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Abstract

Fluorescent proteins (FPs) have transformed cell biology through their use in fluo-
rescence microscopy, enabling precise labeling of proteins via genetic fusion. A key
advancement is altering primary sequences to customize their photophysical proper-
ties for specific imaging needs. A particularly notable family of engineered mutants is
constituted by Reversible Switching Fluorescent Proteins (RSFPs), i.e. variant whose
optical properties can be toggled between a bright and a dark state, thereby adding
a further dimension to microscopy imaging. RSFPs have strongly contributed to the
super-resolution (nanoscopy) revolution of optical imaging that has occurred in the last
20 years and afforded new knowledge of cell biochemistry at the nanoscale. Beyond
high-resolution applications, the flexibility of RSFPs has been exploited to apply
these proteins to other non-conventional imaging schemes such as photochromic flu-
orescence resonance energy transfer (FRET). In this work, we explore the origins and
development of photochromic behaviors in FPs and examine the intricate relationships
between structure and photoswitching ability. We also discuss a simple mathematical
model that accounts for the observed photoswitching kinetics. Although we review
most RSFPs developed over the past two decades, our main goal is to provide a clear
understanding of key switching phenotypes and their molecular bases. Indeed, com-
prehension of photoswitching phenotypes is crucial for selecting the right protein for
specific applications, or to further engineer the existing ones. To complete this picture,
we highlight in some detail the exciting applications of RSFPs, particularly in the field
of super-resolution microscopy.
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1 Introduction

In his Nobel lecture, Martin Chalfie told the audience that he discovered the existence
of an autofluorescent protein at one seminar in the late eighties [1]. When he first
heard of a protein spontaneously able to become fluorescent in the cellular setting, he
was so excited he could not pay attention to the remaining part of the seminar: the
idea of cloning the GFP to tag selectively some cells in C. elegans had come up in his
mind all of a sudden. It took a few more years of hard work to have it expressed in the
little worm and glowing under the microscope [2]. It was 1994, and the “fluorescent
protein” age in molecular biology and biophysics had officially begun.

Itis hard to fully appreciate the consequences of this discovery. The ability to encode
genetically an optical property in a selective manner has opened the way to unprece-
dented knowledge on how life emerges from the chaotic assembly of biomolecules
in the cells, and how cells cooperate to sustain even more complex functions in a
multicellular organism [3, 4]. The discovery of GFP has made it possible to see cell
biochemistry happening in real-time: the roots of life became the subject of countless
amazing movies.

One fluorescent protein was not enough. In a few years, the ancestor GFP had been
engineered into a palette of colorful reporters, named Fluorescent Proteins (FPs), by
the effort of several scientists [5]. Among those, we should mention Roger Tsien, who
in 2008 earned the Nobel Prize in Chemistry for the GFP discovery together with
Martin Chalfie and Osamo Shimomura, the Japanese scientist who originally isolated
and characterized the GFP from the Aequorea victoria jellyfish [6]. In the same years,
it was discovered that other sea organisms contain proteins similar to GFP in terms
of structure and post-translational modification to generate the optical unit referred to
as the GFP chromophore [7]. Nowadays, fluorescent proteins appear to be a protein
family specific to Metazoa and, in spite of their patchy distribution across phyla, it is
thought that the common ancestor of all Metazoa most likely possessed the FP gene
[8]. Furthermore, also non-Aequorea FPs can be engineered to give artificial variants
with tailored optical phenotypes.

As if that was not exciting enough, after a few more years the story of fluorescent
proteins took an unexpected turn: the optical properties of some variants could be
modified by the external light (Photo-Transformable Fluorescent Proteins, PTFPs)
[9]. Even more strikingly, the highly-conjugated GFP chromophore, whose molecular
core is shared by all variants regardless of the actual sequence, was found to be
intrinsically photochromic. This means it is amenable to reversible photoswitching
between two optical states underlined by a simple conformational change between
the cis and trans diastereoisomeric states [10]. Accordingly, Reversible Switchable
Fluorescent Proteins (RSFPs) began to be engineered and applied in non-conventional
optical schemes [11, 12].

Crucially, PTFPs became one of the pillars of the “super-resolution” revolution in
microscopy [13], i.e. the development of strategies circumventing the optical limit
of diffraction and enabling theoretically unlimited spatial resolution [14, 15]. Indeed,
nanoscopy, as super-resolution microscopy is often named, leverages the optical switch
among states to separate in space and/or time the overlapping emissions of nearby
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molecules [16]. In this scenario, RSFPs play a key role, as reversible photoswitch-
ing between optically distinct ground states enables nanoscopy approaches such as
RESOLFT [17] or pcSOFI [18], operating at milder illumination conditions more apt
to imaging living cells.

Nowadays, tens of RSFPs have been proposed in the scientific literature, and a
considerable number of them have been applied to cell imaging, thereby discovering
or characterizing biochemical processes with unprecedented detail. The scope of this
review is not to enlist all the variants published in the literature, albeit we did our
best to enclose most of them in our description. Rather, on one side we try to posit
the genesis and biophysical hallmarks of the photochromic behavior, starting from the
basic properties of the Aequorea victoria GFP (wtGFP) and dealing with the subtle
structure—property relationships that unleash and modulate the photoswitching ability.
On the other side, we address the current use of the RSFPs in fluorescence microscopy,
with particular attention to super-resolution approaches.

To maintain such a symmetry, the reader is presented with the basis of the photo-
physical behavior of fluorescent proteins in Sect. 1. Section 2 focuses on the mechanism
of reversible photoswitching, provides a mathematical framework to interpret the
macroscopic observables endowed by the photochromic ability, and describes in some
detail many variants as a way to convey both the structure—property relationship and
useful information to design actual experiments. Section 3 is dedicated to the appli-
cations of RSFPs in optical microscopy. Yet, instead of merely reporting a list of
approaches and variants, we focus mostly on those imaging applications that have
been truly enabled, or greatly benefited, by the discovery of RSFPs.

The title of this work plays on words with the famous 1999 horror movie “The
Blair Witch Project”. In this movie, three students amateurishly film a documentary
about a local myth known as the “Blair Witch”, unleashing a tragic chain of events.
But RSFPs are neither myth nor is their usage associated with fictional evil forces.
RSFPs constitute a real and amazing toolbox of probes for optical microscopy; and
they represent Science at its best.

2 Fluorescent proteins: from the structure to the function

The identification of a fluorescent protein participating in the bioluminescence system
of the jellyfish Aequorea Victoria traces back to the seminal work of Shimomura in
the early 1960s [19]. This protein, known as Green Fluorescent Protein (GFP), derived
its name from the vivid green fluorescence produced upon UV-blue light excitation.
Thereafter, it has been simply referred to as wild-type GFP or wtGFP in accordance
with scientific nomenclature. Following its cloning [2, 20, 21], numerous fluorescent
and non-fluorescent GFP homologues were discovered in various organisms [7, 22].
Reference [23] summarizes recent findings in the evolutionary history and ecological
functions of fluorescent proteins (FP) in sea organisms. Many natural homologues
of GFP are non-fluorescent, although they absorb visible light (chromo-proteins or
CPs). Moreover, protein engineering through sequence mutagenesis has generated an
abundance of Fluorescent Proteins (FPs) with optical properties spanning the visible
spectrum and beyond [3, 12]. For a great source of information, the reader is referred
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Fig. 1 General structure of Fluorescent Proteins. The tertiary structure of FPs has a characteristic $-barrel
fold generated by the cylindrical arrangement of several antiparallel B-sheets around the core chromophore
moiety (p-HBI). In this image, the frontal B-strand is cut off to offer a view of the chromophore

to the online Fluorescent Protein database (FPbase, www.fpbase.org), which is a free
and open-source, community-editable database for FPs and their properties [24].

All known FPs exhibit a notable structural similarity, sharing a conserved B-barrel
tertiary structure irrespective of the homology of their primary sequence (Fig. 1) [12,
25, 26]. Differences can be observed in the quaternary structure, as several natural FPs
form tightly bound tetramers or dimers, a characteristic that initially hindered their
applications. However, primary sequence mutagenesis has, in most cases, reversed
this association, yielding monomeric variants of the parent proteins [27-30]. The
chromophore moiety, the origin of fluorescence, is autocatalytically generated within
the p-barrel fold through sequential cyclization/dehydration/oxidation of an internal
tripeptide sequence, as exemplified in Scheme 1 for wtGFP [31], although for some
mutants the dehydration and oxidation steps could be reversed [32].

For many variants, additional oxidation reactions can take place, expanding the
variety of chromophore structures (Scheme 2) [26]. Fine-tuning of spectral proper-
ties arises from the non-covalent interactions of these chromophore structures with
the surrounding molecular matrix [33]. This structure-dependent diversity in optical
response is undoubtedly one of the factors contributing to the success of FPs. The
precise engineering of protein sequences has enabled the tailoring of FPs for specific
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Scheme 2 Formation of a typical FP chromophore of RFPs. In some protein contexts, the chromophore
(here a p-HBI moiety) can be further oxidized by O, to extend electron conjugation, thereby red-shifting
the absorption/emission properties of the variant [33]
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imaging techniques in cells [4, 12, 34, 35]. The tunability of FPs through sequence
engineering, coupled with the careful arrangement of the parent protein structure and
chromophore, represents a challenging and highly stimulating field for bioscientists
interested in structure—property relationships in biomolecules [34].

While wtGFP has been largely replaced in many applications by its mutants and
homologues, it remains a suitable starting point for introducing concepts related to the
optical and photophysical properties of FPs, including its ability to undergo reversible
switching. Consequently, the reader is initially presented with wtGFP, considered the
“photophysical” archetype of FPs. Section 1.1 covers the structure and formation of
wtGFP chromophore, while Sect. 1.2 explores the intrinsic photophysical properties of
the chromophore, including photoswitching, as highlighted by several studies on syn-
thetic chromophore analogs The ground-state and excited-state properties of wtGFP
are reported in Sects. 1.3 and 1.4, respectively. Finally, Sect. 1.5 is a short summary of
the main spectral properties of the continuously expanding family of FPs, including
both proteins retrieved in nature and their engineered variants.

2.1 Structure of wtGFP

wtGFP consists of a single peptide chain comprising 238 amino acids and has a
molecular weight of 27 kDa [5]. In 1996, X-ray spectroscopy revealed for the first
time that this sequence folds into a compact cylindrical structure, commonly referred
to as a B-barrel (Fig. 1). The lateral wall of this B-barrel is an 11-stranded p-sheet, with
a diameter of 24 A and a height of 42 A [36]. The B-barrel is capped on both ends
by short a-helical sections and traversed by an a-helix containing the amino acids
forming the chromophore.

In wtGFP, the chromophore is a 4-(p-hydroxybenzylidene) imidazolidinone, often
referred to as p-HBI or Y-Chro. p-HBI is composed of two conjugated aromatic
rings—a six-member aromatic phenol and a five-member imidazolidinone (Scheme 1).
The chromophore originates from the post-translational autocatalytic modification of
three consecutive amino acids: Ser65-Tyr66-Gly67 [37]. The formation of the GFP
chromophore involves three distinct chemical processes triggered by the protein fold-
ing into the B-barrel tertiary structure [31,38] (Scheme 1). In the first step, the tripeptide
Ser65-Tyr66-Gly67 cyclizes; in the second step, the cyclic intermediate is oxidized
by molecular oxygen to yield a conjugated structure; and in the third step, a water
molecule is released. The oxidation reaction represents the rate-limiting step of the
overall process and takes at least 30 min to occur [39].

The heterologous expression of the Aequorea GFP gene in other organisms leading
to fluorescence demonstrates that the post-translational synthesis of the chromophore
does not require any jellyfish-specific enzyme [2]. However, exogenous oxygen is
necessary because wtGFP does not develop fluorescence under anaerobic conditions
[21].

The imidazolidinone five-membered heterocyclic ring is a common feature of all
known FP chromophores [12, 26]. In wtGFP, the alternating single and double bonds
in the bridge region extend the electron delocalization from the phenolate to the car-
bonyl of the imidazolidinone. The efficient absorption of visible light is ultimately
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Scheme 3 Ground-state protonation reaction of p-HBDI, the synthetic analogue of wtGFP chromophore.
p-HBDI contains two protonatable heteroatoms, the phenolic oxygen (in red) and the unsubstituted imi-
dazolidinone nitrogen (in blue). Their protonation affords four different species: cationic (O and N are
protonated, C), neutral (O is protonated, V), anionic (O and N are deprotonated, An), and zwitterionic (O is
deprotonated and N is protonated, Zw). Conventionally, the p-HDBI is identified with the N form, although
all four states may occur in water solution depending on pH

determined by this w-conjugated system. It is noteworthy that the phenol ring of the
chromophore originates entirely from the lateral group of Tyr66. This allows for the
replacement of Tyr66 with other amino acids bearing aromatic side chains, such as
phenylalanine, histidine, or tryptophan, to obtain different optical properties [5].

The intrinsic photophysical properties of p-HBI have been highlighted by using syn-
thetic analogues. The established experimental model for the chromophore of wtGFP
and many other FPs variants is a p-hydroxybenzylidene-2,3-dimethylimidazolidinone,
or p-HBDI [40] (Scheme 3). This model includes the relevant w-conjugated system
but lacks the side chain of the first residue of the tripeptide, which is Ser in wtGFP.

2.2 Photophysical properties of p-HBDI

The ground-state photophysical properties of p-HBDI are dominated by its two main
protonation sites: the oxygen of the phenol group and the unsubstituted nitrogen in
the imidazolidinone ring (Scheme 3). These two protonation sites disclose four pro-
tonation states denoted as “protonated” C (net charge: + 1), “neutral” N (net charge:
0), “zwitterionic” Zw (net charge: 0), and “anionic” An (net charge: — 1) (Scheme 3).

In several organic solvents, NN is the only soluble form and its absorption is located
around 350 nm, undergoing a bathochromic shift as the polarity of the solvent increases
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Fig. 2 Absorption of protonation states of p-HBDI in water. The molar absorption spectra of the N, C, and
An forms of p-HBDI, together with that of a structural analogue of Zw, are reported for the 250-550 nm
range. Data is taken from Ref. [44]

[41]. In water, each of the four states may occur depending on the pH and exhibit a
distinct absorption signature. The C, N, and Ar forms have absorption maxima at
387-393, 368-372, and 425-428 nm, respectively (Fig. 2) [41, 42]. The red-shifted
absorption of An compared to N was attributed to extended electronic conjugation
of the former state, which lowers the SO- > S1 transition energy [43]. Due to its
scarce population at any pH, absorption of Zw is not directly measurable. However,
a zwitterionic-mimicking derivative was found to absorb at 406 nm in water (Fig. 2)
[41].

Changes in absorption spectra with pH were used to obtain the pK, of the four
protonation equilibria. Bell et al. found that the C — N ionization has pK; = 1.8-2.4,
whereas the N — An ionization has pK,; = 8.2 [42]. The pK, of C — Zw was found to
be ~ 6.5 by using the aforementioned zwitterionic-mimicking p-HBDI analogue [41].
These three pK, values enable the full thermodynamic description of the protonation
reactions relevant to p-HBDI (Scheme 3). Of note, the proton equilibrium involving
N and An is the predominant process above pH = 3 (Zw accounts for less than 0.01%
of its isoelectric counterpart N above pH = 3).

In p-HBDI, the imidazolidinone and the phenoxy bonds of the methine bridge are
referred to as [-bond and P-bond, and rotation angles around these bonds are denoted
as t and ¢, respectively (Scheme 4). The extended electronic m-system hampers the
rotation of one cycle with respect to the other around the I-bond and P-bond, and the
molecule is almost planar in its ground-state minimum [45]. Accordingly, p-HBDI
(and its protonation states) occurs in two stable diastereoisomeric states, i.e., cis and
trans (also referred to Z and E, respectively), for which (¢ = 0°, t = 0°) and (¢ =
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Scheme 4 Stereochemical configurations of p-HBDI. a The stereochemical configurations of p-HBDI are
mostly determined by the imidazolidinone (I-bond) and the phenoxy (P-bond) bonds (the other bonds are
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0°, T = =% 180°), respectively (Scheme 4). p-HBDI or its Arn form contains mostly
(> 97.5%) the cis isomer at room temperature in water, on account of its significantly
higher thermodynamic stability (~ 10 kJ/mol) compared to the trans isomer [46]. Of
note, cis C is only 3.3 kJ/mol more stable than trans C, possibly on account of the
steric repulsion that ensues between the proton on the imidazolidinone N nitrogen and
one proton of the phenol ring in the cis isomer [46].

In all solvents, the four protonation states of cis p-HBDI exhibit negligible fluo-
rescence emission upon excitation on their absorption bands (quantum yields < 1073)
[40]. In a series of seminal papers, Meech’s group experimentally showed that the poor
emissivity owes to a fast and efficient deactivation channel involving intramolecular
torsion of the chromophore in the excited state followed by internal conversion on the
picosecond timescale [40, 47-51]. Consistently, p-HBDI fluorescence was restored
when molecular mobility and the related torsional deactivation channel of the excited
state are hindered, i.e., at very low temperatures or in high-viscosity media [40, 47-50].
Fast spectroscopy measurements were carried out also in vacuo on electrosprayed
Anp-HBDI [52]. Arn was found to be almost non-fluorescent in vacuo, positing the
intrinsic, solvent-independent nature of deactivation mechanisms for excited p-HBDI
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[53]. This hypothesis was brilliantly confirmed upon the discovery that the initially
excited Franck—Condon state of excited Anin vacuo relaxes to a twisted intermedi-
ate in a few hundred femtoseconds, and from the twisted state to the ground state
in about 1 ps [54, 55]. This conclusively stated that the decay mechanisms in vacuo
and in solution are identical [55]. Low-temperature trapping of the excited state for
about 1.2 ns also demonstrated that fluorescence is an intrinsic property of the p-HBDI
chromophore [56].

The radiationless decay to the ground state has been accounted for by rotations about
either P-bond or I-bond by several theoretical studies [57]. According to Olsen et al.
[58], photoexcitation generates a biradical excited state, whose fate is influenced by
the protonation of the phenolic oxygen. The excited biradical state of An is delocalized
over the molecule, allowing twisting motions about both the P-bond and the I-bond.
Yet, rotation about the P-bond is energetically barrierless, whereas some residual
energy activation is observed for the I-bond, leading to almost complete twisting
through ¢ rotation, as also suggested by Olivucci et al. [45]. Instead, for N form,
the excited biradical state is not delocalized and twisting is favorable only about the
I-bond [58]. The main radiationless decay by ¢-rotation of An has been recently
questioned by List et al., whose study fully accounted for inertial effects in the non-
equilibrium conditions that follow photoexcitation (Scheme 5) [59]. They concluded
that the internal conversion takes places predominantly through twisting around the
I-bond, while the P-twist pathway plays a minor role (~ 20% of the population).

Twisting of p-HBDI about the I-bond at the excited state is believed to be at the
basis of the observed efficient photoisomerization of p-HBDI and analogues from
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Scheme 5 Excited state processes of isolated An p-HBDI according to List et al. [59]. Upon photoexcitation,
cis An p-HBDI populates a Franck—Condon (LE) state that rapidly (~ 180 fs) evolves almost equimolarly
to two twisted intermediates, one about the P-bond (P-twist) and one about the I-bond (I-twist). I-twist
undergoes fast (0.5 ps) internal conversion back to cis An and to trans An with equal probability. P-twist can
undergo fast internal conversion to cis An or slower (> 10 ps) back-conversion to I-twist. Excited species
are in red, the S1 — SO internal conversions are denoted by wavy arrows
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the cis to the trans state observed in different media [10, 60], as well as in vacuo
[61]. Indeed, the theoretical work of List et al. strongly supports a photoisomerization
mechanism that originates from direct passage through the I-twisted intersection seam
(Scheme 5) [59]. This mechanism is referred to as the one-bond flip (OBF) and is an
alternative to the hula-twist (HT) mechanism, where both P-bond and I-bond undergo
a concerted rotation. The same authors calculated that about 30% of the population of
excited An reaches the trans state, a value close to the cis—trans photoisomerization
yields estimated for p-HBDI and analogues [10, 60]. On the experimental side, the
seminal work by Voliani et al. [10, 60] addressing cis/trans quantification of p-HBDI
and analogs at photo steady state set out for singling out the spectroscopic properties
of trans isomers. Interestingly, the absorption band of frans isomer was found to be
only lightly red-shifted compared to cis, whereas the excited-state decays of the two
isomers are indistinguishable [10, 57, 62]. The minor spectral red shift seems related to
oscillator-strength transfer to the excitation involving the molecular orbital localized
on the phenolic ring (HOMO-3), possibly due to decreased conjugation over the entire
trans chromophore [10].

