism independent of cis—
trans isomerization. Further investigation of these mechanisms
will likely identify key amino acid residues involved in switching,
thereby facilitating the rational design of improved rsFPs (see
Section 5-1).

J. Name., 2013, 00, 1-3 | 5
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interacts with an amino acid (X) in the ionised and non-ionised states, X~ and XH, respectively. In 3S model, the chromophore
interacts with two amino acids (X and Y) in the ionised (X~ and Y-) and non-ionised states (XH and YH).

3.2. Photoswitching of GFP-like positive type rsFPs

In contrast to n-rsFPs, positive-type rsFPs (p-rsFPs) undergo ON-
switching upon irradiation with the excitation light used for
fluorescence and OFF-switching upon illumination at another
wavelength. For example, when an ensemble of green p-rsFP
molecules in the OFF state—such as Padron”? or Kohinoor’8—is
irradiated with 488 nm excitation light, a time-dependent
increase in fluorescence intensity is observed (Fig. 2A, middle).
Subsequent illumination at 405 nm, however, induces a
decrease in fluorescence intensity (Fig. 2A, middle).

The photoswitching mechanism of most p-rsFPs, similar to that
of n-rsFPs, involves cis—trans isomerization of the chromophore
accompanied by interconversion between its protonated and
deprotonated states (Fig. 2B, middle)’°-82, As described above,
n-rsFPs achieve negative photoswitching behaviour through
stabilization of either the protonated or deprotonated
chromophore in the ON and OFF states (Fig. 2B, C, left). In
contrast, p-rsFPs require that fluorescence excitation light both
induces ON-switching and directly excites the ON state for
emission. This configuration requires two conditions:

(1) the absorption spectrum of the OFF state must overlap the
excitation wavelength of the ON state, and

(2) OFF-switching must be driven by light at a wavelength
distinct from that used for excitation and ON-switching.

For chromophores that satisfy these criteria, the ON state
represents a mixture of protonated and deprotonated species,
whereas the OFF state remains fully deprotonated; in this case,
the deprotonated form of the ON state is the fluorescent

6 | J. Name., 2012, 00, 1-3

species (Fig. 2B, C, middle). Such a mixed protonation

equilibrium can be intrinsically unstable, as small pH
fluctuations may significantly alter the balance between the
protonated and deprotonated forms according to the single-
ionization-site (1S) model (Fig. 3A, B, left). Nevertheless, several
p-rsFPs—such as Kohinoor’8, Padron2%, and rsZACRO3*—
exhibit broad absorbance plateaus in the visible range near
neutral pH in their titration profiles (Fig. 3A, middle), indicating
stable coexistence of protonated and deprotonated species
under physiological conditions.

Such behavior cannot be explained by a single proton-binding
equilibrium of the chromophore but instead requires multiple
coupled protonation—deprotonation equilibria. For instance, in
the ON state of rsZACRO, a red p-rsFP, both the deprotonated
and protonated forms of the chromophore coexist in an almost
constant ratio (phenolate:phenol = 1:2.9-2.6) across the pH
6-9. This apparent pH the

phenol/phenolate ratio can be described by the association and

range insensitivity  of
dissociation of at least two protons—one at the chromophore
phenolate and another at a nearby non-chromophoric residue.
If the proton-binding sites are located on the chromophore
itself (C) and on a neighboring amino acid residue (X), four
molecular species—C™—X~, CH-X-, C—XH, and CH-XH—are
presumed to exist in equilibrium near neutral pH (Fig. 3B,
middle). Among these, C'—X~ and C—XH species exhibit an
absorption peak around 560 nm and are responsible for the red
fluorescence, whereas CH-X~ and CH—XH species are excited
and undergo OFF-switching under blue light irradiation. These
CH-X" and CH-XH species are rapidly replenished through

This journal is © The Royal Society of Chemistry 20xx
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dynamic equilibrium with C—X~ and C—XH, ensuring sustained
OFF-switching activity”?.

Similar behavior has also been observed not only in p-rsFPs but
also in other GFP-like proteins such as avGFP8% and IrisGFP2®,
This extended framework is known as the two-ionization-site
(2S) model®’. In both avGFP and IrisGFP, the residue Glu222 has
been proposed to participate in the proton association—
dissociation equilibrium of the chromophore.

p-rsFPs Kohinoor2.08 also exhibit minimal variation in the
relative and deprotonated
pH. However, this
behaviour appears to be better described by the association

proportions of protonated
chromophore species around neutral

and dissociation of at least three protons, leading to the
proposal of the “three-ionization-site model” (3S model) (Fig.
3A, right). In the 3S model, the proton-binding sites are
assumed to reside on the chromophore itself (C) and on two
nearby amino acid residues (X and Y), resulting in six molecular
species that coexist in equilibrium near neutral pH (Fig. 3B,
right). A QM/MM study of Padron0.9%%, which shares a common
ancestor with Kohinoor2.0, suggested that a hydrogen-bonding
network involving residues Glul44, His193, and Glu211 in the
chromophore pocket may contribute to this complex
protonation equilibrium.

A p-rsFP following the 1S model may be sufficient to exhibit
positive photoswitching under neutral conditions848°, However,
p-rsFPs governed by the 2S or 3S model likely maintain a more
stable balance between protonated and deprotonated
chromophore species at physiological pH, thereby providing
improved photoswitching robustness and substantially higher
ON/OFF contrast compared to 1S-type p-rsFPs. Furthermore,
these multiple proton networks are dynamic and permit drastic
pKa changes upon isomerization in photoswitching process.
Crystallography and ultrafast spectroscopic
Kohinoor have revealed that photoswitching involves multiple

analyses of

excited-state intermediates. These processes are accompanied
by changes in intermolecular interactions, including
conformational rearrangements and reorganization of the
hydrogen-bonding network in the vicinity of the chromophore
and amino acid residue®.

Future identification of key residues and elucidation of the
detailed proton-exchange network underlying the 2S or 3S
mechanisms will enable the rational design of next-generation
high-performance p-rsFPs. Moreover, since several FPs—such
as IrisGFP, avGFP, and intriguingly, pHTomato®%®? and
cpYGFP?3:24—exhibit 2S-type behaviour, engineering studies of
these proteins are expected to yield valuable insights for
developing novel p-rsFPs. Notably, rsZACRO was developed
from the RFP HyperNova®5, which itself displays 2S model
behaviour. Such newly engineered p-rsFPs are anticipated to
expand the scope of advanced imaging applications, including
super-resolution microscopy and multicolour fluorescence
techniques (see Section 4).

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

3.3. Photoswitching of GFP-like decouple type rsFPs

View Article Online

. e Ol: 10.1039/05NR04534G
Decoupled-type rsFPs utilize distinct |rradD|at|on waveI%engths for

fluorescence excitation, ON-switching, and OFF-switching,
whereas p-rsFPs and n-rsFPs employ excitation wavelengths
that

photoswitching (Fig. 2A). Currently, the only known decoupled-

simultaneously induce fluorescence emission and
type rsFPs are Dreiklang®® and its variant SPOON®%’, which
exhibit green fluorescence upon excitation at 500 nm, undergo
OFF-switching at 405 nm, and ON-switching at 365 nm (Fig. 2A,
C).

Unlike the
deprotonation mechanisms observed in p- and n-rsFPs, the

photoswitching of decoupled-type rsFPs is driven by reversible

cis—trans isomerization and protonation—

hydration and dehydration of the imidazolinone ring within the
chromophore®® (Fig. 2B). Mutagenesis, absorption spectroscopy,
and QM/MM studies of Dreiklang have shown that Glu222 plays
a key role in the hydration—dehydration reaction, while Gly65
facilitates the approach of Glu222 toward the chromophore,
allowing its participation in this process®®%°°, Insights from
these studies on Dreiklang’s chromophore hydration, along
with prior mutations introduced into mKalamal® and Sirius®—
which eliminate excited-state proton transfer (ESPT) and
enhance fluorescence quantum yield—contributed to the semi-
rational design of the deep-violet FP Sumirel’. Sumire emits at
414 nm and possesses a chromophore structure analogous to
the OFF state of Dreiklang.

