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ABSTRACT: Photoinduced reactions play an important role in the photocycle of fluorescent
proteins from the green fluorescent protein (GFP) family. Among such processes are
photoisomerization, photooxidation/photoreduction, breaking and making of covalent bonds, ¢ Ay Q8
and excited-state proton transfer (ESPT). Many of these transformations are initiated by 9: )
electron transfer (ET). The quantum yields of these processes vary significantly, from nearly 1 (\\ cmission X
for ESPT to 107*—~107° for ET. Importantly, even when quantum yields are relatively small, at ™~

the conditions of repeated illumination the overall effect is significant. Depending on the task

at hand, fluorescent protein photochemistry is regarded either as an asset facilitating new

applications or as a nuisance leading to the loss of optical output. The phenomena arising due

to phototransformations include (i) large Stokes shifts, (ii) photoconversions, photoactivation, and photoswitching, (iii)
phototoxicity, (iv) blinking, (v) permanent bleaching, and (vi) formation of long-lived intermediates. The focus of this review is
on the most recent experimental and theoretical work on photoinduced transformations in fluorescent proteins. We also provide
an overview of the photophysics of fluorescent proteins, highlighting the interplay between photochemistry and other channels
(fluorescence, radiationless relaxation, and intersystem crossing). The similarities and differences with photochemical processes
in other biological systems and in dyes are also discussed.
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1. INTRODUCTION

The unique properties of green fluorescent protem (GFP) have
revolutionized many areas in the life sciences' ™ by enabling in
vivo observations of protein localization and interactions,
intracellular measurements of concentrations of physiologically
important ions (Ca’*, Cl~, H'), mapping gene expressions, etc.
The significance of fluorescent proteins and related technolo-
gies was recognized with the 2008 Nobel Prize in Chemistry.
The 2014 Nobel Prize, conferred “for the development of
super-resolved fluorescence microscopy”, is also directly
relevant to fluorescent proteins and, particularly, to their
photophysical properties dlscussed in this review.

GFP was first characterized’ at the protein level in extracts
from the jellyfish Aequorea victoria in 1962. It then took more
than 30 years to clone the GFP gene and demonstrate that
functional GFP can be expressed in various model organisms.”
This discovery opened the era of GFP applications as a
fluorescent label fully encoded by a single gene. In addition to
their role in practical applications, fluorescent proteins are
interesting for their own sake. In particular, natural diversity
and functioning of fluorescent proteins represent intriguing
fundamental problems. Thus far, GFP-like proteins have been
found only in multicellular animal species (Metazoa kingdom),
specifically in hydroid jellyfishes and coral polyps (phylum
Cnidaria), combjellies (Ctenophora), crustaceans (Arthropo-
da), and lancelets (Chordata).” Together with the observation
that most sequenced animal genomes contain no GFP-related
sequences, this suggests that the GFP gene originated very early
in animal evolution but then was lost in many species. Natural
GFP-like proteins demonstrate a broad spectral diversity

including cyan, green, yellow, orange, and red fluorescent
proteins as well as a colorful palette of nonfluorescent
chromoproteins.* Phylogenetic analysis and reconstruction of
ancestral genes have shown that the green fluorescent
phenotype (eGFP-like excitation and emission spectra) was
likely characteristic of evolutionary ancient proteins, whereas
other colors appeared later in evolution, independently in
different taxa.”

The biological functions of GFP-like proteins have been
studied only sparcely and for many species remain unclear or, at
least, not experimentally proven. One well-studied example is
the participation of GFPs in bioluminescent systems, where
they act as secondary emitters.'” Yet, most bioluminescent
species contain no fluorescent protein, and conversely, most
fluorescent protein-containing animals are nonbioluminescent.
Thus, fluorescent proteins appear to have other functions. For
example, it has been proposed that fluorescent proteins play a
photoprotective role in corals.'' A recent elegant study
demonstrated that green fluorescent spots on jellyfish tentacles
efficiently attract a prey.'” This observation explains the
predominant distribution of fluorescent proteins at the
tentacles and around the mouth of jellyfishes and coral polyps.
An association of fluorescent proteins with a physiological state
of coral larvae has been demonstrated," but possible molecular
mechanisms of this phenomenon are unclear. It is reasonable to
hypothesize that, at the time of their early evolution, fluorescent
proteins had some basic functions not related to their visual
appearance (bioluminescence, camouflage, attraction, recog-
nition, etc.) as no organisms had eyes at that time. Such
primary biochemical functions could be photoprotection,
production or scavenging of reactive oxygen species (ROS),
or light-induced electron or proton transfer. While direct
observation of evolutionary ancient fluorescent protein
functions is impossible, detailed studies of photophysics and
photochemistry of GFP-like proteins might provide clues to the
biological functioning of this protein family.

Not surprisingly, the photophysics of fluorescent proteins has
motivated numerous experimental and theoretical studies."*™>*
Owing to the complexity of the system, many aspects of the
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Figure 1. Color tuning in fluorescent proteins: Different chemical structures of the chromophore lead to different colors. Main types of
chromophore structures are shown together with corresponding excitation (upper bar) and emission (bottom bar) wavelengths designated by
arrows. The size of z-conjugated system is particularly important for determining the color: more extensive conjugation leads to red-shifted
absorption (compare, for example, blue, green, and red chromophores). Changes in protonation states of the chromophore also affect the energy gap
between the ground and the excited states. Excited-state deprotonation of the chromophore is one of the mechanisms of achieving large Stokes shifts.
Absorption/emission can be red shifted by z-stacking of the chromophore with other aromatic groups (e.g, tyrosine), as in YFP (not shown).
Specific interactions with nearby residues also affect the hue (for example, additional red shift in mPlum fluorescence is attributed to a hydrogen

bond formed by acylimine’s oxygen).
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fluorescent protein photocycle and chromophore formation are
still largely unexplored. Yet, molecular-level understanding of
these processes provides a crucial advantage in the design of
new fluorescent proteins with properties to fit particular
applications. While the significance of some properties (colors,
Stokes shifts, brightness) is quite straightforward, the role of
others (photostability, phototoxicity) and their optimal
parameter space are more subtle.

Obviously, absorption and fluorescence wavelengths are
among the key parameters. Fluorescent proteins of different
colors can be used to mark different proteins (multicolor
imaging) and to construct FRET (ﬂuorescence resonance
energy transfer) pairs. Variations in Stokes shifts enable single-
laser dual-emission type of measurements. Red fluorescent
proteins are of a particular importance as suitable markers for
deep-tissue imaging.”> Nonfluorescent chromoproteins can be
used as efficient FRET acceptors, e.g., in FqQRET (fluorescence
quenching resonance energy transfer) imaging,”**’ and for
photoacoustic imaging in tissues.”® Today, fluorescent proteins
span the entire range of visible light including the far-red end of
the spectrum.”'**"*>*73% Ag illustrated in Figure 1, color
tuning in fluorescent proteins can be achieved by several
distinct mechanisms, including varying the extent of the z-
system, changing the protonation state of the chromophore, 7-
stacking, and electrostatic and other specific interactions with
nearby residues. Brightness is another obviously important
factor: brighter fluorescent proteins, ie., those with larger
extinction coefficients and fluorescence quantum yields, make
better fluorescent labels. Other properties, such as photo-
stability, phototoxicity, sensitivity to the presence of small
molecules, ions, and reducing or oxidizing agents, are very
important, yet their optimal values depend on the task at hand,
that is, what is optimal for one application can be undesirable in
others.

Consider, for example, photostability. In many applications,
bleaching, a gradual loss of optical output upon repeated
irradiation, is undesirable. Consequently, protein engineering
often aims at more photostable fluorescent proteins. On the
other hand, bleaching is exploited in super-resolution
imaging.”**~* Methods based on fluorescence loss and
recovery are used to trace protein dynamics; photoconversions
and photoswitching enable optical highlighting and timing of
biochemical processes.”>*>** In a similar vein, phototoxicity,
which is undesirable for in vivo imaging applications, can be
exploited in photodynamic therapies and targeted protein/cell
inactivation.” Likewise, the sensitivity of fluorescence to other
chemical species may be regarded as a nuisance interfering with
imaging or as an asset enabling new types of measurements and
biosensing applications. For example, sensitivity of YFPs’
fluorescence to halides limits their use as general-purpose
yellow fluorescent tags but can be exploited in ratiometric
measurements of halide concentrations. The same duality is
engendered by photoconversion and photoswitching, phenom-
ena entailing changes in fluorescence properties upon
irradiation. For example, photooxidative redding,39 photo-
conversion leading to a red-shifted absorption/emission, may
be exploited in applications”**** such as timing biochemical
processes, optical highlighting, or intracellular redox measure-
ments; yet, it interferes with standard imaging measurements in
live cells, which always contain copious amounts of oxidizing
and reducing agents. In single-molecule visualization applica-
tions, properties such as blinking frequency and photon budget
need to be considered.’®*'~**
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Owing to their rich photophysics and photochemistry, the
fluorescent proteins feature a wide array of tunable properties.
Our ability to manipulate these properties is critical for
designing fluorescent proteins optimal for specific applications.
Knowledge of the structure—function relationship and detailed
molecular-level mechanistic understanding of the fluorescent
proteins’ photocycle are essential prerequisites for controlling
these properties.

On a fundamental level, the same molecular-level processes
that operate in fluorescent proteins are encountered in other
systems of technological and biological significance. For
example, natural and artificial light harvesting involves photo-
excitation, energy transfer (either coherent or via FRET)
between multiple chromophores, and generation and transport
of photoelectrons. Photocatalysis and production of solar fuels
is based on photochemical transformations. Light sensing in
many biological systems is initiated by photoinduced cis—trans
isomerization coupled with excited-state proton transfer
(ESPT). Thus, understanding fundamental aspects of fluo-
rescent proteins’ photophysics will aid our progress in other
areas. These similarities in the underlying physical processes
have already inspired several ideas for exploiting fluorescent
proteins in entirely new areas. For example, a model light-
harvesting unit based on a fusion of eGFP with cytochrome by,
has been designed; in this chimera, eGFP’s chromophore serves
as an antenna transferring the absorbed energy to the b, unit
with 65% efficiency.” Using chromophores of fluorescent
proteins as sensitizers in solar cells has also been considered.*
Possible uses of fluorescent proteins in nanobiophotonic
devices'”** and for optical data storage’*’ have been
described. To illustrate the latter capability, rsSEGFP was used
to repeatedly write and read the text of Grimm’s Fairy Tales
with a DVD storage density; it was shown that the same
rsEGFP layer can be used for ~15 000 read/write cycles.”” We
believe that this is just the beginning of a new exciting era of
emerging biotechnology applications of fluorescent proteins.

Various aspects of FPs have been extensively re-
viewed. "> H!1472H31323¢ Grudies prior to 2009 have been
comprehensively reviewed in a topical issue of Chemical Society
Reviews.”'>~"7? Transient dark states, their possible structure
and connection to protonation equilibria, and the implication
for single-molecule studies have been discussed in ref 20.
Mechanistic details of ESPT have received considerable
attention."™'” Photoconvertible and photoswitchable fluores-
cent proteins and their applications have been discussed in refs
22—24 and 32. The uses of fluorescent proteins in super-
resolution imaging have been reviewed in refs 51 and S2.

The focus of this review is on photoinduced transformations
in fluorescent proteins, such as photoisomerization, photo-
oxidation, or photoreduction of the chromophore, chemical
modifications of the chromophore and/or the protein environ-
ment, and ESPT. Some of these processes are initiated by (or
coupled with) photoinduced electron transfer (ET). The
suitability of a particular fluorescent protein in a particular
imaging technique is determined by the interplay between these
processes and their competition with the fluorescence and
radiationless relaxation channels. Despite their importance, our
mechanistic understanding of photoinduced transformations in
fluorescent proteins is quite limited. We highlight the most
recent studies that have not been covered in earlier reviews and
photoinduced processes that have not received considerable
attention yet. Thus, we will provide only a cursory overview of
ESPT and focus primarily on ET and chemical transformations
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of the chromophore and the protein environment. The
quantum vyields of these photochemical transformation are
relatively small (i.e.,, quantum yield for bleaching is ~107°, refs
41, 42, and 53—56); however, at the conditions of repeated
illumination the overall cumulative effect is significant. For
example, in the photooxidation of eGFP,” the estimated yield
of oxidized eGFP is 0.5—0.7.

The structure of the review is as follows. We begin with a
brief overview of photoinduced transformations in fluorescent
proteins (section 2). We then review the main aspects of the
fluorescent protein photocycle (section 3), with emphasis on
relevant time scale and yields. The similarities and differences
with photochemical processes in synthetic dyes and in other
biological systems are also highlighted. We then proceed to
discuss specific photoinduced processes (ET, section 4; ESPT,
section 5; photoisomerization and photochemical transforma-
tions, section 6), focusing on mechanistic details and
highlighting connections with applications. We then discuss
mechanistic aspects of blinking and formation of transient dark
states (section 7), photobleaching and phototoxicity (section
8), and photoconversions (section 9).

2. PHOTOINDUCED TRANSFORMATIONS IN
FLUORESCENT PROTEINS

Figure 2 summarizes various types of light-induced changes in
optical properties, which are exploited in applications. When
fluorescent proteins are used as simple fluorescent tags, light is
used to excite them and then fluorescence is recorded. The
difference between the absorption and the emission wavelength
is called Stokes shift. Combining fluorescent proteins with large
and small Stokes shifts enables multicolor applications in which
only one laser is required (single-excitation/dual-emission
mode). These practical considerations motivated the develop-
ment of fluorescent proteins with large Stokes shifts.”’ " Large
Stokes shifts are also desirable in FRET applications: in FRET
acceptors, they improve the spectral gap between the donor’s
and the acceptor’s emission, whereas large Stokes shifts in
FRET donors reduce the direct excitation of the acceptor.
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Figure 2. Various light-induced phenomena in fluorescent proteins.
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The ability to use light to modify optical properties of
fluorescent proteins has greatly expanded their usage.”*~>**"**
Light can be used to selectively activate or deactivate
fluorescent proteins. In some fluorescent proteins this can be
done in a reversible fashion. Photoactivation (PA) entails the
conversion of a dark, nonfluorescent form of the protein into a
bright one. Using light to switch between dark and bright forms
is called photoswitching (proteins that are dark in their most
stable state are called positive photoswitchers, in contrast to
negative photoswitchers, which are naturally bright and can be
switched into a longlived dark state). Some fluorescent
proteins permit photoconversion (PC) rather than just
photoactivation or photoswitching. These fluorescent proteins
switch between two colors (e.g.,, from green to red), both of
which can be visualized. Photoswitchable and photoconvertible
fluorescent proteins provide a basis for many super-resolution
techniques.***’

There is a growing number of photoconvertible and
photoswitchable fluorescent proteins (PC-FPs and PS-
EPs).”>~**33% The palette of currently useful PC-FPs includes
PS-CEP,' Dendra,"” mEosFP,** Kaede,** KikGR,*® mlrisFP,*
and PSmOrange,g’0 all of which exhibit red-shifted absorption
and fluorescence maxima upon irradiation with near-UV or
deep blue light. Some phototransformations can be reversible,
giving rise to the reversibly switchable fluorescent proteins (RS-
FPs); in these, the fluorescent and nonfluorescent states are
interconvertible by photoexcitation of each form using light of a
specific wavelength. RS-FPs may be used in monochromatic
multilabel imaging and dual-color fluorescence nanoscopy®” as
well as in optical memory and optical switches.”®

Our state of knowledge on phototransformations in
fluorescent proteins is rapidly evolving. For a long time,
photoconversions were perceived as an unusual property of a
few outliers from the large fluorescent protein family. The
ability to undergo photoconversions was attributed to a specific
amino-acid environment conductive of intramolecular reactions
involving the chromophore and leading to its chemical
modification. This paradigm substantially shifted in 2009,
when several new photoconversions were described. One of
them is the so-called photooxidative redding (green to red
photoconversion in the presence of oxidants, section 9.4),
which occurs in many fluorescent proteins with tyrosine-based
chromophores and appears to be relatively insensitive to the
chromophore’s environment.”” Subsequent studies provided
additional examples of the ubiquity of photoconversion
phenomena. Screening of the photobehavior of 12 different
orange and red fluorescent proteins led to the discovery of
novel red to green and orange to far-red conversions.” In
cellulo red to green photoconversion of Katushka, mKate, and
HcRedl was observed both in one- and in two-photon
excitation regimes; it can be induced by irradiation ranging
from 3.06 to 221 eV (from 405 to 561 nm). Orange
fluorescent proteins, mOrangel and mOrange2, photoconvert
to far-red forms emitting at 1.94 eV (640 nm) upon excitation
by blue lasers; it was shown that these photoconversions
proceed via multiphoton processes (more on this in section
9.1). Thus, the above examples of oxidative redding in GFPs
and orange fluorescent proteins as well as greening of red
fluorescent proteins illustrate that photoconversions are rather
common among spectrally diverse fluorescent proteins.

The mechanisms and structural motifs of photoactivation,
photoconversions, and photoswitching include cis—trans
isomerization (often coupled with changes in protonation
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Figure 3. Different mechanisms of photoconversion, photoswitching, and photoactivation.

state), oxidation/reduction of the chromophore, and chemical
changes involving the breaking of covalent bonds. Figure 3
shows several established mechanisms of photoconversion and
photoswitching.zz’70 In PA-GEP,”! photoactivation is achieved
by changing the chromophore’s environment (by decarboxy-
lation of the nearby glutamine residue), which shifts the
equilibrium between the two different protonation states of the
chromophore. In Kaede,”” Dendra,’” and EosFP,** the change
in color results from the photoinduced chemical modification
of the chromophore (extension of the 7-system and breaking
the backbone of the protein). In Dronpa,” the switching
between the dark and the bright states involves cis—trans
isomerization coupled with changes in protonation states (a
similar mechanism likely operates in Padron®” and KFP”*). In
Dreiklang,75 the switching is based on reversible photoinduced
hydration/dehydration of the imidazolinone ring of the
chromophore.