On account of the higher free energy of the frans isomer (vide supra), a trans—cis
ground state isomerization is observable upon photoisomerization at RT. Trans—cis
ground-state isomerization was found to be a thermally activated process occurring
with multiexponential kinetics on a timescale ranging from a few seconds to sev-
eral minutes [10], in agreement with a measured energy barrier of about 55 kJ/mol
for both NV and An in water [46]. The spontaneous recovery was found to be much
faster in protic than in aprotic solvents, pointing to the role of proton mobility [10].
Indeed, p-HBDI derivative where the phenolic hydroxyl had been replaced with a
hydrogen [10] or a methyl group [63] were found to be stable for several hours in
the trans state upon photoisomerization. A simple explanation of these findings takes
into account the mesomeric or resonance structures of p-HBDI yielding partial sin-
gle bond character to I-bond in N and An, respectively [63]. Quite consistently, Li
et al. have shown by using the H/D exchange effect that the ground-state trans—cis
isomerization occurs via a mechanism remotely regulated by the proton dissociation
of the phenol group by means of one associated water molecule [64] (Scheme 6). Pro-
ton dissociation weakens the double bond character of the I-bond, thus favouring the
trans—cis isomerization. Interestingly, Dong et al. reported that non-ionizable p-HBDI

_ —t o
x—N AN A
mr\?_ - © N\>_ o N
0 N 9 % \ : X
trans (E) H o cis (2
H-q H-q H-0
H H H

Scheme 6 Mechanism of ground-state frans — cis isomerization of p-HBDI according to Li et al. [64]. A
water molecule remotely regulates ground-state trans — cis isomerization because it decreases the double
bond character of I-bond by establishing a direct H-bond interaction with the phenolic proton. Of note, the
transition state involves partial dissociation of a phenol proton with the assistance of the associated water
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derivatives may nonetheless undergo slow ground-state trans—cis isomerization by an
addition/elimination step, via a nucleophilic attack at the methine bridge carbon [65].

2.3 Ground state photophysical properties of wtGFP

The first X-ray structure of the protein revealed that chromophore maturation in wtGFP
leads to the formation of the cis-isomer of p-HBI [36]. Yet, the absorption peaks of
wtGFP in the optical range are significantly red-shifted (30-50 nm) compared to p-
HBDI (Fig. 3). The neutral chromophore state, which in wtGFP is referred to as the
A state, absorbs at 398 nm. The anionic form of the chromophore, which in wtGFP is
referred to as the B state, absorbs at 475 nm. Remarkably, the absorption of An can be
probed in vacuo by electrospray, and here shows an absorption maximum at 479 nm
that nearly coincides with the absorption peaks of B [52]. This may suggest that, in
the protein, the §-barrel fold shields the chromophore from the surroundings without
significantly changing its electronic structure. Nonetheless, the redshifts of A and B are
believed to stem mostly from the complex network of interactions experienced by p-
HBI within the protein fold [66]. Indeed, X-ray data indicate that p-HBI is surrounded
by four entrapped water molecules and several charged and polar residues such as Q69,
Q94, R96, H148, T203, S205, and E222 [36, 67-69]. Additionally, in A and B states,
the chromophore environment is significantly different: a proton network connecting
the chromophore phenol to E222 is active in A, whereas it is hindered in B due to the
120° rotation of T203 to establish a strong H-bond with the phenolate group [68]. The
optical absorption signature of wtGFP is completed by the peak at 280 nm, which is
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Fig. 3 Absorption and emission spectra of wtGFP. Molar absorption spectrum of wtGFP (red line) and
emission spectra obtained by excitation of the A state at 400 nm (blue line) and of the B state at 488 nm
(green line). The absorption spectra of the N (black dotted line) and An (black dashed line) forms of p-HBDI
are reported for comparison. Data is taken from ref [44]
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attributed to the side-chains of tyrosine and tryptophan residues in the protein (Fig. 3)
[70].

At physiological pH both A and B states are present in the absorption spectrum of
wtGFP with a 3:1 intensity ratio. From the extinction coefficients of the two states,
an A/B population ratio around 6/1 can be calculated [71]. Surprisingly, however, this
ratio is nearly unaffected by changes in proton concentration in the 5-10 pH range
[71]. This molecular phenotype was rationalized by the “2S-model” of protonation, a
mechanism of proton exchange that is shared by several FP variants [72, 73]. The 2S-
model assumes that the protonation of p-HBI is thermodynamically coupled with that
of a nearby ionizable residue, which is E222 in wtGFP. Depending on the protonation
of the two sites we can have four different species, i.e., A’, A, B, B’ (Scheme 7). Here,
the letter represents the protonation state of the phenolic group of the chromophore
(A and B stands for the neutral and anionic forms, respectively), while the absence
of the apex means that the total charge of the system is zero (this occurs when the
protonation of E222 is the opposite than that of the chromophore).

In wtGFP (and other FPs) the proton coupling between p-HBI and E222 is strongly
anti-cooperative (i.e.: deprotonation of one site hampers the deprotonation of the
other): this leads to an extended pH range where only internal proton exchange takes
place and the optical properties are insensitive of the external pH. In wtGFP this pH
range goes from 5 to 10, but in many other FPs the range is narrower. Of note, in wtGFP
proton exchanges from/to the chromophore are coupled with extended H-bond rear-
rangements upon proton displacements. First, the E222 residue takes a proton from
S205, which in turn accepts it from one structural bridging water molecule (W22),
that, as a final step, deprotonates the phenolic group of the chromophore.

2.4 Excited state photophysical properties of wtGFP

The rigid folded structure of wtGFP is also responsible for the significant protein flu-
orescence emission compared to p-HBDI in water. The A state displays @4 = 0.78
[74], whereas the B state has @g = 0.79 [70]. Fluorescence of both states is also unaf-
fected by the presence of classical quenching agents [75]. A and B are characterized
by minor differences in emission maxima and shapes (Fig. 3), a rather unexpected
property given their large difference in absorption maxima. Pump-probe experiments
targeting the excited-state depletion at short (ps) timescales highlighted that the emis-
sion similarity stems from a proton transfer mechanism occurring at the excited state
(Scheme 8) [73, 76, 77]. Photon absorption by B leads to excited state B* that has
a single emission channel at 503 nm with a lifetime around 3 ns (Scheme 8). Con-
versely, upon excitation of A, two competing photo processes leading to emission are
triggered: (i) direct emission from A* (at 440—480 nm) and (ii) Excited State Proton
Transfer (ESPT) from A* to Glu222 through a proton wire of H-bonds involving one
water molecule and Ser205 eventually leading to 507 nm emission [76-78]. ESPT
takes place in a few picoseconds due to the strongly increased acidity of the phenol
group in the excited state [43, 73], and it represents a much more efficient depletion
channel of A* than direct fluorescence emission [79]. In more detail, upon ESPT, A*
evolves to I*, an intermediate excited state where the chromophore is anionic like in
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Scheme 7 2S-model of chromophore protonation in wtGFP according to Bizzarri et al. [72]. According
to the 2S-model of chromophore protonation, the phenolic protonation of p-HBI and a nearby residue (in
wtGFP: E222) are thermodynamically coupled. This leads to four different states A’, A, B, and B’. The
latter is usually not populated in the pH range of protein stability. Depending on the relative pK; values
of p-HBI and E222 the protein experiences a pH range where only the two A and B states are populated.
Yet, the A/B equilibrium is pH independent, and the optical properties of the protein are not changed upon
external pH variation. In wtGFP this range goes from pH 5 to 10

B* but its surrounding residues are in the relaxed form typical of A owing to the very
short timescale of I decay (a few ns) that does not allow for the rearrangement of the
chromophore environment driven by phenol deprotonation (e.g., flipping of the lateral
chain of Thr203) (Scheme 8) [77, 80]. This explains why I* emits at wavelengths
similar, but not equal, to B*. Upon emission, I* decays to I, which quickly evolves
to A, which is more stable by 7.6 kJ/mol of free energy, according to Wiehler et al.
[81]. The I — A conversion seems to take place by reversing the internal proton wire
associated with ESPT [68].
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Scheme 8 Photophysical model of wtGFP emission [73, 77]. Excitation of A around 400 nm leads to A*,
which yields fast (ps) excited state proton transfer (ESPT) to E222. Yet A* does not evolve to B*, because
the ESPT mechanism is too fast for enabling conformational relaxation of the residues surrounding p-HBI
(here is shown only T203, whose flipping upon chromophore deprotonation is well documented [68]).
Thus, A* evolves to I*, an intermediate state where the excited chromophore is anionic, but the protein
conformation is unrelaxed. This explains why photoexcitation of A leads to an emission similar, but not
fully overlapping, that of B*

2.5 Modulation of the spectral properties of the chromophore:
the ever-expanding family of FPs

The development of optimized FPs by protein engineering followed shortly after the
first report of exogenous expression of wtGFP in an organism other than aequorea
Jellyfish [82—84]. It was early understood [5] that the optical properties of any FP are
the result of: (i) the chromophore structure, particularly the nature of the aromatic ring
and the presence of an additional double bond conjugated to the imidazolidinone, (ii)
the interaction between the chromophore and its immediate environment. The environ-
ment can act on the chromophore by: (a) deforming some of its bond lengths through
H-bonds, (b) distorting the planarity of the chromophore, and (c) differentially stabi-
lizing the ground and excited states by electrostatic interactions, these three actions
being correlated. Therefore, starting from a plethora of structural (but not sequence)
analogs of wtGFP discovered in several sea and terrestrial organisms, spectral as well
as other photophysical properties were further tuned by sequence engineering, yield-
ing several hundreds of available variants to comply with the ever-growing demand
in the field of optical imaging. The interested reader is referred to several excellent
reviews in this field (e.g.: [8, 12, 35]) and the FP internet database (www.fpbase.org).
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Here, we shall discuss only a few main issues that prove relevant for understanding
the molecular phenotypes of RSFPs.

The pre-chromophore tripeptide has a X(1)-Tyr(2)-Gly(3) sequence in all-natural
FPs discovered so far, yielding inevitably a p-HBI chromophore upon maturation (Y-
Chro). The X(1) position is versatile, accommodating almost any amino acid, while
the replacement of Gly(3) disrupts chromophore formation, emphasizing the essential
conformational flexibility of Glycine at this site [38]. In contrast, substituting Tyr(2)
with aromatic amino acids (Phe, His, or Trp) maintains fluorescence albeit with blue-
shifted excitation and fluorescence wavelengths compared to the native protein [5].

The ultimate structure of the chromophore is determined by post-translational pro-
cessing around the X1 a-carbon. In numerous fluorescent proteins (FPs), including
wtGFP, no modifications occur at this site. Conversely, in several natural wtGFP
analogs from non-Aequorea victoria sea organisms, oxidation of the C-N main chain
bond of X1 takes place (Scheme 2) [26, 30, 33, 85]. This oxidation results in an
acylimine substituent at the corresponding position of the imidazolidinone ring, and
recent findings indicate that this oxidation precedes dehydrogenation of the bridging
carbon [86]. From a photophysical perspective, the formation of the acylimine moiety
extends the m-conjugated system, thereby lowering the excitation energy and leading
to red/orange fluorescence. These proteins therefore constitute the large family of Red
Fluorescent Proteins (RFPs).

In some RFPs, additional reactions occur on the acylimine moiety [85]. Exam-
ples include hydrolysis associated with backbone cleavage in asFP595, or side-chain
cyclization through nucleophilic addition of Threonine (Orange), Cysteine (mKO), or
Lysine (zFP538) side chains followed by backbone cleavage [§7—89]. In proteins like
Kaede and its relatives (KikGR, EosFP, Dendra), UV excitation triggers cleavage of
the backbone between the main-chain N and Ca of the Histidine at X1. Subsequently,
double-bond formation occurs between Ca and Cf [90].

Many FPs with p-HBI chromophore retain the optical sensitivity from external pH
but do not comply with the 2S-model, as they show a simple protonation equilibrium
between protonated and deprotonated chromophore (Scheme 9) [72]. In these FPs,
ionization of the phenolic group does not couple thermodynamically with that of
protonatable nearby residues. In Aequorea proteins this occurs because the pK, of E222
is much higher than that of p-HBI, and the latter deprotonates first [72]. Accordingly,
the low pH optical state of these variants corresponds to A’. To avoid confusion, in the
forthcoming sections we shall refer to the low pH optical state of anyFP not obeying
the 2S-model as the A’ state, even if the protein does not belong to the Aequorea

0] 0]
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wN N ) wN N o + H
o \5 o
A H B
Scheme 9 Simple protonation equilibrium of p-HBI. In many Y-Chro FPs, the protonation of the p-HBI

chromophore is not thermodynamically coupled to the protonation of any other surrounding residue, and a
simple ionization equilibrium characterized by only the A’ and B states ensues
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family. Of note, the anionic chromophore of most RFPs is much more stable than its
neutral counterparts within the pH range of 5-9. This effect is usually attributed to the
increased acidity of the phenol group induced by the presence of additional conjugated
double bond(s).

3 Reversible photoswitching: an emerging property of several
fluorescent protein variants

In this chapter, the reader is initially presented in Sect. 2.1 with a general and compre-
hensive description of the photoswitching phenomenon, which highlights the relevant
physicochemical parameters determining the features of the RSFPs within a quantita-
tive model. In Sect. 2.2 we specifically discuss the properties and mechanism of the
largest group of RSFPs, the “negative” switchers possessing a p-HBI chromophore
analogous to wtGFP. The family of negative switchers is completed in Sect. 2.3 by
the description of the “orange-red” RSFPs, which comprises proteins with a p-HBI
chromophore with extended electronic conjugation. In Sect. 2.4 we address the smaller
family of “positive” switchers, which are gathered together regardless of the structure
of their chromophore. Eventually, in Sect. 2.5 we consider the special class of “de-
coupled” switchers, which so far comprises only two members. In each section we
describe in some detail most members of the considered group, clustering the different
variants on account of the lineage of their farthest ancestor protein.

3.1 The photoswitching phenomenon
3.1.1 Definition of reversibly photoswitchable fluorescent proteins

Early after its demonstration as a genetically encodable probe [2], wtGFP was reported
to exhibit several peculiar light-driven transformations such as photoactivation [91-93]
and photoconversion [94]. Partial photoswitching was revealed in some engineered
Aequorea variants of different colors, such as YFP [95], ECFP and Citrine [96], and
E>GFP [97]. Notably, the low yields of these processes made them perceived mostly as
nuisances. The scenery radically changed in the early 2000s when a rational approach
to protein engineering was applied to both the Aequorea family and the newly dis-
covered RFPs from Anthozoa organisms such as Anemonia sulcata and Trachyphyllia
geoffroyi [98]. The first efficient reversibly switchable proteins KFP1 [99] and Dronpa
[100] were developed and applied to novel optical imaging fields such as dynamical
tracking.

By definition, the term phototransformable refers to the family of FPs whose
physicochemical properties can be extensively modified by the use of light. Photo-
transformable FPs comprise three classes of proteins exhibiting different responses to
light: photoactivatable (PAFPs), photoconvertible (PCFPs), and reversibly switchable
proteins (RSFPs). PAFPs and PCFPs are characterized by irreversible photoinduced
transformations: from a non-fluorescent to a fluorescent state in the former case, and
between two fluorescent states with distinct spectral properties in the latter one. On
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the other hand, RSFPs can be reversibly photoswitched back and forth between two
distinct optical states several times (photochromism). In most RSFPs one optical state
is non-emissive and it is referred to as off or dark; its emissive counterpart is denoted
as on or bright. PAFPs and PCFPs owe their phototransformation behaviors to pho-
tochemical mechanisms which entail the covalent (irreversible) modification of the
protein chromophore. The photochromism of RSFPs is instead characterized by a
reversible conformational rearrangement of the chromophore and its environment. Of
note, many Anthozoa phototransformable FPs display strong sequence homology: this
has enabled the rational combination of photoconversion and photoswitching proteins
in some variants [101], as well as the sequence rewiring of PCFPs into RSFPs [102]
and vice-versa [103].

3.1.2 Negative, positive and decoupled RSFPs

Depending upon the effect of light absorbed at the excitation peak(s), RSPFs are
traditionally categorized into negative, positive, or decoupled switchers (Fig. 4) [98].

e In negative RSFPs, light at the excitation wavelength induces both fluorescence
and the transition from the on to the off (dark) state. Recovery of the on state is
accomplished (without any fluorescence) by excitation on the absorption band of the
off state, which mostly occurs at higher energies (shorter wavelengths) as compared
to the on state.

e In positive RSFPs, the light that induces fluorescence also toggles the protein from
the off to the on state.

e In decoupled RSFPs the fluorescence excitation spectrum is decoupled from that
for optical switching.

By far, negative switchers constitute the largest share of RSFPs reported insofar and
were developed from both Hydrozoa and Anthozoa ancestors. All reported positive
switchers, instead, trace their origins back to Anthozoa ancestors. The Aequorea vari-
ants Dreiklang [104] and Spoon [105] are the only examples of decoupled switchers
and were not engineered from the positive or negative RSFPs.

The mechanistic principles governing the switching have been elucidated for sev-
eral RSFPs by crystallographic as well as ultrafast spectroscopy studies [106—109],
often coupled with molecular dynamics [110-112]. The pivotal event in the switching
process of typical RSFPs involves the intrinsic light-triggered cis—trans isomerization
of the chromophore (§1.2), as originally proposed by Nifosi et al. [97]. Hence, pho-
toswitching tends to occur spontaneously to a certain degree in numerous fluorescent
proteins, and it has been effectively reinstated through engineering efforts in both
hydrozoan and anthozoan RSFPs [17, 98]. This result is a clear indication that the
chromophore photoisomerization is strictly coupled to the motion of the surrounding
B-barrel. cis <> trans photoisomerization is usually accompanied with a protonation
change of the chromophore [113—-117], as well as by alterations of its planarity and of
the surrounding hydrogen-bonding network [118]. Most cis chromophores are almost
planar, whereas significant deviation from planarity (angles between the five- and
six-membered rings ranging from 20° to 45°) is a key feature of trans conformation
[119]. Of note, a recent study by Chang et al. highlighted that the protein packing
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Fig. 4 Families of RSFPs. RSFPs are classified into three distinct families on account of the switching
mechanism. a In negative switching RSFPs (negative RSFPs), the light that activates fluorescence also
drives the on — off transition. Excitation at shorter wavelengths, instead, restores the on state. b In positive
switching RSFPs (positive RSFPs), the light that activates fluorescence also drives the off — on transition.
Excitation at shorter wavelengths, instead, restores the off state. ¢ In decoupled switching RSFPs (decoupled
RSFPs), proteins are excited with light of a different wavelength than that used for on- or off -switching.
For each family, schematic chromophore structures in the on and the off states, examples for the switching
wavelengths, and the respective absorption and emission spectra are reported. Reprinted with permission
from [17]
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in the crystal lattice may significantly influence the cis—trans photoisomerization: a
loose packing configuration leads to the OBF mechanism, while a tight configuration
results in the HT mechanism [120].

In most crystallographic structures of conventional RSFPs, the off -state exhibits a
trans-conformation, while the on-state displays a cis-conformation [108, 116, 121].
The observed strict correlation between trans p-HBI and off state, however, does not
reflect a common photophysical property of FPs, because several non-switchable FPs
possess a bright fluorescent chromophore in the trans conformation [106, 107].

3.1.3 A quantitative model of RSFP photochromicity

Four parameters recapitulate the photochromic behavior of any RSFP: the photo-
switching quantum yields, the extinction coefficients of on and off states, the thermal
recovery rate from the off state to the on state, and the quantum yield(s) of irreversible
photobleaching. At a given illumination wavelength and intensity, these parameters
determine the major observable properties of RSFPs (Fig. 5), namely:

The photoswitching rates, i.e. the net rates of on < off photoconversion. Faster
photoswitching rates are preferable in most applications of RSFPs [17].

The residual fluorescence in the off state within a protein ensemble. This corresponds
to the emission that survives upon complete off-photoswitching and stems from the
photosteady-state which is reached by illuminating at any given wavelength [122].
The ratio between the maximum fluorescence and the residual fluorescence is called
the contrast of the RSFP. The contrast defines the dynamic range of any switching
measurement and, therefore, its S/N ratio. High contrast values (> 10) are essential in
most applications of RSFPs, particularly those in super-resolution imaging [17].

The switching fatigue, expressing the fraction of the proteins that is destroyed at every
photochromic cycle. Low switching fatigues enable more switching cycles per unit
time, which is beneficial to any application of RSFPs [16].
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Fig. 5 Observable properties of the reversible photoswitching phenomenon. The figure shows an exemplary
switching curve of a negative RSFP switched consecutively on and off with green and blue light. From the
plot of the fluorescence intensity, four quantitative properties can be recovered: A the effective brightness, B
the switching rate (here off-switching), C the residual fluorescence in the off -state, D the switching fatigue.
Reprinted with permission from [17]
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To these properties, we must add the brightness, defined as the product of the
extinction coefficient of the protein in the on state at the excitation wavelength and
the emission quantum yield. It is worth noting that the actual fluorescence intensity of
a protein ensemble in the on state, named effective brightness, may be lower than the
calculated brightness because some chromophore population resides in a non-emissive
depending on the solution pH, the maturation and turnover rates, the temperature,
the presence of protein tags and other factors [17]. A high effective brightness is
quintessential to any RSFP application and strategies to maximize it are usually devised
when the protein is engineered [102].