In addition to light-induced switching at 405 and 365 nm, both
SPOON and Dreiklang exhibit spontaneous ON-switching via
thermal relaxation and OFF-switching under 488 nm excitation.
Exploiting  this  property, single-molecule
microscopy (SMLM) has been achieved using the spontaneous
blinking of SPOON under continuous 488 nm illumination®’.

localization

3.4. Switching of negative type rsFPs incorporating external
chromophores

FPs that incorporate external chromophores exhibit switching
mechanisms distinct from those of GFP-like rsFPs. In systems
such as FAST33, UnaG34, and Rep-miRFP1%1, switching is primarily
driven by cofactor exchange rather than conformational or
protonation-state changes of the chromophore. The OFF-
switching process is typically initiated by photo-oxidative
damage of the chromophore under excitation illumination (Fig.
4A), while the protein scaffold generally remains intact. For ON-
switching to occur, the oxidized cofactor must dissociate from
the protein. In systems where the chromophore is covalently
attached (e.g., smURFP—biliverdin) or forms stable coordination
complexes (e.g., FIAsH/ReAsH via arsenic—thiol bonds), this
dissociation is largely inhibited3%-192, In contrast, noncovalent
systems such as FAST and UnaG permit the damaged
chromophore to dissociate more readily*>1%3. Genetic
engineering has further enabled noncovalent chromophore
binding in certain phytochrome-derived systems, exemplified
by Rep-miRFP102,

J. Name., 2013, 00, 1-3 | 7
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Fig. 4 photoswitching of rsFP with external chromophore. (A) Fluorescence response of UnaG to intermittent irradiation at 488

nm (top). The OFF- and ON-switching is based on the dissociation of chromophore bilirubin after photobleaching and association

of fresh bilirubin, respectively (bottom). (B) Illustration of fluorescence response of rsLOV to continuous irradiation at 488 nm and
intermittent irradiation at 405 nm (top). The OFF- and ON-switching is based on the formation and disruption of covalent bound

between a Cys residue in rsLOV protein and chromophore FMN, respectively (bottom).

ON-switching requires rebinding of a fresh cofactor to
regenerate a new fluorescent holo-complex (Fig. 4A). In
experimental settings, an excess of free cofactor is typically
supplied to promote efficient reconstitution. Proteins such as
FAST, UnaG, and Rep-miRFP have demonstrated successful
chromophore exchange and fluorescence recovery following
photodamage?>101,103,

OFF- and ON-switching in these systems are governed by
differences in the binding affinities (Kq) between the protein
and its chromophore before and after oxidation. Although
direct post-bleaching K4 measurements are not yet available,
fluorogen-activating systems such as UnaG—bilirubin complexes
exhibit noncovalent interactions (K4 = 98 pM)3*. Moreover,
photo-oxidized bilirubin derivatives have been detected
following blue-light irradiation of holo-UnaG, supporting this
exchange-based mechanism193. 194 These processes are distinct
from those of DNA-PAINT
exchange is not light-driven but instead relies on transient,
reversible interactions between “docking” and “imager” strands
(KB = 1-10 nM)?105,

YtvA is a flavin mononucleotide (FMN)-binding FP based on a

imaging, where fluorophore

Light, Oxygen, Voltage (LOV) domain derived from Bacillus
YtvAl%6 and its engineered variants rsLOV1 and
rsLOV2207 exhibit fluorescence and OFF-switching under 488 nm
405 light,
characteristic of negative-type photoswitching (Fig. 4B). The
photoswitching mechanism of these proteins differs from that

subtilis.

illumination and ON-switching under nm

of other rsFPs, involving reversible covalent bond formation
between FMN and a cysteine residue within the LOV domain
(Fig. 4B), accompanied by changes in chromophore absorption
and fluorescence quantum yield. In the ON state, YtvA exhibits
an absorption maximum at 450 nm and emits green
fluorescence peaking at 500 nm. Upon blue-light irradiation, the
LOV domain forms a covalent bond between FMN and the

8| J. Name., 2012, 00, 1-3

cysteine residue, converting the protein to the OFF state. The
ON state is restored either through thermal relaxation or upon
UV illumination; however, UV light simultaneously promotes
the OFF-switching reaction, leading to a dynamic equilibrium
between the two states06 107,

FPs that rely on noncovalent chromophore binding in their ON
FAST, UnaG, miRFP, and YtvA—permit
chromophore exchange following photobleaching. This feature

state—such as

confers strong resistance to photobleaching and makes these
proteins particularly suitable for super-resolution imaging,
excitation107,108,109
Emerging protein phycobiliproteins3?,
lipocalins''?, and serpins!!! are expected to further expand the

which often requires high-intensity

scaffolds such as

toolkit of chromophore-exchanging FPs in the future.

4. Applications of rsFPs

The reversible photoswitching between the ON and OFF states
of rsFPs has been applied to a wide range of techniques that
advance biological research, most notably in super-resolution
(SR) imaging107.108, A fundamental concept in rsFP-based
applications is the replacement of conventional fluorophores
used in methods that rely on two-state transitions—such as
transitions between the ground (So) and excited (S:) states in
fluorescence excitation, or between pre- and post-
photobleaching states in bleaching-based techniques (Fig. 5A)—
with rsFPs. By utilizing the ON/OFF photoswitching transitions
of rsFPs (Fig. 5B) as the equivalent two-state system, rsFPs can
be integrated into techniques such as SR imaging, fluorescence
lifetime imaging microscopy (FLIM), fluorescence recovery after
photobleaching (FRAP), and time-resolved anisotropy
measurements.

The dwell times of the ON and OFF states of rsFPs are orders of
magnitude longer than the excited-state lifetime. Whereas the

This journal is © The Royal Society of Chemistry 20xx
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S¢ state typically lasts only a few nanoseconds or less, the ON
and OFF states—both corresponding to distinct So
configurations—persist for seconds or longer (Fig. 5A, B).
Consequently, techniques that replace excitation—emission
processes with photoswitching can extend the effective
measurement time scale by several orders of magnitude. This
time-scale extension also enables a substantial reduction in
light exposure. For instance, replacing the stimulated emission
depletion (STED) process used in SR microscopy with
photoswitching allows a dramatic reduction in illumination
power density, thereby minimizing phototoxicity to living cells.
In addition, incorporating photoswitching kinetics into
anisotropy-based measurements, as demonstrated by STARSS,
enables rotational correlation analyses of molecular complexes
larger than 30 kDa''4. Similarly, substituting photobleaching-
based processes with photoswitching can markedly reduce
excitation intensity, because photoswitching is a more energy-
efficient process than photobleaching. Moreover, unlike
photobleaching, rsFP photoswitching is reversible, allowing
repeated measurements on the same sample.

The reversible ON-OFF transition of rsFPs has also been
exploited optical data storage
Furthermore, the rsFP Dronpa has been employed as an
optogenetic tool for controlling protein—protein interactions
and modulating protein activity''®117. Collectively, rsFPs offer
diverse and expanding opportunities across imaging,
information storage, and optogenetic applications, as discussed
in more detail in the following sections.

for applications®6:115,

4.1. Super-resolution imaging using rsFPs

Super-resolution (SR) imaging refers to a class of fluorescence
microscopy techniques that achieve spatial resolutions beyond
the diffraction limit of light by employing specialized optical
configurations and photophysical control of fluorophores.

This journal is © The Royal Society of Chemistry 20xx

When a point-like fluorescent object is observed through a
conventional wide-field fluorescence microscope, the image
formed on the detector cannot be smaller than a fundamental
imposed by the wave nature of light. The
corresponding size limit on the object plane is known as the
Rayleigh criterion, expressed as

5:0.61-i
NA

lower limit

(4)
where A is the wavelength of light and NA is the numerical
aperture of the objective lens. For instance, when using an
objective lens with NA = 1.45 and observing fluorescence at 509
nm, & is approximately 210 nm. However, many intracellular
structures and molecular complexes are smaller than this limit,
necessitating SR imaging techniques to visualize them?18.

