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ABSTRACT: Photoinduced electron transfer in fluorescent proteins from the GFP family
can be regarded either as an asset facilitating new applications or as a nuisance leading to the
loss of optical output. Photooxidation commonly results in green-to-red photoconversion € Ox
called oxidative redding. We discovered that yellow FPs do not undergo redding; however,

the redding is restored upon halide binding. Calculations of the energetics of one-electron
oxidation and possible electron transfer (ET) pathways suggested that excited-state ET

proceeds through a hopping mechanism via Tyrl4S. In YFEPs, the z-stacking of the g

chromophore with Tyr203 reduces its electron-donating ability, which can be restored by €

halide binding. Point mutations confirmed that Tyr145 is a key residue controlling ET. TYR 145
Substitution of Tyr14S by less-efficient electron acceptors resulted in highly photostable \ %

mutants. This strategy (i.e., calculation and disruption of ET pathways by mutations) may

represent a new approach toward enhancing photostability of FPs. “ Chromophore

1. INTRODUCTION

Fluorescent proteins (FPs) from the green fluorescent protein
family (GFP) enable detailed imaging of processes in live cells
and even animals.”> The GFP chromophore is formed
autocatalytically upon protein folding and only requires
ambient oxygen; thus, the FP sequence can be genetically
encoded such that a fluorescent label is produced by an
organism along with a protein it is tagging. Hundreds of FPs
have been engineered to suit various imaging applications.”
Among those, enhanced GFP (EGFP) and its yellow variant,
EYFP, are considered standard general-purpose FPs.”

The GFP chromophore (Figure 1) features a conjugated 7-
system resembling cyanine dyes. The chromophore is buried

inside a tight protein barrel that limits its range of motion and chromophore formed by cyclization and oxidation of the protein

accessibility to solvent and other species (ions, OXygen, etc.). backbone at positions 65—67 (top). In YFPs, the chromophore is 7-
The protection of the barrel is essential for achieving high stacked with Tyr203 (bottom).

quantum yields (QY) and photostability, as compared to those
of regular dyes."* For example, the GFP chromophore in
aqueous solutions is nonfluorescent, whereas QY in EGFP is

Figure 1. Structure of EGFP/EYFP. Left: fB-barrel enclosing the
chromophore. Right: EGFP and EYFP have the same anionic

0.6. Typical QY of bleaching in FPs is 107%=1075; it can be as changes in protein photobehavior may occur without the direct
low as 107¢ in buffered solutions when no oxidants are access to chromophore. Bleaching in some FPs is enhanced in
present.”® The solution content can strongly affect photo- the presence of oxysen and depends on oxygen accessibility to
stability, even when the dissolved species are too large to the chromophore.” ™

penetrate the barrel. For example, oxidized flavines at ca. 1 mM

decrease photostability of EGFP by up to an order of Received: January 13, 2016

magnitude both in vitro and in cellulo.”"® Thus, significant Published: March 21, 2016
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Multiple excited-state processes competing with fluores-
cence®” are responsible for reduced optical output and
bleaching. These include radiationless relaxation, formation of
triplet states, photooxidation/photoreduction, and production
of reactive oxygen species which can further react with the
protein. Importantly, each of these processes can initiate a
chemical transformation of the chromophore leading to
temporary or permanent loss of fluorescence (ie., reversible
or irreversible bleaching) or change of color (photoconver-
sion). Although in many situations these changes are regarded
as parasitic processes, they are exploited in other techniques.
For example, bleaching and photoswitching are utilized in
super-resolution imaging,”*'*™"® methods based on fluores-
cence loss and recovery are used to trace protein dynamics, and
photoconversions and photoswitching enable optical high-
lighting and timing of biochemical processes.'””