In the following, we shall present a general model of photochromic conversion of
an RSFP denoted as P under the assumption that photoconversion occurs between a
bright (denoted as Pg) and a dark (denoted as Pp) state. This treatment is agnostic
in terms of the switching mechanism, but we may occasionally identify Pg and Pp
with the cis and trans isomers of the protein chromophore, owing to the generality of
cis <> trans photoisomerization in RSFPs (§2.1.2). We shall also include a thermal
isomerization channel operating from the Pp to the Pp states with a rate constant
kon. Indeed, in most RSFPs the trans conformer has a higher free energy than the
cis conformer, and a thermal trans — cis relaxation has been repeatedly observed in
the physiological range of pH and temperature (§2.1.2), similarly to the behavior of
the isolated chromophore (§1.2). Clearly, the notation swap k,;, — —k,rr must be
applied if the thermal channel goes in the opposite way. Finally, we also consider a
slow progressive photobleaching of the protein under illumination to an irreversible
off state Pp.

Of note, we shall assume that photoswitching, thermal recovery or irreversible
photobleaching are much slower than any other equilibria that may involve the
chromophore, e.g. its protonation exchanges with nearby residues. Also, for protein
ensembles, we shall assume that the protein diffusion in the observation volume is
much faster than any kinetics related to photoswitching (well-stirred solution approx-
imation), so to avoid a spatial dependence of Pp and Pp concentrations owing to
non-uniform illumination as it occurs in optical microscopy [123]. Neglecting any pro-
cess unrelated to photoswitching greatly simplifies the mathematical analysis because
it links the observed changes of Pp and Pp only to photoinduced processes. Although
this approach can be justified in many applications where the photoswitching rate is
low to moderate (characteristic times of switching between the microsecond to second
range, contingent upon the applied light intensity [112, 124—127]), these hypotheses
should be always tested in real experiments.

Ensemble behavior at single illumination wavelength and in the absence of irre-
versible photobleaching  We shall start our mathematical description by considering
a small rectangular volume of a RSFP solution at constant temperature and pH (Fig. 4).
The volume is illuminated in a front-face configuration on its lateral surface S, and
its thickness (which is also the optical path) is Ax, with V = SAx (Fig. 6a). The
photoisomerization is carried out by illuminating with a light of intensity Iy at a wave-
length A where the absorption of P and Pp are Ap and Ap along the light path Ax,
respectively. We also introduce the photoisomerization quantum yields ¢,, (D — B)
and ¢,rr (B — D), which do not dependent on the illumination wavelength (Fig. 6b).
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(b)

Fig. 6 Reversible photoswitching of a FP. a Light with wavelength A and intensity /g impinges orthogonally
on the surface S of a small volume V (thickness = Ax) which encloses a solution of RSFP at constant pH
and temperature; some light is absorbed (¢) by the RSFP molecules, which may undergo photoswitching
between a bright (green proteins) and a dark (black proteins) state. b Scheme of reversible photoswitching
of the protein between the bright state Pg (green structure) and the dark state Pp (black structure) state; the
photoswitching is determined by the molar absorptions of Pg (eg) and Pp (¢p), as well as the photoswitching
yields eoff, €on and the thermal rate constant kop

In the absence of irreversible photobleaching, the kinetics of photoswitching are
expressed by the following equations [10, 117]:

d[Pg] So Ap Ap
= — —_ k P ’ 1
di v ( Ap +AD(Poff+ Az +AD(Pon> + kon[Pp] (1a)
d[Pp] So Ap Ap
di v <+AB+AD¢OH AB+AD¢OH) on[Ppl, (1b)

where @ is the flux of photon moles absorbed by the solution per unit area and the
square brackets denote concentrations. This flux is related to the total optical density
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(Ag + Ap) by [128, 129]:
® = 10{1 - 10—<AD+AB>}. )

By considering V = SAx and incorporating 2 into la-b, we have:

d[PB] I() AB AD { —(Ap+Ap)
o428 _ap | — 10~z D} kol Pp ],
dt Ax( AB+AD(p0ff+ AB+AD(p0n> + kon[Pp]
(3a)

d[PD] I() AB AD { —(Ap+Ap)
=L (+—L - ——— 1—10"“s D}—k Ppl.
i Ax <+AB+AD(poff AB+AD(/’OH> on[PD]
(3b)

For the low optical density of the solution ((Ap + Ap) < 0.1), the exponential
term can be expanded up to the first term, thereby linearizing the two equations:

d[Pg] Iy
B2 — In10=2 (= Apgoit + Ap@on) + kon[Pp]. (4a)
dt Ax
d[Pr] Iy
D = n10=L (+A pgoft — Ap@on) — kon[PD]. (4b)
dt Ax

We shall assume that the Lambert and Beer law holds for both Pg and Pp, i.e.:

AB ZSBAX[PB], (Sa)

Ap = epAx[Pp], (5b)

where ¢ p and €p are the extinction coefficient of B and D states at a given illumination
wavelength, respectively. Incorporation of 5a-b into 4a-b gives:

d[Pg]

T —In10e p@ofiIo[Pp] + In10€ p@on Io[Pp1 + kon[Pp], (6a)
d[Pp]
= +In10e ppottlo[Pp] — In10e pgon Io[Pp] — kon[Pp]. (6b)

Of note, 6a-b depend on neither the thickness Ax of the volume, nor its exposed
surface S, and they therefore apply to any spatial point of the solution where the
impinging light intensity is .

‘We now consider the mass balance condition, that is:

Po = [Pgp] + [Pp]. @)
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Equation 4b becomes:

d[Pp]
dt

= In10¢ gpottloPo — {In10e ppostlo + In10eponlo + kon}[Pp].  (8)
Equation 8 admits as solution:

[Pp] = [Pplos + ([Pplo — [Pplac)e ™ ©)

where 7 is the characteristic time of photoswiching, and [Pp]y, [Pp]s are the con-
centrations of D at time zero and at the photosteady state, respectively. We have:

7 = {In10e¢oirlo + In10e p@onlo + kon} " (10)
and
In10e g @osrly
[Pplo = b Po, (11)
{In10e p@osrIo + In10& p@onlo + kon}
By applying Eq. 7, a similar first-order kinetics holds for the Pp state:
t
[Pp] = [Pploo + ([PBlo — [PBlsc)e 7, (12)
In10 Iy +k
[Ppla = nl0ep@onlo + Kon (13)

Po.
{In10¢ p@otrlo 4 In108 p@onlo + kon} 0

Of note, Eq. 10 expresses the switching rate constant 7! of the RSFP under illu-
mination at a wavelength A. As expected for a linear photoprocess, v~ is directly
proportional to the illumination intensity Iy and admits a non-zero value ko, for
Iy = 0 due to sole thermal relaxation. 12a-b yield the concentrations of Pp and
Pp at the photosteady-state that is inevitably obtained upon prolonged illumination.
Equations 10, 11, and 13 can be rewritten in a simplified form by introducing the
absorption cross sections op and op, that is:

T = {@ottop o + @onoplo + kon}_19 (14)

wottop Lo Po
{@ofto o + @onoplo + kon} '
@onoplo + kon

[PBloo = Po. (16)
> {@ofrolo + @onop 1o + kon}

[Pplec = 15)

The absorption cross-sections are expressed in (cm?/photons) and are related to the
extinction coefficients (units: M~ cm™7) through Avogadro’s number N4 according
to:

In10
o = 1000 2 (17)
Na
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In 14-16 the illumination intensity Iy is expressed in (photons-s~'-cm™2). Com-

monly, the illumination intensity is expressed in (kW-cm™2) and conversion is given
by:

Io(photons sl cm_z) —505-10'% e Io(kW . cm_z) S(mm).  (18)

Single-molecule behavior at single illumination wavelength and in the absence
of irreversible photobleaching The ensemble treatment is immediately extensible
to a single molecule level by substituting the concentrations of Py and Pp states with
their probabilities Pp and Pp. Thus, Egs. 9 and 12 become:

Pp = Pp.co + (Ppo— Phoo)e (19a)

Pp = Pp.oo+ (Pp.0 — Ppioc)e™ 7 (19b)

where the pedices have the same meaning, and 7 is still expressed by Eq. 14. Experi-
mentally, however, a single molecule is either Pp or Pp. The relevant quantities in this
context are Tg and tp i.e. the characteristic survival times of the Pp and Pp states,
respectively. Given the first-order kinetics expressed by Eqs. 19a, 19b, it is easy to
demonstrate that the characteristic times are:

8 = {gotoplo} ", (20a)

™ = {@onop 1o + kon} . (20b)

Equations 20a, 20b enable straightforward calculation of the photoswitching yields
of B and D states by measuring their survival times in single-molecule experiments,
as originally reported for Dronpa [115]. Of note, the fractional probability of finding
the RSFP in the Pp state is given by:

I {eotton o) ! 1)
= — —.
BT {gooplo} {gofion o}
Which promptly rearranges to:
B ®ono D lo + kon (22)

B+ Tp B {@ottoB 1o + @onoplo + kon} ’

As expected for an ergodic system, comparison of Eqs. 16 and 22 shows that the
ensemble and single-molecule systems are related by:

3 [Pple
B+ 1Tp Py '

(23)
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Photochromic cycle of an ensemble of switchers in the absence of irreversible pho-
tobleaching Let us now consider a full photoswitching cycle focusing on the time
evolution of Pp concentration. We shall assume that the protein is initially all in the
state Pp. In the first half of the photoswitching cycle, we illuminate at A 3, where Pp
mostly absorbs. Then B — D photoswitching occurs, and Pp monoexponentially
decays with time constant (Eq. 14):

5D = (¢ort08(h5) [0 (15) + PonoD (15 9(5) + kon} ™, 24)
down to a concentration given by Eq. 16:

@onop(Ap)1o(AB) + kon
Pgl(Ax 25
[P51(8) = {%ffGB(?»B)Io()»B)+§0onUD()»B)Io(?»B)+kon} (23)

Next, in the second half of the photoswitching, we illuminate at Ap, where Pp
predominantly absorbs. Pp now grows with time constant:

-5 = {oiios () [o(AD) + @ono D (AD) [g(AD) + kon)} ", (26)
up toa concentration:

Yonop(Ap)1o(Ap) + kon

27
{ottoB(Ap)o(AD) + @onop(Ap)1o(Ap) + kon} 7

[Pg](Ap) =

If a second photoswitching cycle follows, Pp will again decay to [Pp](Ap), before
rising to [Pp](A p), and this pattern is going to be conserved across cycles if irreversible
photobleaching is absent. Thus, any photoswitching cycle but the firstinvolves toggling
P between two concentration extremes: [Pg](Ag) and [Pp](Ap). Given the transient
nature of the first cycle, the initial Pp concentration is irrelevant. Notably, we may
even start by illuminating at Ap and, apart from the first half-cycle, the following
pattern will not change.

Under the reasonable hypothesis that RSFP fluorescence is linearly related to the
Pp concentration, the fluorescence photoswitching contrast R related to (Ap, Ap) is
defined by:

Ppl(A
_ [PslGp). 08)
[Pl(2p)
Computing contrast becomes very simple when one of the switching yields is much
larger than the other. We shall assume that ¢on, > @off, as it occurs in most RSFPs. If,
as expected, op(Ap) < op(rp), Eq. 27 becomes:

~ Ponop(Ap)o(Ap) + kon
Ppl(Ap) = Py = Py. 29
[ B]( D) {(porzaD()"D)IO()\D) +kon} 0 0 ( )
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That is, reactivation from Pp restores about 100% Pp [130]. In this scenario, R
becomes:

_ {@ottop (AB)o(AB) + YonoD(AB)o(AB) + kon}
Pon0D (A)1o(AB) + kon .

R (30)

We immediately observe that the contrast levels off to a maximum for a strong
excitation and/or a very inefficient thermal channel, so to neglect k,, compared to the
photoinduced rates. We have:

A A
R — Ry = @otfoB (AB) + Ponop( B)‘ 31)

@onop(Ap)

Given the independence of Rp.x from illumination intensity, it may be easier to
compute this parameter from extinction coefficients [131], i.e.:

rep(hp) + py
R = @otteB(AB) + YoneD( B). 32)
Yonep(AB)

Equation 32 shows that contrast can be maximized by setting A g where the molar
absorption of Pp is poor with respect to Pp,i.e. eg(Ap)/ep(Ap) > 1. For instance, if
@on ~ 10¢ofr, Rmax > 10 is obtained for eg(Ap) > 90ep(Ap). As previously stated,
the reciprocal of the contrast affords the residual fluorescence after a switching-off
transition.

It is worth noting that excitation to produce fluorescence at the generic wavelength
Alexc May -in principle- affect the contrast. This effect is of no concern in positive
switchers because excitation is usually carried out at A p, thus avoiding the Pp—Pp
conversion. Yet, in negative switchers Aexc = Ap, and some off -switching is inevitably
produced by illuminating the fluorescent state. This means that the fluorescence at the
beginning of the off -cycle could be lower than expected for a protein that is 100%
B immediately after reactivation, thereby degrading the contrast. Here the critical
parameter is the initial Pg—Pp photoisomerization rate, which under the assumption
[Prlo = Po (Eq. 29) may be approximated by (Eq. 6a):

d[Pp]
dt

R —@otfo g (Aex) 1 o(Aex)Po. (33)

Iluminating for a short time Az at the beginning of the off cycle, [Pp] decays
according to the linear law:

[Pe1(1) = Po(1 — @oftop (hex) [ o(Aex) AL). (34)

And the approximation of little consumption of B state and maximum contrast holds
for:

At K

. 35)
@ofto B (Aex) I g(Aex)
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Now, the signal (in photons) detected by the measurement apparatus in the time A¢
can be expressed as:

S = n®op(Aex)o(Aex) At, (36)

where 1 accounts for the collection efficiency, and ® is the fluorescence quantum yield
of the protein. If Sy, is the minimum number of detected photons to give a meaningful
(for example 3 x the background) signal in the apparatus, we have that the minimum
collection time is:

S
Aty = - ) (37)
NPop(Aex)o(Aex)
Considering the condition expressed by Eq. 35, we have:
S o
=L —. (38)
n Poff

A large @ /¢, ratio avoids significant photoconversion upon fluorescence excita-
tion on the Pp band and therefore significant loss of contrast between the dark and
bright states. Alternatively, co-illumination at Ap and Ap before the switching-off
cycle can be considered, to generate fluorescence from the protein while preventing
any Pp—Pp photoconversion.

Photochromic cycle of an ensemble of switchers in the presence of irreversible photo-
bleaching Finally, we shall introduce the effect of irreversible photobleaching of the
protein. We define the switching fatigue SWF from the fluorescence obtained at the
beginning of any two consecutive photoswitching cycles which start out from 100%
Pp (Eq. 29):

g o FotD) _ Potit D)
F(n) Po(n)

(39)

From SWF, it is easy to compute the % of retained fluorescence after N cycles:

Fw) _ SWFN. (40)
F(0)
SW F is indeed a critical parameter for any application devised for a given RSFP. A
5% fatigue means that after 45 cycles the fluorescence of the proteins is about 10% of
the initial value. If several cycles are needed, as in most super-resolution applications,
SWF > 5% should be avoided and SW F < 1% should be targeted. If less cycles are
required, like in qOLID [132], larger SW F may be tolerated.
Interestingly, irreversible photobleaching is usually well-described by a monoex-
ponential decay of fluorescence over time, which may be interpreted as a first-order
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decay kinetics of the global protein:

[Pol(r) = Pq [e‘(TBf:lTD)], @1

where Tg, Tp are the time spent to drive one Pp—Pp (off) and one Pp—Pp (on)
half-cycles, respectively. The SW F is given by:

_Fn+1) _ <€—TBT;]TD>_ 2)

In principle irreversible photobleaching may occur from either or both Pp and
Pp. Thus, we can introduce the irreversible photobleaching yields ¢p; g and ¢p;. p,
under the assumption of a linear photoprocess. This leads to a characteristic time of
photobleaching given by:

Tp +Tp
{@v1.80B(AB)o(AB)TB + ¢b1.00D(AD)o(AD)Tp}

T = (43)

For simplicity, let us assume that photobleaching comes only from Pp. Equation 43
becomes:

Tp+ T
T = BT D ) (44)
{@v1,8oB(AB)o(AB) TR}
and Eq. 42:
swp= Futh (e*(Pbl.BUB(}\B)IO()LB)TB)' (45)
F(n)

Now, we could assume that T =~ 37 p_, p, and that the spontaneous recovery is
not really affecting the photoswitching at the selected illuminations. Combination of
Egs. 24 and 45 yields:

¢b1,898 (AB) )

SWF = ei ( 3¢offop (*B)+3¢onop (+B) (46)

This means that SW F is ideally independent of illumination intensity. This result
is quite general and applies also if irreversible photobleaching comes from Pp is
considered (not shown). Indeed, photobleaching is a linear photoprocess likewise pho-
toswitching, and less photobleaching per unit time comes at the price of alower number
of photocycles per unit time, either. The only relevant parameter to determine SW F
are the ratios between the irreversible photobleaching and reversible photoswitching
yields. A good rule of thumb is obtained by assuming ¢oro0p(Ag) > @onop(Ap) in
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Eq. 46 and expanding to first term:

$bl, B

SWF~1-— .
3Poft

(47)

Since @y in FPs is usually in the range 1076-10*, g, higher than 10~ will afford
RSFPs with good to excellent resistance to photobleaching.

In spite of the ideal independence from the illumination intensity, the measured
values of SW F' are often context-dependent, on account of the rather different exper-
imental conditions which may involve the characterization of RSFPs in solution, or
immobilized in a gel, or expressed in bacteria (not to say about illumination conditions,
buffering pH or temperature). Thus, it can be useful to compare the relative resistance
to photobleaching of one switcher X with respect to an archetype RSFP with similar
spectral characteristics (ref) as measured in the same experimental conditions. In such
a case, we may introduce the P R ratio as:

_ In(SW Fref)

T In(SWFyx) ' (48)

Inspection of Eq. 40 immediately shows that P R represents the ratio between the
switching cycles Ny and Nt needed to decrease the fluorescence of the two RSFPs
by the same amount, that is:

Nx
Nref'

PR = (49)

A PR > 1 implies that the variant X is more resistant to photobleaching than ref,
while the opposite holds true for PR < 1.

3.2 Negative RSFPs with “GFP-like” chromophore

The “archetype” family of RSFPs comprises “GFP-like” negative switchers, i.e. pro-
teins possessing a p-HBI chromophore that has not undergone further oxidation after its
maturation from the original tripeptide (§1.1). These blue-to-yellow variants are well-
characterized from the photophysical point of view, and they have found widespread
applications in non-conventional and super-resolution imaging techniques (§3). In the
next sections, we describe their photoswitching mechanism (§2.2.1) and ground-state
isomerization to restore the on state (§ 2.2.2). In Sects. 2.2.3-2.2.6 and Tables 1, 2
and 3 we describe the main properties of several representative variants, grouped into
families according to their common ancestor protein. Of note, where possible, we used
reported comparative photofatigue data to calculate the PR ratio (§ 2.1.3.4, Eq. 48)
with respect to rsEGFP2 (PR = 1).

3.2.1 Photoswitching mechanism

Scheme 10 summarizes the photoswitching mechanism in negative switchers consid-
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Scheme 10 General overview of photoswitching in negative RSFPs. Natively, the p-HBI chromophore
equilibrates between the cis B and cis A’ states, although the former is much more populated at physiological
pH given the pK, < < 7. Photoexcitation of cis B (blue arrow) to its F-C state (I) yields fluorescence by
radiative decay (green arrow). Yet, some I undergo I-twisting to give intermediate II. IT can evolve either
back to cis B, or -through a full rotation about the I-bond- to trans B. The trans chromophore has pK,
> >7, and trans B is readily converted to trans A’, which identifies with the off state. Photoexcitation of
trans A’ at a shorter wavelength than for cis B (purple arrow) leads to its F-C excited form (III) which
efficiently undergoes twisting to generate the intermediate I'V. By internal conversion, IV can either go
back to trans A’ or evolve to cis A’, which rapidly restores the on state, cis B. Of note, trans B admits a
fast thermally-activated decay to cis B, whereas the thermal channel from frans A’ to cis A’ is much more
slower. As a result, the kinetics of the thermal off — on decay is dependent on the relative populations of
trans A’ and B, and therefore upon the pH of the solution

ering both the chromophore isomerization and protonation state of the chromophore.