SR fluorescence microscopy methods are broadly classified into
stochastic approaches and coordinated illumination/acquisition
approaches. Stochastic methods such as STORM, PALM, and
SOFI achieve high spatial resolution by exploiting the random
blinking, photoactivation, or photobleaching of fluorescent
molecules!® 120 Specifically, STORM and PALM rely on the
stochastic, temporal isolation of individual fluorophores that
switch between fluorescent and non-fluorescent states,
enabling high-precision localization of single emitters within
sparsely activated subsets!!® (Fig. 6A), whereas SOFI achieves
super-resolution by analysing temporal correlations of
fluorescence intensity fluctuations without requiring spatial
isolation of single emitters20,

In contrast, coordinated illumination/acquisition techniques
include stimulated emission depletion (STED) microscopy!??,
saturated structured illumination microscopy (SSIM)*?2, and
super-resolution by polarization demodulation or excitation
polarization angle narrowing (SPoD-ExPAN)!23 (Fig. 6B). These
methods achieve super-resolution by spatially engineering
excitation and depletion light to confine fluorescence emission

J. Name., 2013, 00, 1-3 | 9


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04534g

Open Access Article. Published on 30 December 2025. Downloaded on 12/31/2025 1:56:44 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Pleasendo kT

ARTICLE

A Stochastic approach

:|(at margins

Journal Name

. View Article Onli
Reconstructed SR image PN

DOI: 10.1039/D5NR04534G

o - . * K
*
. *
-
Image acquisition >
B Engineered illumination/acquisition approach
SPoD-ExPAN
STED . Linearly polarised
STED light
o G [
scanning
\ —
Excitation Structured Linearly polarised
light STED illumination Ex light

light

C RESOLFT with negative rsFPs

1. ON switching 2. OFF switching

D
One-step RESOLFT with positive rsFPs

3. Excitation and
readout

OFF-switching light

>
scanning

scanning

J Ex/ON-switching
light

Fig. 6 Super-resolution imaging. (A) Stochastic approach in single molecular localisation microscopy (SMLM). Each fluorophore is
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illumination/acquisition approach in STED microscopy, SSIM, and SPoD-ExPAN microscopy. In STED microscopy, the overlap of
Gaussian shaped excitation light and donuts-shape STED light is scanned. In SSIM, the structured illumination is illuminated and

rotated to improve spatial resolution in all directions. In SPoD-ExPAN microscopy, linearly polarised excitation (Ex) and STED

lights are illuminated, where the polarization plane for excitation light is orthogonal to that for STED and they are rotated. (C)
An illumination scheme of RESOLFT microscope with n-rsFPs, which requires three-step illumination before scanning; 1. ON

switching by a Gaussian beam, 2. OFF-switching by a doughnut-shaped beam, and 3. excitation and readout fluorescence by a
Gaussian beam. (D) An illumination scheme of RESOLFT microscope with positive rsFPs, where the overlap of Gaussian-shaped
excitation (Ex)/ON-switching light and doughnut-shaped OFF-switching lights are scanned.

below the diffraction limit, by saturating fluorescence to
generate high-spatial-frequency emission patterns, or by
exploiting polarization-dependent excitation and emission.
Hybrid approaches such as MINFLUX and MINSTED, which
combine stochastic fluorophore activation with engineered
illumination and precise readout, can achieve localization
precision on the order of a few nanometers?4 125,

Both stochastic and engineered illumination/acquisition
approaches fundamentally rely on the interconversion between
fluorescent and non-fluorescent states of fluorophores.
Consequently, rsFPs—by virtue of their reversible ON/OFF
photoswitching—enable SR imaging in both modalities while
extending the accessible timescale and substantially reducing

the illumination intensity required in methods such as STED.

10 | J. Name., 2012, 00, 1-3

Compared to p- and decoupled-type rsFPs, a larger number of
negative-type rsFPs (n-rsFPs) have been developed, leading to
the exploration of diverse SR imaging methods that employ n-
rsFPs in both stochastic and coordinated
illumination/acquisition approaches. However, in the case of
engineered illumination/acquisition techniques, the excitation
and OFF-switching wavelengths of n-rsFPs typically exhibit
strong spectral overlap. As a result, temporal separation
between OFF-switching and fluorescence readout is required,
necessitating carefully designed illumination sequences.
Moreover, these methods often demand multiple acquisitions
or high-intensity excitation to obtain sufficient signal-to-noise
ratios, which limits temporal resolution and raises concerns
regarding phototoxicity.

This journal is © The Royal Society of Chemistry 20xx
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In contrast, p- and decoupled-type rsFPs feature distinct
spectral bands for OFF-switching and fluorescence excitation.
Consequently, SR imaging using these rsFP classes can
circumvent the need for temporal separation of illumination or
operate at lower excitation intensities while maintaining
temporal separation, thereby reducing phototoxicity. For
instance, in reversible saturable optical fluorescence transitions
(RESOLFT) microscopy employing an n-rsFP such as rsEGFP, a
three-step illumination sequence is required for each scanning
cycle: (1) ON-switching with a Gaussian beam at 405 nm, (2)
OFF-switching with a doughnut-shaped beam at 488 nm, and (3)
fluorescence readout with a Gaussian beam at 488 nm (Fig. 6C).

By contrast, when using p-rsFPs such as Padron2, RESOLFT
imaging can be performed with a single, combined scan using
an overlapped illumination pattern consisting of a doughnut-
shaped 405 nm OFF-switching beam and a Gaussian-shaped 488
nm excitation/ON-switching beam8* (Fig. 6D). Furthermore, the
p-rsFP Kohinoor has been employed for nonlinear structured
illumination microscopy (SIM), achieving fast acquisition
speeds!?®, Kohinoor and its improved variant Kohinoor2.0 have
also been applied to SR imaging at very low illumination
intensities using SPoD-OnSPAN, a polarization-modulated SR
imaging method in which cells are simultaneously irradiated
with linearly polarized beams for fluorescence excitation/ON-
switching and OFF-switching!27:128,

4.2. Intracellular functional imaging with rsFPs

Bioimaging enables not only the visualization of cellular
structures, morphology, and biomolecular localization, but also

Nanoscale

the measurement of dynamic biological processes, such.as
protein—protein interactions, enzymatic a¢eivityl ¢oHeeNRretioHs
of functional molecules (e.g., calcium), and physiological
parameters (e.g., temperature)>?®. These functional imaging
approaches serve as powerful tools for investigating
intracellular physiology and signal transduction.

Genetically encoded sensors used in functional imaging
typically consist of FPs fused to sensing domains that respond
to specific biological activities or physicochemical conditions.
Upon binding or dissociation of a target molecule, or in
response to changes in environmental parameters, the sensing
domain undergoes a conformational change. This
conformational change is transduced into an alteration of
photophysical properties—such as Forster resonance energy
transfer (FRET) efficiency, fluorescence quantum yield, or molar
extinction coefficient—thereby enabling functional imaging
through detection of corresponding fluorescence changes.

To visualize cellular physiological parameters such as pH and
temperature, some sensors are composed solely of FPs, in
which the FP functions simultaneously as both the reporter and
the sensing domain. Examples include the pH-sensitive FP
pHluorin'?® and the genetically encoded temperature indicator
B-gTEMP130,

For quantitative bioimaging, it is often preferable to measure
parameters that are independent of experimental factors such
as intracellular expression levels or optical path variations,
rather than relying fluorescence intensity.
Fluorescence lifetime represents one such robust quantity, as it
is independent of fluorophore concentration. In FRET-based
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Fig. 7 Functional imaging with rsFPs. (A) psFRET-based sensor showing four states, ON and OFF states with and without FRET.
The arrows represent the photoswitching from ON to OFF state with FRET (1) and without FRET (2). (B) Time trajectories of
fluorescence intensities of n-rsFPs with (1) or without (2) FRET under continuous excitation light illumination. (C) A single rsFP-
based sensor (GCaMP6, pdb ID: 3wld) showing four states, switching ON and OFF states with ligand and ON and OFF states
without ligand. The arrows represent the photoswitching from ON to OFF state with (1) and without (2) ligand. (D) Time

trajectories of fluorescence intensities of n-rsFP sensor with (1) and without (2) ligand.
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sensors, changes in FRET efficiency directly correspond to
variations in the donor’s fluorescence lifetime®3l. Likewise,
single-fluorophore-type sensors that alter quantum yield in
response to conformational changes can also be monitored
through lifetime variations!32. Consequently, fluorescence
lifetime imaging microscopy (FLIM) has emerged as a powerful
and quantitative approach for functional imaging.