Cumulative tables with properties of currently used PA and
PS fluorescent proteins can be found in refs 2, 4, 32, 36, 76, and
77. Reference 36 also provides a compilation of optical
properties of monomeric not photoactivatable fluorescent
proteins. In addition to monomeric fluorescent proteins ref 4
also provides a compilation of optical properties of dimeric and
tetrameric fluorescent proteins. References 51 and 52 focus on
fluorescent proteins used in super-resolution applications.

What can be said about photoconversions whose structural
basis is not yet known? Oxidative redding in GFPs (section 9.4)
entails one-photon two-electron oxidation of the chromophore
by the external electron acceptors,” whereas the proposed
mechanism of orange to far-red conversion® involves a two-
photon photooxidation (discussed in section 9.4). The
mechanism of greening of red fluorescent proteins remains
unknown. Considering that green fluorescence was earlier
described in DsRed-derived tetrameric proteins as emission
from immature chromophores’® and that greening occurs in
cellulo and had not been observed in vitro, one can suppose an
intermolecular mechanism, such as photoreduction by the
external electron donors. Below, we review specific examples of
phototransformations with emphasis on the underlying
molecular-level mechanisms. We begin with an overview of
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the photocycle of fluorescent proteins (section 3) and then
discuss various photoinduced processes such as ET, ESPT, and
cis—trans photoisomerization. We illustrate by specific
examples how these fundamental phenomena give rise to PA-
FPs, PC-FPs, and PS-FPs.

3. FLUORESCENT PROTEIN PHOTOCYCLE

The photophysics and photochemistry of fluorescent proteins
bear considerable resemblance to those of synthetic dyes.”*”
From the chemical point of view, typical fluorescent protein
chromophores (Figure 1) are similar to cyanine dyes, owing to
their common structural feature: a methyne bridge connecting
conjugated aromatic moieties. However, the presence of the
protein barrel (Figure 4) leads to significant differences. The
rigid protein environment restricts the chromophore’s range of
motion and limits its accessibility to the solvent and other
species present in solution (ambient oxygen, salt ions, oxidating
and reducing agents, etc.). Indeed, photophysical properties of

Figure 4. Typical structure of a fluorescent protein represented by
eGFP. In all fluorescent proteins, the chromophore, which is formed
autocatalytically upon protein folding, is buried inside a tight 11-
stranded f-barrel comprising 220—240 amino acids. Approximate
molar weight is 25—30 kDa. The diameter of the barrel is ~24 A, and
its height is ~42 A.
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the model chromophores in solutions differ strikingly from
those of the respective parent fluorescent proteins:"'” the
solvated chromophores do not fluoresce, they often have
different colors, and they are more efficient photosensitizers.

The ability of the wt-GFP to fluoresce is rather fragile and
can be easily impeded even by a single mutation: a recent high-
throughput systematic investigation of the local fitness
landscape of av-GFP, in which 51 715 protein structures were
assessed, has shown that the landscape is narrow, with 75% of
the derivatives with a single mutation showing reduced
fluorescence and 50% of the derivatives with four mutations
being completely nonfluorescent.*’

Figure S outlines various excited-state processes in
fluorescent proteins. The photocycle is initiated by light
absorption, producing an initial electronically excited state of
the chromophore. The main relaxation channel restoring the
ground-state chromophore is fluorescence. The color of the
emitted light may differ from the absorbed light due to a
structural relaxation of the chromophore, its hydrogen-bond
network, or ESPT. Alternatively, the chromophore may return
to the ground state by dissipating the electronic energy into
nuclear motions via radiationless relaxation. Such thermal
relaxation fully dominates in GFP-like chromoproteins, which
have extremely low fluorescence quantum yield (107*—~107%).
Since the bonding pattern in the excited states is different,
electronic excitation can initiate various chemical trans-
formations of the chromophore, such as isomerization, making
or breaking covalent bonds, photooxidation/photoreduction, or
reactions with nearby residues or small molecules (e.g., ambient
oxygen). Changes in bonding pattern upon excitation also affect
the acidity of the chromophore, which is a driving force for
ESPT. These processes alter optical properties, leading to the
formation of transient dark or permanently bleached states as
well as changing the color of the absorption/fluorescence.
Thus, the yields of bleaching and blinking, photostability,
phototoxicity, photoswitching, and photoconversion phenom-
ena are determined by the competition between the main
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relaxation channels (fluorescence and radiationless relaxation)
and various photoinduced transformations. The time scales of
different channels are crucially important for understanding the
branching ratios and yields. A finite excited-state lifetime limits
the scope of excited-state processes. Typical for fluorescent
systems, the excited-state lifetimes in fluorescent proteins are
1—10 ns. Thus, in order to have a noticeable effect on the
photocycle, an excited-state process should be initiated on a
time scale comparable with that of the excited-state lifetime.
Below we briefly review typical lifetimes and yields of these
excited-state processes.

3.1. Fluorescence and Radiationless Relaxation

Not surprisingly, the dominant excited-state process in
fluorescent proteins is fluorescence; its quantum yield (Y;) is
high, e.g, 0.6 in eGFP and eYFP.%! Among the fluorescent
proteins with the highest Y; are Citrine (Y; = 0.76, ref 53), Ypet
(Y; = 0.77, ref 82), Dronpa (Y; = 0.85, ref 73), mEOS2 (Y; =
0.84, ref 83), and mTurquoise2 (Y; = 0.93, ref 84). However,
many fluorescent proteins have relatively low Y despite
significant efforts to improve it. For example, mFruit series
have Yy as low as 0.22 (in mCherry).” The fluorescent proteins
with large Stokes shift (so-called LSS-FPs) have rather low Y}
e.g., 0.08 and 0.17 in LSS-mKatel and LSS-mKate2,
respectively.”” Two years after LSS-mKates, LSS-mOrange
with Y; of 0.45 was developed.” In 2016, the LSS-FP with the
highest Y; of 0.76, CyOFP1, was reported.”’

Interestingly, Y; of model fluorescent protein chromophores
in solutions are 3—4 orders of magnitude lower than in the
protein environment; this phenomenon has been attributed to
the increased flexibility of the bare chromophore and its
interactions with solvent molecules.'>*”~*’

The dominant process leading to the loss of fluorescence is
radiationless relaxation. In contrast to bleaching, this is a
relatively benign process since it simply restores the ground-
state chromophore (although long-lived dark states can also be
formed via radiationless relaxation). The upper limit for this
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channel is given by 1 — Y For dyes in solutions, the rate of
radiationless relaxation can be controlled by solvent viscosity
and temperature: it slows down in viscous solvents and at low

T. Excited-state lifetime 7 can be written as follows”’
1
T =
kT
kf + 4ar’y (1)

where 7 is solvent viscosity in N's m™2 r is the radius of the

chromophore (in meters), T is the temperature, and k; is the
fluorescence rate constant. Overall, typical increases in 7 at low
T are moderate, usually a factor of 2—3 in the same solvent
(changing the viscosity of the solvent may have a more
significant effect, up to several orders of magnitude).”” The
effect of the tight protein barrel on the excited-state
chromophore appears to be somewhat similar to high-viscosity
solvent: both lead to an increase in excited-state lifetime. The
correlation between the rigidity of the chromophore and its
ability to fluoresce has been illustrated experimentally: model
GFP chromophores become fluorescent when confined in
nonprotein rigid scaffolds”””" or encapsulated in other, non-
native proteins, such as human serum albumin.”

By restricting the protein/solvent range of motion, Y; in
fluorescent proteins can also be controlled by hydrostatic
pressure. Such experiments have been carried out for the
green,%_97 blue, 78100 yellow,lm’loz and several red”®'®
FPs. In many systems (e.g., TagRFP-S, TagRFP-T, mOrange2,
and mStrawberry), Y; increases upon a pressure increase of up
to 250—530 MPa; however, in some cases (mCherry and
mKO) the fluorescence only decreases. At pressures above
250—530 MPa, the fluorescence intensity decreases dramati-
cally for all proteins,'”® probably due to denaturation.
Simulations, which investigated the effect of pressure on
structural fluctuations of the chromophore and the protein
barrel,'”* have shown that hydrostatic pressure has almost no
effect on the chromophore’s structure (e.g., planarity), whereas
the hydrogen-bond network around the chromophore and
backbone fluctuations are str0n§ly affected. On the basis of the
calculations, it was concluded'”* that pressure increase causes
initial increase of Y; only for relatively floppy fluorescent
proteins, whereas for fluorescent proteins with more rigid
structures Y; is already close to its maximum. This study
suggested that low Y;in some fluorescent proteins is dynamic in
nature and depends on the range of thermal motion of the
chromophore and fluctuations in the hydrogen-bonding
network rather than on their average structure (this issue is
discussed in detail in section 6.1). Brighter blue and red
fluorescent proteins were developed by following a rational
design idea, restricting the chromophore’s range of motion by
sandwiching it between bulky groups.'>'% A similar motif, a
GFP-like chromophore immobilized by bulky guanine residues,
is exploited in Spinach, an RNA mimic of GFP developed for in
vivo real-time imaging of biological RNAs.""’

Typical fluorescence lifetimes are in the 1—10 ns range. In
green and cyan fluorescent proteins, lifetimes are within 1.5-3
ns;' 7% the longest reported lifetime value for green
fluorescent proteins is 5.1 ns."'% In some fluorescent proteins
(such as mFruit™), lifetimes can be relatively short, on a
subnanosecond scale. Often shorter lifetimes lead to the decline
in optical output (i.e, amount of fluorescence) but result in
higher photostability because rapid relaxation reduces the yield
of the competing excited-state processes. Interestingly, larger
Stokes shifts, which are related to the increased flexibility of the
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chromophore and its hydrogen-bonding network, correlate
with decline in lifetime. Fluorescence lifetime depends on the
structure of a particular fluorescent protein; yet, it is also highly
sensitive to the viscosity, temperature, pH, and interactions
with other species. In in cellulo imaging, these conditions
depend on cell physiology. This provides a foundation for the
class of techniques known as fluorescence lifetime imaging
microscopy (FLIM). In contrast to the gross optical output
(fluorescence intensity), the fluorescence lifetime does not
depend on the concentration of the fluorescent protein. Thus,
by measuring the changes in fluorescence lifetime one can
monitor the changes in local environment.''" Some variants of
FLIM exploit environment-dependent lifetime changes for
measuring intracellular physiological parameters (e.g, ion
strength and pH) and for measuring protein—protein
interactions visualized by FRET.** Distinct fluorescence
lifetimes represent an additional spectral parameter, which
allows one to distinguish, spatially and temporally, fluorescent
proteins with similar emission maxima, giving rise to the
lifetime unmixing technique.'*®

3.2. Stokes Shifts: Large and Small

A Stokes shift arises due to structural changes of the
electronically excited system that occurs prior to emission. In
the gas phase, the Stokes shift is determined by the structural
relaxation of the chromophore alone. In solutions and in
protein-bound chromophores, the environment also contrib-
utes to the Stokes shift, either increasing or decreasing it.
Typical Stokes shifts in fluorescent proteins are 0.1 eV or less.
They can be as small as a few wave numbers or as large as 0.7
eV (e.g, in LSS-mKate''?). In wt-GFP, the Stokes shift of 0.75
eV is responsible for its ability to convert blue absorbed light
into green fluorescence. Stokes shifts around 0.2 eV or larger
are considered to be enhanced or extended. A large Stokes shift
(LSS) is defined”” as a Stokes shift exceeding 100 nm.

In fluorescent proteins, at least three mechanisms are
responsible for Stokes shifts: (i) relaxation of the chromophore,
(i) ESPT, and (iii) rearrangement of the hydrogen-bond
network around the chromophore. These rather diverse
excited-state structural changes are driven by changes in the
bonding pattern upon electronic excitation. Changes in
bonding are often accompanied by charge redistribution,
which drives the rearrangement of the solvent molecules
around the chromophore.

ESPT is arguably the most important mechanism because it
can lead to very large Stokes shifts®”**°**® due to strongly red-
shifted excited states in deprotonated anionic chromophores
relative to their neutral forms (see the discussion on color
tuning in section 3.5). The mechanism of ESPT in fluorescent
proteins is discussed in detail in section S.

Because ESPT occurs only in fluorescent proteins with
photoacidic chromophores, such as neutral GFP-like ones, the
Stokes shifts in anionic chromophores arise due to structural
relaxation of the chromophore and the rearrangement of its
hydrogen-bond network. The structural relaxation of isolated
electronically excited GFP chromophores can lead to Stokes
shifts of ~0.5 eV, as observed computationally in anionic
DsRed-like chromophores,113 but the protein environment
restricts the relaxation, reducing the overall shift by more than
half. Extended Stokes shifts in several red fluorescent proteins
with anionic chromophores,”* such as TagRFP675''* and
mPlum,” have been attributed to specific features of the
hydrogen-bond network around the chromophore (as observed

DOI: 10.1021/acs.chemrev.6b00238
Chem. Rev. 2017, 117, 758-795


http://dx.doi.org/10.1021/acs.chemrev.6b00238

Chemical Reviews

in crystal structures)***® and its flexibility.''* While the
importance of specific residues (such as Glul6 in mPlum) for
producing the extended Stokes shift had been tested by
mutagenesis,'*~''° the detailed mechanistic picture has begun
to emerge only recently, as a result of several experimental and
theoretical studies.>""*"'*™"'® Ground-state molecular dynam-
ics simulations of mPlum and its mutants have shown that in
mPlum and mutants with large Stokes shifts there are two
interconverting populations in the ground state (that differ by
hydrogen-bond pattern), whereas mutants with small Stokes
shifts have only one dominant structure.''® The authors
conjectured that the flexibility of the hydrogen-bond network
is responsible for the enhanced Stokes shift.''® The flexibility of
the hydrogen-bond network was also assumed to be responsible
for the large Stokes shift (0.24 eV) in TagRFP675, the most
red-shifted of all red fluorescent proteins.''* Later, QM/MM
calculations''? of the excited-state structures of mPlum showed
that both populations—one with the direct (Chro-Ile65::
Glul6) and one with the water-mediated (Chro-Ile65-
Wat321---Glul6) hydrogen bonds—collapse into a single
emitting state with the water-mediated (Chro-Ile65-
Wat321---Glul6) pattern. The Stokes shift of 0.20 eV arises
due to a large energy change in the first (dominant) population.
This picture has been confirmed by a time-resolved experi-
ment''® showing that the emission spectra of mPlum feature a
clear isoemissive point, which is a signature of the two emitting
states relaxing to a single emitting state within the lifetime of
the excited state.''® Figure 6 illustrates this mechanism. The
fast (160 fs) and slow (37 ps) excited-state relaxation time
scales™""® were assigned to the relaxation of the chromophore
and the hydrogen-bond reorganization around the chromo-
phore, respectively.

Chromophore

GLU16

J\\’aler ‘.A-ﬁm
A
1160 f
V S
S —— Jo026ev
37 ps *—“
1.902 eV
1.953 eV 7, =610 ps
— P 00250V

Direct H-bond H,0-mediated H-bond

Figure 6. Energy-level diagram explaining the mechanism of the
Stokes shift in mPlum. Extended Stokes shift in mPlum arises due to
the interconversion of the two ground-state populations, which differ
by hydrogen bonds formed by the chromophore, into a single emitting
state. The slow relaxation component of 37 ps corresponds to the
reorganization of the hydrogen-bond network. Energies and time
constants are from ref 118.

Such excited-state hydrogen-bond interconversion might be
operational in other fluorescent proteins. As noted in ref 118, in
TagRFP675,"'* N-acylimine carbonyl also forms two hydrogen
bonds: a water-mediated bond with GIn106 and a direct bond
with GIn41. Thus, rearrangement of this pattern might be
responsible for its large Stokes shift. This motif might become
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an effective modality for extending Stokes shifts in fluorescent
proteins.

A more recent study of TagRFP675 and several of its
mutants designed to interrupt the hydrogen-bond network has
revealed interesting differences between mPlum and
TagRFP675."" By using spectrally resolved transient grating
and time-resolved fluorescence spectroscopies and molecular
dynamics simulations,'"” the authors observed several ground-
state populations corresponding to different hydorgen-bond
networks. In contrast to mPlum, the distinct emitting states in
TagRFP675 do not relax to a single emitting state within the
lifetime of the S; state. The authors attributed''” the large
Stokes shift in TagRFP675 to a subpicosecond relaxation of the
chromophore itself and to the changes in the hydrogen-bond
network in the vicinity of Gln41, which does not directly
involve the chromophore. By revealing an interestin§ feature of
this protein (and also mKate-M41Q), this study' ' highlights
the complexity of excited-state relaxation mechanisms in
fluorescent proteins.