The native (also referred to as “resting”) p-HBI chromophore is characterized by
a cis configuration [121] and is usually deprotonated around physiological pH on
account of a pK, well below pH 7 [112, 117]. According to the chromophore nomen-
clature (§1.3), this corresponds to the B state, and for more clarity will be henceforth
denoted as cis B. In negative RSFPs, cis B is fluorescent and embodies the bright (on)
state (Fig. 4a and Scheme 10). Apparently, reported negative RSFPs do not show ther-
modynamic coupling between the p-HBI and another internal protonatable residue,
and cis B exchanges proton only with the cis A’ state (Schemes 7 and 10), which is
usually non-fluorescent. Several negative switchers exhibit pK, < < 7 (Table 1), and
therefore populate mostly cis B at neutral pH. Excitation of cis B does not produce only
fluorescence but also photoisomerizes p-HBI from cis to trans geometry, switching
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off the fluorescence on account of a protonation effect. Indeed, upon isomerization the
pK, of p-HBI rises significantly above neutrality [116, 117], and the chromophore is
thermodynamically confined to trans A’, which is non-fluorescent analogously to cis
A’. Owing to the protonation and its related change of m-conjugated electron system,
B is usually 80-120 nm red-shifted as compared to trans A’ (Table 1). Upon excitation,
trans A’ promptly undergoes trans — cis photoisomerization coupled with deprotona-
tion (Scheme 10). Interestingly, in the deeply studied negative switcher Dronpa from
Pectiniidae, the illumination of cisA’ yields ESPT in about 14 ps, but lacks the pho-
toconversion capability [115]. This behavior has been observed also by us in yellow
EYQI1 [117] and green WQ [112] from Aequorea.

In negative RSFPs, the off — on photoswitching quantum yield (¢qy) is usually
comparable with the quantum yield (®g,) of fluorescent emission (Tables 1, 2 and 3).
Instead, the quantum yield of on — off transition (¢.r) is usually one or two orders of
magnitude lower (Tables 1, 2 and 3), witnessing a less efficient isomerization pathway
at the excited state. So far, only the off — on photoisomerization has been investigated
by ultrafast spectroscopy methods (vide infra). Indeed, the high ¢,, values facilitate
the detection of photoswitching signals, which are otherwise hard to detect for yields
< 0.1 particularly when electronic spectra are broad and display overlapping peaks
[133].

Early ultrafast studies prompted some debate over the sequence of intra-molecular
events during the switching process [118, 134, 135]. Yet, multiple techniques includ-
ing time-resolved fluorescence, fs/ns-Transient Absorptions, Time-Resolved Infrared
spectroscopy and serial femtosecond crystallography applied to Dronpa derivatives
[109, 136-138], rsEGFP2 [108] and IrisFP [139] have later convincingly demon-
strated that trans — cis isomerization occurs in about 3-20 ps time and precedes
a ground state deprotonation (Scheme 10). Proton loss occurs in the ps-ms time
range and may involve multiple steps or populations (Scheme 11) [108, 140, 141].
Chromophore isomerization is intimately governed by the multidimensional potential
energy surfaces explored at both excited and ground states. Indeed, a recent study
pivoted on time-resolved multiple-probe infrared spectroscopy highlighted that the
newly formed cis chromophore of the negative switcher rsEGFP2 reaches its final
position in the protein pocket within 100 ps after several intermediate steps, including
conformational rearrangements in the chromophore pockets occurring after trans —
cis photoisomerization but before protonation (Scheme 11). The timescales of the first
steps of photoisomerization are very close to those observed for p-HBDI (§1.2), thus
reaffirming the intrinsic ability of p-HBI to twist at an excited state and be channeled
to a change of its diastereisomeric configuration. Nonetheless, serial femtosecond
crystallography on a rsEGFP2 analog with chlorine-substituted p-HBI have demon-
strated that twisting follows a HT mechanism [142] instead of an OBF as suggested
for the isolated chromophore (§1.2). Competition between the almost isovolumetric
HT trans — cis mechanism and other non-isovolumetric deactivation processes may
explain the surprising inverse proportionality between the available binding pocket
volume and the efficiency of on-switching observed in a series of rsSEGFP2 variants
[131]. The interested reader is referred to the excellent review by Tang and Fang for a
comprehensive account of ultrafast characterization of RSFPs photoswitching [143].
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Scheme 11 Off-to-On Photoswitching Mechanism for negative switching rsEGFP2. Upon excitation at the
wavelength of trans A’ of rsEGFP2, the protonated p-HBI chromophore reaches the excited state, and
within a few fs may evolve to a twisted state. From there, the chromophore undergoes internal conversion
to a cis-like neutral ground state which, through a series of progressively slower steps, ends up in the cis B
(on) state. Figure reprinted with permission from Ref. [141]. Copyright 2022 American Chemical Society

3.2.2 Thermal recovery from trans state

Similarly to p-HBDI [10], negative switchers isomerize thermally from the trans (off)
state to cis (on) state in timescales ranging from second to hours (Table 1). The thermal
channel owes to the higher free energy of trans p-HBI as compared to the cis con-
former (4 kcal/mol for Dronpa and its derivative rsFastlime, as estimated by molecular
dynamics simulations [144]). Yet, the change in protonation state upon photoisomer-
ization in negative RSFPs somewhat complicates the scenario. This topic has been
pioneered by Bizzarri et al. in a 2010 paper dealing with the negative yellow switcher
EYQI1 and the green switcher Mut2Q [117]. By pH-jump/absorption spectroscopy
measurements, the authors found that trans A’ and trans B forms relax, respectively,
to cis A’ and cis B according to two distinct first-order kinetics [117]. More precisely,
the rate constant for the relaxation of the protonated chromophore (trans A’ — cis A’,
kas ~107* = 107 s~!) was found 34 orders of magnitude smaller than for the decay
of the deprotonated form (trans B — cis B, kp ~ 1071 =102 sTH[117]. As suggested
for p-HBDI [63], the lower energy barrier between trans B and cis B may be related
to the electron delocalization occurring in the anionic chromophore, which enables
a partial transfer of the double- bond character from the I-bond to the P-bond. This
partial electronic transfer should favor an HT isomerization mechanism, as proposed
by Morozov for the Dronpa-2 derivative [145]. Yet other authors have proposed the
ground-state isomerization of Dronpa to occur via an OBF mechanism [134]. Beside
the electronic state, direct dependence between the protein flexibility and the activa-
tion energy barrier has been observed [144], witnessing once more the relevance of
protein flexibility for photochromic properties [146]
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Assuming two thermal isomerization channels as in Scheme 10, the experimental
rate constant is given by the average of k4’ and kp> values, each weighted by the molar
fraction of the related trans state [117]. If pK 7 is the pK, of trans p-HBI, we have:

COoH _kA/+kBIO(PH_PKT)
(pH) = 1+ 10PH=pKT)

(50)

Equation 50 pinpoints the crucial role of pK7 in determining the spontaneous
recovery of a negative RSFP endowed with a p-HBI chromophore. For example, the
pKr of EYQI is 9.87 [117], and at biological pH the thermal kinetics of this protein
is largely dominated by the trans A> — cis A’ reaction. Nonetheless, raising the pH
would lead to a larger population of trans B, accelerating the thermal decay because
the trans B — cis B ground-state isomerization becomes progressively more active.
k’ sets the lower limit of recovery rate, which should always be tuned to the desired
imaging application.

3.2.3 Negative RSFPs from wtGFP of Aequorea victoria

The main properties of most representative variants are reported in Table 1

rsEGFP variants rsEGFP2 is a green variant from Aequorea that has been devel-
oped by the Jakobs group in 2012 and early became the “gold standard” of negative
switchers on account of its striking fast photoconversion, high contrast, excellent
fatigue resistance and thermal stability in the trans state [124]. rsEGFP2 is the refine-
ment of a first negative switcher, rsEGFP, developed by the same group in 2011 from
the monomeric “enhanced” fluorescent protein EGFP (F64L/S65T/A206K wtGFP)
through site-directed and error-prone mutagenesis [147]. rsEGFP adds four mutations
to EGFP (Q69L/V150A/V163S/S205N), maintaining the same spectroscopic charac-
teristics, although its brightness is 50% of its parent non-switching protein (Table 1).
cis B absorbs at 493 nm, emitting at 510 nm. Yet, the rather high pK, (6.5) implies a
minor cis A’ band at physiological pH. Upon off -switching, rsEGFP yields trans A’,
which absorbs at 396 nm (Table 1). rsEGFP displays a striking contrast ratio > 300
and impressive resistance to photobleaching [147].

Compared to rsEGFP, rsEGFP2 introduces the T65A mutation and restores the
5205 of EGFP, being therefore FO4L/S65A/Q69L/V150A/V163S A206K wtGFP. The
absorption and emission of cis B in rsSEGFP2 are blue-shifted by 15 nm compared to
rsEGFP, whereas trans A’ is red-shifted by 12 nm (Table 1). As switcher, rsEGFP2
is about ~ 100 times faster and twice as much resistant to photobleaching compared
to rsEGFP, while maintaining almost the same brightness and losing only a little
in terms of contrast. Thermal decay occurs in a few hours at neutral pH. Detailed
structural studies have demonstrated that trans A’ p-HBI splits into two different
conformers (transl and trans2), which display different ¢ and t dihedral angles,
protein environment and H-bonding network (Fig. 7) [131, 140]. More specifically,
trans2 shows a nearly planar p-HBI that is H-bonded to H149 (H148 in the original
sequence of wtGFP). Vice-versa, p-HBI in transl assumes a distorted geometry and
is H-bonded to a water molecule, while H148 establishes an H-bond with Y146.
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Fig. 7 Structures of trans A’ (off ) conformers of rsEGFP2 and its VI51A and V151L variants solved from
RT SFX data. Off-state models of a rsEGFP2-V151A (cyan; PDB entry 707X) and b -V151L (purple;
PDB entry 707W) variants are superimposed on the model of parental rsEGFP2 in the off-state solved from
RT SFX data (PDB entry 707U), featuring transl in light grey and trans2 in dark grey. Reprinted with
permission from [131]

This conformational heterogeneity was eliminated by mutating V151, a residue that
needs to retract to enable cis <> frans isomerization of the chromophore [108]. In
the VI51A and V151L variants of rsEGFP2 the chromophore adopts uniquely the
transl or trans2 conformation, respectively (Fig. 7) [131]. rsEGFP2 V151A exhibited
higher contrast compared to parent protein rsSEGFP2 (2.6x), whereas the opposite
was demonstrated for rsEGFP2 VI51L (0.33x). The photophysical characterization
suggested that this difference does not stem from the photoswitching yields -which
are similar in all cases- but rather from a lower extinction coefficient of the transi
A’ state at the fluorescence excitation wavelength (488 nm) [131], as also predicted
by Eq. 32. This effect was in turn attributed to a blue-shift of trans/ A’ (397 nm)
with respect to trans2 A’ (405 nm), which was fully accounted for by the structure-
dependent different electron delocalization of the two p-HBI conformers, as indicated
by quantum chemistry calculations [131].

rsFolder variants El Khatib and co-workers pursued a fully rational design of
reversible photoswitching properties [ 148]. Starting from Superfolder-GFP (a robustly
folded version of wtGFP that folds well even when fused to poorly folded polypeptides
[149]) they incorporated in the sequence the four crucial point mutations that allowed
evolving EGFP into rsEGFP2 (T65A, Q69L, V163S, A206K [124]), affording the
negative switcher rsFolder [148]. rsFolder exhibits almost the same spectral proper-
ties as rIsSEGFP2, being also similar in terms of photoswitching yields, albeit rsEGFP2
displays twice as much contrast (Table 1). Yet, the thermal off — on rate constant
of rsFolder is 15-fold smaller than rsEGFP2 at neutral pH, making this protein one
of the most stable RSFPs in the dark state. X-ray inspection of the crystal structure
indicated that trans p-HBI in the chromophore’s cavity adopts an arrangement almost
mirroring that of the cis configuration, thereby remaining tightly attached to the barrel
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scaffold [148]. This likely explains the exceptional stability of the off state. Mutation
of the T146 residue, which stabilizes the trans chromophore in rSEGFP2, to Alanine
afforded rsFolder2 (T146A rsFolder). rsFolder2 recovered most of the high switching
contrast of rsSEGFP?2 at the price of a two-fold faster thermal off — on recovery from
trans state. Of note, the similarity of rsFolder2 to rsEGFP2 was not restricted to the
macroscopic photophysical behavior, since also rsFolder2 exhibited a heterogeneous
population of fransl and trans2 A’ chromophore in the off state [148]. Analogously
to rsEGFP2, the introduction of V151A or V151L in the rsFolder2 sequence led to the
selective stabilization of transl or trans2 conformer, respectively [148].

rsGreen variants In 2015 the Dedecker group developed a palette of negative
Aequorea RSFPs starting from rsEGFP by a mix of rational and random mutage-
nesis [125]. Optimization of the brightness afforded rsGreen0.7, which was further
optimized for fast photoswitching and low contrast and fatigue resistance to yield
four more variants (rsGreen(.8, rsGreen0.9, rsGreenl, and rsGreenF, Table 1). When
expressed in cells, these FPs displayed a 2.5—4.5-fold improved brightness compared to
rsEGFP, and 1.5 to threefold compared to rsEGFP2, under 488 nm illumination [125].
In rsGreens variants, the absorption of cis B and trans A’ states shows little varia-
tion [125]. Yet, the pK, of some rsGreens (rsGreen0.7, rsGreen(.7b, rsGreen(.8, and
rsGreenF) is close to neutrality, implying that a significant proportion of the on-state
resides in cis A’. Determination of photoswitching yields showed a wide oscillation
of @off, which ranges from almost the same value as for rsEGFP2 (in rsGreenF) to a
reduction of about 3.4-fold (in rsGreen0.7) [125]. Conversely, @ varies in the narrow
1.2-1.8 range where also rsEGFP and rsEGFP?2 fall. As expected for a nearly constant
¢@on and similar spectral features, the contrast ratio R was proportionally related to
¢off (Eq. 31). Analogously, faster off-switchers appeared more resistant to irreversible
photobleaching, as the ratio between ¢y and @ofr decreases (Eq. 44). Detailed X-ray
analysis of the on and off states showed trans p-HBI is significantly non-planar and is
stabilized by the H-bond with a surrounding water molecule, similarly to what found
in other negative switchers [125]. Comparison with the structures of non-switching
EGFP and sfEGFP strongly posited the relevance of mutations Q69L and V150A to
accommodate sufficient space for cis <> trans isomerization. In the following paper,
the Dedecker group reported that the fusion of rsGreenl and rsGreenF with a small
binding peptide, named Enhancer, modulated the spectral as well as the switching
properties [152]. Enhancer stabilizes preferentially a fast switching-off population of
the proteins, hampering the progressive conversion of the protein to a slow switching-
off population that is observed in the original protein.

E222Q (Q-RSFPs) variants In 2010, Bizzarri and coworkers showed that the intro-
duction of the E222Q mutation conferred negative photoswitching behavior in non
photoswitching proteins, generating the green switchers Mut2Q and the yellow
switcher EYQ1 [117, 153]. This finding also rationalized previous observations on
the peculiar photophysics of E222Q mutants [134—137]. Two more green switchers,
WQ and WQT, have been later evolved from EGFP by just one (WQT: E222Q EGFP)
or two (WQ: T65S E222Q EGFP) mutations. These proteins family display moderate

@ Springer



132 R. Nifosi et al.

to fast photoswitching rates, although with a much lower contrast and thermal recovery
as compared to rsEGFP2 (Table 1).

The recurrent effect of E222Q mutation in a variety of Aequorea FPs hints at a com-
mon mechanism by which this mutation unleashes negative photoswitching behavior
in otherwise non-photoswitching proteins. In general, understanding the influence of
specific amino acids in the vicinity of the chromophore on photoswitching properties
is a challenging task. This challenge is particularly pronounced when addressing the
switching off of negative switchers, in which this process is a relatively rare outcome
of photoexcitation (@off ~ 1072-1073). Boxer and co-workers [154—156] have built a
model for the chromophore electronic structure which very effectively explains vari-
ous correlations among spectroscopic and photophysical properties of FPs. Previous
studies have pointed out how different environments influence the electronic structure
of the chromophore by affecting the interplay between two resonance structures, a ben-
zenoid structure (P-form) with a formal charge on the phenolic oxygen and a single
P-bond and quinonoid structure (I-form) with a formal charge on the imidazolidinone
carbonyl oxygen and a single I-bond [42, 157]. The unifying model of Boxer and co-
workers introduces a single parameter, namely the driving force, which is the energy
difference between these two resonant structures in various environments. Using this
parameter, they were able to quantitatively explain the correlations among absorption
maxima, Stokes shifts, vibronic structures and extinction coefficients. In addition, they
assumed that cis <> frans photoisomerization through the I-twist pathway would be
favored whenever the P-form is more stabilized.

The effect of the E222Q mutation cannot be rationalized in terms of this model
because the introduction of this mutation has no effect on the spectroscopic properties
of the protein. Yet, in a recent paper we hypothesized that glutamine at position 222 has
aunique role in stabilizing the intermediate twisted state during cis—trans photoisomer-
ization [112]. We performed molecular dynamics simulations of the protein dynamics
following excitation, using an ad-hoc force field reproducing the excited-state potential
energy surface of the chromophore. The infrequent nature of the photoisomerization
process required the simulation of several (1200) excited-state trajectories starting
from configurations obtained by previously performed ground-state MD simulations.
During the chosen excited-state simulation time of 0.5 ns, most of the trajectories
sampled regions close to planarity, while a fraction (between 5 and 25% depending
on the mutant) underwent twisting around the P or the I bond (Fig. 8a). The presence
of Q222 led to more frequent I-twisting in the WQ mutant (F64L/E222Q wtGFP).
This outcome could be explained thanks to the ability of the NH2 of Q222 amide to
form two simultaneous H-bonds, one with the nitrogen in the imidazolidinone ring
and the other with the neighboring Ser205 side chain (Fig. 8b). These two H-bonds
can be simultaneously established only in the I-twisted intermediate, thus selectively
stabilizing this configuration, whereas they are absent when the amide is not present
(as in the E222 case).

3.2.4 Negative RSFPs from 22G ofEchinophyllia sp. SC22

The main properties of most representative variants are reported in Table 2
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Fig. 8 Role in E222Q mutation in unleashing photochromic behavior in otherwise non-switching Aequorea
FPs. a Percentage of 0.5 ns excited-state MD simulations leading to P or I twisting event (solid black), I
twisting event (shaded black and red), and I twisting event accompanied by 2Hb-Q222 conformation (shaded
red) in the examined mutants. wQ: F64L/E222Q wtGFP; wQT: F64L/S65T/E222Q; EGFP: F64L/S65T
wtGFP; the wQ (Q — E) case refers to simulations where the Q was replaced by E during the excited-
state simulations, but starting from the same ground state configurations of wQ. b Ground-state (top) and
excited-state (bottom) representative MD snapshots of wildQ. In the bottom image, thanks to the twisted
chromophore conformation, Q222 is able to form two H-bonds (green dotted lines). Figure adapted with
permission from ref. [112]. Copyright 2018 American Chemical Society

Dronpa and its variants Dronpa was developed by Miyawaki et al. in 2004 [100]
and it has been widely used ever since, becoming the “archetype” of negative protein
switchers. Of note, this protein features a Y-Chro which differs from the wtGFP chro-
mophore for the presence of Cys instead of Ser at position 65 (CYG chromophore).
At physiological pH, Dronpa predominantly exhibits a bright/on state with a primary
absorption peak at 503 nm, reflecting the cis B state (Table 1) [158]. Additionally,
a smaller absorption peak at 390 nm is attributed to the neutral chromophore (A’).
Exposure of cis B to 488 nm light produces intense fluorescence peaking at 518 nm
(® = 0.85), along with photoswitching off to trans A’ with o = 3.2-10~* [159]
(an alternative value of 1.6-10~* was reported by [103]). Illumination with 405 nm
light swiftly reactivates the protein to its on state with ¢o, = 0.37 [100, 115, 159] (an
alternative value @o, = 0.165 was reported by [103]).

Dronpa was well-characterized at single molecule level, demonstrating the inverse
proportionality of the residence times in the on (tg, Eq. 20a) and off (tp, Eq. 20b)
states from the light intensity at 488 and 405 nm, respectively [115, 160]. Bustamante
and coworkers discovered that tp is also significantly affected by 488 nm light, on
account of the residual absorption of trans A’ at this wavelength and the high value of
@on [160]. Accordingly, the same group introduced the V147L replacement in Dronpa
to obtain a spectrally identical, slower photoswitching variant named rsKame that
displays a 1.6-fold longer tp under sole 488 nm illumination, hinting at a significant
reduction of ¢on (Eq. 20b) [160].

Although the properties of Dronpa allowed for its use in several imaging applica-
tions, the photoswitching properties of this protein are far from being optimized. For
instance, the off-photoswitching yield of Dronpa is 1/20 of that reported for rsEGFP2.
Compared to the latter protein, Dronpa displays also lower contrast and much lower
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resistance to photobleaching (PR = 0.002 of rsEGFP2). Thus, several attempts have
been devoted to optimize Dronpa photoswitching by sequence engineering.