By analogy with the concept of fluorescence lifetime, the
photoswitching kinetics of rsFPs can also be exploited for
fluorescence imaging, enabling quantitative measurements of
fluorescence signals. Furthermore, FRET can be combined with
photoswitching, in which the donor fluorophore is an rsFP—a
strategy referred to as photoswitching FRET (psFRET) 133. When
FRET occurs from the donor rsFP to an acceptor, the
photoswitching speed of the donor is reduced due to FRET-
mediated quenching of its excited state (Fig. 7A, B). This psFRET
approach has been successfully applied to visualize protein—
protein interactions!33,

In addition, an rsFP can also serve as a FRET acceptor. This
approach leverages the distinct absorption spectra of rsFPs in
their ON and OFF states, which leads to state-dependent FRET
efficiencies. Consequently, the donor fluorescence s
modulated according to the photoswitching state of the
acceptor rsFP, enabling quantitative fluorescence readouts and
the potential implementation of phase-sensitive lock-in
detection34135,

Beyond FRET-based systems, quantitative measurements using
photoswitching have also been demonstrated with sensors
based on a single rsFP36 (Fig. 7C). For example, the calcium
indicator rsGCaMP6s-Q, derived from GCaMP6s, exhibits
photoswitching behaviour that is modulated by Ca?* binding. In
the presence of Ca?, rsGCaMP6s-Q displays negative
photoswitching characteristics (Fig. 7D, 1), whereas upon Ca?*
dissociation, the photoswitching kinetics and ON/OFF contrast
decrease severalfold, accompanied by a change from negative to
positive photoswitching®36 (Fig. 7D, 2).

Unlike switching kinetics, the ON/OFF contrast is independent
of both FP concentration and excitation power density,
providing a more robust and quantitative fluorescence readout
than photoswitching rate alone. This property enables repeated
cycling of ON/OFF transitions over multiple illumination
sequences, allowing photochromism-enabled absolute
quantification (PEAQ) biosensing, which provides an absolute
measure of intracellular molecular functions®37.

When the photoswitching properties of rsFPs are influenced by
a biological parameter, they can serve as quantitative reporters
of physiological function. For instance, Dronpa and its variant
Dronpa3 exhibit viscosity-dependent changes in OFF-switching
kinetics, which have been used to measure intracellular
viscosity32, Photoswitching kinetics also show pH dependence,
suggesting the potential for intracellular pH imaging®88°.

Importantly, because photoswitching can be induced using
standard wide-field or confocal microscopes, this method offers
greater accessibility and experimental simplicity compared to
FLIM?33,

12 | J. Name., 2012, 00, 1-3

4.3. Fluorescence signal discrimination with rsFPs .., srticie Online

L DOI: 10.1039/D5NR04534G
Discrimination of Autofluorescence

In fluorescence imaging, excitation light not only induces
fluorescence from labelled targets but also generates
autofluorescence from endogenous biomolecules within
biological samples'3?, as well as light scattering. Therefore,
isolating target fluorescence from background
autofluorescence is obtaining biologically
meaningful and scientifically interpretable data.

essential for

By exploiting the light-dependent fluorescence modulation of
rsFPs under designed illumination schemes for photoswitching
and excitation, it is possible to distinguish target fluorescence
from background noise and achieve high-contrast fluorescence
imaging (Fig. 8A). Based on this concept, several lock-in—based
imaging modalities have been developed, including optical lock-
in detection (OLID)**?, synchronously amplified fluorescence
image recovery (SAFIRe)'! (Fig. 8B), and out-of-phase imaging
after optical modulation (OPIOM)42,

In OLID, the rsFP fluorescence signal is selectively extracted
from background noise via cross-correlation analysis with a
reference signal'#®143, However, the illumination wavelength
used for photoswitching is typically shorter than that for
fluorescence excitation. For instance, Dronpa emits
fluorescence at 517 nm, while OFF- and ON-switching occur
under 488 nm and 405 nm light, respectively. Such short-
wavelength illumination can also modulate autofluorescence,
thereby reducing the signal discrimination capability of OLID.

In contrast, SAFIRe employs intensity-modulated switching light
at wavelengths longer than the fluorescence emission
wavelength, and extracts fluorescence components in the
frequency domain via Fourier transform analysis 141144, SAFIRe
using modBFP—which emits at 455 nm upon 405 nm excitation
and can be reversibly activated by 514.5 nm light—
demonstrated improved signal-to-noise ratios by effectively
suppressing modulation of the autofluorescence
background4s,

In OPIOM, a single modulated light source is used for both
excitation and photoswitching, and rsFP fluorescence is
extracted through out-of-phase detection, where the phase-
shifted component originates from photoswitching dynamics of
the rsFP'#2, To maximize the out-of-phase fluorescence signal,
the average illumination intensity and modulation frequency
must be optimized according to the photophysical properties of
the rsFP, including the molecular extinction coefficients for
ON/OFF switching and the intrinsic thermal switching kinetics.
Using Dronpa3, OPIOM successfully separated rsFP
fluorescence signals from autofluorescence in HEK293 cells and
zebrafish embryos42.

However, the time resolution of OPIOM in live-cell imaging is
limited by the dependence of modulation frequency on the
rsFP’s thermal switching kinetics. To overcome this limitation,
speed-OPIOM was developed, employing dual modulated light
sources for excitation and ON/OFF-switching of p- and n-rsFPs
(Fig. 8C). These illumination beams are synchronized in

This journal is © The Royal Society of Chemistry 20xx
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antiphase to accelerate photoswitching transitions beyond
thermal equilibrium rates, thereby improving temporal
resolution!46147, Speed-OPIOM enables robust extraction of
rsFP fluorescence signals even under strong autofluorescence
conditions, such as in plant tissues or specimens illuminated by
ambient light148149,

Optical sectioning

Optical sectioning using rsFPs provides a powerful strategy for
achieving high-contrast fluorescence imaging by selectively
suppressing out-of-focus background signals. In approaches
such as two-photon-like microscopy?>°, multiphoton activation
and imaging (MPAI)*>1152 and its visible-wavelength variant,
visible-wavelength multiphoton activation confocal (vMAC)
microscopy®>3, rsFPs are first switched OFF throughout the
specimen. They are then selectively reactivated within a well-
defined focal plane or region of interest, followed by image
acquisition. As a result, fluorescence signals arise exclusively
from the reactivated area, effectively eliminating out-of-focus
fluorescence and enhancing axial resolution.

A Photoswitching .
Metrig1.—

‘/=rSFP

OLID, SAFIRe C
m

(:USBarsins

ARTICLE

In other implementations, such as multiphoton,deagctivationp
and imaging (MADI)151152  rsFP-speéific 10flQGrestece34is
extracted by subtracting images acquired in the OFF state from
those in the ON state. This subtraction effectively isolates the
rsFP-derived fluorescence while removing background and non-
switchable components.

These optical sectioning concepts based on rsFP photoswitching
can be further integrated with super-resolution imaging
techniques, including structured illumination microscopy
(SIM)*54 and RESOLFT microscopy®%15¢, thereby extending the
achievable spatial resolution beyond the diffraction limit while
maintaining optical sectioning capability.

Multiplex imaging with rsFPs exhibiting similar emission spectra

Multiplex imaging enables simultaneous observation of
multiple biological targets, revealing correlations among their
abundance, localization, and dynamics. Traditionally, multiplex
fluorescence imaging has relied on differences in excitation and
emission wavelengths among fluorophores. However, the
number of targets that can be visualized within a single
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Fig. 8 Fluorescence signal separation with rsFPs. (A) Conceptual illustration of fluorescence signal separation of non-switching

(FPs, background, and autofluorescence) and rsFP fluorescence signals in similar emission wavelengths. (B) Fluorescence

modulation of switching and non-switching signals in OLID

and SAFIRe under continuous excitation and intermittent

photoswitching light illumination. (C) Those in Speed OPIOM under modulated antiphase-synchronized dual illumination. (D, E, F)
Time trajectories of fluorescence intensities of three rsFPs with different switching time constants under designed schemes of
light illumination for excitation and switching in TMI (D), LIGHTNING (E), and NEEMO (F). Before imaging, rsFPs are photoswitched
to the ON state. In TMI, the switching time constants of three rsFPs are determined as 71, 72, and 73. In LIGHTNING, the time
constants under designed illumination of light I and Il with low and high power density (liow, lliow, lhigh, and llhign) are determined as

Tlllow’ Tzllow’ T3”OW, Tllhlgh’ Tzlhtgh,

..., T3Thigh In NEEMO, fluorescence intensity FI,¢%P1, FI,expl Flsexpl Fex2 F[3exP4 in four

images taken by corresponding exposures (exp1, exp2, exp3, and exp4) are measured to distinguish three rsFPs.
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specimen is fundamentally constrained by spectral overlap and
fluorescence signal crosstalk.