3.3. Transient Dark States

Blinking, a temporary loss of fluorescence, is a common
phenomenon in many fluorescent systems, from dyes to
nanoparticles.’*'*" Figure 7 shows typical blinking behavior
illustrated by a fluorescence signal recorded from a sin%le
immobilized fluorescent protein molecule. In this example >’
individual molecules blink several times per second. Figure 8
shows a simplified diagram illustrating photoinduced inter-
conversion between bright (“on”) and dark (“off’) states. In
fluorescent proteins, blinking is attributed to the formation of
transient dark states of various nature such as different
protonation forms or cis—trans isomerization (or both),
formation of triplet states, or transient reduced or oxidized
species.'”” In applications such as single-molecule studies,"”!
blinking is a nuisance. However, when induced in a controlled
manner, temporary fluorescence switching on and off offers
new opportunities exploited in, for example, PS-EPs.”* A well-

mEo0s2-A69T

|

Dendra2

|

»

Figure 7. Blinking in fluorescent proteins. Plots show fluorescence
signals as a function of time from a single immobilized molecule of
mEos2, Dendra2, and their single-point mutants. Blinking in these
systems occurs 6—9 times per second. mEos2 and Dendra2-T69A
exhibit high-blinking behavior (the fraction of blinking molecules is
~40%), whereas Dendra2 and mEo0s2-A69T show low blinking (the
fraction of blinking molecules is about 20—26%). Reproduced with
permission from ref 120. Copyright 2015 American Chemical Society.
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Figure 8. Energy diagram illustrating interconversion between bright
and dark states. Short-living dark forms give rise to blinking. Long-
living dark states are exploited in photoswitching. Fluorescent and
nonfluorescent forms of a photoswitchable fluorescent protein can be
interconverted via excited-state processes.

known example of a system where temporary dark states can be
formed in a controlled fashion by photoinduced cis—trans
isomerization coupled with changes in protonation state is
Dronpa123 and its counterpart, Padron®’ (in Dronpa, the native
bright state can be photoconverted into a dark state, whereas in
Padron, the native state is dark and can be turned on by
irradiation). Such dark states are formed via excited states and
can be relatively long lived (up to hours). Blinking kinetics was
investigated124 in YFP, in which the quantum yield of forming
transient dark states was measured as 3 X 10, which is not too
different from common dyes.”*

Formation of triplet states, which can be populated via
intersystem crossing (ISC), is also common in dyes.’* The
typical quantum yield of triplets in dyes®* is 107>; they are
quenched by oxygen. The lifetimes of triplets in anaerobic
conditions are up to milliseconds; however, they are much
shorter in the presence of oxygen. Triplet lifetimes of 10—40 us
have been reported for selected fluorescent proteins (Kill-
erRed,'* eGFP mutants'**'*”); such long triplet lifetimes in
aerobic conditions provide yet another manifestation of the
protective role of the S-barrel.

Formation of transient oxidized/reduced states (radicals)
also contributes to temporary or permanent loss of fluorescence
or changes of its color. For example, in RFPs a red-shifted
transient species with a micro- to millisecond lifetime was
observed and assigned to the dianion—radical produced by
chromophore photoreduction.'*® One-electron oxidation of the
anionic chromophores (as in eGFP and eYFP) leads to strongly
blue-shifted absorption.'*”

Despite recent progress, the exact nature of transient dark
states in fluorescent proteins remains unclear. Different types of
dark states may be formed in the same fluorescent protein, and
different fluorescent proteins are likely to feature different dark
states.

3.4. Bleaching, Photoconversions, and Phototoxicity

Permanently bleached and/or photoconverted states can be
produced by chemical modifications of the chromophore (as in
oxidative redding’”” or in Kaede’> green to red photo-
transformation) or of the protein (as in decarboxylation'*""*").
Typical quantum yields of bleaching (Yy;) in fluorescent
proteins without oxidants are 107> (refs 41, 42, and 53—56),
which means that an individual fluorescent protein molecule
can endure, on average, up to 100 000 excitation—deexcitation
cycles. In the presence of an oxidant, Y;; might be higher (up to
an order of magnitude39). In GFP and some other fluorescent
proteins (most prominently, KillerRed and other red
fluorescent proteins derived from DsRed), Yy is strongly
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oxygen dependent. The mechanisms of bleaching in fluorescent
proteins are not yet fully elucidated and are likely to be diverse
and include multiple competing channels.

Y}, determines photostability and photofatigue, key param-
eters in applications.*® High photostability (ie., low Yy) is
mandatory for detection of weak fluorescence signals, long-term
data acquisition, and quantitative measurements (such as those
based on FRET).

Theoretical modeling has suggested that enhanced bleaching
in mFruits is due to oxygen accessibility to the chromophore.'**
Another computational study has illustrated that the diffusion
of oxygen inside the barrel is greatly facilitated in KillerRed,
relative to eGFP.'** Experimentally, the connection between
photosensitization efficiency and oxygen accessibility to the
chromophore has been established by considering eGFP
mutants'**'*” derived by mutating His148 to less bulky
amino acids.

The exact mechanism of bleaching is unclear. Bleached forms
may be produced by chemical reactions of the chromophore or
the protein that could be initiated by ET or by reactions with
ROS such as superoxide or singlet oxygen (see Figure 9).
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Figure 9. Photoinduced processes that can lead to the formation of
reactive oxygen species (ROS), 'O, (singlet oxygen) and 20,~
(superoxide). Reproduced with permission from ref 128. Copyright
2014 American Chemical Society.

3.5. Structural Variations in Fluorescent Proteins

Despite their diversity in origin and photophysical properties,
fluorescent proteins are remarkably similar in structure. Figure
10 shows the alignment of 202 crystal structures, revealing
striking similarity of the proteins’ three-dimensional structures.
All fluorescent proteins feature an 11-stranded p-barrel
structure with a single distorted helix in the center of the
barrel comprising the three amino acids that form the
chromophore. These amino acids are located at positions
65—67 (av-GFP numbering); they always correspond to an
XZG tripeptide, where X is variable, Z is an aromatic amino acid
(tyrosine in naturally occurring proteins), and G denotes
glycine. Yet, the chemical structures of the chromophores are
rather diverse (Figure 1). Within the same structural motif of a
chromophore, differences in its protonation state and
conformation (cis versus trans) affect color and other
photophysical properties. Interestingly, most of the chromo-
phores in fluorescent proteins occur in the cis state, as clearly
seen from the bottom panel of Figure 10.

Color tuning in fluorescent proteins involves several distinct
mechanisms (see Figure 1). As can be rationalized by the
particle-in-the-box model, more extensive electronic delocaliza-
tion leads to red-shifted absorption/emission. The delocaliza-
tion can be achieved by extended conjugation of the
chromophore’s 7-system or by z-stacking with other aromatic
residues, such as tyrosines. A red shift also arises upon
deprotonation of the phenolic moiety, which can be explained
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Figure 10. Alignment of 202 crystal structures of different fluorescent
proteins. (Top) Three-dimensional structures of the p-barrel.
(Bottom) Alignment of the chromophores. Note that the majority
of the chromophores are in the cis state. Reproduced with permission
from ref 31. Copyright 2013 American Chemical Society.

by the Hiickel model.”' The electrostatic and hydrogen-
bonding interactions between the chromoghore and the nearby
residues also contribute to color 'cuning.1 4135 A recent QM/
MM study,"** which analyzed the contributions of 7-stacking
and electrostatic interactions to the YFP’s red shift, concluded
that the effect of electrostatic interactions with nearby polar
side chains is of the same magnitude as the effect due to
delocalization via z-stacking,

The analysis'*® of 266 entries of GFP-like proteins deposited
in the protein data bank by 2011 has shown that the similarities
in the amino-acid sequence relative to av-GFP vary from ~85%
to 25%. Interestingly, among the 21 most conserved residues,
the majority are located at the top and the bottom of the barrel;
this observation has led to assigning a special significance of
these lid residues."*® A high-throughput study®™ of the local
fitness landscape of avGFP (defined in terms of its native
function, fluorescence) has shown that the fitness landscape is
narrow, that is, the fluorescence is easily suppressed by even a
single mutation (75% of single-residue mutations show reduced
fluorescence). Most mutations that have a strong effect on
fluorescence correspond to amino-acid residues oriented
internally toward the chromophore (see Figure 11).

Different protonation states of GFP-like chromophores have
distinctly different photophysical properties. For example, the
neutral wt-GFP chromophore absorbs in blue, whereas its
deprotonated form is green. Brightness also depends on the
protonation state. Changes in protonation states can be
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Figure 11. Selected f-strand of the GFP structure showing the
location of single mutations strongly decreasing fluorescence (violet)
versus neutral mutations (blue). Reproduced with permission from ref
80. Copyright 2016 Macmillan Publishers Limited.

controlled by pH and by changin% the local chromophore’s
environment by point mutations'>’ or via phototransforma-
tions,**"*" which is exploited in some photoswitchable
fluorescent proteins.71

Figure 12 shows different protonation states of the cis and
trans conformations of a GFP-like chromophore. In most
fluorescent proteins, the chromophore in its normal bright state
has the cis conformation (see Figure 10), whereas trans
conformers often correspond to transient dark forms;'**"*’
however, there are also examples of fluorescent proteins with
bright trans chromophores, e.g,, eqFP611 and eqFP578."%%'*
The two most common protonation states of the tyrosine-
based chromophores correspond to the neutral chromophore
(denoted by N) and its deprotonated, phenolate-like, anionic
form A. The interplay between these two forms controls many
photophysical properties of fluorescent proteins.”” In partic-
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Figure 12. Possible states of the chromophore in GFP-like proteins.
The chromophore can assume cis or trans conformations and be in the
following protonation states: neutral (N), anionic (A), cationic (C),
and zwitterionic (Z).
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ular, photoinduced proton transfer (ESPT, discussed in section
5) leads to a large Stokes shift in wt-GFP and in LSS-RFPs.

Determining protonation states requires a combination of
techniques. Only indirect information about protonation states
is provided by X-ray structures: the distances between heavy
atoms may suggest the presence of a proton participating in a
hydrogen bond. Kinetics studies (and, especially, isotope
effects) and the pH dependence of optical properties are
often used to elucidate protonation states. Protonation states
can be unambiguously determined by vibrational spectroscopy.
Computational methods, which include several complementary
approaches, are also particularly useful for this task. The most
rigorous approach is to compute Gibbs free energies of various
protonation states in order to identify the most stable
form."*"'** Such calculations require high accuracy from an
underlying electronic structure method and extensive thermo-
dynamic averaging. This approach has been used, for example,
to calculate pK, shifts due to cis—trans photoisomerization in
Dronpa and Padron.'*’ As a shortcut, one can consider
optimized structures of the protein in different protonation
forms. Unfavorable protonation states might be found to be
unstable or cause large deformation of the hydrogen-bonding
network around the chromophore, allowing them to be ruled
out,' #7146 Finally, one can compute spectroscopic properties
of different forms and compare them with the experimental
absorption maxima.'** The combination of the latter two
approaches has allowed the determination'** of the protonation
state of the so-called blue intermediate (a transient form in the
red chromophore maturation process) for which several
protonation states had been proposed.

The existence of other protonation states, Z and C forms,
was hypothesized in the very first theoretical studies of
fluorescent proteins.'*”'*®  Although Raman spectroscopy
studies'*” of the isolated GFP chromophore showed no
evidence of the C and Z forms, their formation in the protein
matrix has not been ruled out, especially in the excited states.
Possible involvement of the zwitterion form in the photocycle
of other fluorescent g)roteins has been invoked to explain
kindling phenomena'*” and photobleaching in IrisFP (more on
this in section 6.2).

3.6. Spectroscopic Signatures of Transient Forms

Spectroscopy is commonly used for detection and monitoring
of transient species. In particular, broad-band transient
absorption (TA) spectroscopy spanning the time scale from
picoseconds to seconds is a powerful tool for interrogating
excited-state processes of fluorescent proteins and the nature of
dark states.

In processes involving fluorescent proteins, intermediates
usually are first identified spectroscopically. Being much more
difficult, structure determination may lag behind for many
years. Quantum-mechanical calculations can help to screen
structures of possible candidates. For example, electronic
structure calculations showed that one-electron oxidation of
GFP-like anionic chromophores leads to strongly blue-shifted
absorption,'”” whereas one-electron reduction results in the red
shift."**

Even when crystallographic structures are available, calcu-
lations are needed to identify exact protonation and oxidation
states. For example, six different structures are consistent with
the X-ray structure'>"">* of the blue intermediate' >’ in the red
chromophore maturation processes in DsRed-like fluorescent
proteins, the blue-emitting form of fluorescent timers,">* and
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the dark form of PAmCherry.">® Electronic structure
calculations'** have illustrated that only one form, the tagBFP
structure shown in Figure 1, absorbs in blue and does not cause
severe structural distortions of the surrounding protein.
Similarly, on the basis of quantum-mechanical calculations
possible structures of transient dark states in IrisFP have been
proposed.'*® Thus, partnership between theory and experiment
can be very productive in determining structures of the
transient species and new chromophores.

4. PHOTOINDUCED ELECTRON TRANSFER: A
GATEWAY STEP LEADING TO MULTIPLE
OUTCOMES

Photoinduced ET to/from the chromophore can lead to a
variety of outcomes. Well known in dyes, photoinduced redox
properties of fluorescent proteins came into the spotlight in
2009, when it was discovered that fluorescent proteins can be
efficient light-induced electron donors.”” Bogdanov et al.
observed that many fluorescent proteins with an anionic GFP
chromophore (such as one in eGFP, see Figure 1) undergo
photoconversion from green to red form upon irradiation in the
presence of oxidants.”” Chemical steps leading to the red
chromophore formation (whose structure is still not known)
are initiated by photooxidation, ET from the electronically
excited chromophore to an external oxidant molecule.”
Another type of photoconversion (based on the stabilization
of the anionic form of the chromophore relative to the
protonated neutral one) also involves a photoinitiated redox
process: photoinduced ET from nearby Glu to the
chromophore is believed to be a gateway step leading to
decarboxylation.*”"*”'%® Recently, photoreduction of the
chromophore was invoked to explain the formation of long-
lived red-shifted transient species in red fluorescent proteins.'**
Photoreduction may also play a role in anaerobic redding>” or
in greening of red fluorescent proteins.”” Photoinduced ET
from the anionic chromophores to O, may lead to superoxide
formation, which might be responsible for phototoxicity.'*’

In short, there is a growing body of evidence of the
importance of photoinduced ET in fluorescent proteins.
Different types of ET may be operational, such as ET to and
from the chromophore producing reduced or oxidized species.
Furthermore, the redox partners of the chromophore may be
different: ET may entail a nearby residue, such as glutamate as a
donor or tyrosine as an acceptor, or an oxidant molecule (e.g,
0,).

ET can proceed by different mechanisms summarized in
Figure 13. One possibility is ET from the electronically excited
chromophore via the Marcus mechanism, which may involve
the direct ET to an oxidant molecule, or a multistep hopping
process via intermediate electron acceptors.'®*”'** In  the
strong coupling regime, ET can proceed by adiabatic evolution
of the initially excited state. Alternatively, the charge-transfer
(CT) states can be populated directly by photoexcitation or via
radiationless relaxation from higher excited states (especially at
high-intensity conditions when multiphoton processes become
operational).

4.1. Energetics of ET

The key thermodynamic quantity for ET is the Gibbs free
energy of the chromophore’s oxidation/reduction and,
consequently, the standard oxidation/reduction potential. To
date, these quantities have only been measured for model
chromophores in solutions'®® and characterized computation-
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Figure 13. Different mechanisms for ET. Relevant states are the bright
excited state (S;) and the charge-transfer (CT) state. In photo-
oxidation, the latter is of D*A™ character (or D-A”, depending on the
protonation state of the chromophore). (Top left) ET between the
donor and the acceptor by the Marcus mechanism. (Top right)
Adiabatic evolution of the initially excited state leading to CT via a
barrier. (Bottom left) CT state accessed by radiationless relaxation
from a higher excited state. (Bottom right) ET via direct one- or
multiphoton excitation of the excited state of CT character.

ally, both for isolated and for protein-bound chromo-
phores."*>'®7'% In the most recent study,'** the Gibbs free
energies of the chromophore oxidation were computed by the
QM/MM calculations using high-level electronic structure
methods and Warshel’s linear response approximation'® for
thermodynamic averaging.

For the oxidation process to be thermodynamically possible,
AG,,(Chro) + AG,4(OX) should be negative. As one can see
from the molecular orbital (MO) diagram in Figure §,
electronic excitation makes both the oxidation and the
reduction processes more energetically favorable. For example,
the energy required to remove an electron from the ground
state is equal to minus the energy of the highest occupied MO
(HOMO). However, an electronically excited chromophore
can be oxidized by removing the electron from the lowest
unoccupied MO (LUMO), which is higher in energy than the
HOMO. By using energy balance

AGox(eX) ~ AGox(gs) - Eex (2)

(©)

where E, is energy difference between the ground and the
excited states (e.g, emission energy).

Table 1 shows the computed Gibbs free energies for
oxidation of the chromophore in several fluorescent proteins
that feature an anionic GFP-like chromophore.'** The table
shows AG,, for eGFP, eYFP (in which the chromophore is 7-

AGred(eX) ~ AGred(gs) - Eex

Table 1. Redox Properties of the Chromophores of eGFP,
YFP, and Halide-Bound YFP at T = 298 K in their Ground
and Electronically Excited States”

system AGu(gs)  Ax EX' AGu(ex)  Epggs)
eGFP 4551 1599 244 2.111 027
YFP 4.697 1400 235 2347 0.42
YFP + CI” 4274 1686 235 1924 -0.01
eGFP — Y145L 4548 1528 244 2.108 027

“Energies are in eV, and the reduction potential is in V with respect to
SHE. From ref 145.
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Table 2. Standard AG,,; (eV) of Selected Oxidants with
respect to SHE. From ref 145.