In contrast to dyes, the photoinduced redox processes in FPs
are not well-understood. These came into a spotlight in 2009,
when it was discovered that FPs can be efficient light-induced
electron donors.”’ Bogdanov et al. have reported that many FPs
with an anionic GFP chromophore (such as one in Figure 1)
undergo photoconversion from green to red form upon
irradiation in the presence of oxidants. This process, dubbed
oxidative redding, may be exploited in various applica-
tions.”””** Chemical steps leading to the red chromophore
formation are initiated by photooxidation, photoinduced
electron transfer (ET) from the 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
photoinduced 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 red-
shifted transient species in red FPs.”® Photoinduced ET from
the anionic chromophores to O, may lead to superoxide
formation, which might be responsible for phototoxicity.”**”
Photoinduced ET coupled with proton transfer has been
invoked in the proposed mechanism of bleaching in IrisFP.***

Oxidative redding was observed in various FPs that share the
anionic GFP-like chromophore;*' later, similar photoconver-
sions were engineered in orange FPs in which the GFP-like
chromophore is extended to include a conjugated acylimine
tail.*>*" Thus, redding appears to be a robust process
characteristic of anionic chromophores that is not very sensitive
to the details of the protein environment. No structural
information about the red chromophore is available, although
several hypotheses were put forward.”"*>**

The formation of the red form occurs on a second-to-
minutes time scale”’ and is likely to entail significant chemical
transformation, such as extension of the conjugated z-system or
breaking of the covalent bonds. These chemical steps are
initiated by photoinduced ET from the chromophore (Chro) to
an external oxidant molecule. Thus, one can describe redding as
an effectively two-step process (Scheme 1).

The rate-determining step is the second step involving slow
chemical changes. The first step is fast because it is limited by

Scheme 1. Steps Involved in the Oxidative Redding Process
Leading to Final Red Form
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the excited-state lifetime (nanoseconds). It is a gateway step:
No redding can occur if there is no ET. The yield of this step
provides an upper bound for the yield of the red form.

Here, we investigated three YFPs derived from Aequorea
victoria: EYFP, Venus, and Citrin.”>>** These YFPs have the
same anionic chromophore as EGFP; the change of color is due
to m-stacking of the chromophore with a nearby tyrosine
residue (Tyr203, Figure 1). Surprisingly, we found that redding
does not occur in these YFPs. However, in EYFP the redding
can be turned on by halides, CI-, I, Br~, and F~ (EYFP has a
halide binding pocket and is used as a halide sensor).”*** This
puzzling finding stimulated theoretical investigations and
provided an opportunity to gain an insight into a mechanism
of photoinduced ET in FPs. By using molecular dynamics
(MD) and quantum-mechanics/molecular-mechanics (QM/
MM) simulations, we computed Gibbs free energies and
electronic couplings for various ET pathways. The simulations
suggested that photoxidation of the chromophore proceeds
predominantly by hopping mechanism via Tyr14S residue and
that Tyr203 affects this major pathway by modulating the ET
rate between the chromophore and Tyr145 and by acting as a
trap site for ET. The effect on the rate is explained by electronic
factors (changes in chromophore’s oxidation potential due to 7-
stacking) and structural variations (changes in the Chro—
Tyr14$ distance). The theoretical predictions were validated by
point mutations, which showed that replacing Tyr145 by less-
efficient electron acceptors results in highly photostable FPs.
These results represent the first step toward developing detailed
mechanistic understanding of photoinduced ET in FPs and its
role in bleaching and photostability.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experimental measurements were carried out as follows. His-
tagged proteins were expressed in Escherichia coli and purified by a
metal-affinity resin. The resin beads with immobilized proteins were
placed into phosphate-buffered saline (PBS) with 0.5 mM potassium
ferricyanide as an oxidant and illuminated with strong blue light using
a fluorescence microscope. Changes of fluorescence in green/yellow
and red channels were monitored during illumination. In addition, in
cellulo measurements have been carried out.

2.1. Microscopy. For wide-field fluorescence microscopy, a Leica
AF6000 LX imaging system with Photometrics CoolSNAP HQ CCD
camera was used. Green and red fluorescence images were acquired
using 63X 1.4NA oil-immersion objective and standard filter sets: GFP
(excitation BP470/40, emission BP525/50) and TX2 (excitation
BP560/40, emission BP645/75). For confocal microscopy, a Leica
laser-scanning confocal inverted microscope DMIRE2 TCS SP2 with
an 63X 1.4NA oil objective and 125 mW Ar laser was used. Live
Human embryonic kidney 293 (HEK293T) cells expressing target
proteins in cytoplasm were imaged and bleached using the following
settings: 512 X S12 points, zoom 16 (15 X 15 mkm field of view), 488
nm laser intensity 5% (1.5 mkW) for detection and 100% (120 mkW)
for bleaching, and fluorescence detection at 500—550 nm. Photo-
bleaching and redding were monitored in time-lapse imaging in the
green and red channels at low light intensity combined with exposures
to blue light of maximum intensity (GFP filter set or 100% 488 nm
laser). Images were acquired and quantified using Leica LAS AF and
Leica Confocal software.