To expand the colour palette, numerous FPs with diverse
excitation and emission properties have been developed (Fig.
1). For instance, Sirius?®, bfVFP157, and Sumire!” have extended
the optical window toward shorter wavelengths, whereas FPs
such as mNeptune®® and miRFP3¢ extend the range into the far-
red and near-infrared regions. In addition, large Stokes shift FPs
(LssFPs) allow signal separation based on differences in
excitation rather than emission wavelengths!58159,160
Combining these FPs with spectral unmixing techniques further
enhances multiplexing capability’®l. Nevertheless, the finite
optical bandwidth of visible light imposes a physical limit on the
number of fluorophores that can be spectrally distinguished,
thereby restricting conventional multiplex fluorescence
imaging.

To overcome this limitation, fluorescence modulation of rsFPs
introduces an orthogonal dimension to excitation and emission
wavelengths (Fig. 8A). Strategies such as SAFIRe and Speed-
OPIOM, originally designed for suppressing autofluorescence,
can also facilitate multiplex signal discrimination and
substantially expand multiplexing capacity. For example, SAFIRe
successfully distinguished acGFP fluorescence from that of EGFP
in NIH 3T3 cells, despite their nearly identical emission
spectral®2, Moreover, dual-laser modulated SAFIRe (DM-
SAFIRe) modulates rsFP fluorescence via convolution of two
modulated light sources—one for ON-switching and the other
for OFF-switching and excitation—allowing discrimination of
rsFastLime fluorescence from EGFP%3, Interestingly, DM-SAFIRe
can also differentiate immobilized from diffusing fluorophores
by tuning the modulation frequency relative to molecular
diffusion rates, suggesting its applicability to probing protein—
protein interactions and oligomerization states’®3,

Multiplex imaging can be further extended by discriminating
signals from multiple rsFPs themselves. Because each rsFP
possesses distinct photoswitching kinetics, their fluorescence
signals can be separated according to differential temporal
responses under appropriately designed illumination protocols.
Speed-OPIOM and its variant HIGHLIGHT (pHase-sensltive
imaGing of reversibly pHotoactivatable Labels after Modulation
of activatinG ligHT) have enabled independent imaging of four
spectrally similar rsFPs by exploiting differences in their
resonance frequencies under modulated illumination164,

In addition, several advanced methodologies—such as TMI
(temporally multiplexed imaging)%%, LIGHTNING (Light-tunable
time-gated readinG-out of pHotocycles for mulTiplexed
fluorescence ImagiNG)%®, and NEEMO (intra-exposure
excitation = modulation)167.168—Jeverage  differences in
photoswitching kinetics to achieve rsFP signal separation. In
TMI, fluorescence signals are separated based on differences in
OFF-switching kinetics of n-rsFPs (Fig. 8D). In LIGHTNING, ON
and OFF kinetics are characterized under four illumination
conditions (liow, lliow, lhigh, @and llhigh), and separation is performed
using the four corresponding lifetime metrics (t'low, tlllow, tlhigh,

tilhigh) (Fig. 8E). In NEEMO, four images (expl—exp4) are acquired

14 | J. Name., 2012, 00, 1-3

under a programmed excitation/photoswitching seguence and
rsFP signals are separated using the resulting fddpFiGoreséente
intensities (Fig. 8F).

The distinct photoswitching behaviours of p- and n-rsFPs
provide an additional means of achieving multiplex imaging that
is orthogonal to conventional spectral separation. Under
illumination with 488 nm light, the p-rsFP Padron is converted
to its ON state, whereas the n-rsFP rsFastLime is switched to the
OFF state, resulting in fluorescence and non-fluorescence,
respectively. Conversely, following photoconversion by 405 nm
illumination, Padron exhibits little fluorescence, while
rsFastLime becomes fluorescent. Consequently, fluorescence
signals from these two green rsFPs can be independently
imaged despite occupying the same optical emission window—
a demonstration successfully achieved in Saccharomyces
cerevisiae and Nicotiana benthamiana cells?7:16°,

Multiplex imaging with rsFPs has also enabled cell-specific
visualization of neurons within complex neural networks in vivo.
Neurons possess intricately interwoven axons and dendrites,
making it difficult to distinguish individual cells using a single
fluorescent colour. Conventional multicolour labelling methods

such as Brainbow have addressed this challenge by
stochastically expressing different combinations of FPs'70. In
contrast, the rsFP-based approach leverages localized

photoactivation. In neurons expressing Dronpa, global 488 nm
illumination first switches all molecules to the OFF state, after
which two-photon
selectively switches Dronpa to the ON state within the soma of
a single neuron. The activated Dronpa subsequently diffuses
throughout the entire cell, including dendrites and axons,
enabling selective imaging of the whole neuron. Repeating this
procedure for multiple cells and reconstructing the resulting
images permits multiplex labelling and identification of
individual neurons®’%,

localized UV or red-laser excitation

In summary, multiplex imaging utilizing rsFP photoswitching
separates fluorescence signals along an axis orthogonal to
excitation and emission wavelengths, effectively expanding the
fluorophore identification space into a two-dimensional
parameter plane of excitation/emission x photoswitching
behaviour. Furthermore, integrating this strategy with lifetime-
based!’? or other photophysical separation techniques could
add additional dimensions to the fluorescence signal space,
thereby dramatically enhancing multiplexing capacity for
complex biological imaging.

4.4. Anisotropy measurement with rsFPs

Time-resolved fluorescence anisotropy (TR-FA) combines
fluorescence lifetime measurements with anisotropy analysis to
probe molecular dynamics and environmental properties such
as viscosity, binding states, and rotational diffusion. However,
the size of molecules that can undergo detectable rotational
motion within the fluorescence lifetime window—typically in
the sub-nanosecond to nanosecond range—is inherently
limited (Fig. 9A). Consequently, anisotropy measurements of
proteins larger than approximately 30 kDa are often unfeasible.

This journal is © The Royal Society of Chemistry 20xx
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To overcome this limitation, STARSS (Selective Time-Resolved
Anisotropy  with  Reversibly Switchable States) was
developed*®. In STARSS, the accessible timescale is extended
by exploiting the reversible photoswitching of rsFPs (Fig. 9B).
Unlike conventional TR-FA, STARSS decouples anisotropy
detection from fluorescence lifetime by introducing a
photocontrollable temporal window defined by the long-lived
ON and OFF states of rsFPs (milliseconds to seconds). This
extension enables the observation of slow rotational motions
and restricted mobility in large macromolecular assemblies
such as membrane-bound receptors, protein aggregates, and
cytoskeletal scaffolds. As a result, STARSS markedly broadens
the applicability of fluorescence anisotropy to biological
systems that were previously inaccessible using conventional
methods.

Steady-state anisotropy is also frequently employed to detect
Forster resonance energy transfer (FRET) between identical
fluorophores, known as homoFRET, which provides a sensitive
means of analysing protein oligomerisation and molecular
interactions’3. During homoFRET, differences in dipole
orientation between donor and acceptor fluorophores lead to
depolarisation of the emitted light, resulting in a measurable
decrease in anisotropy. However, accurate quantification
requires a FRET-negative reference, which is difficult to obtain
when studying proteins that naturally exist in oligomeric states.
Traditional approaches have relied on photobleaching to
irreversibly eliminate acceptor chromophores, thereby halting
FRET and generating a pseudo-control condition.

To overcome the limitations of irreversible photobleaching,
photoswitching anisotropy FRET (psAFRET) was developed!74.
This method employs rsFPs to reversibly modulate FRET
efficiency and measure corresponding changes in anisotropy.
By monitoring anisotropy dynamics during the OFF-switching of
FPs, psAFRET enables repeated, non-destructive quantification
of homoFRET, providing a robust and reversible approach for
tracking protein homo-oligomerisation dynamics in living cells.

4.5. Analysis of protein transport with rsFPs

Intracellular protein transport involves a complex interplay of
processes such as post-translational modification, protein—
protein and protein—organelle interactions, and diffusion.
These molecular events often act as triggers for diverse
physiological processes, including changes in gene expression
through the activation of transcription factors and the
reorganisation of intracellular signalling pathways, ultimately
leading to alterations in cellular morphology and function.