The V60A replacement led to ffDronpa, a Dronpa variant optimized for very
fast folding. ffDronpa is spectroscopically identical to Dronpa, but it is character-
ized by slightly slower off-photoswitching (Table 1) [103]. A faster ffDronpa, named
ffDronpa-F, was developed through the screening of rational, semi-rational and ran-
dom mutagenesis libraries. Compared to ffDronpa, ffDronpa-F bears two additional
mutations, K451 and F173V, the latter increasing the off-photoswitching kinetics by
about 1 order of magnitude compared to Dronpa [165].

rsFastLime variant was developed by adding a V157G mutation in Dronpa, thereby
reducing steric hindrance exerted on the trans chromophore [144, 158]. Accordingly,
rsFastLime is characterized by a tenfold faster on — off switching rate compared
to Dronpa, as witnessed by the comparison of @qfr values, although this comes along
with a slight decrease in @ to 0.77 (Table 1) [158, 169]. Faster off -photoswitching was
accomplished by the incorporation of a single (M159T) and double (V1571/M159A)
mutations in Dronpa, to give Dronpa-2 or Dronpa-3, respectively. Dronpa-2 is about
1100-fold faster to switch off than Dronpa (Table 1). Yet, Dronpa-2 is significantly less
emissive than Dronpa (® = 0.28). The switching off of Dronpa-3 is only 2 times faster
than for its parent protein, but again the fluorescence quantum yield is significantly
reduced (® = 0.33, Table 1) [164].

In view of further optimizing the Dronpa’s properties, the Dedecker group has
developed two proteins, pcDronpa and pcDronpa2, which efficiently combine negative
photoswitching with green-to-red photoconversion [103]. pcDronpa and pcDronpa2
are tetrameric and, when in the “green” state (“GFP-like” chromophore) their
spectral properties are almost indistinguishable from those of Dronpa, whereas off-
photoswitching is 15 (pcDronpa2) to 30-fold (pcDronpa) slower. Illumination with
strong 405 nm light photoconverts pcDronpa and pcDronpa?2 to their red forms, which
absorb at 569 nm and emits slightly above 580 nm (Table 1). Yet, after 50-60%
of photoconversion, the UV-induced irreversible photobleaching becomes dominant
[103]. In the red form, both proteins cannot be photoswitched back to the green state.
SDS-PAGE and crystallographic studies on pcDronpa revealed that green-to-red pho-
toconversion is accompanied by protein backbone cleavage between the Ca and the
Na of His62 [103], in line with the typical f-elimination mechanism which generates
the red form of the HYG chromophore by extension of the m-conjugated system (e.g.
in Kaede and EosFP) [170].

3.2.5 Negative RSFPs from cFP484 of Clavularia sp.
The main properties of most representative variants are reported in Table 2

mTFP0.7 mTFPO0.7 is a cyan-emitting monomeric RSFP derived from the marine
organism Clavularia, and it has been developed through directed evolution from
TFP1.0 [171]. mTFPO.7 contains a Y-Chro obtained from the tripeptide ATG, which
at physiological pH is fully deprotonated owing to a pK; = 4 [171]. The bright cyan
fluorescence of mTFP0.7 (& = 0.5) can be obtained by illuminating the cis B band
(on state) around 450 nm; the same wavelength switches off the protein to the trans
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A’ (off) state, which absorbs around 370 nm (Table 1) [161]. Illumination of trans A’
promptly restores the initial fluorescence. Interestingly, in the on state the mTFP0.7
chromophore adopts a cis conformation with the aromatic rings slightly tilted from
coplanarity, whereas trans p-HBI is significantly nonplanar. Additionally, mTFP0.7
shows a rather fast monoexponential thermal decay from trans A’ to cis B, with clear
pH-dependence [161]. The replacement of 1161 with V or T residues was found to
slow down the thermal recovery, possibly on account of a lower steric hindrance with
p-HBI in the frans configuration [161].

GMars variants  Starting from mMaple3, a photoactivatable FP derived from Clavu-
laria sp. [172], Wang and coworkers developed the GMars palette of RSFPs by a
simple, yet straightforward, strategy [127, 162, 173]. Having noted the 78% sequence
similarity between mMaple3 and mEosFP, they relieved the steric hindrance of M159
on the chromophore by replacing this residue with Alanine, much alike Adam and
coworkers did on mEosFP to obtain reversible photochromicity (§2.4.6.2) [101]. The
residual green-to-red photoconversion of mMaple3 M159A was then removed by
mutation of the first amino acid of the HY G chromophore (H71), according to the same
approach that inhibited color photoconversion in mGeos variants (§2.4.6.1) [102]. By
this strategy, a set of 17 negative RSFPs, -all characterized by the H71X replacement-
were engineered [173]. Of note, H71P replacement in GMars-P led to chromophore
maturation but negligible fluorescence, whereas chromophore maturation was severely
hampered in vivo for GMars-R and GMars-Y. Much alike mTFP0.7, GMars exhib-
ited a blue-shifted absorption and emission spectrum as compared to green negative
RSFPs such as rsEGFP2 or Dronpa (Tables 1, 2) [127, 162, 173]. Excitation of cis B
around 470 nm yields bright fluorescence slightly below or at 500 nm (® = 0.65 for
GMars-Q [127] and the other variants display 0.1-2.5-fold the brightness of this vari-
ant, Table 2 [162, 173]) and also photoconverts the proteins to dark trans A’ absorbing
around 380 nm; 405-nm light promptly restored the on state. GMars displays contrast
values ranging from 200 to about 10, being about 100 for the two most interesting
variants, GMars-Q and G-Mars-T (Table 2) [173]. GMars-Q, GMars-L, GMars-T were
reported to photoswitch-off 4.5-, 3- and twofold slower than rsEGFP2 under similar
488-nm illumination conditions, respectively [173]. For all other GMars variants, the
off -photoswitching kinetics resulted one-to-threefold slower than GMars-Q. Although
no quantitative determination of the switching fatigues was carried out, GMars exhibit
more photobleaching fatigue as compared to rsEGFP2, except for GMars-L. Indeed,
for GMars-Q, from the photobleaching plot we can infer PR ~ 3 — 3.5 as compared
to rsEGFP2 (Table 2) [173]. Of note, a few GMars including GMars-Q exhibited an
unusual pronounced biphasic photobleaching characteristic [127].

3.2.6 Negative RSFPs from EosFP of Lobophyllia hemprichii
The main properties of most representative variants are reported in Table 3.
mGeos and Skylan variants In 2012, Chang and coworkers reported that mutation

of H62 in mEos2, a popular monomeric, irreversible green-to-red photoconverter,
afforded a wide palette of negative RSFPs, which were called mGeos (monomeric
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green Eos) [102]. In mEo2s, the p-HBI chromophore is the result of post-translational
modification of the H62-Y63-G64 (HYG) triad: thus, H62X replacements act directly
on the chromophore. mGeos proteins display spectral characteristics analogous to
Dronpa, although some variants are brighter in the on state (Table 3) [102]. Accord-
ingly, their photophysical characterization was carried out mostly in comparison with
Dronpa and rsFastLime. As representative examples, we reported only a subset of
mGeos (mGeos-E: H62E mutation; mGeos-M: H62M; mGeos-C: H62C) in Table 1,
and the reader is referred to ref. [102] for the description of all the other mutants. Over-
all, mGeos variants with single H62X replacement exhibit variable off -photoswitching
rates (from 0.25 to threefold) compared to Dronpa under the same illumination [102].
Addition of the F173S replacement did not change the spectral properties but greatly
improved off -switching rates. For instance, mGeos-ES (H62E/F173S) exhibits a three
times faster off-photoswitching rate than rsFastLime [102]. Unfortunately, no data was
reported for the on-switching kinetics. H62X and H62X/F173S mGeos appear to share
the low resistance to photofatigue of Dronpa [102].

The same H62X mutation approach was later applied to non-switchable mEos3.1,
and mEos3.2 yielding two interesting negative switchers endowed with the H62S
mutation, named Skylan-S [168] and Skylan-NS [151]. Skylan-S and Skylan-NS are
spectrally similar to mGeos, but they offer much more resistance to photobleaching
with respect to Dronpa (Table 3). Conversely, their thermal decay back to the on state
was faster than in Dronpa, although still in the tens of minutes timescale (Table 3).
Skylan-S is a slower off -switcher (1.45-fold) compared to Dronpa, whereas Skylan-
NS is much faster (threefold) [151, 168, 174]. Although these authors calculated the
switching contrast by integrating the on fluorescence from 100% to 1/e during the on
— off decay, both Skylan-S and Skylan-NS exhibit high (> 10) contrast (Table 3).

3.3 Negative orange/red RSFPs

As previously stated (§1.1 and §1.5), further post-translational modification of the
“GFP-like” Y-chro may lead to extended conjugation, thereby red-shifting both the
absorption and emission of the protein. Yet, although a few efficient orange-to-red
negative RSFPs have been described [119, 126, 175-177], their characterization is still
largely incomplete owing to the complex relationships between the protein structures
and their photophysical phenotypes. Accordingly, these orange-to-red negative RSFPs
have not found as many imaging applications as their blue-to-yellow counterparts
described in §2.2. In the next section (§2.3.1), we first describe their photoswitching
mechanism. Next, in Sects. 2.3.2-2.3.3 and Table 4 we report the main properties
of several representative variants, grouped into families according to their common
ancestor protein. Finally, in Sect. 2.3.4 and Table 5 we report those variants that
combine green-to-red photoactivation and reversible photoswitching in both spectral
conditions.
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3.3.1 Photoswitching mechanism

Although ultrafast spectroscopy experiments have never addressed the photoswitching
process of orange/red negative RSFPs, a few excellent studies have established four
general properties of these variants [143]. (1) Photoswitching is due to cis <> trans
photoisomerization of the chromophore. (2) The most efficient orange/red negative
RSFPs share a “DsRed-like” chromophore, which is characterized by a MYG p-
HBI structure possessing an additional conjugated N-acylimine group (C = N-C
= O) generated by further post-translational modification of the original “GFP-like”
chromophore (Scheme?2 and §1.4) [85]. (3) In these proteins, the stable ground state is
not composed solely by cis p-HBI, but the trans chromophore has a significant — when
not overwhelming — population, on account of high chromophore mobility in its pocket
and low energy differences between the two isomers; actually, the large presence of
trans chromophore in the stable form of the protein is a widespread characteristic
within the RFP family [85]. (4) Photoswitching is always coupled to protonation, and
the classical cis B =on < trans A’=off scheme holds (Scheme 10), although also
trans B can contribute to the off state (e.g. in rsCherryRev1.4 [177]).

In the following, we shortly address the properties of the most efficient red-emitting
negative RSFPs grouped into families that share a common ancestor.

3.3.2 Negative RSFPs from DsRed ofDiscosoma sp.

The main properties of the most representative variants are reported in Table 4.
mCherry variants In 2008 the Jakobs group reported the successful conversion

of non-photoswitching popular red-emitting mCherry (derived from the Discosoma
sp. progenitor DsRed through sequential engineering [178]) into the negative RSFP
variant rsCherryRev [175]. Starting from the knowledge of the cis chromophore
configuration of mCherry [89], and in view of releasing the intrinsic cis <> trans
photoisomerization of p-HBI, rsCherryRev was obtained through a mix of rational
and multiple site random mutagenesis. First, I161S replacement afforded the larger
chromophore cavity necessary for accommodating the putative trans isomer, leading
to a photoswitching variant; next, residues surrounding the chromophore were mutated
to optimize the switching efficiency. Of note, the engineering of 1161S Cherry also
afforded rsCherry, a positive RSFP (§2.4.2.2). In rsCherryRev the on state absorbs at
572 nm. Illumination at 550 nm switches off the protein, whereas irradiation at 450 nm
restores fluorescence [175]. Remarkably, the cis B state of rsCherryRev undergoes
a thermal decay that decreases (90%) the maximum on fluorescence (¥ = 0.005,
Table 4). Albeit little structural characterization of this mutant has been reported, it
seems reasonable that the stable ground state of rsCherryRev is characterized by a
mixture of cis B, trans B, and trans A’. A further series of mutagenesis afforded the
variant rsCherryRev1.4 [177], which retained most of the photophysical character-
istics of rsCherryRev but improved the contrast [126, 176] and the overall folding
efficiency [177].
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3.3.3 Negative RSFPs from eqFP578 ofEntacmaea quadricolor

TagRFP variants  Starting from the popular bright red fluorescent protein TagRFP
(derived from Entacmaea quadricolor progenitor eqFP578 through sequential engi-
neering, [179, 180]), the Verkusha group developed rsTagRFP by combining site-
directed and random mutagenesis [176]. In this variant, illumination around 570 nm
both excites fluorescence (at 585 nm) and switches off the protein [176]. The dark state
of rsTagRFP is characterized by an absorption band at 440 nm and is promptly photo-
switched back to on (@on/@off = 1000), yielding a contrast R = 20 (Table 4) [176]. Like
rsCherryReyv, after a single on-switching rsTagRFP relaxes to a ground state losing
about one-third of on population (¢;, = 65 min at RT). This equilibrated, partially
fluorescent ground state can be also reached from the off state by thermal recovery
(t12 = 46 min at RT). This peculiar behavior has been rationalized by X-ray mea-
surements of the crystallized protein in its different photostates [119]. The off state of
rsTagRFP corresponds to a protonated chromophore adopting exclusively the classical
trans conformation (trans A’). Vice-versa, the thermally stable state is characterized
by a mixture of cis B and frans A’ isomers. The easy ground-state conversion between
cis and trans state is also coupled with the proton equilibrium of chromophore, as
higher pH favors cis B at the expenses of trans A’. This phenotype was linked to a
complete absence of direct hydrogen bonding of the chromophore with the protein
scaffold. The same work also proposed a protonation/deprotonation mechanism of the
isomerizing chromophore that relies on H-bonded chain of three surrounding residues
[119]. A similar pH-induced cis <> trans ground-state isomerization had been previ-
ously observed in the non-switching mKate protein [181], a variant directly evolved
from TagRFP [182] and therefore closely related to rsTagRFP.

FusionRed family  Starting from the monomeric and bright red fluorescent pro-
tein FusionRed (derived from Entacmaea quadricolor progenitor eqFP578 through
sequential engineering of TagRFP and mKate [183]), Testa and coworkers engineered
three negative red-emitting RSFPs: rsFusionRed1, rsFusionRed2, and rsFusionRed3
[126]. rsFusionRed1 have a single absorption band at 560 nm, whereas sFusionRed2-
3 also displays a band around 400 nm. For these proteins, switching off is achieved
by illumination at 590 nm, whereas switching on can be obtained by illuminating
at a wide range of wavelengths, i.e. from 405 to 510 nm. rsFusionRed1-3 are char-
acterized by contrast values of 12-20, like those observed for rsTagRFP (R = 17)
and rsCherryRev1.4 (R = 10) [126]. Yet, under the same illumination intensity,
rsFusionRed1-3 showed much faster off-switching kinetics compared to rsTagRFP
(8-30-fold) or rsCherryRev1.4 (four-to-sixfold). rsFusionRed proteins also displayed
strong resistance to irreversible photobleaching, witnessed by a drop of 50% fluo-
rescence after about 1000 cycles when illuminated at 510 nm [126]. Spontaneous
recovery from off state occurred with 20-40 min half-life, in line with rsTagRFP and
rsCherryRev1.4 [126]. Remarkably, however, only rsFusionRed1 exhibited the ther-
mal on — off decay found in rsTagRFP, rsCherryRev and rsCherryRev1.4. Although
no further characterization was provided by Testa and coworkers. We may speculate
that the frans chromophore is negligibly present in the thermally-equilibrated state of
rsFusionRed2-3.
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3.3.4 Dual green/red photoswitchers

Quite remarkably, the irreversible green-to-red photoconversion was combined with
reversible photoswitching to generate dual green/red photoswitchers from Anthozoa
proteins.

IrisFP was obtained by Adam and coworkers in 2008 by introducing a single F173S
mutation in the EosFP of Lobophyllia hemprichii [184]. At physiological pH, the cis
B and A’ states of native IrisFP absorb near 488 nm and 390 nm, respectively [185].
Green fluorescence at 516 nm is obtained upon excitation of cis B with & = 0.43;
fluorescence emission is paralleled by on-to-off photoswitching to trans A> (A =
390 nm), with @off = 0.014 (Table 5). Excitation of trans A’ at 405 nm reactivates
efficiently the protein (gon = 0.5) and induces its conversion to an orange form (Qg,
= 0.0018) [185]. The orange form of IrisFP absorbs around 551 nm and emits at
580 nm with ® = 0.47. Very remarkably, the orange form can also switch between on
and off states using 532 nm and 440 nm light, respectively, albeit the photoswitching
yields are lower than for the green form (@off = 2- 1073, @on = 0.047) [185]. Since the
tetrameric nature of IrisFP complicates its applications in cells, monomeric RSFPs
that are also photoconvertible were subsequently engineered. In 2010, Nienhaus and
coworkers realized the monomeric IrisFP (mlrisFP) by adding four mutations to IrisFP
[186]. mlrisFP is slightly blue-shifted in the red form as compared to IrisFP, while
its photoswitching yields are within a factor of three (Table 5). Yet, monomerization
accelerates the thermal decay in both the green and red (orange) forms.

In search of a dual variant with more efficient green-to-red photoconversion, Adam
and coworkers successfully transformed the popular green-to-red photoconvertible
Dendra2 (derived from the ancestor protein dendFP of Dendronephthya sp.) into a
palette of switchers by a rational mutation strategy [101]. In more detail, they modified
the residues at positions 157, 159 and 173 which are located around the chromophore
in several FPs and are supposedly of major importance in modulating the photophysi-
cal properties of the proteins. They also applied this strategy to mEosFP, a monomeric
variant derived from EosFP by the A69V replacement [184]. Very remarkably, the
authors found that the single F173S replacement generated dual photoswitchers in
both the mEosFP and Dendra2 scaffolds. Conversely, M159A afforded a dual pho-
toswitcher only when incorporated in Dendra2 [101]. Compared to Eos derivatives,
Dendra derivatives are blue-shifted by about 10-20 nm in both absorption and emis-
sion of the green and red forms (Table 5). Yet, photoswitching yields of green and
red forms are very similar for all three variants (Table 5) [101, 185, 186]. Dendra2
variants were found to be much more stable as dimers than mEosFP derivatives and, on
account of its efficient green-to-red photoconversion (@g: was not reported), Dendra2
F173S has been named NijiFP, from the Japanese word for rainbow [101].

3.4 Positive RSFPs
Positive switchers appear extremely valuable for imaging applications, particularly

RESOLFT (§2.4.1) [187]. In spite of this, only a few variants displaying the switching
phenotype have been reported. In the next section (§2.4.1), we first describe their
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photoswitching mechanism. Next, in Sects. 2.4.2-2.4.3 and Table 6 we report the
main properties of known variants, grouped into families according to their common
ancestor protein.