2.2. Protein Expression and Purification. EYFP, Venus, Citrine,
and EGFP as well as EGFP-Y145L, EGFP-Y145F, EYFP-Y145L, and
EYFP-Y14SF mutants were cloned into the pQE30 vector (Qiagen)
with a 6His tag at the N terminus, expressed in E. coli XL1 Blue strain
(Invitrogen) and purified using TALON metal-affinity resin
(Clontech). For mammalian cell expression, EGFP-N1 vector
backbone (Clontech) was used. EYFP, its mutants, and EGFP
mutants were cloned into EGFP-N1 instead of EGFP. HEK293T cells
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Figure 2. QM/MM schemes for (a) EYFP and (b) EGFP used in the calculations of the ionization energies of the chromophore. The black dotted
lines denote the boundary between the QM (blue) and MM parts. The MM part, in which point charges were set to zero, is denoted by green and

red (note that green atoms are part of the chromophore).
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Figure 3. QM/MM scheme used in the calculations of electron attachment energies of tyrosines: (a) Tyr14S and (b) Tyr203. The black dotted lines
denote the boundary between the QM (blue) and MM parts. The MM part in which point charges were set to zero is denoted by green and red

(note that green atoms are part of tyrosine).

(ATCC) were transfected with the above listed constructs to obtain
transient protein expression.

2.3. Mammalian Cell Culture and Transfection. The
HEK293T cell line was used. Cells were transfected with EGFP-N1
(Clontech) and derived plasmids (section 2.2) using FuGene6 reagent
(Promega) and growth in DMEM (Paneco) containing 10% FBS
(Sigma). Live cells in the same medium were imaged 36 h after
transfection using the Leica AF6000 LX fluorescence microscope and
Leica SP2 confocal microscope at room temperature.

2.4. Site-Directed Mutagenesis. The EGFP Y14SL, EGFP
Y14SF, EYFP Y145L, and EYFP Y14SF mutants were generated using
overlap-extension PCR technique with the following oligonucleotide
set containing the appropriate substitutions: forward 5'-ATGCGG-
ATCCATGGTGAGCAAGGGCGAG-3’, reverse S5'-ATGCAA-
GCTTTTACTTGTACAGCTCGTC-3" and forward 5'-GAGTAC-
AACTTCAACAGCCAC-3' and reverse S'-GTGGCTGTTGAA-
GTTGTACTC-3’ for EYFP and EGFP Y14SF; forward 5'-
ATGCGGATCCATGGTGAGCAAGGGCGAG-3’, reverse §'-
ATGCAAGCTTTTACTTGTACAGCTCGTC-3' and forward 5'-
GAGTACAACCTGAACAGCCAC-3’, reverse S'-GTGGCT-
GTTCAGGTTGTACTC-3' for EYFP and EGFP Y145L. For bacterial
expression, a PCR-amplified BamHI/HindIII fragment encoding an FP
variant was cloned into the pQE30 vector (Qiagen). For mammalian
expression, a PCR-amplified (with 5’-CAGTACCGGTCGCCACCA-
TGGTGAGCAAGGGCGAGGAGCTG-3' and §5'-GATCGC-
GGCCGCTCACTTGTACAGCTCGTCCATGCCG-3') Agel/Notl
fragment encoding an FP variant was cloned into EGFP-N1 vector
(Clontech) instead the original EGFP gene.

2.5. Computational. Protein Databank structures 1F09 and
1FOB* were used to represent YFP with and without halide. For
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GEP, the 1EMA structure was used.*® The details of the model system
setup and protonation states of the key residues around the
chromophore are given in the Supporting Information. To identify
possible binding sites for an outside oxidant, we carried out docking
calculations using AutoDock.>” These calculations were followed by the
MD simulations (10 ns). We carried out semiempirical calculations of
tunneling probabilities between the chromophore and various possible
electron acceptors using the Pathways model®® in which the tunneling
probability between specified donor and acceptor is computed as a
product of tunneling probabilities via all possible pathways. The model
considers tunneling via covalent bonds, hydrogen bonds, and through
space. The tunneling through the covalent bonds is assigned the
highest probability, followed by tunneling through hydrogen bonds
and through space. Thus, the Pathways model accounts for the
distances and the connectivity (covalent and hydrogen bonds)
between the donor and acceptor moieties.