Fluorescence recovery after photobleaching (FRAP) and its
related methods—inverse FRAP (iFRAP), fluorescence loss in
photobleaching (FLIP), and fluorescence decay after
photoactivation (FDAP)—are powerful tools for quantitatively
evaluating protein diffusion coefficients in living cells7>176.177
(Fig. 9C). However, these techniques depend on irreversible
fluorescence transitions such as photobleaching or
photoconversion, which require high illumination power

This journal is © The Royal Society of Chemistry 20xx
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densities and hinder repeated measurements,, 3s..®Qst
fluorophores eventually undergo irreveréiblelFahsitiophR04534G

In contrast, the reversible photoswitching of rsFPs enables
similar analyses to be conducted at substantially lower
illumination intensities than those required for photobleaching
or photoactivation. This reversibility facilitates repeated
measurements, signal averaging, and time-lapse analyses,
although appropriate correction is needed to account for
fluorescence modulation introduced by the photoswitching
process itselfl78, By employing rsFPs in FDAP (Fig. 9C), rapid
protein diffusion on the millisecond timescale has been
successfully quantified®>179,

These rsFP-based diffusion analyses have been applied to
investigate nucleocytoplasmic shuttling and membrane protein
transport in mammalian cells'8%181 3s well as protein and
symplasmic transport within plant tissues!82183.184 Collectively,
these studies demonstrate that rsFP-based approaches provide
a versatile and minimally invasive framework for investigating
intracellular transport dynamics across diverse biological
systems.

4.6. Optical Data storage with rsFPs

Photochromic biomaterials are emerging as promising
candidates for high-density, three-dimensional, and potentially
biodegradable optical data storage media. Among early
examples, bacteriorhodopsin was one of the first biological

materials explored as a rewritable storage medium?8>186,187,

More recently, reversibly switchable FPs (rsFPs) have attracted
attention as alternative photochromic materials due to their
bistable optical states and compatibility with optical
manipulation and fluorescence readout (Fig. 9D). Notable
demonstrations include the encoding of the complete text of 25
Grimm’s fairy tales by embedding rsEGFP within a
polyacrylamide matrix®¢ and the recording of a “Pac-Man” video
using Dreiklang®®—both illustrating the potential of rsFPs for
high-capacity, rewritable optical data storage.

Furthermore, crystals of |IrisFP, a FP exhibiting both
photoswitching and photoconversion properties, have been
used to produce three-dimensional optical lettering through
two-photon excitation!!>. These studies highlight the potential
of rsFPs as molecular-scale recording elements for high-density,
three-dimensional, and reconfigurable bio-based optical
storage systems, offering a unique convergence of biological
function, molecular engineering, and photonic control.

4.7. Optical manipulation with rsFP Dronpa

Optical manipulation of protein localisation, oligomeric state,
and activity with high spatiotemporal precision provides a
powerful means of probing intracellular signalling
pathways!818% A notable example is Dronpal45N, which
exhibits photoswitching-dependent reversible transitions
between oligomeric and monomeric states!®. In its ON state,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04534g

Open Access Article. Published on 30 December 2025. Downloaded on 12/31/2025 1:56:44 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

Pleasendo kT

:|(at margins

ARTICLE Journal Name
A TR-FA Rotational B STRASS Rotational View Article Online
diffusion time (method 1)  diffusion time DOI: 10.1039/D5NR04534G
; ~ns ~ us to ms m
G @W‘ o R, "
R
fluorophore S, 7 = ON-switching QFF circular ON
light polarised Ex
C Light

X
|
| {
!

Qs s

wtimulation

Time
D Optical data writing Readout pdDronpa pdDronpa
e ssse » OFF
.: . . ‘; 7
5 W 7 .
. » . &é "
Light for
on-switching 's
Photo Active
switching

Fig. 9 Anisotropy, diffusion analysis, data storage and optical manipulation with rsFPs. (A, B) Conceptual illustration of TR-FA and
STRASS. (A) In TR-FA, a fluorophore, whose absorption dipole moment is indicated by the orientation of the arrow, is excited by
polarised excitation (Ex) light. The polarization direction of the emitted light is rotated by the extent of the fluorophore’s rotation

during the excitation S; state at the time scale of ~ ns. (B) In STRASS method 1, rsFP is excited by the polarised ON-switching light.
The polarization direction of the emitted light is rotated by the extent of the fluorophore’s rotation during the ON state at the

time scale of ~ ps to ms. (C) Conceptual illustration of FRAP and FDAP. Region of interest (ROI) is photobleached and

photoactivated in FRAP and FDAP, respectively. Due to the diffusion of fluorophore, the fluorescence intensity in ROl is recovered
in FRAP and decreased in FDAP. (D) Conceptual illustration of data storage with rsFP. Optical data writing is performed with light

for on-switching of rsFP (left). the data readout is achieved by fluorescence imaging (right). (E) Optical manipulation of activity of
protein of interest (POI) with pdDronpa. In the ON state, pdDronpa forms dimer, preventing the activity of POl by sterically
interfering the active site. In the OFF state, the pdDronpa domains are dissociated, and thereby the POl becomes active.

Dronpald45N forms a tetramer, whereas upon cyan-light
irradiation it converts to an OFF-state monomer.

Building on this property, Dronpal45N was further engineered
into pdDronpa, which undergoes light-controlled switching
between dimeric and monomeric states!!’. This reversible
photo-dimerisation enables optical regulation of protein
activity by sterically blocking substrate access to active sites
through light-induced dimerisation (Fig. 9E). Unlike optogenetic
systems based on LOV2 or Cry2, pdDronpa forms its
chromophore autocatalytically, eliminating the need for
external cofactors and defining a distinct class of self-contained,
fluorescent optogenetic tools.

Using pdDronpa, precise optical control has been achieved over
a broad range of biological processes, including protein kinase
and GTPase activities, gene editing, and transcriptional
regulation190:191.192 |n addition, light-induced oligomerisation of
pdDronpa has been harnessed to generate mechanical

16 | J. Name., 2012, 00, 1-3

forces'?®3. This property has been exploited in photoresponsive
hydrogels that exert mechanical stress to regulate cellular
migration and differentiation®41%5, as well as in light-
controllable drug delivery systems, where the physical
properties of hydrogels are modulated by optical stimulation¢,

4.8. Novel approaches integrating multiple technologies with
rsFPs

Recent integration of diverse application strategies based on
rsFPs has given rise to a new wave of innovations that are
poised to substantially broaden the scope and capabilities of
bioimaging.

Super-resolution imaging x Functional imaging with rsFPs

This journal is © The Royal Society of Chemistry 20xx
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Physiological functional super-resolution (fSR) imaging is an
emerging technique that integrates the principles of super-
resolution (SR) microscopy with functional imaging, thereby
enabling visualization of physiological processes at spatial
resolutions beyond the diffraction limit of light!97-200_ fSR
imaging typically employs rsFP-based biosensors that not only
exhibit reversible photoswitching but also respond to functional
events such as protein—protein interactions, enzymatic activity,
and binding of ions and small-molecules (e.g., Ca®* and ATP).

To monitor protein—protein interactions, bimolecular
fluorescence complementation (BiFC) has been adapted for
rsFPs2%1, |n this strategy, an rsFP is split into two fragments that
regain both fluorescence and photoswitching capability upon
reconstitution?°2, This approach enables high-resolution
visualization of interaction sites when combined with SR
techniques such as pcSOFI (photochromic stochastic optical

fluctuation imaging)2°3 and RT-RESOLFT2%4.

Another example, FLINC (Fluorescence Fluctuation Increase by
Contact), exploits fluorescence fluctuations of TagRFP that are
amplified by its proximity to Dronpa or TagRFP-T. When
integrated with pcSOFI, FLINC enabled SR imaging of protein
kinase A (PKA) activity2°>. This concept was further refined into
DrFLINC  (Dronpa-chromophore-removed FLINC), which
provided a generalizable design for fSR biosensors analogous to
FRET-based systems20%6,

Single-molecule-type fSR probes have also been developed.
rsGCaMP, created by introducing photoswitchable mutations
into the Ca?* indicator GCaMP5G, exhibits both calcium
sensitivity and reversible photoswitching. Using rsGCaMP in
combination with MoNaLISA (a RESOLFT variant), fSR imaging of
intracellular Ca* dynamics was achieved??’.