OX species AG,.4(0X) source
0, —437 a
Cyt-c —4.56 a
BQ —430 b

“Estimated from E°. *Calculated from gas-phase adiabatic attachment
energy and solvation free energy.

stacked with tyrosine), eYFP with a bound halide anion, and an
eGFP mutant (Tyrl4SLeu). For comparison, Table 2 shows
Gibbs free energies for the reduction reactions for several
oxidants.'** As reported in the original GFP redding study,”
GFP can be oxidized by various oxidizing agents with E° up to
—0.114 V (relative to SHE), which corresponds to AG,4 <
—4.167 V at pH = 7 (using AG(SHE) = 4.281 eV, ref 167). The
energetics from Tables 1 and 2 is consistent with estimated AG 4:
oxidation of the ground-state chromophore is not thermodynamically
favorable; however, it becomes possible upon electronic excitation.

Which factors control the redox energetics?'*>'%371051%
The structure of the chromophore is very important. The
computational study165 of model red, green, and blue
chromophores revealed that the red chromophore is most
difficult to oxidize (e.g, by ~0.5 eV relative to the green
chromophore, for the anionic form). As expected, anionic
chromophores have lower AG,, than their neutral (protonated)
counterparts. All three anionic chromophores have lower AG,,
than phenolate. The extent of resonance delocalization plays an
important role in determining the electron-donating ability of
the chromophores.'®>'*>'%® The specific interactions with the
protein affect the redox properties in several ways. First, the
computed energetics' "' suggest that the protein-bound
chromophores are slightly easier to oxidize (e.g, by about 0.2
eV) compared to the isolated aqueous ones, which can be
rationalized by water strongly stabilizing anionic species, thus
increasing AG,,. Second, as illustrated by the data in Table 1,
interactions with nearby residues can have a significant effect.
For example, -stacking interactions in eYFP increase AG,, by
0.16 eV relative to eGFP. The chloride binding to YFP upsets
m-stacking'® and reduces AG,,. The effect of mutations of
nearby residues varies. For example, the mutation of Tyr14S, a
nearby residue forming a hydrogen bond with the chromo-
phore, has no effect on AG,, of the chromophore (but affects
the overall rate of ET to outside oxidants).

4.1.1. Possible Electron Acceptors within the Protein.
In addition to solvated species, various protein residues can
serve as reducing or oxidizing agents. The most likely electron
acceptors are redox-active aromatic residues'®>'**'” such as
tryptophan, tyrosine, phenylalanine, and histidine. The
structures of these amino acids and their gas-phase electron-
attachment (EA) energies are shown in Figure 14.

The trends in the relative electron-accepting ability of various
amino acids can be understood on the basis of their gas-phase
EAs. As one can see, the gas-phase EAs of tyrosine, tryptophan,
phenylalanine, and histidine are positive, meaning that the
respective anions would be unstable, in stark contrast to
benzoquinone,”” which is known to be an efficient oxidizing
agent. In the protein (or solution), the anionic forms can be
stabilized by electrostatic interactions. Still, relative gas-phase
energetics provide a useful guideline for understanding their
relative electron accepting ability, which is Trp > Tyr > Phe >
His.
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Figure 14. (Left) Structures of redox-active amino acids (tryptophan, tyrosine, phenylalanine, and histidine) and their adiabatic gas-phase electron-
attachment energies (EA). (Right) Structure and adiabatic EA of benzoquinone. EA = E,_ — E,; negative values mean that A~ is lower in energy

than A. EAs are from ref 145.

4.2, Time Scales and Possible Mechanisms of ET

Whereas photoinduced chemical transformation can involve
multiple steps and can be rather slow, the initial step (which
occurs in the excited state) is limited by excited-state lifetime.
For example, in the oxidative redding, the formation of the red
form occurs on seconds to minutes time scale;”” however, the
rate of the initial step, photoinduced ET, must be very fast.
Thus, redding can be described'* as an effectively two-step
process, as shown in Scheme 1, in which the rate-determining
step is the second step involving slow chemical changes.

The first step is fast, but it is the gateway step, meaning that
no redding can occur if there is no ET. A similar two-step
framework can be applied to describe other transformations

Scheme 1. Two-Step Framework of the Oxidative Redding

Red form

h . Jast slow
Chro- —— Chro” —;— Chro W

initiated by photoinduced ET, such as decarboxylation or
bleaching via superoxide formation.

4.2.1. Bounds for the Excited-State ET Rates. Finite
excited-state lifetimes set up a lower bound for photoinduced
ET rates. The yield of bleaching, Y, sets an upper bound for
the total ET yield (assuming that all bleaching channels are
initiated by ET). By considering two competing first-order
processes

Chro™" — Chro™ (kq) (4)
Chro™" — Chro® (k,,) (5)
we obtain
k _k
Yb] — et et
ke + kﬂ kg (6)

assuming that k, << kg. Thus, using Yy of 107*—107° and
nanosecond lifetimes (kg ~ 10° s71), the rates of ET should be
ke = 10*=10° s7*. Larger Y}, (as in the presence of oxidants)
would increase this bound accordingly. ET from triplet states
can be slower (10—100 s™"). We note that in biological systems
the ground -state ET rates between 10 and 10° s™' have been
observed.'®

4.2.2. ET from the Chromophore to an Outside
Oxidant by Direct Tunneling or Hopping. Figure 15
shows two possible mechanisms' "' for photoinduced ET in
fluorescent proteins: (i) direct ET from the chromophore to an
oxidant molecule docked on the surface of the barrel and (ii) a
two-step ET via an intermediate acceptor (hopping mecha-
nism). One may also consider ET to an oxidant molecule inside

770

BQ

TYR 145

¢ Chromophore

Figure 1S. Possible mechanisms of photoinduced ET in fluorescent
proteins. An oxidant molecule (represented by p-benzoquinone, BQ)
docked to eGFP and the relevant distances. Direct tunneling and two-
step hopping (via Tyr14S) mechanisms for ET are shown by dashed
arrows. Reproduced with permission from ref 145. Copyright 2016
American Chemical Society.

the barrel, since small oxidants can diffuse into the barrel.
However, large oxidants such as cytochrome c¢ (for which
efficient redding was observed’”) cannot penetrate the barrel.
As one can see, the closest distance between docked BQ and
the chromophore is about 6 A, whereas the distance between
the chromophore and Tyrl45 is much shorter (~1.8 A),
suggesting that the hopping mechanism might outcompete
direct tunneling. Section 9.4 discusses the feasibility of these
two mechanisms in eGFP and eYFP.'"

4.2 3. Electron Transfer via Charge-Transfer States. As
summarized in Figure 13, ET can proceed by different
mechanisms. In particular, CT states can be accessed by direct
photoexcitation of the chromophore or by radiationless
relaxation from higher excited states (this channel might be
very important in multiphoton regime). The CT states of
various nature have been implicated in decarboxyla-
tion"*”"*»5717! and in bleaching mechanisms.'””

It was proposed'*” that decarboxylation, a photoconversion
in which a CO, group is removed from a nearby glutamate
residue (see Figure 2), proceeds via ET from Glu222 to the
electronically excited chromophore (photoreduction) by a
Kolbe-like mechanism. Subsequent electronic structure calcu-
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Figure 16. Relevant MOs and leading electronic configurations of the CT states in wt-GFP. Two CT states of Glu222 — Chro character are located
around 4—6 eV above the ground state. Reproduced with permission from ref 157. Copyright 2012 American Chemical Society.

lations'>”'”! identified such CT states for the neutral

(protonated) GFP chromophore; these are located around
4—6 eV vertically (Figure 16). Grigorenko et al. proposed that
these states are accessed either directly, by UV or multiphoton
excitation of the chromophore, or via radiationless relaxation
from a high-lying locally excited state.'”” Morokuma and co-
workers put forward'”" an alternative mechanism via adiabatic
evolution of the initially excited state (such as one in the top
right panel of Figure 13), whereas van Thor and Sage
considered'”” a Marcus-like process (in the top left panel of
Figure 13).
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Figure 17. Relevant MOs and leading electronic configurations of the
locally excited chromophore and the CT states of Chro- — O,
character. Reproduced with permission from ref 172. Copyright 2015
American Chemical Society.

CT states of different character, Chro~ — O,, have been
characterized computationally in ref 172. Figure 17 shows
relevant MOs and energetics of the CT and locally excited
states. A mechanism of irreversible bleaching via such states has
been proposed.”> The calculations showed'”” that (i) these
CT states are accessible by photoexcitation and (ii) once
reaching the CT state the system can undergo series of low-
barrier transformations leading to the chromophore destruc-

tion.

5. EXCITED-STATE PROTON TRANSFER

ESPT plays an important part in the fluorescent protein
photocycle;'” its significance is on par with that of FRET and
light-induced ET. The spectral properties of many fluorescent
proteins are controlled by ESPT. The major fluorescence peak
in fluorescent proteins with tyrosine-based chromophores is
due to the emission of the anionic (ie., deprotonated)
chromophore; it more often results from the excitation of the
neutral chromophore followed by ESPT than from the
excitation of the anionic chromophore.

Mutations can affect the relative energetics of various
protonation states and disrupt the PT route, a fact that has
been exploited in fluorescent protein engineering and in
mechanistic studies.”"”*'”®

Wt-GFP from Aequorea victoria jellyfish has become a
classical model for ESPT not only within the GFP family but
also in photobiology at large. The key residues involved in
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Figure 18. ESPT in wt-GFP. A 3.18 eV (390 nm) photon excites the
neutral (protonated) chromophore (left center) and initiates proton
transfer forming the electronically excited anion (I*), upper right,
which subsequently emits a green photon (510 nm or 2.43 eV) and
undergoes back PT restoring the neutral chromophore. A low-
frequency event is transformation of the ground state (I) to a
metastable ground state anion, B (lower right).
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ESPT in wt-GFP are shown in Figure 18. ESPT in wt-GFP
proceeds as a sequential proton transfer from the excited
neutral chromophore to the Glu222 carboxylate throu%h a
water molecule and the hydroxyl group of Ser205."”*'7°~""” An
attempt to block ESPT by a S205V substitution was foiled by
opening an alternative proton-transfer pathway involving
Thr203."”* Only upon blocking this second route by the
double T203V/S205V mutation was ESPT completely
switched off.'”

ESPT is driven by photoacidity,®” a drop in pK, of the
chromophore upon electronic excitation. Photoacidity of the
native fluorescent protein chromophores (which are similar to
phenols) has been confirmed by calculations: QM/MM
calculations'®' of the pK, values of the GFP chromophore in
solution have estimated the change in pK,, ApK, = pK,* — pK,,
upon excitation to be ~8 units. A recent study using more
advanced calculations has reported ApK, ~ 6 (ref 182).

In wt-GFP, ESPT occurs on the picosecond time scale and
leads to a substantial Stokes shift of 0.75 eV. A femtosecond
stimulated Raman spectroscopy study'® of wt-GFP provided
detailed time-resolved vibrational spectra of the excited
chromophore, revealing several skeletal motions defining
multidimensional ESPT reaction coordinate and identifying
early time ring-wagging motion of the chromophore as a
principal component of the ESPT pathway.

Energy profiles along the PT route have been computed,
aiming to validate the mechanism and to identify the underlyin%
changes in electronic structure of the chromophore.'>'**~"*
Recent calculations have accurately reproduced experimental
absorption and emission maxima as well as ground-state
protonation equilibria in wt-GFP and eGFP, providing further
justification and refinement of the proposed structures along
the PT chain.'”” This study has shown that the structural
differences between the I and B forms are based not on the
Thr203 orientation, but on the Glu222 position. In the I
structures, the Glu222 side chain is in the anti conformation,
and the proton wire Chr-Wat-Ser205-Glu222 facilitates efficient
proton shuttling. In the B structures, the syn conformation of
Glu222 disrupts the proton wire.

ESPT in the GFP family occurs in an extremely broad range
of time scales (from ca. 100 fs to nanoseconds). For example,
recently described cyan fluorescent protein, psamFP488, from
reef building coral (genus Psammocora) demonstrated 170 fs
proton shuttling from chromophore to Glul67,'®” whereas
canonical biphasic av-GFP ESPT time constants are 3 and 15
ps. Compared to av-GFP, ESPT in the S205V and T203V/
S205A mutants is 30 and 350 times slower.'”*'”> On the basis
of time-resolved infrared and visible pump—dump—probe
spectroscopic measurements'*° in wt-GFP, the short time
constant has been assigned to the partial shift of protons in the
proton wire leading to partially protonated Glu222 and the
long time constant has been assigned to complete deprotona-
tion of the chromophore. In the calculations of potential energy
profiles along the proton-transfer route, multiple I-like
structures have been identified.'”

ESPT has been utilized in developing RFPs with large Stokes
shifts (AE), such as LSS-mKates (AE = 0.69 and 0.65 eV for
LSS-mKatel and LSS-mKate2 respectively),””''* its photo-
activatable variant,"®” and bright cyan-excitable orange
fluorescent protein, CyOFP1 (AE = 0.39 or 0.27 eV).%

The computational investigation of potential energy profiles
in LSS-mKate revealed strongly exoergic ESPT, thus providin:
support to the proposed mechanism of its large Stokes shift."”
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A time-resolved spectroscopy study of the excited-state
dynamics in LSS-mOrange reported that ESPT in this protein
occurs on a subpicosecond time scale (0.8 ps)."”!

We note that ESPT in biologically relevant systems can be
accompanied by photoinduced ET. For instance, fast subpico-
second ESPT in BLUF photoreceptor domains was shown to
be coupled with electron transfer.'”> Likewise, photoinduced
proton-coupled electron transfer is operational in phenols.'”?
Thus, it is possible that similar processes occur in some
fluorescent proteins.

6. CIS—-TRANS PHOTOISOMERIZATION, CHANGES IN
PROTONATION STATES, AND PHOTOSWITCHING

Since electronic excitation alters the bond-order pattern in
conjugated systems, it often leads to cis—trans isomerization,
one of the most common photoinduced transformations.'”*
This reaction can also be coupled with other processes, such as
changes in protonation state. Photoinduced cis—trans isomer-
ization is the gateway step initiating photoresponse in biological
systems (e.g,, rhodopsin'*®); it is also exploited in molecular
electronics and optogenetics.'*'"” In fluorescent proteins, cis—
trans isomerization may lead to RS-FPs (reversibly switchable
FPs).

The first efficient RS-FP discovered by Ando et al. is called
Dronpa.”” In this system, photoswitching can be achieved more
than 100 times at a single-molecule level. Dronpa absorbs at
503 nm (2.46 eV) and emits at 518 nm (2.39 eV). It can be
converted to the nonfluorescent form (which absorbs at 390
nm or 3.18 eV) by irradiating with an intense light of 488 nm
(2.54 eV) wavelength, with a quantum yield of 3.2 X 10™*. The
reverse process, which is induced by weak illumination with a
light of 405 nm (3.06 €V) wavelength,198 is more efficient
(quantum yield of 0.37).

The mechanism of photoswitching in Dronpa has been
extensively debated. Habuchi et al. invoked ESPT to explain
photoswitching; their proposed mechanism in which the on
state (fluorescent) is deprotonated and the off state (dark) is
protonated.'”®"”” Andersen et al. solved the crystal structure of
Dronpa in the off state (PDB id 2POX), showing that the off-
state chromoghore is a trans isomer of the on-state
chromophore.'*® Their analysis proved that photoswitching in
Dronpa results from cis—trans isomerization accompanied by
proton transfer and structural changes around the chromo-
phore, since the chromophore in the off state was shown to be
protonated. This scheme is shown in Figure 19. This study also
suggested that the local environment around the cis and trans
chromophore is different, leading to different protonation states
in the two conformations.

NMR studies of Dronpa in solution have shown that j-
strands near the chromophore’s phenolic ring become flexible
in the dark state; this can contribute to the nonradiative
relaxation.”*”**" Moreover, dark-state-specific conformational
changes are sufficient to change the oligomeric state of Dronpa,
which can be exploited for optogenetic control of target protein
activities.”"”

In a more recent study, Warren et al. explained the
photoswitching in Dronpa in terms of photoinduced cis—
trans isomerization followed by ground-state proton transfer.”*’
They showed that deprotonation of the chromophore’s
phenolic oxygen in the off state is a thermal ground-state
process, which happens after an ultrafast (9 ps, quantum yield
of ~0.3) trans—cis photoisomerization, and that it does not
involve ESPT. This study also considered possible involvement
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of other protonation states of the chromophore. On the basis of
steady-state infrared difference measurements, the authors were
able to rule out protonation of the imidazolinone nitrogen
(structures C and Z in Figure 12) in both on and off states. A
very recent Raman study” ' has provided additional details of
the acid—base equilibria in the on and off states and has
confirmed that the switching in Dronpa involves cis—trans
isomerization and a protonation/deprotonation transition.

Another example of RS-FP is Padron, which was derived
from and shares the same chromophore with Dronpa. It differs
from Dronpa by several mutations: TS9M, V60A, N94I, P141L,
G155S, V157G, M159Y, F190S. The photoswitching of Padron
is exactly opposite of Dronpa (hence, Pa-+-dron). lllumination
with a blue light (503 nm or 2.46 eV) leads to off to on
transition (503 nm light also induces fluorescence), and the on-
state reverts back to the off-state when irradiated with UV
light.*”

On the basis of the capacity of its fluorescence to vanish and
reappear, the protein developed by Ando et al. was named
“Dronpa”, after “dron”, a ninja term for vanishing, and “pa”,
which stands for photoactivation.”” The names of Dronpa and
Padron thus reflect their different photoswitching behavior:
Dronpa is a negative photoswitcher—it is fluorescent in its
native, most stable form and can be turned off by light, whereas
Padron is an example of a positive photoswitcher, i.e., it is dark
in its most stable state and turned on by light (see Figure 2).