3.4.1 Photoswitching mechanism of positive RSFPs

As previously stated, positive RSFPs are characterized by a photochromic behavior
opposite to negative switchers. Yet, their photophysical phenotype can be interpreted
in the same way: photoswitching occurs as photoisomerization from a dark trans to a
cis bright state of their Y-Chro. The major change in positive switchers is the relative
stability of states: the frans anionic chromophore is now more stable than its protonated
form, on account of the different stabilizing interactions of p-HBI with its surrounding
residues. Additionally, the trans configuration is usually more stable than its cis coun-
terpart. This change of pattern is brilliantly highlighted by the evolution of the positive
RSFP Padron from negative switching Dronpa. In Dronpa, a robust hydrogen bonding
interaction between Ser142 and p-HBI stabilizes the cis conformation, enabling the
negative switching pattern. Padron is a monomeric RSFP created from Dronpa through
the introduction of eight mutations [163]. Mutation M159Y is critical, as Y159 estab-
lishes a strong H-bond with p-HBI stabilizing the anionic trans conformer of the
chromophore and flipping the switching direction [163]. Schematically, in positive
switchers the off state combines trans configuration and deprotonation of the pheno-
lic function (frans B state). Excitation at the absorption wavelengths of transB triggers
trans — cis photoisomerization. Instead, exciting cis A’ switches the protein to trans
B, whereas exciting cisB elicits fluorescence (Fig. 4). Both cis A’ and cisB forms of
the chromophore may be populated at physiological pH, and their stoichiometric ratio
is determined by the nature of amino acids that surround the chromophores. Thus, a
remarkable difference between negative and positive switchers pertains to the actual
fluorescence of the trans state(s) and the role of protonation in determining the emis-
sion loss. In negative switchers, the loss of fluorescence of the trans state is an effect
of the protonation following the cis-to-trans isomerization [143]. In positive switch-
ers, instead, the trans form of the chromophore is dim or non-fluorescent also in the
deprotonated state, likely on account of an increase in chromophore flexibility upon
excitation [188]. The inverse stability of cis and trans states may be also the basis
of the radical change of photoswitching yields: in positive switchers ¢, is generally
much higher than ¢,,, opposite to negative RSFPs [104]. Yet, ¢, is at best around
0.1-0.2, and this has so far complicated ultrafast studies addressing the photoisomer-
ization mechanisms. For Padron, Fron et al. described cis — trans and trans — cis
photoprocesses with 14.5 and 5.2 ps time constants [189], respectively, but their find-
ings are questioned by the low switching yields of this positive RSFP variant (§2.4.3)
[143]. Nonetheless, their data converge with those of Walter et al. [190] in showing
that the first step of photoinduced cis — trans isomerization may involve ultrafast (~
1 ps) ESPT of the chromophore.
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3.4.2 Positive RSFPs from asFP595 of Anemonia sulcata

asFP595 and its variants  Although its tetrameric nature, the poor switching prop-
erties and the imperceptible quantum yield (< 0.001) strongly hampered the use
of asFP595 in imaging applications, this protein must surely be cited as it has
been the first positive RSFP ever reported. asFP595 was isolated from the sea
anemone Anemonia sulcata by Lukyanov and coworkers [193], and afterward it has
been the subject of intense photophysical studies [110, 114, 159, 194-196]. The
chromophore of asFP595 come from the cyclization/oxidation modification of the
M63-Y64-G65 (MYG) tripeptide to give a highly conjugated 2-iminomethyl-5-(4-
hydroxybenzylidene)-imidazolidinone system, where the original conjugation of the
wtGFP chromphore is elongated by an additional carbonyl group [86]. Yet, X-ray
measurement on asFP595 and its variants A143G (KFP1: “kindling” fluorescent pro-
tein, ® = 0.07 [99]) and A143S have shown that the protein backbone is broken
between C62 and the chromophore [159, 197, 198]. In the off state, asFP595 and its
variants adopt solely the trans configuration of the deprotonated chromophore (trans
B), absorbing at ~ 570 nm (Table 6). asFP595 and KFP1 can be switched-on by illu-
minating frans B. Jakobs and coworkers were the first to identify the on state of the
A143S variant of asFP595 with the cis configuration of the chromophore, which is
partly protonated [159]. Illumination on cis A’ around 450 nm switches back these
proteins to the off state. Yet, thermal cis — trans relaxation occurs within a second
in all mutants, being very fast in the ancestor asFP595. Of note, prolonged irradiation
with intense green light leads irreversibly to a non-switching fluorescent state [99].
At the basis of this phenomenon could be a stabilization of the cis B state due to pho-
toinduced decarboxylation of the glutamic acid E215, similarly to what was observed
in wtGFP [93].

rsCherry rsCherry was developed by Jakobs and coworkers from mCherry concomi-
tantly to the negative switcher rsCherryRev (§2.3.2.1). Both variants share the 11635
mutation that enables the chromophore cavity to accommodate the trans p-HBI form
[175]. rsCherry exhibits an absorption peak at 572 nm and emits at 610 nm, whereas
excitation at 450 nm promotes switching off with a final residual fluorescence of about
15% (R = 7, Table 6). Thermal relaxation is rather fast, as the on state loses about
70% fluorescence with #1, = 40 s [175]. Altogether, these findings indicate higher
stability of frans B compared to cis A’, but ground state chromophore isomerization
has a low energy barrier. Although no extensive characterization of the photoswitching
yields has been reported yet, Jakobs and coworkers claimed this protein to be rather
slow-switching in comparison to more optimized variants belonging to the Padron
family (§2.4.3) [187].

Padron family A major breakthrough in the field of positive switchers was
obtained by Jakobs and coworkers with the development of the already mentioned
Padron [163] and its derivatives Padron* (I94H/1100S/L141R/K222N) and Padron0.9
(Y116C/K198I Padron) by a combination of rational and random mutagenesis of the
Dronpa sequence [163, 188]. Both Padron* and Padron0.9 conserve the same spectral
properties of Padron. Yet, while Padron* eliminates the slight tendency of Padron to
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dimerization (15% at 4 °C), Padron0.9 is slightly more amenable to dimerization, thus
facilitating its crystallization.

In their on states at physiological pH, Padron, Padron*, and Padron0.9 display a
smaller absorption peak at around 395 nm (cis A’) and a larger peak at 503 nm (cis
B), resulting from a rather high pK; (pKy = 6.0 for Padron0.9, Table 5) [163]. When
illuminated with light at around 503 nm, Padron and Padron0.9 produce strong green
fluorescence (Aem, = 522 nm) (& = 0.64 for Padron, 0.61 for Padron0.9, Table 6)
[163]. In these proteins, illumination of cis A’ induces cis — trans photoisomeriza-
tion, which in turn drops the pK; of the chromophore (pK, = 4.5 for Padron0.9,
Table 6), leading to an off state dominated by trans B (absorbing at 504-505 nm)
[163, 188]. trans — cis isomerization in Padron is decoupled from the protonation
change at the phenolic hydroxy end, enabling photoactivation of Padron fluorescence
at cryotemperatures [199]. Padron and Padron0.9 share impressive contrast R > 100,
as well as slow spontaneous on — off decay (Table 6) [188]. Unfortunately, these two
RSFPs are characterized by rather slow switching, as witnessed by photoswitching
yields well below 0.01 (Table 6) [163, 190].

In the quest for a faster switcher, the Nagai group. developed Kohinoor by intro-
ducing 8 mutations into the Padron’s sequence [191]. Kohinoor is indeed associated
with 4—tenfold faster switching than Padron (¢4 = 0.15 and ¢,, = 0.02, Table 6) and
slightly improved fluorescence quantum yield (& = 0.71), although a lower contrast
ratio R ~ 50 and an 8-10 nm blue-shifted absorption/fluorescence were reported [191].
Of note, the photoswitching yields of Kohinoor have been recently revisited by the
Jakobs group, which published ¢, = 0.088 and ¢,, = 0.015 [187]. Kohinoor has
been recently optimized to Kohinoor2.0 by introducing 7 more mutations [192]. Kohi-
noor2.0 retains the same spectral properties as Kohinoor while being 2.6-fold brighter,
on account of the larger absorption of the fluorescent cis B state. Kohinoor2.0 also
switches off faster than its ancestor, owing to an increase of @, (Table 6) [192]. Much
alike Padron, in Kohinoor and Kohinoor2.0 the on state partitions into a protonated
and a deprotonated chromophore, with a complex pH dependence, but in contrast to
Padron the on (cis) state(s) also constitute the thermally equilibrated forms. A care-
ful investigation posited the presence of three distinct protonation equilibria (pKa1 ~
6, pKa1 ~ 8.2-8.6, and pKy3 ~ 9.3) affecting the optical properties of Kohinoor and
Kohinoor2.0, related to as many conformational states [ 192]. It was speculated that the
protonation equilibria of H193, E144 and E211 may influence pK,> and pK,3 through
a network of hydrogen bonds, assuming implicitly that pKj,; refers to p-HBI proto-
nation [192]. A multiple protonation pattern has been revealed also for the on and
off states of Padron0.9 [190]. Analogously to Kohinoor and Kohinoor2.0, a model
involving the protonation of the chromophore as well as of two more residues has
been invoked [190]. Although it has not been considered as such, these patterns are
consistent with the 2S-model of FP protonation and reveal the presence of the mixed
state A (§1.3) around neutral pH.

It has been observed that the major obstacles to applying Padron, Kohinoor and
Kohinoor2.0 to unconventional (e.g. super-resolution) imaging applications resides in
their limited fatigue resistance under the typical microscopy illumination intensities
[187]. To address this issue, the Jakobs group has recently developed Padron2 through
random and site-directed mutagenesis of the Padron sequence [187]. Padron2 has
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spectral and photoswitching properties similar to Kohinoor, but it showed increased
resistance to photobleaching in comparison to both Kohinoor and Padron under con-
tinuous illumination at 488 nm in bacterial colonies (Table 6).

3.5 Decoupled RSFPs

The spectral and switching properties of the decoupled switchers are listed in
Table 6. As previously mentioned, Dreiklang and its descendant Spoon distin-
guish from both negative and positive switchers in that their photoswitching is
driven at wavelengths not relevant to produce fluorescence. This decoupled pho-
tochromic behavior stems from a molecular mechanism not involving cis—trans
photoisomerization (Fig. 4) [104]. Dreiklang has been developed by introducing the
mutations V61L/F641/Y145H/N146D in the yellow mutant Citrine from Aequorea
(S65G/V68L/Q69/M/ST2A/T203Y wtGFP) [104]. Unlike Citrine whose pKj is around
5, native Dreiklang has pK, = 7.2 and is therefore characterized by a mixture of proto-
nated A’ (. =412 nm) and deprotonated B (.. = 511 nm) at physiological pH (Table 6).
Excitation of B generates fluorescence at 529 nm with ® = 0.41. On the other hand,
excitation of A’ causes hydration of the C65 atom of the imidazolidinone ring, thereby
transitioning the protein to the off state, which absorbs around 350 nm. [llumination on
the off state band leads to the reactivation of the protein. The decoupled wavelengths
of photoswitching and fluorescence excitation avoid the conflicting effects between
on, off, and excitation lights that are always intertwined in negative and positive
switchers and make Dreiklang very useful for several applications [104]. Spoon adds
five more mutations to the Dreiklang sequence (I47V/T59S/M153T/S208G/M233T),
and is spectroscopically indistinguishable from its parent protein, being nonetheless
much faster to off-photoswitching [105]. The photoswitching mechanism of Dreik-
lang (and presumably of Spoon) involves first ESPT from excited cis A’, followed
by a negative charge transfer to the imidazolidinone ring, which is eventually pro-
tonated by the nearby E222 catalyzing the addition of a water molecule [200]. This
water adduct, where the classical t-conjugated electron system of p-HBI is shortened,
absorbs around 350 nm and -upon excitation- photochemically reverts to the A’ and B
states by eliminating a water molecule [104]. Yet, this mechanism has been recently
challenged by a computational study, which posits a three-step proton transfer from
Y203 to the chromophore locked by water addition [201].

4 Applications

In 2004, Miyawaki and coworkers published the first application of a reversibly photo-
switchable protein, Dronpa, to imaging [ 100]. By an approach that has been referred to
asinverse FRAP (or FRAP~!), they first converted all the protein to the off state and the
reactivated it selectively in the cell nucleus (or cytoplasm), wherefrom they followed
the protein nucleocytoplasmic diffusion due to active transport. This pioneering result
came only two years after the demonstration by Patterson and Lippincott-Schwartz
that the photoactivation of an FP could add an externally controllable discrete and
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reversible dimension to space, time and wavelength dimensions to enable functional
microscopy [202]. From any perspective, the pioneering work of Miyawaki offered an
even more valuable option: the reversibility of external control with light that would
incredibly expand the number of imaging schemes to retrieve information from the
cellular setting. The age of photochromic FPs applied to bioimaging had eventually
started.

Two years later came the super-resolution revolution, i.e. the popularization of
a scientific concept that had smoldered under the ashes of some very specialized
literature for decades [16]. Basically, the extra dimension offered by photochromic
fluorophores could enable optical imaging at an unprecedented spatial resolution.

In the last 20 years, the number of applications of RSFPs has constantly grown,
disclosing crucial knowledge about several biological processes, concomitantly lead-
ing to a heated technological and industrial field of research. It is nearly impossible
to summarize in a few pages all the applications that have leveraged the peculiar pho-
tophysics of RSFPs, and we shall not attempt it. Rather, in the following sections we
shall focus on representative families of imaging schemes, particularly in the super-
resolution field, which clearly posit the enormous potential related to the combination
of genetic encoding and reversible control of the optical properties by external light.

4.1 RSFPs in super-resolution microscopy (SRM)

In this section, we initially provide a short introduction to the basic idea of SRM,
although the reader is referred to more specialized reviews for a comprehensive
description of this field of microscopy [14, 15, 203]. Then, we shall review the main
applications of RSFPs by distinguishing between two different families of SRM: those
which are based either on the time or on spatial modulation of the excitation/emission,
respectively.

Viewed through the lens of physics, light emitted by a point source, such as a fluo-
rescent molecule observed through a microscope’s objective, is subject to diffraction.
This effect causes the point source to manifest in the resulting image as what is termed
an Airy diffraction pattern [204]. Due to the reversible nature of light paths, the same
spreading effect is evident when light converges to a single point, like when a sample
is lit up to trigger fluorescence. This spread of light in three dimensions, shaped by the
Airy pattern, is defined as the Point Spread Function (PSF). The PSF’s inherent size
places a cap on the optical system’s spatial resolution. This cap is quantified by Ernst
Abbe’s principle, which articulates that the smallest separation at which a microscope
can resolve two distinct points—the image’s maximum spatial frequency—is given
by a specific formula [205]:

A
d=——, 51
2NA e

where X is the wavelength of the probing radiation and N A is the numerical aperture
of the microscope objective. Thus, our ability to distinguish two nearby emitter is
limited to about half the emission wavelength at best. Eukaryotic cells, typically rang-
ing in diameter from 10 to 300 pm, pose a challenge due to their small size and the
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dense presence of proteins. Indeed, confocal microscopes are limited to approximately
200-300 nm of lateral resolution (in the xy plane of the sample) and 600-1000 nm
of axial resolution (along the z-axis of the sample). Yet, the resolving power of an
optical device such as a microscope is not a well-defined physical quantity, Rather,
it greatly hinges on the extent of information about the subject in view, as originally
stated by Toraldo di Francia [206]. For example, in classical “diffraction-limited”
fluorescence microscopy, no previous knowledge about the sample or the way we
address each emitter is provided. Accordingly, all fluorophores within the excitation
PSF are excited and emit light almost simultaneously. Therefore, their fluorescence
signals are detected together as the product of excitation and emission PSF. The
fundamental solution to overcome this diffraction barrier lies in briefly making adja-
cent molecules distinguishable, preventing the simultaneous detection of different
molecules within the same diffraction region. For this aim, it is necessary to infuse
the system with extra information. This can involve manipulating the likelihood that
molecules will emit light when excited, effectively dispersing their emissions either
spatially (coordinate-targeted SRM) or temporally (coordinate-stochastic), preventing
their collective detection. This approach is the key to super-resolution microscopy and
heavily relies on the bistability of the emitters (Fig. 9) [16]. This bistability may stem
from an intrinsic property of any fluorophore, like the on—off photoswitching by alter-
nate excitation and stimulated emission exploited in STimulated Emission Depletion
(STED) microscopy. Albeit less general, the use of photochromic molecules such as
RSFPs enables the use of much lower illumination intensities, with obvious beneficial
effects on the viability of biological samples [207].

In all super-resolution applications relying on RSFPs as labels, image quality and
the achievable spatial resolution are determined by the fluorescence brightness, the
ensemble switching speed, the switching fatigue, and the switching contrast [131]. The
latter is undisputedly the most critical parameter for achieving high spatial resolution,
and its maximization is one of the most important targets in the engineering of RSFPs
for SRM [151].

4.1.1 SRM approaches that leverage time-modulation of the excitation/emission

Fluorescence photoactivation localization microscopy (PALM, F-PALM) The family
of SRM techniques generally referred to as Single Molecule Localization Microscopy
(SMLM) [208] was pioneered in 2006 concomitantly by the groups of Betzig [209],
Zhuang [210], and Hess [211]. For this discovery, Eric Betzig received the Nobel
Prize in Chemistry in 2014, together with other two pioneers of SRM, Stefan Hell
[212] and William E. Moerner [95]. SMLM includes stochastic optical reconstruc-
tion microscopy (STORM [210]), also in its variant direct STORM (dSTORM
[213]), fluorescence photoactivated localization microscopy (F-PALM [209, 211]),
and point accumulation for imaging in nanoscale topography (PAINT) [188-190].
Within SMLM, single fluorophores from the same excitation PSF are temporally iso-
lated by recording their emissions one at the time (Fig. 10) Achieving this result is
feasible either through the transient attachment of fluorophores that emit light continu-
ously, as seen in the PAINT technique or by employing photoactivatable fluorophores
(F-PALM and STORM/dSTORM). In both cases, excitation randomly activates only
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Fig. 9 Basic working principles of super-resolution microscopy (SRM). a Coordinate-targeted SRM: a
spatially-modulated point light pattern (red) is used to off-switch the fluorophores, whereas fluorophores
stay on only at the intensity minima (shown by the yellow star). This approach can also be parallelized
(red, periodic pattern). b Coordinate-targeted SRM: single-on fluorophores are established and localized
at distances larger than the diffraction limit d = A/2NA (Eq. 49). ¢ Coordinate-targeted and coordinate-
stochastic can also be combined, and single fluorophores can be localized at the nanometre scale with
minimal photon numbers (MINFLUX approach) because their position is inferred from the positioning of
the intensity minimum of the light pattern used for excitation. d SRM techniques rely on on <> off transitions

of fluorophores to distinguish neighboring molecules in the same diffraction area. Reprinted with permission
from ref. [14]
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Fig. 10 Single Molecule Localization Microscopy (SMLM). SMLM approaches such as STORM/F-PALM

rely on the stochastic activation of individual emitters by light localized with high precision. Adapted with
permission from ref. [214]
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a handful of fluorophores at any given moment. This approach is taken to ensure that
the PSFs of individual fluorophores do not merge into one another within the same
snapshot. The sample is subjected to a thousand cycles of activation and deactiva-
tion, and as many frames are recorded, each frame featuring only a limited number of
sparsely distributed, single-molecule emitters (Fig. 10).

After the acquisition, a specialized algorithm is used to accurately determine the
position of each molecule’s center. This post-processing step culminates in the pro-
duction of high-resolution images, achieving lateral resolutions down to < 20 nm.
Actually, in SMLM the traditional concept of resolution has been replaced by the
precision with which individual molecules are located. Achieving this high level of
localization precision in SMLM requires long acquisition times, as the precision is
directly linked to the square root of the number of photons collected [208].

F-PALM and STORM/dSTORM utilize either phototransformable fluorescent
proteins (FPs) or blinking organic dyes as their temporally modulable emitters, respec-
tively. With years irreversible photoconvertible FPs (PCFPs) have been preferentially
chosen over reversible saturable/switchable fluorescent proteins (RSFPs) for F-PALM,
because they generally produce a higher photon budget per each localization, dis-
play higher contrast, and have fewer issues with repeated localizations of individual
molecules [12]. Yet, rsFastLime has been early applied to a F-PALM variant called
“PALM with independently running acquisition” (PALMIRA). PALMIRA utilizes
spontaneous off—on cycles of single negative RSFPs under illumination solely at exci-
tation wavelength without synchronization to a detector [215, 216]. Similarly, the
peculiar switching pattern of SPOON provided a simple F-PALM imaging platform
that requires only a single 488 nm laser. In fact, strong irradiation of SPOON at 488 nm
leads to an equilibrium between off-photoswitching and thermal switching-on, yield-
ing a single wavelength blinking amenable to SMLM [105]. Instead, the fast negative
switcher Dronpa-3 was applied to an F-PALM variant known as stroboscopic PALM
(s-PALM), which leverages a dual-color lighting approach. s-PALM employs two-
color (405/488 nm) short pulses whose duration is tuned to the characteristic on-time
of the protein [217].

RSFPs were repeatedly proved useful in multicolor F-PALM. Bock et al. showed
that rsFastLime could be localized concomitantly with Cy5, affording two-color
nanoscale images inside whole cells [218]. A green-to-red photoconvertible protein
such as PAmCherry1 was co-expressed with a negative green switcher like Dronpa:
alternate illumination at 405 and 561 nm enabled localization of the PCFPs, whereas
the alternate illumination at 405 and 488 afforded the localization of RSFPs (Fig. 11)
[160, 219, 220]. Dual color F-PALM images were also obtained by co-expression of
negative and positive RSFPs, such as bsDronpa or rsFastlime and Padron [163].

Stochastic optical fluctuation imaging (SOFl and pcSOFI)  Dispersion of the emission
over the temporal axis is also at basis of the SRM technique called Stochastic optical
fluctuation imaging (SOFI). SOFI enhances image resolution by exploiting fluores-
cence intensity fluctuations (“flickering”) of single fluorescent markers [18, 221]. The
basic principle of SOFI involves collecting a series of images over time, where the
fluorescent markers stochastically flicker on and off due to specific photophysical fea-
tures. By analyzing the correlation of these intensity fluctuations over time, SOFI can
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Fig. 11 Two-color F-PALM by combining the green RSFP rsKame with the green-to-red photoconvertible
PAmCherryl. a, b In EpH4 cells, the outer (OMM) and inner (IMM) mitochondrial membranes were labeled
with PAmCherry 1-Lk-BclXI and BCS1L!~160_[ k-rsKame, respectively. c—e Elongated mitochondria are
observed with distinctly defined membranes (~20-nm resolution). f intensity profiles in the two channels
for the white line in panel (e) which crosses both OMM and IMM. Reprinted with permission from ref.
[160]
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Fig. 12 Stochastic Optical Fluctuation Microscopy (SOFI). SOFI locates individual emitters based on the
autocorrelation of their temporal fluorescence fluctuations. Adapted with permission from ref. [214]

reconstruct an image with two—threefold improved resolution. This process leverages
the fact that the fluctuations are uncorrelated in space, allowing for the separation of
features that would otherwise be unresolved in traditional fluorescence microscopy
(Fig. 12). Although classical SMLM outperforms SOFI in terms of resolution, SOFI
enables high-speed SRM because it tolerates a wide range of blinking statistics and
much lower SNRs [222]. Furthermore, SOFI is characterized by inherent optical sec-
tioning which may be suitable for bright-field illumination and 3D imaging over a
broad depth range [223].