However, in fSR approaches based on FLINC-type or single-
molecule rsFP sensors, only those probes that are functionally
activated—through ligand binding or sensing of specific
biophysical parameters—exhibit fluorescence fluctuations or
signal changes, thereby enabling SR detection. Conversely, in
regions or at time points where the probe remains inactive, SR
information cannot be obtained. To achieve quantitative and
spatially resolved functional measurements, the future
development of rsFP-based sensors that couple photoswitching
with FRET or fluorescence lifetime mechanisms is expected to
further enhance the performance and general applicability of
fSR imaging.

Superresolution imaging x multiplex imaging with rsFPs

In multiplexed super-resolution (SR) imaging, as in conventional
multiplexed fluorescence microscopy, signal separation has
traditionally relied on differences in excitation and emission
wavelengths34208,  However, as noted in Section 4-3,
fluorescence discrimination along the spectral dimension is
inherently limited, restricting the number of distinct signals that
can be simultaneously resolved within a single specimen.

To overcome this constraint in SR imaging, multiplexing based
on parameters independent of excitation and emission

This journal is © The Royal Society of Chemistry 20xx
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wavelengths has been explored. This strategy ..enables
comprehensive localization of multiple ReldéularotarsEs with
nanoscale spatial resolution while preserving information about
their spatial and functional correlations in living samples. rsFPs
offer an effective approach to realize such wavelength-
independent multiplexing, as their photoswitching kinetics
provide an additional dimension for signal discrimination within
the same optical window.

By incorporating rsFP-based multiplexing into SR imaging—or
conversely, integrating rsFP-based SR techniques into
multiplexed imaging workflows—multiplexed SR imaging can be
achieved. For example, STED microscopy employing the p-rsFP
Padron together with the n-rsFP rsEGFP enabled two-colour SR
imaging, while in vivo STED using rsEGFP, EGFP, and Citrine
achieved three-colour SR imaging by exploiting differences in
their photoswitching behaviours292210, Meanwhile, RESOLFT
microscopy
multiplexing enabled dual-colour SR imaging using two green
rsFPs, rsEGFP-N205S and Dronpa-M159T211,

combined with fluorescence lifetime—based

Although these approaches often involve a trade-off in
temporal resolution, the integration of rsFP-based multiplexing
methods such as TMI, LIGHTNING, NEEMO, and Speed OPIOM
with advanced SR imaging modalities is expected to further
enhance multiplexing capability, allowing simultaneous, high-
resolution visualization of multiple targets beyond spectral

limitations.

Super-resolution imaging x Optical data storage with rsFPs

Data can, in principle, be recorded at extremely high density if
individual rsFP molecules are regarded as discrete data bits.
Although current technologies face challenges in achieving
optical access to individual rsFP molecules immobilized at high
surface densities, Grotjohann et al. demonstrated a proof-of-
concept for high-resolution optical data writing and readout by
incorporating super-resolution imaging techniques®®. Using the
RESOLFT approach, they successfully achieved data writing and
readout at intervals as small as 200 nm between adjacent bits—
spatial separations unattainable with conventional optical
microscopy.

In this system, data writing was accomplished by selectively ON-
switching rsEGFP within sub-diffraction-limited regions under
RESOLFT illumination, followed by photobleaching to fix the
written state. Subsequent data readout was performed using
RESOLFT microscopy as well, enabling repeated high-resolution
visualization of the encoded information®®.

Functional imaging x multiplex imaging with rsFPs exhibiting similar
emission spectra

A fluorescence discrimination strategy that exploits the
modulation of rsFP fluorescence is also highly effective for
physiological and functional imaging. In conventional two-
colour functional imaging, both excitation and emission spectral
windows are typically occupied, which limits simultaneous
observation to only two or three biosensors within the same
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specimen. To overcome this spectral constraint, multi-
functional imaging based on rsFP-mediated signal separation
offers an alternative approach.

In practice, simultaneous detection of two distinct signalling
activities—cAMP-dependent protein kinase (PKA) and
extracellular signal-regulated kinase (ERK)—was demonstrated
using an rsFP-based PKA activity biosensor (rsAKARev)?1? in
combination with a non-photochromic ERK biosensor
(EKARev)?13, Both biosensors shared the same optical window
for excitation and emission wavelengths, and the incorporation
of rsFP-based fluorescence modulation enabled robust signal
separation, thereby allowing simultaneous, multiplexed
functional imaging within a single sample?12,

5. Development of rsFP

A wide variety of rsFPs have been developed to date, enabling
a broad range of applications as described above. For all these
uses, rsFPs are generally expected to be monomeric—to avoid
perturbing the intracellular localization or function of target
proteins—while also exhibiting high brightness and
photostability, which are fundamental requirements for any
fluorescent probe used in cellular imaging.

Beyond these general photophysical properties, the
photoswitching characteristics of rsFPs should be carefully
optimized according to the intended application. Although high
ON/OFF contrast and low photoswitching fatigue are universally
desirable, faster ON and OFF switching kinetics are not always
advantageous, as the optimal switching speed depends on the
specific temporal and experimental requirements of each

application.

Directed evolution of rsFPs

Directed evolution is one of the most powerful methodologies
for the development of rsFPs?4, The key steps in directed
evolution involve (i) constructing mutant libraries through the
introduction of genetic variations, and (ii) screening and
isolating variants exhibiting the desired photophysical
properties.

For mutant library construction, several approaches are
available. Random mutagenesis introduces mutations across
the entire gene without targeting specific residues?'®. In
contrast, semi-rational mutagenesis allows mutations to be
introduced at defined sites based on structural information.
Guided by crystallographic analyses and molecular modelling,
substitutions near the phenolic group of the chromophore have
proven particularly effective for tuning photoswitching
behaviour, as this process is strongly influenced by steric
hindrance and hydrophobic/electrostatic interactions
surrounding the Tyr residue in the cis and trans chromophore
states’4216,

Indeed, many rsFPs—including rsCherry?'’, rsFusionRed?'8,
rsGamillus®®, and rsZACRO®*—have been generated through
site-directed mutagenesis around the chromophore. To explore
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all possible amino acid substitutions at a given, site. sites
saturation mutagenesis can be employéd, typieaNyNBYAPER
amplification using primers containing degenerate codons such
as NNK (N = A/T/C/G, K = G/T)?'°. Subsequently, recombination
techniques can be used to combine beneficial mutations into a
single construct. One useful method is the Staggered Extension
Process (StEP), which involves iterative cycles of DNA
denaturation, short annealing, and polymerase extension,
generating hybrid sequences through random template
switching?20.

During the screening stage, E. coli is commonly used as a host
for expressing mutant libraries. Each bacterial colony on a solid
medium corresponds to a unique variant, facilitating the
isolation and evaluation of individual clones. Selection of rsFPs
requires simultaneous assessment of multiple parameters,
including brightness, ON/OFF contrast, and photoswitching
kinetics, depending on the intended application. However, the
photophysical properties of rsFPs expressed in E. coli colonies
do not necessarily reflect their behaviour in other biological
contexts such as mammalian cells. Therefore, performing
screening directly in the target cell type—for instance,
mammalian cells or neurons—is expected to yield rsFPs with
characteristics better optimized for specific imaging
applications®.

Rational design

Rational design represents another powerful strategy for
engineering rsFPs. In this approach, mutations governing
photoswitching behaviour are identified and introduced based
on three-dimensional structural information or computational
simulations.