To evaluate the feasibility of various mechanisms, we carried out
detailed calculations of the rates of ET between different sites using

the Marcus rate expression:‘}'g’40
1 { }
exp
\J4mAkgT 6))

where AG, 4, and Hp, are the free energy change, reorganization
energy, and coupling between the electronic states involved in ET.
Relevant free energies and electronic couplings were computed using
QM/MM. Thermodynamic averaging was carried out using Warshel’s
linear response approximation.”’ In this approach, AG and A for the
oxidation process are computed as

2r 2
ker = 7 DA

_(AG +2)
4k T
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Figure 4. EGFP and EYFP oxidative photoactivation. (a) Effect of potassium ferricyanide concentration on the main (green/yellow) fluorescent
state bleaching (green full squares/yellow full triangles) and the red fluorescence increase (red open squares/magenta open triangles) in the
oxidative redding of immobilized EGFP and EYFP. After one activating irradiation cycle with GFP filter set, the remaining green fluorescence
(normalized according to initial value) and originating red fluorescence (normalized according to maximal value) were measured and shown in the
graph. (b) Red fluorescence appearance in EYFP during irradiation. Inmobilized EYFP was irradiated with arc-lamp (GFP filter set, 0.6 W/cm?) in
phosphate buffer (black squares), in the presence of oxidant (blue triangles), in the presence of sodium chloride (red circles), and in the presence of
both oxidant and chloride (green triangles). Redding efficiency is normalized according to initial yellow fluorescence. Each data point is an average of

three independent experiments. Error bars, s.d.

1
AG,, = E«EO — Ex)p + (Eo — Ex)o) @)
1
ﬂox = E((EO - ER)R - <EO - ER)O) (3)

where Eg and Ey are electronic energies of the oxidized and reduced
states of the chromophore (or tyrosine) and the brackets indicate
thermodynamic averaging (subscripts R and O correspond to the
averaging on the reduced and oxidized states). We used the following
protocol to compute these quantities. First, we carried out MD for the
initial (Chro~) and oxidized (Chro’) states of the protein to generate
equilibrium sampling (for tyrosine, the two states corresponded to Tyr
and Tyr™). We then followed with the QM/MM calculations of Eq—
Ex on both states. To calculate the energetics for ET between the
chromophore and selected residues, instead of Eq—Ey we computed
the energy differences between the initial (Chro™---ResX) and charge-
transfer (Chro---ResX ™) states.

Figures 2 and 3 show QM/MM schemes used in the calculations. In
calculations of the ionization energy of the chromophore, the QM
system contained the chromophore. For computing electron attach-
ment energies of tyrosines (Tyrl4S or Tyr203), the QM system
contained the respective residues. In CDFT-CI calculations, the QM
system contained both the chromophore and the accepting tyrosine
moiety.

Following protocols validated in our previous calculations of the
redox potentials, in QM/MM calculations*** we used the ®B97X-D
functional, which includes exact long-range exchange and dispersion
correction.*** The detailed protocol is described in the Supporting
Information.

To understand the trends in the computed ET rates, we analyzed
relevant structural parameters along equilibrium trajectories for various
systems. MD simulations were performed using NAMD.* Electronic
structure and QM/MM calculations were carried out using Q-
CHEM." CDFT-CI was used for calculations of couplings.**
CHARMM?27 parameters for standard protein residues*” and the
parameters derived by Reuter et al. for the anionic GFP chromophore
were used in the MD calculations.*® The parameters for the oxidized/
reduced residues were derived from additional quantum mechanical
calculations, as described in the Supporting Information.
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3. RESULTS AND DISCUSSION