Any stochastically “flickering” fluorophore can be in principle used for SOFI, and
indeed the first demonstration of this technique made use of Q-Dots [223]. Yet, in 2012
Dedecker’s group demonstrated that the flickering of RSFPs at a single molecule level,
easily obtained by single-wavelength illumination as an effect of on <> off photosteady
state, provided “a necessary, sufficient, and convenient way to achieve the requirements
inherent to SOFI imaging” [224]. This approach has been referred to as “photochromic
SOFI” (pcSOFI). In the last decade, several RSFPs have been applied to pcSOFI
measurements, including Dronpa, ffDronpa and rsGreen [165, 225, 226], and Skylan-
S [168]. pcSOFI was also combined with F-PALM by using the “combo” negative
switching/green-to-red photoconverting pcDronpa and pcDronpa2 (Fig. 13) [103].
The Dedecker’s group developed “SOFlevaluator”, a neutral, automatic algorithm
designed for computing various metrics that are instrumental in assessing the quality
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Fig. 13 pcDronpa enables SOFI and F-PALM acquisition on the same sample. pcDronpa2-labeled B-actin in
HeLa cells is imaged by wide-field (a—c), pcSOFI (d—f), and F-PALM (g—i) microscopy. b—h and c—i Display
details of the B-actin network. Scale bar: 10 wm (a, d, g), I pm (b, e, h), 0.3 wm (c, f, i). Figure reprinted
with permission from ref. [103]. Copyright 2014 American Chemical Society

of super-resolution fluorescence imaging data for SOFI. By the same algorithm, 20
different “flickering” FPs, including several RSFPs, were evaluated, suggesting that
SkylanS, ffDronpa and WQ have good/excellent compatibility with SOFI on account
of high S/N ratio [227]. In a later paper by the same group, it was suggested that
optimal image quality in SOFI is attained for fast RSFPs with low switching fatigue,
which enables long measurement duration [228].

Of note, dual-color pcSOFI was carried out by discriminating the switching kinetics
of two RSFPs with overlapping spectra [165], also in multiplexed mode with AFM
and SMLM [229]. Here, the best results were obtained by combining rsGreenl and
rsKame, although the couples rsGreenl/Dronpa and ffDronpa-f/rsKame proved still
adequate [229]. The ability to distinguish among different switching regimes in SOFI
has been also exploited to generate a new class of biosensors, called FLINCs [230,
231]. In the FLINC scheme, the proximity of Dronpa (or a Dronpa mutant where
the chromophore is inactive [231]) to TagRFP-T changes the fluorescence fluctua-
tion behavior of the readout protein, thereby enabling super-resolution imaging with
pcSOFI. By computing pairwise cross-cumulants using correctly matched pixel pairs,
one can derive a metric similar to an autocorrelation, referred to here as the ‘pcSOFI
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Fig. 14 The reversible saturable optical transitions (RESOLFT) concept. A RESOLFT requires two optically
distinct fluorescent states A and B of a marker (here bright and dark). The optical transition from A to B takes
place at a rate k4 p proportional to the applied light intensity / (kap = ol). B A standing wave of light with
zero intensity at x; is applied with increasing power, from 10 to 500 times the intensity at which the transition
saturated, i.e.: Isat = 1/07. Profiles 1-4 show the spatial region in which the label is allowed to be in state
A: increasing the intensity ensures that the region in which the label may reside in A is squeezed down, in
principle, indefinitely. If A is the fluorescent state of the label, this ultrasharp region works as the effective
fluorescent spot of the microscope and Ax is its FWHM. In any case, the resolution is no longer limited
by diffraction, but only determined by the value of 7(/I54:. The creation of a fluorescence image requires
scanning that is moving the zero along the x-axis with subsequent storage of the recorded fluorescence.
(C) The simplified energy diagram of a fluorophore depicts possible schemes for implementing saturable
optical transitions, including photochromic switching. Reprinted with permission from ref. [232]

value’ [165]. This metric, attainable at a resolution finer than a single pixel, is useful
for measuring the intensity of fluctuations within the imaging data, which is in turn
related to the metabolite-dependent proximity between Dronpa and TagRFP-T [230].

4.1.2 SRM approaches that leverage spatial-modulation of the excitation/emission

Reversible saturable optical fluorescence transitions (RESOLFT) microscopy
RESOLFT is a general concept of achieving super-resolution by properly shaping
the excitation PSF and must be included in the family of coordinate-targeted SRM
techniques. The mechanism of RESOLFT is easily explained by the following one-
dimensional example taken from the original description of this technique (Fig. 14)
[207].

We first consider a photoinduced transition A — B and we illuminate the sample
with a (diffraction-light) light profile 7 (x) which is zero for x = x;: accordingly, the
transition will occur everywhere except in x; (Fig. 14). Now, we increase the intensity
I (x) so to almost saturate the transition everywhere. In such a case, significant fractions
of state A will survive only in the vicinity of x;, disappearing outside this narrow region
in a steep, non-linear fashion (Fig. 14). If A is fluorescent, then fluorescence will be
spatially confined as described. Let us now move the intensity zero across the specimen,
reading out at the same time the fluorescence for each coordinate: this would provide
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Fig. 15 The STED/RESOLFT imaging approach. In STED/RESOLFT the diffraction-limited excitation spot
is overlaid with a doughnut-shaped that deactivates all the emitters in the periphery of the excitation spot,
generating an effective excitation PSF which is then scanned across the sample. Adapted with permission
from ref. [214]

a narrower “effective” excitation PSF that enables enhanced resolution even if the
illumination is diffraction-limited (Fig. 15).

Clearly, this concept is not limited just to scanning microscopy: multiple nodes
may be produced in the illumination profile and a camera-based parallelized imaging
strategy can be adopted as well. It can be demonstrated that the RESOLFT resolution
scales with the square root of the illumination, according to:

A
Axx 220 (52)

/1+£’

where Axg is the diffraction-limited resolution, / is the maximum intensity that pro-
motes A — B, and I is the “saturation intensity” of the transition [233]. I can
be deduced as follows. The photoprocess A — B is linear, and its rate constant is
kap = o4l (x). Saturation depends critically on any process B — A which counter-
acts deactivation of A. Let us identify the deactivation rate constant of B with kg4
without stating any hypothesis on its origin. Then, saturation of A — B is achieved
forkap = oal(x) > kpa. By defining Iy = kpa /o4, we have:

k
I(x)> 24 = . (53)
OA

Thus, I “weights” the extent of saturation promoted by / (x) in each point, and is
related to resolution through Eq. 52. For the sake of clarity, it is more convenient to
rewrite I; by considering the intrinsic lifetime tp4 of the B state, that is:

1
I, = . (54)
OATBA

The first major application of the RESOLFT approach has been STED microscopy
[234,235]. In STED, A and B identify with the excited and ground states of a molecule,
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respectively (Figs. 14, 15). The A — B photoprocess is stimulated emission, which can
be easily spectrally decoupled from spontaneous emission by depleting with photons
on the red tail of the emission spectrum of the irradiated fluorophore [235]. B —
A accounts for the spontaneous decay back to the ground state, which entails both
radiative and non-radiative transitions and tg4 is the fluorescence lifetime of the
molecule. The depletion 2D/3D I(x, y, z) “doughnut-shaped" illumination profile
with a node in (xo, yo, zo) is accomplished by putting in front of the objective an
optical device leveraging light interference [234]. In spite of its general applicability,
STED requires very strong depletion light as o4 ~ 107'7 cm? and 734 ~ 1 ns,
yielding I, ~ 100 MW/cm? [207, 236]. Accordingly, STED is generally restricted
to specialized fluorophores able to withstand the intense depletion laser for several
cycles with little loss of fluorescence [73] and it is predominantly used for fixed
biological specimens where cell viability is not an issue [237]. An alternative approach
to produce lower photodamage in cells makes use of photochromic dyes, because in
such a case: 1) the A <> B transitions occur between ground states with A = on,
B = off, and 2) tp4 = 1073 = 1 ms [207, 236], scaling down I; by 3-6 orders
of magnitude to values similar to those applied in live-cell confocal fluorescence
microscopy [124]. This approach is widely referred to simply as RESOLFT and -for
simplicity and consistency- we shall follow this nomenclature, although we should
stress that RESOLFT is less a specific technique than a general concept (Fig. 14).
From its original conception in 2005 by the Hell group [207], RESOLFT has targeted
RSFPs as photochromic switchers, and several studies have been published in these
20 years. The reader is referred to the recent review by Jensen [17] for a comprehensive
description of this topic. In the following, we shall discuss the main features of RSFP-
based RESOLFT and provide some updated references.

Currently, the majority of RESOLFT methods depend on RSFPs that operate in a
negative switching mode (Fig. 16) [17]. In such standard RESOLFT approaches, the
fluorophores are activated in a sequential manner, albeit a wide range of optical con-
figurations are exploited to improve SRM imaging, particularly of living specimens
[104, 127, 147, 177, 238-240]. Consequently, following the initial activation to the
on-state, RSFPs are turned off using a doughnut-shaped beam or a standing wave light
pattern, and the “central” fluorophores that remain in the on-state are examined using
a Gaussian-shaped focused beam (Fig. 16). The negative switching property implies
that the central fluorophores are deactivated during the readout process. Therefore,
it is often necessary to repeat the switching and readout sequence to gather enough
photons, particularly if the expression levels are low. This procedure did not hamper
complex imaging schemes. For example, dual-channel SRM imaging was achieved
by leveraging the different switching kinetics and fluorescence lifetimes of other-
wise spectrally overlapping Dronpa and rsEGFP variants, down to 60—70 nm [240].
In addition, molecular nanoscale live imaging with a sectioning ability (MoNaLisa)
RESOLFT was specifically developed for parallelized RESOLFT imaging in 3D sam-
ples, (a 15 mm penetration in brain slices was demonstrated), by multifoci (3,600)
illumination, which effectively blocks out-of-focus light, with a sinusoidal illumina-
tion pattern [239]. The parallelization concept behind MoNaLisa was recently shown
to generate SRM images over fields of view as wide as 100 — 130 pwm without compro-
mising the resolution (45-65 nm) [241]. Most of these applications took advantage of
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Fig. 16 Scheme of RESOLFT by negative RSFP. At the beginning of each cycle, in each spatial location,
all the RSFPs are activated by short-wavelength (reactivation) light focused as a Gaussian-shaped beam.
Then, RSFPs on the periphery are switched off by intense long-wavelength (excitation) light focused as a
doughnut-shaped beam. Finally, fluorescence is generated by dim excitation light focused as a Gaussian-
shaped beam. Thus, fluorescence comes only from those central molecules that survived the off-switching
step. This optical cycle is repeated several times while the beam positions scan spatially the sample

the excellent switching properties of rsEGFP2, which afforded resolutions as low as ~
40 nm in living cells (Fig. 17) [124, 147]. The switching properties of rsEGFP2 were
leveraged to build a genetically encoded calcium sensor amenable to SRM imaging in
living cells by RESOLFT with about 80 nm resolution [242]. The recent development
of high-contrast, very photostable GMars RSFPs offered a further option to reach the <
80nmresolutionin living cells [127, 173]. The engineering of rsFusionReds paved also
the way to effective MoNaLisa RESOLFT (50-70 nm resolution) with green/orange
light, thereby avoiding both the moderately phototoxic 405 nm illumination and the
autofluorescence-rich green region of emission spectrum observed in cells [126]. In a
general sense, however, using negative RSFPs may be disadvantageous as it in general
leads to longer image acquisition times and higher light exposure to the sample [187].

Positive RSFPs offer a solution to the issue of limited fluorescence detection per
switching cycle. This is because the fluorescence excitation initiates the on-switching,
allowing proteins at the center of the doughnut to remain in the on-state for an extended
period during readout. To achieve subdiffraction resolution in this setup, it is sufficient
to combine the regular focused excitation light with a doughnut-shaped off -switching
beam, to keep the molecules at the periphery in the off-state. These two interlaced
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Fig. 17 Scheme of RESOLFT by negative RSFP. Keratin19-rsEGFP2 expressed in PtK9 cells was imaged in
confocal and RESOLFT modes. From left to right: confocal raw image and corresponding raw RESOLFT
image. Magnifications of the boxed areas in the RESOLFT image. The graphs show averaged line profiles
across the indicated filaments (i—iv) within the respective boxes. Reprinted with permission from ref. [124]

beams could be simultaneously moved across the sample to capture an SRM image,
eliminating the need for sequential illumination steps. Accordingly, this method has
been termed “one-step” RESOLFT nanoscopy [187]. Although the first demonstration
of RESOLFT has leveraged the positive switcher asFP595 [207], until very recently
none of the reported positive RSFPs displayed switching performances complying with
RESOLFT, namely: high contrast, low switching fatigue, high quantum yield in the on
state, and slow -if any- spontaneous recovery from the off state [163, 175, 192, 243].
Kohinoor was indeed applied to generate SRM maps achieving 85 nm resolution, but
still by a sequential RESOLFT approach, although it simplified the optical setup (only
a 488-nm confocal and a 405-nm doughnut laser line) compared to negative switchers
[191]. In 2021, however, Jakobs’ group applied the newly engineered mutant Padron2
to achieve a 60—75 nm resolution in living cells. Although this performance cannot
compare with the resolutions exhibited by negative RSFPs such as rsEGFP2, Padron2
is a promising step towards more effective RESOLFT imaging.

Structured illumination microscopy (SIM and SSIM)  SIM is an advanced SRM tech-
nique that involves diffraction-limited pattern illumination of the specimen, generating
a beat pattern (Moiré fringes) in the resultant image [14, 244]. This pattern contains
information about the spatial frequencies of the object that exceed the diffraction
limit. Since the structure of the illumination pattern is known, these frequencies can
be extracted from the captured image. Given that the spatial frequencies of both the
object and the illumination patterns are diffraction-limited, SIM resolution enhance-
ment is approximately twofold, assuming a minor Stokes shift between excitation and
emission [245]. For image reconstruction, 2D SIM needs a minimum of nine expo-
sures, while 3D SIM requires at least fifteen [12, 246]. The specimen must be static
during these exposures, a fact that restricts SIM mostly to fixed cells. Yet, the advent
of high-speed cameras has made live-cell imaging increasingly practical [247].
Resolution enhancements > 2 can be obtained by exploiting the saturability of
fluorescence emission, according to the technique developed by Gustafsson and named
saturated structured illumination microscopy (SSIM) [248]. Although original SSIM
was based on the emission saturation of photostable fluorophores, this approach can be
easily extended to the saturation of photoswitching processes in RSFPs, analogously
to the conceptual step from STED to photochromic RESOLFT [249]. Gustafsson has
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pioneered in 2011 this strategy by using Dronpa and obtaining about 60 nm resolution
in fixed samples [246]. A few years later Betzig and coworkers reached 45-60 nm in
fixed and living cells using the improved negative switcher Skylan-NS, [151, 250].

4.2 Special applications of RSFPs
4.2.1 Photochromic FRET and optical lock-in detection (OLID)

Forster Resonance Energy Transfer (FRET) is a method of spectroscopy that can
be readily integrated into fluorescence microscopy, making it particularly effective
for examining biomolecular interactions in solutions, live cells, and tissues [251].
The principle of FRET involves the non-radiative energy transfer from an excited
molecular fluorophore, known as the donor (D), to a chromophore, referred to as the
acceptor (A), through long-range dipole—dipole coupling [252]. In many applications,
the acceptor is also fluorescent, but this is not a necessary condition for FRET to take
place. Forster’s theory predicts that the efficiency E of FRET is inversely proportional
to the sixth power of the separation (r) between the transition dipole moments of D
and A [252]:

6
E= Ry (55)
Rg + 76’

where Ry is a parameter, named Forster’s radius, which represents the D-A distance
at which E = 0.5. Ry is related to the photophysical properties of D and A according
to [253]:

2CD 1/6
£ D} , (56)

Ro = 0.02108|:J 3
n
where @ p is the quantum yield of the donor (for non-fluorescent D, ®p = 0 and
Ry = 0), n is the refractive index of the medium, 2 is the so-called orientation factor
between the donor’s and acceptor’s transition dipoles [252], and J is the “overlap
integral” J, i.e. the spectral integral of the product of donor’s normalized emission
Fp(») and acceptor’s absorption £(1) weighted by the fourth power of wavelength:

J = / Fp) -e(h) - Adr; f Fp(L)dxr = 1. (57)

Good donor/acceptor (D/A) pairs with a significant overlap integral in the visible
spectrum range can yield Ry = 5 — 7 nm. This capability offers a method to discern
molecular interactions (i.e., proximities) up to 10—-12 nm, significantly surpassing the
optical diffraction limit. Typically, the donor (D) and acceptor (A) are exogenous
fluorophores attached to target biomolecules, such as proteins. Detecting FRET in
specific areas of a microscopy image strongly suggests that the donor and acceptor-
labelled molecules are part of a complex. Furthermore, the quantitative assessment of
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E, along with the known RO for the D/A pair and the configuration of D and A fusion
constructs, can yield valuable structural insights into the complex, for example the
average distance between the D and A (Eq. 55).

Over time, various techniques have been developed to quantitatively measure FRET
efficiency [251, 254-257]. Among others, the development of photochromic organic
fluorescent dyes enabled a new method for quantitative FRET, named photochromic
FRET (pcFRET) [258, 259]. pcFRET is defined as FRET carried out in the presence of
either a photochromic donor (D-pcFRET) or a photochromic acceptor (A-pcFRET).
Modulations of fluorescence emission by D can be induced by reversible switching
of A (A-pcFRET), whereas the opposite pattern holds for D-pcFRET (Fig. 18). Both
approaches afford the quantitative and repeatable determination of the FRET efficiency
between two molecules without the need to apply corrections based on reference
images [259]. The use of RSFPs in A-pcFRET was pioneered by both Bizzarri [117]
and Subach in 2010 [176]. Bizzarri and coworkers developed the negative switcher
EYQI, possessing YFP spectral characteristics, and demostrated its utility as a strong
acceptor in couple with donor EGFP (R = 5.64 nm) to reveal intense (30%) FRET in
living cells by looking at the anticorrelated switching of D and A. Similarly, Subach

DONOR “OFF” ACCEPTOR DONOR UNQUENCHED\ ACCEPTOR “OFF”
No FRET No T
D-pcFRET A-pcFRET

Fig. 18 Principle of pcFRET. Scheme of pcFRET between a green fluorescent protein (GFP) donor and
a yellow fluorescent protein (YFP) acceptor. a D-pcFRET: the donor is photochromic, and FRET ensues
only when the donor is in the on state. b A-pcFRET: the acceptor is photochromic, and FRET ensues
only when the acceptor is in the on state. Note that in both cases the Donor emission is always modulated
by the photoswitching process: in D-pcFRET this is a constitutive property of the Donor; in A-pcFRET
this property stems from the FRET-quenching/dequenching originated by the Acceptor photoswitching.
Reprinted with permission from ref. [261]
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and coworkers engineered rsTagRFP as an acceptor of donor EYFP, monitoring both
the donor intensity and lifetime. Of note, A-pcFRET relies only on the photochromic
change in the absorption spectrum of the acceptor, which needs not to be fluorescent.
Indeed, Don Paul and coworkers have developed Phanta, a non-emissive negative
switcher similar to EYQI1, which can work as a non-fluorescent acceptor of EGFP
donor in A-pcFRET [260].

Experiments on D-pcFRET have been carried out either by direct monitoring of
the modulated emission of either the Donor or the Acceptor. Interestingly, Bizzarri
and coworkers [132] applied EYQ1 as a Donor in Optical Lock-In Detection (OLID)
microscopy to visualize intracellular FRET. OLID has been developed to isolate mod-
ulated (AC) fluorescence signals against a large, non-switching, background (DC)
[262-265]. Practically, OLID requires the deterministic control of the fluorescence
of a photochromic emitter through optical modulation and a digital or post-processed
lock-in detection to enhance the components of the AC signal in sync with the switch-
ing reference function with respect to the DC contribution. By OLID-FRET, Bizzarri
and coworkers have confirmed the existence of a complex between the nociceptor
TRPV1 (linked to EYQ1) and microtubules (a-tubulin linked to TagRFP) (Fig. 19)
[132].

Of note, the same group leveraged OLID as a way to separate out the signals of
two spectrally similar FPs, only one of which is amenable to reversible photoswitch-
ing [112]. The Dedecker’s group has recently published a study that pioneers the
use of an RSFP donor to distinguish spectrally overlapping FRET pairs in multi-
plexed biosensing [266]. Their approach relied on the determination of the switching
contrasts for both the donor and the acceptor as a way to compute according to the
sensitized emission theory. Remarkably, this strategy was applied to imaging in living
cells cAMP-dependent protein kinase (PKA) and extracellular signal-regulated kinase

Fig. 19 OLID-FRET by using the negative switcher EYQ1. TRPV1-EYQI (donor, D) and TagRFP-a-tubulin
(acceptor, A) were expressed in CHO and six photochromic on—off cycles were repeated, acquiring emission
during the off-switching phase. a Average of D channel. b Switching fraction in the D channel. ¢ Non-
switching fraction in the D channel. d Average of A channel. e Switching fraction in the A channel.
f Non-switching fraction in the A channel. g Map of FRET efficiency. Scale bar 10 pm. Reprinted with
permission from ref. [132]
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(ERK) activities in living cells by two spectrally identical FRET biosensors, one of
which is based on the photoswitchable mTFP0.7 variant as donor [266].