The photoswitching mechanism was investigated by Brake-
mann et al. using a related mutant, called Padron0.9 (it differs
from Padron by the Y116C and K198I mutations)."*> They
concluded that photoinduced cis—trans isomerization is the
primary mechanism of photoswitching and that changes in
protonation states of the on and off states are not mandatory
for photoswitching, since Padron0.9 chromophore is deproto-
nated in both fluorescent and nonfluorescent states. Rather, the
authors suggested the ability to fluoresce in a particular
conformation depends on the flexibility of the chromophore.
We discuss this point in detail below, in section 6.1.

In their study”™” of excited-state dynamics of Padron, Fron et
al. determined that the cis (protonated) form of Padron decays
in 1 ps to the excited cis (deprotonated) form, which then
decays to the ground state of the trans (deprotonated)
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chromophore with a time constant of 14.5 ps. They also
proposed that the trans-deprotonated chromophore then
equilibrates with trans-protonated form, and when the trans-
deprotonated form is excited with a 495 nm (2.50 eV) light
cis—trans isomerization is followed by internal conversion,
leading to the ground state of the cis chromophore (on).>*
The coupling of the isomerization with changes in protonation
state was supported by free energy calculations,” which
yielded free energy difference of 11.4 + 3 kJ/mol between the
trans and the cis chromophore in Padron. Thus, the free energy
calculations predict that isomerization from cis to trans lowers
the pK, of the chromophore by 2.0 + 0.5 pK,. This trend is in
good agreement with the experimentally determined pK, shift
of ~1.5. A low-temperature study’”® of photoswitching in
Padron has provided additional support for the above
mechanism: the authors were able to isolate the intermediate
anionic cis form of the chromophore, which can be reached at
cryogenic temperatures, and showed that the final fluorescent
state, a mixture of anionic and neutral chromophores in the cis
configuration, can only be reached above the glass-transition
temperature. These results suggest’” that the chromophore’s
isomerization in Padron is nearly volume conserving, whereas
the protonation step involves large structural reorganization of
the solvent and the protein’s scaffold.

A transient absorption spectroscopy study of the on to off
transition in Dronpa has provided strong support for a fast (ps)
trans to cis isomerization reaction, which occurs concomitantly
with the excited-state decay and precedes the deprotonation of
the chromophore, which occurs on the microsecond time
scale.””’

A recent femtosecond spectroscopy study of Padron by
Walter et al. revealed additional complexity: it showed that the
formation of cis chromophore (deprotonated) does not happen
directly; rather, it proceeds through a hot ground state.””® They
also showed that the excitation of the protonated cis
chromophore initiates ESPT, which is followed by relaxation
to the deprotonated cis chromophore (on).

In summary, although the current understanding of the
molecular-level basis of photoswitching in the GFP family is
still incomplete in terms of the exact sequence and time scales
of individual steps, it is evident that photoinduced cis—trans
isomerization coupled to changes in protonation states play the
central role in these processes.

6.1. Role of the Chromophore’s Flexibility in
Photoswitching

The chromophore’s torsional degrees of freedom are directly
related to its propensity to undergo cis—trans isomerization and
radiationless relaxation to the ground state. This twisting
motion is traditionally described in terms of the “tilt” (z) and
“twist” (¢) angles shown in Figure 20; in planar cis structures
the values of 7 and ¢ are zero. The cis—trans isomerization can
be accomplished by rotation around one of the bridge bonds,
via so-called one-bond flips, or via a concerted motion involving
both angles. The analysis of different motions in terms of the
displaced volume suggested that a hula-twist concerted motion
provides the most efficient pathway for isomerization in a tight
protein barrel.**° This prediction, based on structural analysis,
has been later confirmed by more sophisticated excited-state
calculations.”"’

From the very outset of GFP studies, the fluorescent ability
of the chromophore was linked to its flexibility. For example,
the 3 orders of magnitude drop of fluorescence quantum yield
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Figure 20. Two dihedral angles 7 and ¢ quantifying the torsion
between the two aromatic rings of the chromophore. (Top) Definition
of the tilt (z) and twist (¢) angle in the Padron0.9 chromophore.
(Bottom) Structures of the Padron0.9 chromophore illustrating
different values of 7 and ¢. In the planar cis chromophore (far left),
7 = ¢p = 0°. Reproduced with permission from ref 143. Copyright 2010
The American Society for Biochemistry and Molecular Biology, Inc.

in solutions was attributed to the chromophore’s increased
range of motion, relative to the rigid protein matrix.">*”% In
analogy with other conjugated systems,”"" the twisting around
the methyne bridge is expected to play a key role in facilitating
radiationless relaxation. Several studies have illustrated that
confinement of the fluorescent protein chromophores within
rigid hosts results in an increase in fluorescence of several
orders of magnitude.”’™">"%’

The electronic structure calculations of isolated
model GFP chromophores have located conical intersections
between S; and S; These intersections occur at strongly
twisted geometries; thus, the ability of the chromophore to
twist in a flexible environment facilitates radiationless relaxation
and reduces the quantum yield of fluorescence. Conversely,
restricting the chromophore’s range of motion by, for example,
sandwiching it between two bulky tyrosine groups'® in the
triple-decker motif>' leads to increased brightness. A similar
design idea has led to brighter BFPs, Azurite and AS,'* and to
an RNA mimic of GFP, Spinach.107

Molecular dynamics simulations of selected proteins with
hypothetic freely rotating chromophores have shown®'” that
the dihedral freedom is inversely proportional to the
fluorescence, e.g, the range of torsional motions decreases in
the following series: BFP (Y;= 0.2) > AS (Y; = 0.48) > YFP (Y}
= 0.59) > wt-GFP (Y; = 0.8).

Several researchers have noticed the correlation between the
apparent deviation from the planarity and the reduced quantum
yield of fluorescence. For example, Remington and co-workers
pointed out® that in highly fluorescent wt-GFP and DsRed the
values of 7 and ¢ do not exceed 4°, whereas in mCherry (Y; =
0.22) ¢ = 11.3 and 7 = 13.7. The effect is likely to be dynamic
in nature, that is, the average structures with nonzero values of
these angles indicate a large range of motions along these
coordinates rather than increased rate of radiationless relaxation
at a static Franck—Condon geometry. The simulations of
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mStrawberry and mCherry fluorescent proteins aiming to
explain the increased yield of fluorescence under high pressure
support this point: hydrostatic pressure has almost no effect on
the chromophore’s planarity, whereas the hydrogen-bond
network around the chromophore and backbone fluctuations
are strongly affected.

Brakemann et al. proposed that the primary factor
determining the fluorescent ability of the chromophore in
different conformations (ie., in bright and dark forms of
photoswitchable fluorescent proteins) is the chromophore’s
flexibility, which they quantiﬁed143 in terms of the modulus of
the sum of “tilt” and “twist” angles shown in Figure 20. By
analyzing the structures of several fluorescent proteins (Padron,
Dronpa, rsFastLime, asFP-A143S, mTFP0.7, and IrisFP),
Brakemann et al. observed that for a particular chromophore
It + ¢l is always lower in the fluorescent form than in the
nonfluorescent form (see Table S$ in ref 143). For example, in
the trans forms of Padron and Dronpa, ||z + ¢|| =~ 21-22°,
whereas cis forms are more planar (||z + ¢|| is 11° and 4°,
respectively). In the green state of IrisFP, ||z + ¢|| in the trans
and cis forms is 40° and 12°, respectively.

A recent theoretical study”'® of Dronpa has revealed the
coexistence of several hydrogen-bonding networks in the on
state of Dronpa and suggested that only one subpopulation,
which is characterized by the fewest number of hydrogen bonds
and, therefore, the most flexible chromophore, is responsible
for off switching through photoisomerization, whereas other
conformations (in which the chromophore is more rigid)
inhibit the isomerization and promote the fluorescence instead.
For example, the trajectories initiated from conformations with
a single hydrogen bond undergo fast (subpicosecond)
relaxation to S, via hula-twist motion (shown in Figure 21),
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Figure 21. Time evolution of the 7 and ¢ angles along a QM/MM
surface-hopping trajectory for Dronpa. For this trajectory, which
initiated from a configuration with a single hydrogen bond to the
phenolate moiety, the radiationless transition to the ground state
occurs in less than 0.5 ps after photoexcitation. Reproduced with
permission from ref 210. Copyright 1999—2016 John Wiley & Sons,
Inc.

whereas the trajectories initiated from the configurations with
more hydrogen bonds feature a planar chromophore and
remain on S, for about 50 ps.

A study”'® of photoswitching kinetics at cryo temperatures in
Dronpa (moderately efficient photoswitcher), eYFP (low-
efficiency photoswitcher), and IrisFP (high-efficiency photo-
switcher) has shown that although all three proteins undergo
photoswitching at 100 K, the quantum yield is reduced by

several orders of magnitude. Interestingly, the efficiency of
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photoswitching at cryo temperature was anticorrelated with the
efficiency of photoswitching at room temperature (ie., IrisFP
has shown the largest decrease in quantum yield at low
temperature), which provides indirect support for the
importance of structural heterogeneity due to thermal motions
for photoswitching.

Molecular dynamics simulations of several fluorescent
proteins (Dronpa, IrisFP, mEosFP, rsFastLime, rsKate) have
shown that photoswitching behavior correlates with changes in
structural flexibility of their on and off states,”"? that is, the dark
forms of all fluorescent proteins were found to have more
flexible protein barrels, as quantified by dynamical deviations
from the X-ray structures.”"” In the photoswitchable proteins,
the dark forms were found to be less flexible than in
nonphotoswitchable ones. Thus, it was proposed that in
nonphotoswitchable fluorescent proteins the dark states are
short lived because they are too high in energy (relative to the
bright states) and because their more flexible hydrogen-bond
network results in faster relaxation of transient dark forms, thus
precluding the photoswitching behavior.”'” The connection
between the barrel’s flexibility and photoswitching is supported
by the dependence of the photoswitching kinetics in Dronpa on
the viscosity of the surrounding medium,”*’ e.g., the
fluorescence trajectories of Dronpa in solution with 0 and
90% glycerol exhibit a single-exponential decay rate of 198 and
103 57!, respectively. This dependence was exploited to develop
a genetically encoded fluorescent reporter of the viscosity in
intracellular environments.”*’

To summarize, several diverse studies'***'>*'* highlight the
importance of structural fluctuations on the photochemical
properties of fluorescent proteins. In particular, the chromo-
phore’s flexibility along the twisting degrees of freedom is an
important factor affecting brightness and blinking behavior.
Structural heterogeneity and the coexistence of several
hydrogen-bond networks, which play a role in determining
the magnitude of Stokes shifts (section 3.2), are important
factors in determining the yield of radiationless relaxation and
photoswitching.

6.2. Kindling Phenomena

Kindling, the light-induced increase of fluorescence quantum
yield of the initially nonfluorescent (dark) chromoproteins, is
similar to positive photoswitching. It was observed in the
asFPS9S chromoprotein and its Alal43Gly mutated variant,
called the kindling fluorescent protein (KFP).”***' Compared
to GFP, the chromophore of asFPS9S has an extended 7-
. 138,222,223 . .
conjugated system, as shown in Figure 22.
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Figure 22. Chromophore of asFPS95 and its environment.
Reproduced with permission from ref 224. Copyright 2014 American
Chemical Society.
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As a mechanistic hypothesis behind kindling, photoinduced
conformational cycling coupled with changes in protonation
states has been proposed.”*'?¥**'7*** Schiittrigkeit et al. used
femtosecond time-resolved spectroscopy to study the structural
basis of kindling in asFP395; " this study proposed'*” that the
kindling results from either chromophore trans—cis isomer-
ization or proton transfer between an excited zwitterion and the
protein cleft. Several computational studies'*****7*%* of
asFP595 attempted to clarify the details of the photoswitching
mechanism, in particular, a possible involvement of zwitterionic
states (Figure 12). Such protonation states in Dronpa have
been recently ruled out on the basis of vibrational spectroscopy
of the on and off forms.””> We note that formation of the
zwitterionic chromophores (protonated at the imidazolinone
ring) has also been hypothesized by Duan et al.**’ when
considering the photobleaching mechanism in the reversibly
switchable fluorescent protein, IrisFP.

Earlier QM/MM studies”****° suggested that the chromo-
phore exists in the Z form (see Figure 12) both in the ground
and in the excited states and that the source of the proton is the
adjacent side chain of Glu21S (Figure 22). These studies
suggested that photoswitching corresponds to the isomerization
coupled with the proton transfer from the imidazolinone ring of
the zwitterion to Glu21S leading to the anionic chromophore.
However, other calculations'*>*****”7>%* did not support the
formation of zwitterions in the ground electronic state of
asFP595; they showed that the Z forms correspond to shallow
local minima on the ground-state potential surface lying higher
in energy than the anionic states. Moreover, it was shown'*®
that the chromophore’s trans to cis isomerization in the ground
state could be explained by considering the anionic forms
alone; the corresponding free energy profiles computed using
QM/MM were consistent with the experimental kinetics data.
The computed energy barrier for thermal deactivation of the
on-state (corresponding to the system with the cis
chromophore) for KFP, 20.7 kcal/mol, is in fair agreement of
and the experimentally determined”*" activation barrier of 17.0
kcal/mol derived from the Arrhenius plot of the fluorescence
decay. In contrast to the ground-state case, the formation of
zwitterions in the excited electronic state of asFP595 can be
facilitated by a noticeable increase of basicity of the
imidazolinone nitrogen upon excitation.””* High-level quan-
tum-chemistry calculations of the model asFP595 chromophore
in the ground and excited states predicted that pK, of the
nitrogen changes upon electronic excitation by 3.5 (ApK,=
pK.* — pK, = 3.5), giving rise to pK,* = 8.1. This magnitude of
change is consistent with a possible formation of the zwitterion
in the excited state.

An increased basicity of the imidazolinone nitrogen in
asFP595 upon excitation may also lead to the formation of the
cation C form of the chromophore if the phenolic oxygen is
protonated (see Figure 12). This possibility was explored in ref
234 by means of QM/MM calculations. As illustrated in Figure
23, upon excitation of the system with the neutral chromophore
proton transfer between Glu2lS and Chro may take place,
leading to the C form.

To conclude, the calculations suggest that the C and Z forms
of the GFP-like chromophore might be involved in photo-
switching and kindling phenomena; however, more exper-
imental studies are needed to fully elucidate their role in
specific systems.
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Figure 23. Minimum-energy structures of asFP595 with the neutral
chromophore in the ground state (bottom) and with the cationic
chromophore in the excited state (top). Reproduced with permission
from ref 234. Copyright 2013 American Chemical Society.

6.3. Utilization of Photoswitchable and Photoactivatable
Fluorescent Proteins in Super-Resolution Microscopy

The ability to switch the individual fluorophores between two
spectroscopically distinct states (e.g., bright and dark or of two
different colors) provides a basis for several super-resolution
techniques affording spatial resolution of ~10 nm, about 20
times smaller than the diffraction limit.****

One class of approaches is based on patterned illumination in
which one light source is used to excite the chromophores
within a tightly focused spot (called the Airy disk), while a
second (photoswitching) laser is used to create a toroidal
(doughnut-shaped) intensity profile with zero intensity in its
center superimposed with the Airy spot. If the second laser
turns off all chromophores then only the fluorescence from the
molecules in the center of the Airy disk (which is of a
subwavelength size) is detected. This illumination pattern is
used in STED (stimulated emission depletion) in which the
second (depletion) laser de-excites the chromophores via
stimulated emission. Thus, the depletion beam has to use high
laser powers, which limits STED to highly photostable
molecules. The RESOLFT (reversible saturable optical
fluorescence transitions) technique® uses the same illumina-
tion pattern but instead of de-exciting the chromophores the
second laser switches them off by converting them into the dark
form. Thus, one can use orders of magnitude lower depletion
laser intensities than when using STED.

Another class of techniques achieves super-resolution by
repeatedly photoactivating individual molecules, while other
surrounding molecules remain dark, such that the positions of
the few activated molecules can be determined with high
precision. The activated molecules are photobleached, and new
emitters are activated. This cycle is repeated many times
(1000—100 000) until all chromophores are bleached, produc-
ing a density map of all fluorophores that were detected. These
techniques, developed independently by three groups, are
called PALM™* (photoactivated localization microscopy),
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FPALM™* (fluorescence photoactivation localization micros-
copy), and STORM™" (stochastic optical reconstruction
microscopy).

Which properties of photoactivatable/photoswitchable fluo-
rescent proteins are important for these techniques? RESOLFT
relies on reversibly photoswitchable fluorophores. Although
both negative and positive photoswitchers can be used, the
former lead to a simpler experimental setup (only two beams
are needed). Importantly, the resolution increases with the
number of excitation-deexcitation cycles of individual mole-
cules. Thus, RESOLFT calls for photoswitchers that can
undergo many excitation-deexcitation cycles before perma-
nently bleached, ie., chromophores with a low switching
fatigue. This property depends on the quantum yields of
bleaching and photoswitching: for example, if the latter is high,
the molecules, on average, spend a shorter time in the excited
state, and therefore, they can survive many excitation cycles
before becoming permanently bleached. Examples of fluores-
cent proteins with low switching fatigue are rsEGFP* and
rsEGFP2”**—they can be switched on and off more than 1000
times (compared, for example, with 10—100 cycles in Dronpa).
Both are negative photoswitchers derived from eGFP with Thr-
Tyr-Gly and Ala-Tyr-Gly chromophores, respectively (eGFP
has Thr-Tyr-Gly). rsEGFP can endure ~2100 switching cycles
and has faster switching kinetics than rsEGFP (about 6.5 times
at light intensity of 5.5 kW/cm?), which enables much faster
image acquisition.™

PALM, FPALM, and STORM require fluorophores than can
emit at least 100 photons from an individual molecule before
becoming permanently bleached. In addition, brightness is very
important, because these methods are single-molecule methods.
Transient dark states can create problems, so chromophores
with low blinking rates are desirable. Because these techniques
require a high density of chromophores (about 1000 molecules
per a spot with 200 nm diameter), high contrast between the
fluorescence emission of the photoactivated and deactivated
forms is critically important. This can be achieved with
photoactivatable fluorescent proteins that have negligible
fluorescence yield in their nonactivated state, or in photo-
convertible fluorescent proteins that emit at different wave-
lengths in the initial and the converted state. In both cases, it is
important that the quantum yield of activation or photo-
conversion with fluorescence excitation light is very small,
which can be achieved if the absorption bands of the two forms
are well separated. Thermally activated transitions between the
two forms and the formation of short-lived dark states are
undesirable. Depending on the exact flavor of the technique,
additional considerations for the properties of fluorophores,
such as quantum yields of photoconversions, time of photo-
activation, etc., exist.’® Better understanding of the mechanism
of the complex photocycle will aid the development of
fluorescent proteins that provide optimal fit for each technique.