For example, structural analysis of Dronpa identified the
mutation V159G, which likely reduces the energy barrier for
photochromic switching and accelerates OFF-switching
kinetics?16221,  Similarly, structural characterization of the
excited-state conformation of rsEGFP2 revealed that the V151A
substitution improved both photoswitching speed and ON/OFF
contrast by alleviating steric hindrance and optimizing the
spatial arrangement between the chromophore and
surrounding residues’?22, In IrisFP, a green-to-red
photoconvertible and negative-type rsFP, the mutation M159A,
identified through structural studies on photobleaching,
prevented irreversible sulfoxidation of Met-159 and thereby
improved photoswitching fatigue resistance?23.224,

In FPs that utilize external chromophores, photoswitching is
governed by chromophore inactivation and subsequent
renewal. Thus, introducing mutations at the chromophore-
binding site can tune covalent and non-covalent binding modes
as well as chromophore affinity, directly influencing
photoswitching dynamics. For example, in the near-infrared FP
miRFP720, derived from RpBphP2, fluorescence arises from the
covalent attachment of biliverdin (BV) to Cys-15. Substitution of
this residue with serine (C15S) disrupts covalent linkage,
enhances chromophore turnover, and facilitates efficient
renewal after photooxidation°?,

This journal is © The Royal Society of Chemistry 20xx
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Notably, avGFP-derived FPs can be rationally engineered for
photoswitchability by introducing mutations identified during
the development of rsEGFP and rsEGFP22?. For instance,
rsFolder was constructed by incorporating mutations T65A,
Q69L, and A163S, together with the monomerizing mutation
A206K?%%, into superfolderGFP2%7, yielding a negative-type
photoswitchable variant??8. The E222Q mutation in avGFP has
also been investigated as a photoswitch-inducing
substitution?2°.

Recently developed avGFP derivatives such as mGold2s?® and
HyperfolderYFP?°, which exhibit remarkable resistance to
photobleaching and enhanced chemical stability, respectively,
provide promising scaffolds for next-generation rsFPs.
Combining these robust backbones with photoswitching-
enabling mutations is expected to accelerate the rational
development of highly photostable and application-tailored
rsFPs.

Fusion with Enhancer

The photophysical properties of rsFPs can be enhanced not only
through amino acid substitutions within the B-barrel structure
but also by engineering intermolecular interactions with other
proteins that act as allosteric modulators. For instance,
heterodimerization of dimerization-dependent FPs
(ddFPs)230.231 or fusion of GFP with nanobodies?32 has been
shown to alter the spectral characteristics and brightness of the
resulting constructs. These binding interactions induce local
structural rearrangements around the GFP chromophore,
thereby shifting the equilibrium between the protonated and
deprotonated states of the chromophore and modifying its
spectroscopic properties.

This principle has recently been extended to rsFPs, where
introducing protein—protein interactions can modulate
photoswitching behaviour. In particular, rsGreen variants—
rsFPs derived from EGFP—exhibited reduced photoswitching
fatigue, faster OFF-switching kinetics, and higher ON/OFF
contrast when fused with a GFP nanobody, compared to their
unbound counterparts?33. Conversely, fusion of a GFP nanobody
to rsEGFP resulted in slower OFF-switching kinetics, which was
exploited for temporal multiplex imaging, allowing controlled
tuning of switching dynamics to match specific imaging
timescales®>.

6. Conclusions and perspective

We have reviewed the principal characteristics of GFP-like and
fluorogen-activating (FAP)-based rsFPs, including their
photoswitching modes, underlying mechanisms, and key
photophysical parameters such as switching kinetics, ON/OFF
contrast, and fatigue resistance. These properties have been
leveraged across a broad range of measurement modalities,
particularly those exploiting two-state fluorophore transitions,
such as super-resolution (SR) imaging. In addition, we have
summarized the engineering of rsFPs aimed at advancing these
applications.

This journal is © The Royal Society of Chemistry 20xx
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In imaging techniques based on transitions between the grepnd
(So) and excited (S1) states, substitutingPtHeke! proEessewith
the ON/OFF transitions of rsFPs circumvents the intrinsic
temporal constraints of conventional approaches. This
advantage arises because the lifetimes of the ON and OFF
states—both ground states—are several orders of magnitude
longer than that of the excited state. Likewise, in modalities that
rely on transitions between pre- and post-photobleaching
states, replacing these irreversible processes with reversible
photoswitching enables repeated measurements. Notable
examples include: (i) the reduction of illumination power in
RESOLFT imaging compared to STED microscopy by substituting
the depletion beam with photoswitching light; (ii) overcoming
molecular-size limitations in time-resolved fluorescence
anisotropy (TR-FA) via STARSS; and (iii) repeated quantification
of molecular mobility using FDAP. Collectively, these examples
demonstrate how rsFP-based state transitions can significantly
extend both the temporal and functional reach of fluorescence
imaging.

The integration of rsFPs into diverse modalities has also led to
the emergence of hybrid imaging techniques, such as functional
super-resolution  (fSR)  microscopy, which  visualizes
physiological activities at nanoscale resolution. Continued
integration of rsFPs with complementary imaging approaches is
expected to drive further innovation. For instance, the
modulation of rsFP signals can be combined to enhance image
contrast in photoacoustic imaging?34. Additionally, combining
polarization imaging with rsFP-based SR techniques enables
narrowing of the excitation polarization angle, thereby
significantly enhancing polarization contrast and signal-to-noise
ratiol?7235,  Furthermore, exploiting fluorescence signal
separation of rsFPs offers promising strategies for expanding
the diversity of fluorescent barcodes, while novel biosensing
methods such as bioluminescence-assisted switching and
fluorescence imaging (BASFI) provide new opportunities to
probe protein—protein interactions236,

The performance of rsFPs—in terms of switching speed,
ON/OFF contrast, brightness, and fatigue resistance—has been
greatly advanced through directed evolution and structure-
guided rational design. Nevertheless, the current palette of
rsFPs still lacks diversity in both spectral coverage and
photoswitching kinetics. While numerous green negative-type
rsFPs have been developed, other spectral classes and switching
types remain underrepresented, limiting applications that
demand multiplexing or specific switching dynamics. Although
near-infrared fluorescent negative rsFPs are being developed
and applied to SR imaging1°% 237, blue rsFPs with photoswitching
performance sufficient for practical applications have yet to be
achieved. For emerging imaging modalities, it is increasingly
necessary to establish comprehensive rsFP libraries spanning a
wide range of parameters, including excitation/emission
spectra, switching wavelengths, and kinetics.

In addition to diversification of emission wavelengths and
photoswitching characteristics, improvements in brightness
and resistance to photoswitching fatigue remain strongly
demanded for applications. To date, directed evolution
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approaches, including the screening of random mutagenesis
libraries, have made substantial contributions to the
development of rsFPs. However, given the vast protein
sequence space, such approaches are inherently labor-intensive
and time-consuming. Consequently, rational design driven by
three-dimensional structural analyses, spectroscopic analyses,
and computational simulations is an attractive strategy.
Moreover, understanding photoswitching mechanisms through
these analyses not only facilitates rsFP engineering but also
inspires new applications and alternative strategies for
improving rsFP performance beyond protein engineering. For
example, ultrafast spectroscopic studies have suggested that
the photoswitching process of rsFPs is not a simple two-state
transition between ON and OFF states, but instead involves
multiple intermediates in the excited states®*. In addition, cryo-
crystallographic analyses have indicated the existence of
photoswitching mechanisms that do not rely on cis—trans
isomerization’®.  These insights may enable novel
photoswitching schemes in rsFPs that require more than two
photons, for example, sequential transitions such as OFF1 —
OFF2 — ON state. Such multi-step switching processes in rsFPs
could contribute to further improvements in spatial resolution
in SR imaging?38. Furthermore, applications employing light
irradiation for triplet states in the excited state have been
reported to suppress photoswitching fatigue?3°. These clearly
highlight how deeper mechanistic understanding of
photophysical behaviour is driving the development of novel
applications and approaches for application controlling rsFP.

In addition to the rational design, artificial intelligence (Al)-
driven protein design have opened powerful new directions for
rsFP development?4°. Notably, large-scale protein language
models trained on evolutionary sequence data (e.g., ESM-3)
have successfully generated artificial FPs?4, In parallel, de novo,
physics- and structure-based design approaches have achieved
the rational creation of FAPs with B-barrel scaffolds capable of
binding small-molecule fluorogens such as DFHBI?*2, These
methods are expected to complement conventional directed
evolution and rational design by:

(i) rapidly generating functional candidates from vast

sequence spaces,;

(ii) integrating structural and physicochemical constraints to
propose sequences optimized for specific photophysical
properties (e.g., colour, brightness, kinetics, and stability); and

(iii) accelerating the experimental-computational design cycle.

By bridging Al-driven sequence generation with experimental
screening, these emerging approaches are poised to close the
existing gaps in rsFP diversity—particularly in excitation,
emission, and photoswitching spectra—thereby accelerating
the discovery of high-performance, next-generation rsFP
probes for advanced bioimaging.
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