Figure 4a shows the normalized yields of bleaching (green/
yellow form disappearance) and redding (red form appearance)
as a function of the oxidant concentration for EGFP and EYFP
(in the presence of chloride). When chloride is present, EYFP
behaves similarly to EGFP. As one can see, the bleaching of the
green form and the yield of the red form depend strongly on
the concentration of the oxidant. Thus, under these conditions,
the bleaching is mainly due to photooxidation. Therefore, the
disappearance of the green/yellow form, which describes
bleaching kinetics, can be loosely correlated with the ET step
from Scheme 1; as shown previously, one-electron oxidation
leads to the formation of radical with strongly blue-shifted
absorption.”” The rise of the red signal is related to the second
step, the red chromophore formation. The upper bound for the
total yield of the red form is given by the yield of the one-
electron oxidized form of the chromophore, a precursor of the
red form. As shown below, mutations and variations in
experimental conditions affect the two signals differently (e.g.,
some strongly affect bleaching kinetics, whereas others have no
effect on bleaching but lead to changes in the red form
buildup).

As mentioned in the Introduction, this study was motivated
by a drastically different behavior of YFPs relative to that of
EGFP. When no halides are present, no red signal is observed
in any of the three YFPs. It is known that EYFP’s fluorescence
is sensitive to Cl7, and Venus and Citrin lack this
sensitivity.”>**>" Thus, we tested the influence of CI~ on
EYFP’s redding. Indeed, we found that EYFP undergoes
yellow-to-red photoconversion only in the presence of chloride
(Figure 4b). Because Cl~ quenches EYFP’s fluorescence as a
result of electrostatic stimulation of chromophore protona-
tion,” " we also tested photoconversion of EYFP at different
pH. In the absence of CI”, EYFP redding was not detected even
at low pH leading to complete chromophore protonation
(Figure S3). Thus, we concluded that the effect of Cl™ is not
related to chromophore’s protonation state. Next, we tested the
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Figure 5. Mechanism of photoinduced ET in FPs. An oxidant molecule (represented by para-benzoquinone, BQ) docked to EGFP (left) and EYFP
(right) and the relevant distances. The direct tunneling and two-step hopping (via Tyr14S) mechanisms for ET are shown by dashed arrows.

influence of different halide ions on EYFP’s redding and found
that efficiency of photoconversion decreases in the series F~ >
CI” > Br~ > I7; thus, it can be correlated with the size of the
halide, as shown in Figures S1 and S2.

To understand the different behavior of YFPs relative to
EGFP, we turn to the analysis of possible mechanisms of
photoinduced ET, drawing from the extensive studies of ET in
proteins.””>° ET in proteins can proceed through large
distances, up to 20 A; rates between 10°—10% s™' have been
observed.”” The rates decay exponentially with the donor—
acceptor distance. In many redox-active proteins, the ET
proceeds between well-defined redox sites; in such systems the
discussion of the mechanism focuses on identifying dominant
pathways for ET (or the absence of thereof) and discrimination
between direct ET (one-step transport via coherent tunneling
or flickering resonance) and hopping (multistep ET via
intermediate electron acceptors) mechanisms. One-step ET
can proceed through space (if the donor and acceptor residues
are sufficiently close) or can be mediated by covalent or
hydrogen bonds (bridge-mediated superexchange). Multistep
hopping entails transient localization of charge carriers, ie.,
formation of reduced or oxidized intermediates along the ET
pathway.

In the case of FPs, the location of the electron-accepting
oxidant molecule is not known. The distance between the
chromophore and the closest solvent-accessible surface sites is
about 8—10 A. Thus, the oxidant cannot form a close contact
with the chromophore. To identify an access point which is
most favorable for ET, we investigated possible docking sites
with an aim to identify those corresponding to the shortest
chromophore—oxidant distances. Note that efficient redding
was observed”' using a variety of oxidant molecules including
rather bulky ones such as cytochrome c that cannot penetrate
the tight GFP barrel. In our simulations, we used para-
benzoquinone, BQ, as a model oxidant. Docking calculations
revealed several docking sites on the surface of the barrel.
Among those, we identified a cluster of structures correspond-
ing to the shortest chromophore—BQ distance; these structures
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for EGFP and EYFP are shown in Figure S. To verify the results
of the docking simulations, we carried out MD simulations for
the docked structure with the shortest chromophore—BQ
distance. We observed that the distance between Tyr145 and
BQ stays mostly within 3.9—5.4 A throughout a 10 ns long MD
trajectory. The detailed discussion of the docking and MD
simulations is given in the Supporting Information.