7. BLINKING AND TRANSIENT DARK STATES

7.1. Kinetics and Structural Studies

Blinking (see Figure 7) is well known in dyes; it is an important
factor in single-molecule experiments.”* Various aspects of
blinking in fluorescent proteins have been investigated,
including kinetics, time scales, and pH dependence. Blinking
spans a wide range of time scales, ranging from fast (10°—~10°
times per seconds)’”***7**' to slow (0.1-10 times per
second).”*™*** Quantitatively, the kinetics of reversible
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Figure 24. Spontaneous and light-induced recovery of reversibly
bleached eCFP. Bleaching and fluorescence recovery are quantified by
the ratio of fluorescence to the unbleached sample, F/F,. Cells
expressing eCFP were photobleached by 460 nm light. (a) After
photobleaching, samples were kept in the dark for 10—180 s and then
subjected to a second cycle of reversible photobleaching (gray symbols
and lines). Extent of spontaneous recovery was plotted as a function of
the dark interval duration and fitted to a monoexponential rise to
maximum function (dashed line). (b) After reversible photobleaching,
the recovery process was monitored by collecting fluorescence images
at various acquisition frequencies (0.1-1.6 s7). (c) Images were
acquired as in b at 10 s intervals. During each interval no illumination
(control) or S00 nm light (1, 2, 4, or 8 s per cycle) was applied.
Reproduced with permission from ref 124. Copyright 2005 American
Chemical Society.

bleaching under low-intensity illumination in several variants of
eGFP (ie, eYFP, Citrine, eCFP) has been investigated.'**
Figure 24 shows an example of spontaneous and light-induced
fluorescence recovery in a reversibly bleached eCFP.'** It was
found that these fluorescent proteins undergo reversible
bleaching; the fluorescence recovers spontaneously with time
constants of 25—58 s. The fit of the measurements to a simple
3-state kinetic model allowed the authors to estimate the ratio
of the respective quantum yields of reversible and irreversible
bleaching. They reported that, under their conditions, the
reversible bleaching is about an order of magnitude more
efficient than the irreversible process (the ratio of quantum
yields were ~67—168)."** For eYFP, the quantum yield of
reversible bleaching was reported to be 3 X 107*. Reversible
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Figure 25. Proposed mechanisms for transient dark-state formation in
IrisFP via photoreduction of the chromophore.'*® Thick orange and
red arrows denote light-induced electron- and proton-transfer steps,
respectively; green arrows mark other processes. Protonated species
are denoted as T;H*, SyH*, and DH®. B marks the bleached state.
Thinner orange arrows show processes that are induced by X-rays or,
possibly, by strong reducing agents. Arrow with a question mark refers
to a possible decarboxylation route. Reproduced with permission from
ref 156. Copyright 2011 American Chemical Society.

bleaching was enhanced at low pH; thus, it was suggested that
the dark species might be different protonation forms of the
chromophore or the nearby residues, Tyr14S or His148.

Blinking kinetics in a YFP mutant has been also investigated
by Boxer and co-workers.”*® They assigned the reversible
bleached form to a protonated chromophore. Much slower
rates (hours) of the spontaneous recovery have been
observed.”* Interestingly, in both studies,"***** it was found
that the recovery can be accelerated by UV light.

The nature of transient dark states has been extensively
investigated in IrisFP."***** The crystallographic data suggested
that the dark species feature a distorted chromophore with a
bent methyne bridge.”** The QM/MM calculations proposed
two candidates for the dark species, both protonated at the C,,
which disrupts the conjugation of the z-system.'*° Figure 25
illustrates the suggested pathways leading to such distorted
protonated structures (Figure 3 from ref 32 shows a more
detailed picture of the transient dark and permanently bleached
forms). It was proposed that the protonation may occur either
in the radical anion (doublet) state or the T, state of the
chromophore; thus, two intermediates may be involved in the
process. Figure 26 shows the proposed mechanism of blinking
in IrisFP, which involves photoinduced PT from Arg66 to the
methyne bridge of the chromophore.

Roy et al. also posited that such transient species might be
involved in green to red photoconvertible fluorescent proteins
(EosFP, Dendra, and Kaede) in which the proposed proton
donor, Arg66 (see Figure 26), is preserved.'* A recent study'*’
provided additional evidence supporting the role of Arg66 in
the blinking behavior. The authors hypothesized that different
orientations of Arg66 in mEos2 and Dendra2 are responsible
for their different blinking behavior (mEos2 is highly blinking,
whereas Dendra2 is low blinking). By designing the single-
residue mutants (mEo0s2-A69T and Dendra2-T69A), in which
the conformation of Arg66 was swapped, the blinking behaviors
of mEos2 and Dendra2 were reversed,'*” as illustrated in Figure
7.

7.2. Utilization of the Long-Lived Dark States in
Fluorescent Proteins

Can one utilize blinking phenomena in applications? In this
section, we discuss three such examples. The first technique is
based on the observation that blinking-associated submilli-
second relaxation time in GFPs is highly temperature
dependent. Thus, the members GFP family can potentially be
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Figure 26. Proposed blinking mechanism in IrisFP involves a thermally reversible photoinduced proton exchange between Arg66 and the methyne
bridge of the chromophore. Reproduced with permission from ref 32. Copyright 2014 Elsevier Ltd.

used as molecular thermometers, with signal being detected
using fluorescence correlation spectroscopy (ECS).**" The
second example is super-resolution optical fluctuation imaging
(SOFI), and the third example is given by modulatable
fluorescent proteins.

In SOFI, subdiffraction optical resolution in three
dimensions is attained from the statistical analysis of
spatiotemporal fluctuations, i.e. the blinking, of fluoro-
phores.”*** The key part of SOFI is a postprocessing
algorithm based on the detailed analysis of the correlation
between the blinking emitters.”>’ Hence, SOFI allows multiple
emitters to be present close to each other.
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Figure 27. Jablonski diagram illustrating interconversion between
bright and long-lived dark states (DS) of a fluorophore. hu;,
depopulates the dark state and repopulates S,. Direct repopulation
of S, may also be possible for some systems. Reproduced with
permission from ref 5. Copyright 2015 Elsevier Ltd.

Modulated spectroscopy,” which was proposed by Dickson et
al,”>! is based on radiationless transitions between bright and
dark states. A simplified Jablonski diagram of this technique is
shown in Figure 27. The essence of this approach is that
depopulation of a transient dark state leading to repopulation of
the chromophore’s emitting excited state (and, consequently,
increased fluorescence output) may be induced by coillumina-
tion of the sample with a secondary laser.”' The key
requirement for such optically enhanced fluorescence is to
have a relatively long-lived and red-shifted optically reversible
dark state. One of the advantages of this method is that the
photon energy of the secondary light source (hv;) is less than
that of the primarily S,—S; excitation (hv;) and the
fluorescence (hv,). Turning the coillumination on and off at
a specific frequency dynamically modulates the collected
fluorescence without generating additional background. This
method, initially developed and utilized for metal nanodots and
organic dyes, has recently been applied to fluorescent proteins.
Some blue (modBFP, the variants of mKalamal), green
(AcGFP), red, and other fluorescent proteins are susceptible
to secondary pulsed excitation.”>>*>’

Such photoinduction of dark states by a secondary laser can
strongly enhance signal to background ratio, as shown in blue
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fluorescent proteins (BFPs) imaging.”>® In this technique, a
continuous long-wave secondary laser depopulates dark states
enriching the population of fluorophores that are able to emit.
BFPs engineered to enable photoinducible dark-state depopu-
lation are called modulatable BFPs (modBFPs); the secondary
laser excitation represents a modulation.

Since the modulation changes the ratio between the dark and
the fluorescent fluorophores, the fluorescence enhancement is
determined by the rates of formation of dark states. In analogy
with the well-characterized photoswitchable fluorescent pro-
teins discussed above, the transitions between dark and bright
states likely involve changes in protonation state and cis—trans
conformational changes, which depend on the chromophore’s
environment. Thus, by changing the amino acids in the vicinity
of the chromophore, one can differentially stabilize the relevant
states. In this way, one can adjust the modulation depth and
frequency. Optical modulation could be potentially applied to
fluorescent proteins emitting in other than the blue parts of the
spectrum.

Recently, a similar approach was applied to the green to red
photoconvertible proteins Dendra2 and mEos to provide
enhanced photoconversion levels in thick samples in vivo.”>*
The authors used a pair of single-photon continuous-wave laser
sources simultaneously illuminating the sample instead of a
high-power 405 nm (3.06 eV) pulse laser beam. Such
illumination regime was termed primed conversion, where
488 nm (2.54 eV) or another visible laser was referred to as the
priming beam and the second near-infrared (700—780 nm)
laser was called the converting beam. Taking into account data
on comparison of photoconversion efficiency between the
sequential and the simultaneous dual-laser scanning that
showed a negligible difference up to 3.75 ms time delay, the
authors supposed participation of a long-lived (millisecond
scale) dark intermediate that is photoactivated directly by the
converting laser.

8. PHOTOBLEACHING AND PHOTOTOXICITY

Photobleaching and phototoxicity of fluorescent labels are
important parameters for applications. Most fluorescent
proteins have relatively low phototoxicity, with the prominent
exception of KillerRed and its monomeric variant SuperNova,
which are strongly phototoxic when irradiated with green/
orange light in the presence of oxygen.”*>**° KillerRed also
exhibits very low photostability.”** Recently, a new phototoxic
fluorescent protein called KillerOrange was engineered; it was
derived from KillerRed but has a tryptophan-based chromo-
phore and is phototoxic when illuminated with blue/cyan
light.>”**" Figure 28 compares the tyrosine- and tryptophan-
based chromophores. Based on the analogy with common
synthetic dyes and a strong dependence of the bleaching and
the phototoxicity on the presence of oxygen, the phototoxicity
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Figure 28. Tyrosine- and tryptophan-based chromophores. KillerRed
has the same anionic chromophore as DsRed, whereas KillerOrange
has a neutral tryptophan-based chromophore, as in HoneyDew.
Reproduced with permission from ref 257. Copyright 2015 Sarkisyan
et al. Publisher PlosOne.

of KillerRed was attributed to the formation of ROS,>*!'%52%3
e.g, 'O, (singlet oxygen) and 20, (superoxide). Possible
pathways of their formation are shown in Figure 9.

The dependence of bleaching on oxygen concentration has
also been observed in other fluorescent proteins.'””** Direct
observations of ROS in several fluorescent proteins have been
reported (see, for example, refs 126, 127, and 259 and
references therein). The focus of refs 126 and 127 was on eGFP
and eGFP-derived mutants. The attempts to detect singlet
oxygen in DsRed and KillerRed were not successful.'”>'*
Interestingly, the documented cases of singlet oxygen
production involve the anionic eGFP chromophore."”” For
HBDI (the model eGFP chromophore) in solution, the
quantum vyield of singlet oxygen production is 0.04,
considerably higher than in eGFP."*® The lifetime of 'O,
photosensitized by eGFP is 4 us, which is much shorter than
that of 'O, produced by HBDL'*® This suggests that 'O, is
partially quenched by the amino acids surrounding the
chromophore in eGFP. These observations again illustrate the
protective role of the S-barrel.

On the basis of an unsuccessful attempt to detect singlet
oxygen in KillerRed it was concluded that superoxide must be a
primary phototoxic agent.'”> However, superoxide’s relatively
low toxicity is difficult to reconcile with the very strong
phototoxicity of KillerRed. Moreover, computational modeling
suggested that the diffusion of superoxide out of the protein
barrel is strongly impeded due to its negative charge.'”

The high phototoxicity and low photostability of KillerRed
are often attributed to an interesting structural feature, a water
channel connecting the chromophore’s cavity with the exterior
of the protein barrel (see Figure 29). A similar channel is
present in KillerOrange.”>® It was suggested that this channel
enables the diffusion of oxygen molecules to/from the
chromophore. Computer simulations'** have illustrated that
the water channel indeed increases the chromophore’s
accessibility to oxygen. Mutagenesis studies have shown that
even a partial blocking of the water channel decreases the
production of ROS and reduces phototoxicity. For example,
interruption of the water chain by introducing bulky mutations
in position 199 (e.g, Nle199Phe/Leu/Lys in KillerOrange™")
leads to increased photostability and an almost 2-fold increase
in Yz In eGFP, the connection between bleaching and the
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Figure 29. Cavities in KillerRed. Main water-filled channel is shown in
blue, and the bifurcated pore is shown in orange. Water molecules and
the chromophore are shown in pink and red, respectively. The pore,
which is filled with water, is present in many nonphototoxic
fluorescent proteins. The water channel containing a chain of seven
water molecules is a distinct feature of GFP-based photosensitizers,
KillerRed,"* SuperNova,256 and KillerOrange.258 Reproduced with
permission from ref 133. Copyright 2010 The Royal Society of
Chemistry and Owner Societies.

chromophore’s accessibility to oxygen has also been confirmed
by mutations."*’

Several studies have attributed the low photostability of some
red fluorescent proteins (derived from the tetrameric DsRed)
to increased accessibility of the chromophore to oxygen caused
by a weakness of their f-barrels."*” Free energy calculations
identified an oxygen-diffusion pathway comprising several
oxygen-hosting pockets and accessed from the solvent through
a floppy gap between f, and p, strands.'*> The diffusion of
oxygen and superoxide has been also investigated computa-
tionally in KillerRed."”> The simulations suggested that
diffusion of 0O, and 'O, is greatly facilitated in KillerRed, in
comparison to eGFP, due to the presence of the water-filled
channel. In contrast, due to their negative charge, superoxide
radical ions putatively produced inside the chromophore pocket
were unable to escape the protein in the simulations.

The photostability of fluorescent proteins can be affected by
other species present in the surrounding media, whose
composition depends on experimental conditions. Malkani
and Schmid showed that eCFP in live cells is significantly more
photostable than after fixation and mounting in commercial
mounting fluids.”®® Interestingly, eYFP demonstrated the
opposite behavior, ie., an increase in photostability approx-
imately 3.5-fold upon mounting.”*” These phenomena remain
unexplained.

Recently, new evidence of the influence of the external media
components on eYFP’s photostability has been reported by
Jusuk et al.’*" In an attempt to find the optimal conditions for
eYFP-conjugated DNA origami nanorulers super-resolution
imaging, the authors tested and compared several buffer
compositions.”® The study was inspired by ¢YFP’s blinking
behavior, which suzgéested a possible use of this protein as a
STORM probe.”*>*** Under simultaneous oxygen removal and
beta-mercaptoethanol (ME) addition, eYFP single molecules
demonstrated a 6-fold increase in photostability.”*" Interest-
ingly, neither of those condition changes (low oxygen or ME
presence) alone significantly affected photobleaching. Since the
goal of the study was to use eYFP as a fluorophore for STORM
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microscopy, such a photostabilizing effect can be described in
terms of a single-molecule behavior, namely, as the increased
number of switching cycles prior to permanent bleaching and as
the increase in the total number of photons detected per
molecule. Moreover, the buffer content that provided enhanced
photostability also affected blinking characteristics of eYFP: it
increased the average lifetime of the off state. Taken together,
the increased photostability and a lower duty cycle provided
significant optimization in STORM imaging. This improvement
allowed Jusuk et al. to perform high-quality imaging of eYFP-
conjugated 12-helix bundle DNA origami nanorulers in vitro as
well as the eYFP-tubulin visualization in fixed mammalian
cells.”"!

Using modified media in live-cell imaging, the photostability
of eGFP, AcGFP1, TagGFP2, and photoactivated forms of PA-
GFP and PS-CFP2 can be increased up to an order of
magnitude. These modified media were derived from the
traditional DMEM (Dulbecco’s modified eagle medium) by
depleting either riboflavin or all vitamins.”** Subsequent studies
illustrated that among various DMEM components, riboflavin
and pyridoxal strongly affect eGFP photobleaching,”*® possibly
because the depletion of these vitamins suppresses oxidative
redding.”” While the effect of riboflavin and pyridoxal can be
explained by their ability to accept electrons from the
electronically excited eGFP chromophore, the action of other
compounds affecting photostability in cellulo proceeds via yet
unknown indirect mechanisms. For example, the addition of
the plant flavonoid rutin to the cell medium decreases
photobleaching 3—4-fold;**® the increased concentrations of
FeSO,, cyanocobalamine, lipoic acid, hypoxanthine, and
thymidine result in high eGFP photostability (relative to
DMEM) during visualization in Ham’s F12 medium.”*
Furthermore, the rate of eGFP photobleaching depends on
such common cell culture growth parameters as confluency and
fetal serum content; specifically 90—100% cell density provided
2-fold photostability enhancement compared to low-density
(10—20%) culture.”®® It is possible that differences in cell
physiology strongly modulate the amount of intracellular

oxidants, which are potentially responsible for the photo-
reactions leading to bleaching.