When an acceptor is situated near a photoswitchable donor, it creates an alternative
route for energy transfer, which interferes with the donor’s ability to switch off: This
leads to a slower off photoswitching rate of the donor molecule [266, 267]. This effect
has been exploited by Patterson’s group to monitor FRET between Dronpa (D) and
mCherry (A) at the intracellular level [267]. Dronpa was selected for its high contrast
and slow on — off photoswitching rate, which may facilitate the detection of the pho-
toswitching kinetics. Of note, the authors validated their strategy by comparison with
several other methods of FRET detections [267]. In addition, they reported signifi-
cant FRET between histone H2B conjugated either to Dronpa or to mCherry, hinting
at FRET interactions occurring between neighboring nucleosomes or nucleosomes
brought together by higher-order chromatin folding [267].

4.2.2 Viscosity sensing

In 2012, Kao and coworkers revealed that the photoswitching rate of Dronpa and its
mutant Dronpa-3 decreases upon the increase of medium viscosity [268]. This finding
hints at an existing relationship between photoswitching and B-barrel plasticity, as
lately described by Chang [120]. In keeping with this view of dynamic flexibility as
determined in the photoswitching, Mizuno et al. revealed that the kinetics of photo-
switching in Dronpa variants are strongly related to the self-association of the proteins
[166].

Dronpa-3 was particularly sensitive to viscosity changes, as an increase of glycerol
in the medium from 0 to 90% led to a fourfold slower off-switching of the protein
[268]. Dronpa-3 was therefore suggested as a genetically encoded reporter for micro-
viscosity in cells, and a preliminary study demonstrated the heterogeneus compaction
of chromatin in the nucleus [268].

4.2.3 Photochromic anisotropy

Fluorescence anisotropy decay is part of a broader category of relaxation techniques
that track how a system evolves over time from an initially biased state to a random
configuration. In short, let us consider a pulse excitation by plane-polarized light of
an ensemble of randomly oriented fluorophores. For each molecule, the likelihood
of absorption is directly related to cos?g, where ¢ is the angle between the incident
light and the absorption transition dipole. Thus, absorption of linearly polarized leads
to photoselection, i.e. only a subset of molecules will reach the excited state with a
probability weighted by cos?¢. If the molecules do not rotate, their radiative decay
will produce a partially polarized fluorescence, because each emission transition dipole
has a fixed geometrical relationship with the absorption transition dipole. Yet, if the
molecules do rotate, we must consider emission depolarization due to progressive
randomization of the orientations of the emission transition dipoles. The polarization
degree of the emitted light is measured by the fluorescence anisotropy r, which is
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defined as [269]:

r(t) = I)jt) — GI (1)

L) +2GIL(1)’ (58)

where I)(¢) and I (¢) are the (time-dependent) emission intensities parallel and per-
pendicular to the polarization direction of the excitation light, respectively; G is a factor
that considers the different collection efficiency along the parallel and perpendicular
direction. It is easy to show that [270]:

2
r(t) = ro 3coscw(t) — 1’ (59)
2
where the fraction represents the depolarization autocorrelation function, i.e. the prob-
ability that the emission dipole of a molecule will be oriented at w(¢) with respect to
its orientation at time zero. ry is said to the fundamental anisotropy, and it is related
to the angle o between the absorption and transition dipole by:

3cos?a — 1
4

> (60)

ro = 0.
For a free isotropic rotor with rotational diffusion coefficient D, the theory shows
[270]:

r(t) = roe "7, (61)

where the characteristic time 7, = 1/6D,. If constant excitation is applied, the
time dependence of anisotropy drops, and we obtain Perrin’s equation for “static”
anisotropy:

—1
7=ro(1+1> , (62)

Tr

where t is the fluorescence lifetime of the fluorophore, which we suppose to decay
monoexponentially from the excited state (Eq. 62) can be easily extended to fluo-
rophores characterized by multiexponential emission decays). A simple expression of
D, is provided by the Stokes—Einstein equation holding for spherical rigid rotors:

RT
D, = —. (63)
6Vn

In Eq. 63 V is the volume of the rotor, whereas 7 is the viscosity of the solution.

The Stokes—Einstein equation can be generalized by considering V as the empirical
“hydrodynamic volume” of any rotor. Finally, the Perrin equation becomes [269]:

ren(isegy)
r=roll+17— . (64)
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Anisotropy measurements to probe large molecular sizes Equation 64 shows that
static anisotropy posits an interesting method to estimate the molecular size of rotating
molecules, as originally proposed by Perrin [271]. Indeed, fluorescence anisotropy, in
both static or time-resolved approaches, is particularly useful to reveal mass changes
related to molecular binding. For this reason, it is widely applied in microscopy and
enables several life-science applications such as drug screening (for a comprehensive
review, see [271]). Yet, the dynamic range of anisotropy change with rotor volume is
critically dependent on the 7/7, ratio, on account of 7, scaling with the third power
of molecular radius (Eq. 64). This means that the measurement of very large volumes
(characterized by large t, values) is possible only if the lifetime is large as well. The
slowest decaying FPs exhibit T ~ 4 ns [272]. Assuming that anisotropy changes as low
as 5% can be measured with adequate S/N ratio, this implies a maximum 7, &~ 75 ns.
For proteins, we may consider V &~ 2M7v, where M is the molecular weight in Dalton
and v is the specific volume of the protein (~ 0.735 ml/g [273]). With n = 0.94 cP and
T = 37°, we calculate that M ~ 140 kD. Thus, anisotropy measurements leveraging
FPs are unable to detect all those large mass changes (several hundreds of kDa) that
frequently occur in the eukaryotic proteome as a result of multiple protein binding
(e.g. the assembly of multiple transcription factor within specific chromatin loci),
because the molecular complexes rotate too slowly to produce significant changes in
the polarization of the emitted light. Replacing FPs with other fluorophores does not
alleviate this problem, since most organic fluorophores display fluorescence lifetimes
well below 5 ns [274] and -given their usual small size- they experience high rotational
freedom (and very low 1,) even when conjugated to much larger biomolecules.

To address this issue, Testa’s group has very recently developed an approach named
selective time-resolved anisotropy with reversibly switchable states (STARSS), which
extends the observable mass range by more than three orders of magnitude by using
RSFPs [275]. STARSS leverages photoselection of on <> off transitions in fast switcher
rsSEGFP2 and Dronpa M159T by linearly polarized light, to subsequently probe
depolarization along the photoswitching kinetics occurring with a s to s timescale
depending on the illumination intensity. Three different imaging schemes (STARSS
1,2,3) were developed (Fig. 20). In STARSS 1, after switching off all proteins by
non-polarized 488-nm light, off — on reactivation was photoselected in a subset of
proteins by using a short pulse (250 ws) of linearly polarized 405-nm light and the
slow time-dependent depolarization of these emitters along on — off photoswitching
was probed by non-polarized 488-nm light; (2) the illumination scheme was the same
as in (1), but now the reactivation light was not polarized, whereas the probing 488-nm
light was polarized to photoselect aligned dipoles for switching off so as to induce an
artificial depolarization in the system; (3) the illumination scheme was the same as in
(1), but two short 405-nm pulses, separated by a variable time lag (0.2-500 js), were
applied, and the following emission along on — off photoswitching was integrated, to
provide a static anisotropy signal dependent on the rotation extent of molecules during
the applied time lag. Imaging scheme (2) afforded a large photon budget since early
405-nm photoselection was not required and all the molecules were probed. Scheme
(3) enabled monitoring faster kinetics. STARRS has been applied to characterize the
rotational mobility of several molecular complexes in cells, including the retroviral
Gag lattice and chromatin in interphase and during mitosis [275]. Of note, data hinted
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Fig. 20 Selective time-resolved anisotropy with reversibly switchable states (STARSS). a STARSS method
1 pulse scheme with photoselection during ON-switching, circular cyan light for probing and polarization-
sensitive, two-channel detection. b Experimental raw data recorded with STARSS method 1, showing
distinct relaxation of the parallel and perpendicular channels for Dronpa-2 and rsEGFP2 after on-switching
photoselection. ¢ STARSS method 1 experiments on beads of varying diameter. The logarithmic x axis
shows the extended temporal observation window up to 500 s, which allows measurement of tumbling of
spheres of diameter 30—100 nm (500-nm beads are a reference static sample). d STARSS method 2 pulse
scheme with photoselection during off -switching, and with circular on-switching and polarized-sensitive
detection. e Detected raw signal recorded with STARSS method 2 for beads of varying size, reporting
the decay of parallel and perpendicular channels. f STARSS method 2 experiments on beads of varying
diameter. g STARSS method 3 consists of photoselection with polarized on-switching pulses delivered at
two distinct time points and circular cyan light to read out the fluorescence detected with polarized-sensitive
detection. h Detected raw signal with STARSS method 3 under two delay conditions for beads of varying
size. i STARSS method 3 curve derived from beads of varying size. The information on rotational diffusion
is encoded in the count increase for different delays between ON-switching pulses. Counts are normalized
by the signal obtained from a scheme with a single ON-switching pulse. Shaded regions of anisotropy values
are 95% confidence intervals evaluated from detector noise. Reprinted with permission from ref. [275]

at a continuous spectrum of hydrodynamic diameters exhibited by nucleosome core
particles.

Anisotropy measurements to probe protein oligomerization Protein oligomeriza-
tion plays a role in various cellular processes, and having simple, reliable, and precise
methods to observe these interactions enhances our comprehension of protein behav-
ior. Homogeneous Forster Resonance Energy Transfer (HomoFRET) is an interesting
variant of FRET where energy transfer occurs between identical fluorophores, pro-
vided a large overlap between the excitation and emission spectra and close molecular
proximity [276, 277]. In HomoFRET no changes in the intensities or lifetimes of the
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molecules are produced. Yet, multiple energy transfers between fluorophores adopting
random mutual orientations leads to depolarization. Accordingly, HomoFRET can be
applied to probe the oligomerization status of fluorophores endowed with small Stokes’
shift, as elegantly demonstrated by Runnels and Scarlata in 1995 [277, 278]. The great
advantage of HomoFRET is leveraging identical fluorophores because it only needs
one fluorescence channel to track protein oligomerization.

In the biological context, HomoFRET has been repeteadly applied to probe protein
oligomerization by using genetically encodable FPs [276]. Indeed, the high rotational
characteristic time of FPs (7, ~ 36 ns at intracellular level [279, 280]) ensures low
depolarization due to motion within the emission lifetime, and the observed drop
in anisotropy upon oligomerization can be mostly attributed to HomoFRET [281].
Classical HomoFRET microscopy has some drawbacks, tough. The most critical is
surely the loss of anisotropy due to high numerical aperture (NA) objectives, which
often forces the experimentalist to use low NA at the expense of optical resolution
[282, 283]. This and other issues of HomoFRET microscopy have been addressed by a
recent work of Patterson’s group, which introduced photoswitching Anisotropy FRET
(psAFRET) [284]. psAFRET strategy makes use of an RSFP to bestow upon anisotropy
slow kinetics related to photoswitching. Indeed, when all interacting molecules are in
the on state, they transfer energy between each other yielding a decreased anisotropy.
Increasing the population of photoswitched-off FPs leads to lower HomoFret and
higher anisotropy. Patterson and coworkers used several chimeras containing two or
more Dronpa molecules and verified that anisotropy linearly increased with the off-
photoswitched population due to HomoFRET [284]. This linear behavior enabled the
inner calibration of any experiment, as the extrapolated anisotropy at 100% off protein
corresponds to the intrinsic anisotropy of the Dronpa’s chimera under observation.
From this, Patterson and coworkers calculated a quantity, drFRET, which represents the
percentage increase in fluorescence signal in the perpendicular channel compared with
the total signal [284]. Like anisotropy, drFRET increases as result of less HomoFRET
along off-photoswitching, but it was found to be much less affected by polarization
mixing due to the high NA of the objective. Thus, drFRET can standardize the same
homo-FRET measurements made across different optical configurations.

4.2.4 Optogenetics

In the search for alternatives to Dronpa for F-PALM applications, Mizuno and
coworkers developed in 2010 the Dronpa L145N mutant PDM1-4. The slower off -
photoswitching of PDM1-4 compared to its parent protein was explained by its
tetrameric quaternary structure and the structural/photophysical coupling between
the assembly interface and cis—trans isomerization of the chromophore [166, 285].
Remarkably, Lin’s group demonstrated that off-photoswitching let to the disassembly
of tetrameric PDM 1-4 to give four monomeric proteins in the off state. Reactivation to
on state restored the tetrameric structure of the protein. The reversible photoinduced
assembly/disassembly of PDM1-4 opened the way to the use of RSFPs in optogenetics.
At first, Lin’s group developed an approach where an enzyme domain was genetically
tethered to Dronpa at one end and to PDM1-4 at the other end [11]. This strategy
enabled “caging” of the enzyme domain through the formation of a Dronpa/PDM1-4
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dimer in the on state of both proteins. Vice-versa, in the off state the two proteins split,
restoring the enzyme’s activity. To demonstrate the generality of this approach, opto-
genetic caging was applied to regulate intracellularly intersectin, a guanine nucleotide
exchange factor that activates Cdc42, and the hepatitis C virus (HCV) NS3-4A pro-
tease [11]. The same researchers expanded the optogenetic toolbox by developing a
photodissociable dimeric Dronpa domain, pdDronpal, by rationally introducing muta-
tions to break the antiparallel dimer interface and strengthen the cross-dimer interface
in Dronpal45N [286]. Since its conception, pdDronpal has attracted growing inter-
est in controlling specific cellular activities. By strategically placing two pdDronpal
domains within the kinase domain, Lin and coworkers engineered a set of photo-
switchable kinases (psRafl, psMEK1, psMEK?2, and psCDKS5), which were applied
to control several intracellular processes and to develop an optogenetic cellular assay
to test kinase inhibitors [286]. The same group also generated single-chain photo-
switchable Cas9 (ps-Cas9) chimeras in which the DNA-binding cleft was optically
caged/uncaged, enabling light-induced transcriptional activation [287]. Ju and cowork-
ers developed a photochromic RhoA guanine nucleotide exchange factor, investigating
the role of RhoA activity levels in promoting focal adhesion disassembly [288]. Of
note, a recent study using atomic force microscopy (AFM)-based single molecule
force spectroscopy (SMFS) suggested that the dimer association of pdDronpal can be
controlled by light as well as by force, opening to possible optogenetical applications
of this protein in biomechanics.

5 Conclusions

Fluorescence proteins (FPs) and their applications in fluorescence microscopy have
revolutionized the biology of cells, due to the genetic encoding of fluorescence that
allows for labeling almost any protein by creating fusion constructs. The genetic
encoding of fluorescence, nonetheless, enabled an even further intriguing possibil-
ity: changing the sequence of FPs to tailor their photophysical features to the targeted
imaging strategy. In this context, a peculiar role is played by FPs that can be photocon-
verted between two different optical states (Photo-Transformable Fluorescent Proteins,
PTFPs [9]). Accordingly, another degree of freedom (i.e., the temporal dimension) can
be introduced in fluorescence microscopy techniques. The two optical states can be
distinguishable due to fluorescent emission with different colors, distinct polariza-
tions, different quantum yields of fluorescence emission (in particular a bright”on”
state and a dark ”off” state), etc. Among the PTFPs, two main groups of photoconvert-
ible proteins can be identified: the irreversibly Photo-Activatable Fluorescent Proteins
(PAFPs), whose change of optical state can be induced only once, and the Reversibly
Switching Fluorescent Proteins (RSFPs), which instead can photoswitch several times
[289].

By exploiting the bistability of PTFPs, new imaging methods able to break the
diffraction limit of resolution [14, 15] have been conceived. Yet, even if the photo-
transformation capability of the fluorophore is a necessary requirement to acquire
super-resolved images, it is not a sufficient condition. Indeed, super-resolution tech-
niques require probes with specific features, whose “optimization” differs depending
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on the imaging method. In this context, RSFPs are much more flexible, due to the
additional degree of freedom given by the modulable activation-deactivation feature
[17]. Even at conventional resolutions, RSFPs can be applied to strongly improve sig-
nal contrast technique [132, 263], or yield a clean FRET image just by exploiting the
alternate modulation of the fluorescence [117, 176].

In this review, we tried to outline the genesis of the photochromic behavior, starting
from the basic photophysical properties of the Aequorea GFP (wtGFP) and addressing
the subtle structure—property relationships that unleash and modulate the photoswitch-
ing ability. We provided also a simple mathematical framework that rationalizes the
macroscopic observations, and we described in some detail several protein variants
developed in the last 20 years. We did not pretend to be exhaustive, but rather to afford
a clear and balanced picture of the main switching phenotypes and their molecular
determinants, if known. We believe that the accurate knowledge of the photoswitching
mechanism, as well as of concepts such as the photoswitching yields, the fatigue resis-
tance, the thermal recovery at ground state is fundamental to guide the experimentalist
either in choosing the best reporter for the desired application, or to further engineer
the protein sequences and generate new, improved, mutants. Of note, we dedicated a
full chapter to the most exciting fields of application enabled by the RSFPs, among
which super-resolution imaging definitely constitutes the largest share.

What is next in this exciting field? We believe this question is particularly crucial.
For a start, we must say that the evolution of RSFPs to date has taught a clear lesson:
the photoswitching ability can surely be optimized by random mutagenesis of the
FP sequence followed by screening, but the real breakthroughs have come when the
knowledge of structure—property relationships was put into service of protein engi-
neering. Thus, full photophysical characterization of all these processes that underlie
the optical photoswitching is essential, and the recent developments of ultrafast spec-
troscopy coupled with X-ray analysis (e.g. serial femtosecond crystallography SFX,
[131]) hold promise to unveil other crucial details to guide protein engineers. We
should note that for most variants the onoff mechanism is much less clear that its
offon counterpart, on account of a significantly lower photoswitching yield that has
prevented generalizable ultrafast characterization insofar [143]. Another key issue
is the development of novel positive photoswitching variants. In principle, positive
RSFPs enable simpler imaging schemes particularly in super-resolution, but—with
few exceptions—their switching properties do not keep up with those exhibited by
negative RSFPs [187]. Yet, the mechanism at the basis of positive switching is subtler,
as it involves unusual stabilization of the negative form of trans chromophore [143].
“Combo” approaches that mix reversible switching with irreversible phototransfor-
mation have been described in literature, but their use in optical imaging is still quite
limited, likely because of the conservative approach of many experimentalists toward
applying new probes in non-conventional imaging schemes. In this sense, the devel-
opment of variants whose mutation pattern and optical properties are close to popular
non-switching variants looks promising to lower the hesitancy of researchers toward
the use of novel, improved, RSFPs.

Last, we must say that our ability to take advantage of the novel dimension sup-
plied by switching could be still in its infancy. In a recent commentary [4], Konstantin
Lukyanov, renowned for his contributions to FP engineering, has drawn an insightful
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analogy with DNA sequencing. This technique has evolved from Sanger sequencing,
which deals with single purified DNA fragments and therefore requires extraordi-
nary efforts for whole genome sequencing, to Next Generation Sequencing (NGS)
approaches based on simultaneous analysis of complex mixtures of DNA molecules,
which afford whole genome sequencing by routine. In optical imaging, Lukyanov says,
we are at the “Sanger sequencing” stage: proteins are labeled specifically and detected
one-by-one. The future holds the promise of a “Next Generation Imaging” (NGI)
revolution, where several, if not all, cell proteins could be visualized in a single exper-
iment by combining experimental measurements along several contrast dimension
with artificial intelligence This idea echoes the “liquid tunable microscopy” (liqui-
topy) approach recently proposed by Alberto Diaspro, who also posits the relevant
role of label-free imaging [15].

Will all this become reality? We cannot say now. But we are optimistic, as we have
lived and worked in exciting years where two revolutions, FPs and super-resolution,
have changed our perception and study of the biological realm. In both, reversible
photoswitching played a key role. It is even curious that it took some time after their
discovery to revolutionize imaging. Yet, this is far from being an uncommon story
in science. In the summer of 1609, Galileo Galilei learned that some Dutch eyeglass
makers had created a curious optical instrument: a tube equipped with two lenses
at the ends, looking through which distant objects appeared closer. As soon as he
knew the construction details, Galileo dedicated himself to perfecting the instrument,
managing to increase its magnifying power in just a few months. However, it was only
towards the autumn of 1609 that Galileo performed an unprecedented act: driven by
scientific curiosity, he pointed his perfected instrument towards the sky. It is said that
Galileo was amazed by what he could finally see: the known stars revealed unexpected
physiognomies and new stars were added to those of the old Ptolemaic Cosmos. It
was the dawn of a new scientific era.
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