The distance between Chro and BQ in these structures is
about 6 A, which is sufficiently short to consider direct
tunneling. We also considered a possibility of ET by a hopping
mechanism via residues with aromatic groups such as
tryptophan, tyrosine, phenylalanine, or histidine. A similar
mechanism involving aromatic residues serving as “stepping
stones” for charge transfer in respiratory complex I has been
introduced to explain the experimentally observed fast rates for
ET.>” On the basis of their electron affinities, we identified
tryptophan and tyrosine as the most likely acceptors. We
analyzed the structures of EGFP and EYFP identifying those
residues in the vicinity of the chromophore. In addition to
structural analysis, we also performed semiempirical calcu-
lations using the Pathways model’® which allows one to
compare tunneling probabilities (Tp,) between different sites
and to identify the residues that mediate ET. These calculations
identified Tyr14S as the most probable electron acceptor both
in EYFP and EGFP (Tp, = 1.7 X 1072 and 1.9 X 1072
respectively). In EYFP, the tunneling probability to Tyr203 was
of the same magnitude as that for Tyr145 (2.3 X 107%). For
other tyrosines, the computed tunneling probabilities were at
least an order of magnitude lower. Tp, for the direct ET (from
Chro to BQ) was 4.6 X 107 (in EGFP); this pathway is
mediated by Tyr14S.

Thus, on the basis of docking and tunneling calculations, we
put forward two mechanistic hypotheses (Figure 5): (i) direct
tunneling to the outside oxidant (docked in the vicinity of
Tyrl4S and mediated by it) and (ii) two-step hopping
mechanism in which the electron is first transferred to
Tyr145, forming a transient radical anion, and then is picked
up by the oxidant. Other competing channels may be
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operational, e.g, in EYFP, ET to Tyr203 might occur; Phel65
or Tyr92 may also be involved. Importantly, Tyr14S is much
closer to the surface than Tyr203. Thus based on the docking
and Pathways calculations, Tyrl45 might be an efficient
intermediate electron acceptor mediating the ET to an outside
oxidant, whereas Tyr203 (or other residues buried deeply
inside the barrel) are inaccessible to the oxidants and are likely
to be trap sites leading to either permanent bleaching (via
chemical reactions of the resulting radical) or quenching (by
back ET to the chromophore).

To evaluate the feasibility of these mechanisms, we
performed detailed calculations of the rates of ET between
different sites using the Marcus rate expression,” eq 1, and
QM/MM calculations of relevant free energies and electronic
couplings using high-level electronic structure methods and
Warshel’s linear response approximation*' for thermodynamic
averaging (see Supporting Information for details). We then
analyzed the differences between EGFP, EYFP with and
without chloride, and mutants. To make quantitative
comparisons between different systems and to compare with
the experiment, we focus on evaluating QY of the precursor of
the red form, the product of one-electron oxidation of the
chromophore.

For the direct tunneling mechanism, QY of bleaching is
determined by the competition between the two channels:
radiative or/and radiationless decay of the excited state
(characterized by the combined rate, r;) restoring the ground-
state chromophore and ET (r.). The QY of the red-form
precursor is then:

Ty + 1 4)
This expression allows us to estimate an anticipated order of
magnitude for ET rates. Using typical fluorescence lifetime
(nanoseconds, 7¢ &~ 10° s™') and a typical QY of bleaching®”*
Yy &~ 1075, the estimated ET rate is then 10* s (slower rates
will result in lower bleaching yields). Because the yield of the
precursor can be higher than that of the bleached form, this
estimate provides a lower bound to the ET rate.