GFP’s photooxidation during photobleaching is utilized in
hybrid high-resolution microscopy techniques.”*”**® GFP
recognition after bleaching (GRAB) exploits the property of
GFP-like proteins (such as eGFP and eCFP) to generate
oxygen radicals during photobleaching for photochemical
precipitation of 3,3'-diaminobenzidine (DAB) molecules into
electron-dense particles, which, in turn, are used as the labels
for transmission electron microscopy or electron tomogra-
phy.>*”?% Correlation of GFP fluorescence signal detected in
live cells with electron microscopy of DAB precipitates in fixed
cells gives both high spatial resolution (potentially up to S nm)
and temporal information about the organization of the labeled
molecules.

The mechanistic understanding of photobleaching in
fluorescent proteins is quite rudimentary, in stark contrast to
synthetic dyes.””'”" Several recent studies have attempted to
establish a molecular-level picture of photobleaching and to
relate irreversible photobleaching to structural changes of the
chromophore. The crystal structure (PDB id 3GL4) of
bleached KillerRed reported by Pletnev et al. shows a disorder
in the region of the chromophore.”” In compliance with
standard reporting protocol, the PDB entry 3GL4 lists the
coordinates of all atoms including the original undamaged
chromophore; however, the plot of electron density of the
bleached form (panel B in Figure 3 of ref 269) shows no
electron density in the area initially occupied by the phenolic
ring, suggesting that bleaching involves the chromophore’s
decomposition.

Carpentier et al. reported”’® another crystal structure of the
photobleached form of KillerRed (PDBid: 2WIS), which shows
a distorted electron density between the phenolic and the
imidazolinone rings of the chromophore. The authors proposed
that the chromophore assumes a structure strongly bent at the
methyne bridge, with the phenolic ring pointing into the water
channel, leading to the exterior of the protein.

A similar motif, sp’—sp® change of the hybridization of
methyne’s carbon, has been observed in photobleached IrisFP

I

t L, NH
Arc K/:,-\\{/

Figure 30. Proposed mechanisms of bleaching in IrisFP. (Top) Bleaching under weak illumination depends on oxygen and results in sulfoxidation of
the Met159 and trapping the chromophore in a protonated nonfluorescent form. (Bottom) Bleaching under strong-illumination conditions results in
the decarboxylation of Glu212, conformational change of the chromophore pocket, and distorting the chromophore to an sp>-hybridized state (R
denotes histidine). Reproduced with permission from ref 32. Copyright 2014 Elsevier Ltd.
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under high-intensity illumination.”*> This photobleached X-ray
structure shows other distortions of the protein including
decarboxylation of a glutamate residue. Interestingly, a bleached
structure of IrisFP obtained at low-intensity illumination**®
showed no significant changes in the chromophore, suggesting
that bleaching under these conditions is due to modifications,
such as sulfoxidation of cysteine and methionine, to other parts
of the protein. Figure 30 illustrates the proposed mechanisms
of bleaching under these two different regimes.

A possible mechanism of photobleaching and generation of
superoxide or other phototoxic agents has been proposed in ref
172. The key feature of the proposed mechanism is a
photoinduced reaction of the chromophore with molecular
oxygen inside the protein barrel, leading to the chromophore’s
decomposition. QM/MM simulations have shown that a model
system comprising the protein-bound anionic chromophore
and O, can be excited to an electronic state of the charge-
transfer Chro™ — O, character (see Figure 17). Once in the
CT state, the system undergoes a series of chemical reactions
with low activation barriers resulting in cleavage of the bridging
bond between the phenolic and the imidazolinone rings and
disintegration of the chromophore.

To conclude, various mechanisms of photobleaching might
be operational under different conditions; however, ET is likely
to be involved in many of them. Better understanding of
bleaching mechanisms would provide design principles for
improving photostability and increasing the optical output of
fluorescent proteins. Rational design principles would allow
protein engineering to depart from the most commonly used
approach, finding photostability-enhancing mutations by
random mutagenesis starting from fluorescent proteins with
low photostability.

What can we learn from previously found mutations that
have a significant effect on photostability? The V1501 plus
V224R mutations increased the photostability of eBFP by 2
orders of magnitude.'”””" Single substitution, S158T (corre-
sponding to position 165 in GFP), considerably improved the
photostability of TagRFP.*** In a chloride-sensitive variant of
YEP, ClsM, photobleachmg was strongly suppressed by the
$205V mutation.””” The common motif in these examples is
the insertion of bulkier residues. Such mutations decrease or
eliminate the fast initial phase of bleaching, which is attributed
to cis—trans isomerization and/or protonation—deprotonation
of the chromophore.”*>*”**”* In addition, the photostability
enhancement might be due to a better shielding of the
chromophore from molecular oxygen by bulky residues. Several
crystallographic studies of photobleached fluorescent proteins
have demonstrated chromophore destruction®®””%*7°
oxidation of nearby Met and Cys residues.””” The latter
provides a possible explanation for the importance of mutation
M163Q _(position 167 in GFP) in achieving high photostability
in mCherry.”**

In contrast to these studies, two recent papers reported
successful design of more photostable fluorescent proteins
based on mechanistic insights into photobleaching mechanism.
Duan et al. reported that a single-residue mutation, M159A, in
photoswitchable IrisFP results in considerably enhanced
photostability.”’® This mutation was selected on the basis of
their proposed mechanism of photofatigue in IrisFP and other
Anthozoan fluorescent proteins such as EosFP, Dendra, or
Dronpa derivatives. The key feature of their mechanism is
oxygen-dependent reaction resulting in the irreversible
sulfoxidation of Met159.

145,276
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In another recent work, more photostable forms of eGFP
and eYFP were obtained by judicious disruption of the main
ET route.'* On the basis of the proposed mechanistic picture
of photoinduced ET by a hopping mechanism via Tyr14S (see
Figure 15), Tyrl4S was replaced by less efficient electron
acceptors, Leu and Phe (note that these residues are also less
bulky than tyrosine)."”> The mutants have 25—80-fold
increased photostability relative to the original fluorescent
proteins.

These two works serve as an example of a rational,
mechanistic approach to fluorescent protein engineering.ms’276

9. EXAMPLES OF PHOTOCONVERSIONS

9.1. Decarboxylation

The decarboxylation reaction of the glutamate side chain
adjacent to the chromophore leads to photoconversion based
on the stabilization of the anionic form of the chromophore
relative to the protonated neutral one (Figure 3), which results
in the red-shifted absorption."*” The decarboxylation can also
be coupled with other transformations. Figure 31 shows two
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Figure 31. Decarboxylation leads to irreversible photoactivation in (a)
PA-GFP and (b) PAmCherry. Reproduced with permission from ref
36. Copyright 2014 The Royal Society of Chemistry.

examples of irreversible photoactivation involving decarboxy-
lation.

The proposed mechanism invokes photoinduced ET from
nearby Glu to the chromophore.*”"*”'”? As discussed in
section 4.2.3, the calculations confirmed the accessibility of
such CT states.””” Several scenarios ranging from the direct
population of the CT states by photoexcitation to a Marcus-like
excited-state process have been proposed.”>”'”"'”?

The exact details of the decarboxylation mechanism are still
unclear. There is strong experimental evidence that this process
is initiated through higher excited states, which are accessed
either by photoexcitation using high-energy light or by a
multiphoton process. For example, the rate of the light-induced
decarboxylation of wt-GFP strongly depends on the excitation
wavelength and decreases at lower energies (ie., 254 > 280 >
476 nm) by more than 2 orders of magmtude,Bl and
photoconversion at lower energies (404 and 476 nm) does
not occur below a certain laser power threshold (no
photoconversion occurred upon irradiation of the sample by
404 nm light at 6 mW/ cm? even after 6 h of irradiation). This
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threshold behavior is strongly suggestive of a two-photon
process; however, the reported linear dependence on laser
power between 50 and 1 mW/cm® contradicted this
hypothesis."”’ A later study, which investigated the power
dependence of the decarboxylation reaction in the Thr203Val
mutant by using a more sensitive technique (accumulative
femtosecond spectroscopy),”’” has found that using 400 nm
(3.1 eV) excitation the decarboxylation requires two photons,
whereas at lower excitation energies (800 nm, 1.55 eV), it
becomes a three-photon process. These observations are
consistent with the mechanistic picture'®” that decarboxylation
proceeds via direct excitation (one or two-photon) to a high-
lying electronic state of CT character (Figure 13, bottom right).

Decarboxylation phenomena have been exploited in
developing PA-FPs used as optical highlighters and in super-
resolution imaging.”” Patterson and Lippincott-Schwartz
developed the PA-GFP variant by substituting Thr203 by
histidine in wt-GFP.”" Irradiation of the Thr203His mutant
with intense light (413 nm or 3.00 eV) results in 2 orders of
magnitude increased fluorescence (at excitation energy of 2.54
eV or 488 nm); the activated species remain stable for days
under aerobic conditions. Electron density maps”’® of the
original (dim) and activated (bright) forms confirmed that
photoactivation indeed results from the decarboxylation of
Glu222.

This photoactivation mechanism is exploited in an
interesting dimeric construct, called Phamret,””’ which
comprises the PA-GFP and eCFP units. Phamret mimics the
behavior of photoconvertible fluorescent proteins but allows
one to use a single excitation wavelength (2.71 eV or 458 nm)
for both the original and the activated forms. Prior to
photoactivation of the PA-GFP subunit, Phamret emits cyan
light (2.61 eV or 475 nm). Once photoactivated, excitation of
the eCFP unit leads to FRET and green light emission (2.40 eV
or 517 nm) from the eGFP moiety.

Photoconversion of DsRed also involves decarboxylation,
possibly coupled with cis to trans isomerization.”® The
photoconverted form is red shifted relative to the original
DsRed (shift in absorption of 36 nm, from 2.22 to 2.08 eV) and
has reduced Y; (0.01 versus 0.7). The red shift is again
consistent with the stabilization of the anionic chromophore.
The photoconversion mechanism has been deduced on the
basis of absorption, fluorescence, and vibrational spectroscopy
as well as mass spectrometry.'*® Recently, decarboxylation of
Glu222 has been invoked to explain photoconversion of LSS-
mOrange.wl

The photophysics of the reversibly switchable protein IrisFP
features an interplay among different processes including
decarboxylation ' 235246 (see sections 3.3 and 8). The nature
of nonfluorescent and fluorescent states and the mechanism of
photoswitching have been interrogated by a combination of
kinetic X-ray crystallography, in crystallo spectroscopy, mass
spectrometry, and modeling.”*” The findings suggested that at
least two mechanisms are operational in IrisFP. Under high-
intensity illumination (~0.1 kW/cm?), an oxygen-independent
mechanism dominates, which involves decarboxylation of
Glu212 (corresponding to Glu222 in GFP) and damage of
the chromophore. Thus, in contrast to photoactivation of
GEPs” 39157278 yrhere decarboxylation of the glutamate locks
the undamaged chromophore in a sEeciﬁc protonation state,
the proposed mechanism for IrisFP**> couples decarboxylation
of Glu with chemical modifications of the chromophore and the
neighboring residues. The authors concluded that the
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chromophore is chemically altered because of the deformation
of the methyne bridge suggesting an sp>-hybridized state, in
contrast to the initial sp’ form. The photobleached
chromophore is thus likely to be photoreduced, which implies
the net transfer of two electrons and two protons, as depicted
in Figure 25. Molecular dynamics simulations were carried out
to test the feasibility of this reaction. On the basis of the
simulations, the authors suggested the formation of a
zwitterionic imidazolinone ring in which the oxygen atom is
negatively charged and stabilized by two hydrogen bonds to the
guanidinium groups of Arg66 and Arg91, whereas the N4
nitrogen atom is protonated and positively charged. It was
proposed that the proton ending up on the C, carbon likely
originates from Arg66,156 whereas the second electron and
proton could be provided by a reducing molecule in the
surrounding medium. Further experiments are needed to
identify possible proton and electron donors and to confirm
the proposed mechanism.

To conclude, whereas the basic mechanistic details of
photoinduced decarboxylation of the glutamine side chain in
fluorescent proteins via transient photoreduction of the
chromophore seem to be clear, this process may be coupled
with other reactions (cis—trans isomerization, permanent
reduction of the chromophore, etc.) in some fluorescent
proteins (e.g, DsRed, IrisFP). The exact nature of these
processes and the chemical identity of the photoconverted
proteins are yet to be confidently determined.

9.2. Green to Cyan Conversion in WasCFP

Another example of photoinduced damage of a nearby amino
acid in fluorescent proteins, which leads to changes in its
spectral properties, was recently described as green to cyan
photoconversion of WasCEP**’ and NowGFP."' These
proteins carry an unusual anionic tryptophan-based green
chromophore, whose negative charge is stabilized by Lys61.
Crystallographic studies of NowGFP have demonstrated that
upon light illumination decomposition of Lys61 occurs with a
predominant loss of the NH,CH,CH group of the lysine side
chain.”®" In turn, the disappearance of the positively charged
Lys61 amino group leads to the appearance of a regular,
protonated, cyan chromophore state (CFP-like chromophore).

9.3. Photoswitching in Dreiklang

Yet another mechanism of photoswitching is operational in
Dreiklang (Figure 32), a reversible photoswitchable fluorescent
protein derived from Citrine.”” In the on state, the
chromophore is the same as in the parent Citrine (or in
eYFP); consequently, it has similar spectral properties. The
anionic GFP-like chromophore, which is #-stacked with
Tyr203, absorbs at 2.43 eV (511 nm) and emits at 2.36 eV
(525 nm). Dreiklang also absorbs at 3.01 eV (412 nm), and the
excitation of this band converts the chromophore into the dark
form. In the off state, the chromophore absorbs at 3.65 eV (340
nm), which facilitates the conversion to the bright state. The
mechanism of photoswitching, which was established on the
basis of mass spectrometry and crystallographic analysis of the
on and off states of the protein,”” is shown in Figure 32. In
contrast to many other photoswitchable proteins, the
mechanism in Dreiklang does not involve a cis—trans
isomerization reaction. Instead, the chromophore undergoes a
reversible hydration/dehydration reaction at the imidazolinone
ring. The hydration disrupts the 7-conjugation and results in
blue-shifted absorption.
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Figure 32. Photoswitching in Dreiklang via photoinduced hydration/
dehydration reaction. In the on state, the chromophore is the same as
in eYFP. In the off state, the imidazolinone ring of the chromophore is
hydrated. Reproduced with permission from ref 70. Copyright 2013
Elsevier Ltd.

Owing to this unique switching mechanism, the wavelengths
used for photoswitching and for excitation inducing fluo-
rescence are decoupled in Dreiklang, leading to important
advantages for super-resolution microscopy, that is, the
switching and fluorescence readouts are not interlocked,
alleviating an important limitation of previously characterized
RS-FPs in which the wavelength used for generating the
fluorescence is identical to one of the wavelengths used for
switching. The three-state switching modality of this protein
has inspired its name—Dreiklang is the German word for a
three-note chord in music.

9.4. Oxidative Redding

Oxidative redding (Figure 33) is a photoconversion that
proceeds upon photoexcitation in the presence of oxidative
agents.” Oxidative redding was observed in a variety of
fluorescent proteins that have anionic eGFP-like chromophore.
The redding can proceed at relatively small concentrations of
oxidants (on a micromolar scale). The red form is unstable and
decays within hours.*” This process may be exploited in various
applications.””>*’ Photoconvertible orange fluorescent pro-
teins, which undergo orange to red transition in the oxidative
media, have also been developed.”””®” In these fluorescent
proteins, the GFP-like anionic chromophore is extended to
include a conjugated acylimine tail’”*** (see Figure 1). Overall,

redding appears to be a robust process characteristic of anionic
chromophores. No structural information about the red
chromophore in eGFP-like proteins is available, although
several hypotheses were put forward.””**'*’

Bogdanov et al. established™ that in eGFP redding is a
single-photon process involving two or more steps and a net
transfer of two electrons from the GFP molecule to an external
acceptor(s). The two-electron oxidation was inferred from the
measured yields of the reduced species: the yield of two-
electron photoreduction of NAD* to NADH by eGFP was
close to one, whereas the yield of the one-electron-reduced
cytochrome ¢ was nearly 2, suggesting the production of two
reduced cytochromes per one eGFP molecule.”” A multistep
mechanism was proposed on the basis of the relative efficiency
of the green form disappearance and the appearance of the red
form, that is, the half-maximal effective concentrations of one-
electron acceptors were approximately an order of magnitude
lower for the green fluorescence decrease than for the red
fluorescence increase. This observation can be rationalized by a
two-step scheme in which the first step involves light
absorption and one-electron chromophore oxidation forming
a nonfluorescent intermediate, which could either donate the
second electron forming the red chromophore or become
permanently nonfluorescent. In terms of Scheme 1, the first
step corresponds to photoinduced ET and the second step to
slow chemical transformations. Intracellular electron acceptors
could also promote oxidative redding, and different mammalian
cell lines as well as the particular cells within a single culture
show enormously high heterogeneity in their ability to prime
this photoconversion.

Subach et al. reported remarkable orange to far-red
photoconversion of the monomeric PSmOrange protein,
which might be mechanistically similar to the oxidative redding
observed in GFP.” The original orange form of this mOrange-
derived protein emits at 2.19 eV (565 nm), whereas a new far-
red form appearing after 488 nm LED irradiation peaks at 1.87
eV (662 nm). In the presence of electron acceptors (potassium
ferricyanide as well as intracellular oxidants), the photo-
switching efficiency increases dramatically. Using SDS-PAGE
and mass spectrometry of protease-cleaved protein before and
after conversion, the authors deciphered the structure of the
far-red form of the chromophore. They have shown that light-
induced two-electron oxidation leads to the polypeptide chain
cleavage just before the chromophore-forming tyrosine,
accompanied by a substitution of the hydroxyl group of
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Figure 33. Oxidative redding in GFP. (Left) Fluorescence microscopy of Phoenix Eco cells transiently expressing eGFP-N1 in green (upper row)
and red (center row) channels. (Right) Concentration dependence of the yield of oxidant-mediated green to red photoconversion of eGFP in vitro.
Green and red curves show benzoquinone concentration dependences on the green fluorescence decrease and the red fluorescence increase in the
immobilized eGFP. Reproduced with permission from ref 39. Copyright 2009 Nature America, Inc.
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Figure 34. Proposed scheme for the light-induced photooxidation of PSmOrange. Reproduced with permission from ref 30. Copyright 2011 Nature

America, Inc.

dihydrooxazole ring by a carbonyl group. Thus, the far-red form
of PSmOrange carries a new type of chromophore (Figure 34)
with the GFP-like core extended by an N-acylimine with a
coplanar carbon—oxygen double bond. Since both the original
orange and the new far-red chromophore structures were
resolved, a hypothetical scheme of the photoconversion
process, which includes two-electron two-photon oxidation,
was suggested30 (see Figure 34). In contrast to GFP’s oxidative
redding, the PSmOrange conversion requires photon absorp-
tion at both stages.

Redding was observed also in vivo, particularly in Zoanthus
sp. button polyp naturally producing GFP-family proteins in
ectoderm cells.”” These observations stimulated discussion
about the role of GFPs redox photoreactions in natural function
of this protein family. For example, one can hypothesize that
the primary function of ancestral GFPs during early evolution
of animals was based on light-induced ET in processes such as
light sensing or production of reduced equivalents. Also, recent
discovery of light-driven enzymatic degradation of plant
polysaccharide using excited photosynthetic pigments as
electron donors™®® suggests potential functioning of GFPs in
some light-assisted digestion reactions.

Molecular-level mechanistic details of oxidative redding are
not yet fully established. The formation of the red form occurs
on the seconds to minutes time scale®” and is likely to entail
significant chemical transformation, such as extension of the
conjugated 7-system or breaking of the covalent bonds. Most
likely, chemical steps leading to the red chromophore
formation are initiated by photoinduced ET from the
chromophore to an external oxidant molecule,” as given by
Scheme 1.

Possible mechanisms, e.g., direct ET versus hopping (Figure
15) of photoinduced ET in eGFP and eYFP, have been recently
investigated in a combined experimental and theoretical
study."” Detailed calculations of the energetics of the one-
electron oxidation process and possible ET pathways suggested
that excited-state ET proceeds predominantly through a
hopping mechanism via the Tyrl4S residue. The proposed
kinetic model for photoinduced ET is shown in Figure 35. It
was assumed that the yield of total bleaching, Y4, is due to the
formation of the red-form precursor and permanent bleaching
via competing processes. The model predicts that the yield of
the red-form precursor, Y, is controlled by the rate of ET to
Tyr14S, r;, whereas Y,q, results from the combined ET via two
competing channels, Tyr14S and ResX.
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Figure 3S. Kinetic model of photoinduced ET via a hopping
mechanism (see Figure 15). Excited state decays to the ground state
either radiatively or nonradiatively. This channel is characterized by rg
which is inversely proportional to the excited-state lifetime (r; ~ 10°
s7!). Alternatively, the excited state can be deactivated via ET from the
chromophore to either Tyr14S or another acceptor, ResX (this could
be Tyr203 in eYFP). ET to Tyrl4S or ResX results in anion—radical
(e.g, Tyr™*) formation that can lead to permanent bleaching (r,). ET
to Tyr14S can also lead to ET to an outside oxidant (r,) forming a
precursor for the red form. Observed bleaching is the sum of the yields
of the red form precursor and of permanently bleached states.
Reproduced with permission from ref 145. Copyright 2016 American
Chemical Society.

These equations allow one to estimate the bounds on the ET
rates and to connect yields with rates. They also show that the
bleaching yield increases not only when the rates of ET are
faster but also when the fluorescence lifetime increases, i.e.,
shorter fluorescence lifetimes result in increased photostability.

Structural analysis of the molecular dynamics trajectories has
revealed'® the two coexisting populations in YFP; in one of
them the hydrogen bonding between the chromophore and
Tyr145 is disrupted, which results in larger distances between
these residues. The z-stacking of the chromophore with Tyr203
also reduces the electron-donating ability of the chromophore.
These two factors (structural and electronic) suppress the main
ET channel by reducing r,. Moreover, Tyr203 itself can accept
the electron, serving as a trap site for ET (ResX). The halide
binding restores favorable energetics by upsetting the -
stacking, suppressing the population with the broken Chro--
Tyr145 hydrogen bond, and by modifying local electrostatic
field, which results in the increase of r; and decrease of r,.
Figure 36 summarizes the most relevant structural parameters
controlling r; and r,. The theoretical predictions were validated
by point mutations that confirmed that Tyrl4S5 is the key
residue controlling ET. Substitution of Tyr14S by less efficient
electron acceptors resulted in mutants with extremely high
photostabilities. **

9.5. Anaerobic Redding
So-called anaerobic redding of GFP is one of the earliest

reported examples of photoactivation in fluorescent proteins; it
was first described in 1997, independently by two groups.'*”***

DOI: 10.1021/acs.chemrev.6b00238
Chem. Rev. 2017, 117, 758-795


http://dx.doi.org/10.1021/acs.chemrev.6b00238

Chemical Reviews

TYR 145

Chromophore  d, b

TYR 203

Figure 36. Structural parameters controlling ET between the
chromophore and Tyrl45 and between the chromophore and
Tyr203 (in YFP). Distance between the phenolic oxygens of the
chromophore and Tyr14S (d;) affects the main ET channel (r;).
Extent of n-stacking can be quantified by D = (d, + d;)/2 and
A = |d, — dy|. In eGFP, d, ~ 3.8 A. In eYFP and halide-bound eYFP,
d; = 5.0 and 2.9 A, respectively. Values of D and A are noticeably
smaller in the halide-bound eYFP. Reproduced with permission from
ref 145. Copyright 2016 American Chemical Society.

The process reported in these publications is quite dissimilar to
other photoconversions, which were discovered later and are
now widely used.

Elowitz et al. observed that in low-oxygen environments GFP
variants can convert into a red-emitting form upon irradiation
with blue light. The photoconversion occurs in purified GFP
when prepared in a nitrogen environment or when mixed with
an oxygen-scavenging system consisting of glucose oxidase,
catalase, and f-p-glucose. Sawin and Nurse observed green to
red photoconversion of av-GFP, av-GFP S65T, and GFPmut2
in fission yeast cells,”** whereas Elowitz et al. reported on the
analogous process detected in bacteria expressing av-GFP, av-
GFP S65T and 1167T, GFPuv, GFP mut 1,2,3, as well as in
yeasts ex{pressing GFPmut2 and even in purified GFPmut2
protein.l‘9

Later, anaerobic redding was found to be common in diverse
FPs of different origin with GFP-like chromo})hore but not for
eCFP with tryptophan-based chromophore.”*® This observa-
tion indicates primary importance of the chromophore’s
structure rather than the amino-acid environment for this
photoconversion.

The common feature of all these observations was the low
oxygen environment required for conversion and fast
disappearance of the red form after oxygenation, which suggest
an intermolecular nature of redding. One can suppose, for
instance, photoinduced reduction of the chromophore.

The characteristic time scale for this photoconversion is
slow: 0.7 s. Interestingly, Sawin and Nurse reported the
advantage of UV over blue light in wt-GFP redding
efficiency.”®" The complex fluorescence emission spectrum of
the red form containing two peaks at 590 and 600 nm and a
shoulder at 560 nm, as well as the slow light-independent
increase of red fluorescence brightness after irradiation, invites
speculation about a multistep and/or multiproduct course of
photoreaction.

It was proposed >’ that photoactivation is a two-step process:
488 nm (2.54 eV) light stimulates a fast transition to an
intermediate (optically dark), which then decays slowly to the
red-emitting GFP state (this second step can proceed in the
dark). The activated form remains stable in anaerobic
environment for about 24 h. The structural basis of this
photoconversion is still unknown. Since this photoconversion
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proceeds in a reductive environment, it is possible that the fast
step is the photoreduction of the chromophore.

Applications of anaerobic redding are limited by the
dependence of GFP maturation on oxygen. Thus, only
biological models where cells are first oxygenated (for GFP
maturation) and then deoxygenated (for anaerobic redding)
can be used. For example, successful highlighting with GFP
anaerobic redding was reported in bacterial and yeast cells for
protein tracking or studying mitochondrial organization.”*”**’
Also, GFP’s anaerobic redding was used as a measure of
oxygenation levels in organs of animals.”**

10. CONCLUSIONS AND OUTLOOK

GFP-like fluorescent proteins occupy a unique niche in modern
science. They are the only fluorescent probes of natural origin.
Thus, their properties are of interest from both fundamental
and applied points of view.

A variety of photochemical reactions occur in fluorescent
proteins. An electronically excited chromophore is the main
player in these reactions, which include cis—trans isomerization
coupled with protonation/deprotonation, ESPT, oxidation or
reduction, and protein backbone cleavage. In addition, amino
acids adjacent to the chromophore often undergo modification
of their side chains (e.g., glutamate decarboxylation).
Participation of amino acids around the chromophore in
photoinduced proton and electron transfer is also rather
common.

Some of these reactions may happen in nature, suggesting
possible biological significance. However, most occur in
artificial fluorescent protein variants under specific illumination
conditions unattainable under natural sunlight. Understanding
their mechanisms will enable optimal use of fluorescent
proteins in practical applications. Knowledge of the underlying
photochemistry will help to minimize undesirable reactions and
enhance target processes.

Indeed, recent works show inspiring examples of knowledge-
driven optimization of the properties of fluorescent proteins,
e.g., the reduction of photobleaching by ET suppression or the
increase of photoconversion efficiency by dual-wavelength
illumination. It is now clear that light-induced long-lived dark
states are quite common in fluorescent proteins. This should be
kept in mind for the widely used technique of multicolor
imaging with simultaneous or nearly simultaneous (in milli-
second time scale) excitation with multiple wavelengths, since
direct excitation of these transient spectral forms can result in
unexpected outcomes.

Photoinduced proton and electron transport is of funda-
mental importance in biology. Being a simple single-protein
system with clear absorption and fluorescence readouts,
fluorescent proteins are a useful vehicle for studying the
mechanistic details of these processes in proteins both in vitro
and in cellulo. At present, our understanding of photoreactions
in fluorescent proteins is not complete and requires further
extensive studies. This is especially true for ET in fluorescent
proteins, which has been hitherto underappreciated. Advanced
time-resolved spectroscopy should be used to identify transient
spectral forms. Quantum-mechanical calculations are often the
only way to decipher their structures, which cannot be resolved
by classical structure-determination methods. We believe that
these fundamental studies will ultimately lead to major
advances in fluorescent protein applications toward nearly
photobleaching-free imaging, efficient photoactivation for
protein tracking, and super-resolution microscopy, as well as
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optogenetic control of cell physiology. And who can foretell
what other exciting applications of fluorescent proteins in
biotechnology will become a reality in the future?
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ABBREVIATIONS

CT charge transfer

DMEM  Dulbecco’s modified eagle medium
DAB 3,3’-diaminobenzidine

EA electron attachment

ET electron transfer

ESPT excited-state proton transfer

GRAB GFP recognition after bleaching

PC-FP photoconvertible fluorescent protein
RS-FP reversibly switchable fluorescent protein
PA-FP photoactivatable fluorescent protein
PS-FP photoswitchable fluorescent protein
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FLIM
FP
FPALM

FqRET
FRET
MO
HOMO
LSS
LSS-FP
LUMO
ISC
PALM
RESOLFT
ROS
SOFIL
STED
STORM
TA
QM/MM

fluorescence lifetime imaging microscopy
fluorescent protein

fluorescence photoactivation localization micros-
copy

fluorescence quenching resonance energy transfer
fluorescence resonance energy transfer

molecular orbital

highest occupied molecular orbital

large Stokes shift

large Stokes shift fluorescent protein

lowest unoccupied molecular orbital

intersystem crossing

photoactivated localization microscopy

reversible saturable optical fluorescence transitions
reactive oxygen species

super-resolution optical fluctuation imaging
stimulated emission depletion

stochastic optical reconstruction microscopy
transient absorption

quantum mechanics/molecular mechanics

NAMES OF FLUORESCENT PROTEINS

AS
AcGFD,
AcGFP1
asFP595

av-GFP
GFPmut2

Azurite
BFP
CFP
Citrine
CyOFP1

Dendra
Dendra2

Dreiklang
Dronpa
DsRed
eBFP
eCFP
eqFPS78

eqFP611
eGFP
EosFP
eYFP
GFP
GFPuv

HcRedl

laRFP

enhanced blue fluorescent protein
Aequorea coerulescens green fluorescent protein

GFP-like protein, isolated from the sea
anemone Anemonia sulcata

Aequorea victoria green fluorescent protein
mutant of wt-GFP with three mutations: S65A,
V68L, and S72A

enhanced blue fluorescent protein

blue fluorescent protein

cyan fluorescent protein

enhanced variant of YFP

bright, engineered, orange-red FP that is
excitable by cyan light

green to red photoswitchable FP derived from
octocoral Dendronephthya sp.

improved version of Dendra with single
mutation: A224V

reversibly photoswitchable variant of GFP
reversibly photoswithcable fluorescent protein
Discosoma sp. red fluorescent protein
enhanced blue fluorescent protein

enhanced cyan fluorescent protein

wild-type red fluorescent protein derived from
sea anemone Entacmaea quadricolor; A, = 578
nm

red fluorescent protein derived from the sea
anemone E. quadricolor; A, = 611 nm
enhanced green fluorescent protein
photoconvertible fluorescent protein

enhanced yellow fluorescent protein

green fluorescent protein

variant of GFP optimized for maximal
fluorescence under UV light

far-red (Ao, = 618 nm) FP derived from a
nonfluorescent chromoprotein found in the sea
anemone Heteractis crispa

red-emitting (4., = 592 nm) FP derived from
the lancelet Branchiostoma lanceolatum

em
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IrisFP

Kaede

Katushka
Keima

KFP
kikGR
KillerOrange

KillerRed
LSS-mKatel,
LSS-mKate2
LSS-mOrange
mCherry
mEos2

mEosFP
mlrisFP
mKate
modBFP
mOrange,
mOrangel
mOrange2

mPlum
mStrawberry
mTFP0.7
mTurquoise2
mKO
NowGFP
Padron

Padron0.9

PAmCherry
Phamret
PS-CFP
PS-CFP2
psamFP488

PSmOrange
RFP
rseGFP

rseGFP2
rsFastLime
rsKame
Sirius
Spinach

SuperNova
TagBFP

TagGFP2
TagRFP-S
TagRFP-T

P173S mutant of the tetrameric variant of
EosFP, capable of reversible photoswitching
and irreversible photoconversion

PC-FP derived from a stony coral, Trachyphyl-
lia geoffroyi; Kaede means “maple” in Japanese.
far-red variant of eqFP578; 4., = 635 nm

FP derived from coral; it is acid stable and emits
different colored signals at acidic and neutral
pH

kindling fluorescent protein

Kikume Green-Red FP; it is a PC-FP
orange-emitting protein photosensitizer with
Trp-based chromophore

first genetically encoded photosensitizer RFP
large Stokes shift monomeric RFPs; they are
also mutants of mKate

large Stokes shift monomeric orange FP

a monomeric red fluorescent protein
improved mEosFP with mutations: N11K,
E70K, H74N, and H121Y

monomeric mutant (V123T-T158H) of EosFP
monomeric IrisFP

variant of eqFPS578

modulatable BFP

monomeric orange FPs

monomeric orange FP with increased photo-
stability

far-red monomeric RFP with large Stokes shift
bright monomeric RFP

variant of monomeric teal FP

improved variant of mTurquoise FP
monomeric version of Kusabira Orange FP
GFP with a TRP-based anionic chromophore
RS-FP with positive switching; derivative of
Dronpa

RS-FP with positive switching; Padron-Y116C,
K198I

photoactivatable mCherry

dimeric construct with PA-GFP and eCFP unit
photoswitchable cyan fluorescent protein
improved mutant of PS-CFP

CFP isolated from the genus Psammocora of
reef-building corals

photoswitchable monomeric orange FP

red fluorescent protein

reversibly switchable enhanced green fluores-
cent protein

improved variant of rseGFP with faster switch-
ing

mutant of Dronpa; Dronpa-V157G

mutant of Dronpa; Dronpa-V1571

blue fluorescent protein with shortest emission
wavelength

RNA aptamer that binds and activates
fluorescence of synthetic GFP chromophore
monomeric variant of KillerRed

monomeric blue fluorescent protein derived
from TagRFP

improved variant of TagGFP

original TagRFP

improved variant of TagRFP with increased
photostability; TagRFP-S158T
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TagRFP675  near-infrared derivative of mKate; 4., = 675 nm
wild-type green fluorescent protein from

wt-GFP Aequorea victoria

WasCFP W (tryptophan) in anionic state cyan fluo-
rescent protein

YFP yellow fluorescent protein

Ypet yellow fluorescent protein optimized for FRET
with CPet

zFP538 YFP derived from the button polyp Zoanthus sp.
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