The kinetic model for the hopping mechanism is shown in
Figure 6. It comprises five states: ground-state and electroni-
cally excited chromophore, oxidized chromophore (red-form
precursor), and two intermediate states in which the
chromophore is oxidized and the electron resides on one of
the protein residues (Tyr14S or a trap site, TyrX). r,, the rate of
ET between Tyrl4S and an outside oxidant, is expected to be
very fast, as this is an exothermic step. The upper bound is
given by the diffusion-limited rate, r, = 2 X 10 s™'. We
consider the following mechanism for photoinduced ET via
hopping. We assume that in EGFP, there is a direct ET pathway
from Chro™* to Tyrl4S, the rate is given by r. Once the
electron reaches Tyrl4S, it can either go back (r_; and ry)
restoring the anionic chromophore, or initiate some chemistry
(potentially leading to bleaching), or irreversibly tunnel out (r,,
fast), to an outside oxidant forming a red-form precursor. There
is a competing channel, r,, to ResX; this channel can lead to
either permanent bleaching (r,) or to restoring the
chromophore (r_, and r5). In EYFP, ResX = Tyr203; in
EGFP, ResX might be Tyr92 or another acceptor. As illustrated
by the Pathways model and docking calculations, Tyr203 is
buried inside the barrel and the pathway for ET from Tyr203 to
Tyrl4S involves the chromophore, thus increasing the
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(So, N electrons)

Figure 6. Kinetic model of photoinduced ET via hopping mechanism.
The excited state can decay to the ground state, either radiatively or
nonradiatively. This channel is characterized by r;, which is inversely
proportional to the excited-state lifetime (r; &~ 10° s™"). Alternatively,
the excited state can decay via ET from the chromophore to either
Tyr145 or another acceptor, ResX, which 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 of the red form.
The observed bleaching is the sum of the yields of the red form
precursor and of permanently bleached states. Based on our rates
calculations, r; and r4 are slow; ry is slow for Tyr203.

probability of quenching. Therefore, rs is expected to be
slow, making Tyr203 a dead-end for photooxidation.

The detailed analysis of this kinetic model is given in the
Supporting Information; the main result is

Y ~ n ~h
r ~ 7}/ ~ r_
w(1ey) 7 (s)
1 1, 1 1 T,
Ytotbz[—l+—4)[1+—b)z—l 2
3 3 n Tt Tt (6)

We note that the  term is likely to be small because r, is
n

expected to be much faster than the rate of chemical reactions

leading to permanent bleaching and is, therefore, neglected in

the present analysis. Thus, the trend in the yield of red form is

dominated by the 1 ratio; as in the direct tunneling mechanism,
3

the lower bound for r; is 10* s™*. The total yield of the bleached
form, Y, is roughly equal the sum of yields of the red-form
precursor and a permanently bleached form produced via a
competing channel (ET to ResX). For this channel to have a
noticeable effect on the yield, rate r, should be comparable to
(or larger than) r,.

In both mechanisms (direct or hopping), Tyr145 may play a
role, either as a mediating residue or as a transient electron
acceptor; thus, in the calculations below we consider the effect
of mutation of this residue on the computed rates and yields.

Table 1 shows the key quantities related to the redox
properties of FPs in the ground and electronically excited states.
For the oxidation process to be thermodynamically favorable,
AG,(Chro) + AG,4(OX) should be negative. The original
GFP redding study”' reported that EGFP can be oxidized by
various oxidizing agents with E° up to —0.114 V relative to the
standard hydrogen electrode (SHE), which translates into
AG,q = —4.167 eV at pH = 0, using AG(SHE) = 4.281 eV.>*
Thus, the computed energetics is consistent with estimated
AG,q: Oxidation of the ground-state chromophore is not
thermodynamically favorable; however, it becomes possible
upon electronic excitation. We also observe that EYFP is more
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Table 1. Redox Properties of the Ground-State and
Electronically Excited Chromophores of EGFP, EGFP-
Y145L, EYFP, and Halide-Bound EYFP at T = 298 K

system AGE; (eV) Aox (eV) AGE (eV)
EGFP 4.551 1.599 2.111
EYFP 4.697 1.400 2.347
EYFP + CI™ 4.274 1.686 1.924
EGFP-Y145L 4.548 1.528 2.108

difficult to oxidize relative to EGFP, whereas chloride binding
reduces AG,, This is due to m-stacking with Tyr203, which
increases ionization energy. The effect of chloride binding is
two-fold: it upsets z-stacking and also decreases the ionization
energy due to electrostatic interactions. The Y14SL mutation
does not affect AG,, of the chromophore. Using the data from
Table 1 and estimated AG,.4 and 4,4 for BQ, we can estimate
the rates (and Y,) for the direct tunneling mechanism; these
data are presented in Table S17. The main result of these
calculations is that despite the variations in AG,, the direct ET
mechanism predicts similar rates in EGFP, EYFP, and chloride-
bound EYFP. Thus, it does not explain the experimental
findings. This direct tunneling model also predicts that the
Y145L mutation will have no effect on the ET rate because the
free energy of oxidation of the chromophore is not affected, as
can be seen from Table 1.

The Gibbs free energies, electronic couplings, and the rates
for ET via hopping mechanism are collected in Table 2 (more
details are given in the Supporting Information).

Table 2. Relevant Gibbs Free Energy Differences,
Reorganization Energies, Couplings, and Marcus Rates for
ET at 298 K*

system final state AGZ: Acr [Hp,l* L Or 1y
EGFP 0.452 0.846 0.214 1.5 X 107
EYFP CT 145 0.783 0.704 0.141 1.5 X 10*
EYFP+Cl™ 0.561 0.787 0.590 2.0 X 10°
EYFP 0.564 0.287 0.180 12 x 10°
EYFP-Y145L CT 203 0.636 0.394 0.097 1.1 x 10*
EYFP+Cl™ 0.857 0.235 0.067 8.4 x 1077

“Energy and coupling values are given in eV and eV?, respectively, and
the rate constants are in s™".

The computed rates show that ET to Tyrl4S is strongly
affected by 7-stacking and by halide binding. 7-stacking
completely shuts down the main channel and opens up another
ET channel, to Tyr203. The halide binding opens up the main
channel and shuts down ET to Tyr203. The computed Y, are
Y.(EGEP) = 1.5%, Y,(EYFP) = 2 X 10~5%, and Y,(EYFP+Cl")
= 0.2%. We also performed calculations using a strong coupling
regime (Supporting Information). The computed rates are
slower (giving rise to lower QY), but the main trend remains
the same. Thus, the hopping model reproduces the observed
differences between the three proteins. We note that the
computed rate for ET to Tyr203 in EYFP is sufficiently large to
have a noticeable effect on the total yield of bleaching and that
chloride binding completely shuts down this competing
channel. Other residues, such as Tyr92 or Phel6S may, in
principle, contribute to this channel (their possible roles will be
investigated in future study). The calculations suggest that the
observed bleaching in EYFP without halide is due to permanent
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bleaching via ET to Tyr203, whereas in the presence of halide,
most of the bleaching results from forming the red-form
precursor.

To understand the differences in the computed ET rates in
EGFP, EYFP, and chloride-bound EYFP, we analyzed relevant
structural parameters along the equilibrium MD trajectories.
We focus on the distance between the chromophore and
Tyr14S and between the chromophore and Tyr203 (in EYFP).
Table 3 summarizes the results. d; is defined as the distance

Table 3. Average Values of Relevant Structural Parameters
for EGFP, EYFP, and EYFP+CI™*

system d, (A) D (A) A (A)
EGFP 3.77 (0.46)
EYFP 5.03 (1.28) 3.97 0.25
EYFP+CI- 2.89 (025) 418 043

“The standard deviations are shown in parentheses. See Figure 7 for
definition of structural parameters.

between the oxygen of chromophore and Tyrl45 phenolic
oxygen; the variations in this distance are expected to modulate
the energetics and couplings defining r;. To quantify the -
stacking between the chromophore and Tyr203, we computed
the distances between the edges of the respective aromatic
rings; these are denoted d, and d;. The definitions of these
structural parameters are shown in Figure 7. The distance

S
TYR 145
Chromophore  d; 4
dzda
o
TYR 203

Figure 7. Relevant structural parameters. The distance between the
phenolic oxygens of the chromophore and Tyr14S (d;) affects the
main ET channel (r,). The extent of z-stacking can be quantified by

D= %% and A = ld—dy.

dy+d,

between the two phenolic rings is given by D = , and the

deviation from a perfectly parallel arrangement is given by
A = ld,—d,. As one can see, d, is about 1.2 A longer in EYFP
than in EGFP, but it shrinks upon chloride binding. Further
analysis of the trajectories reveals that in EYFP there are two
interconverting hydrogen-bond patterns: one in which there is
a hydrogen bond between Tyrl4S and the chromophore (in
this structure, the relative orientation of Tyrl4S and the
chromophore is similar to EGFP and d, is small) and one in
which Tyr14S moves away and forms a hydrogen bond with
His169 (Figure S21). In the course of 12 ns equilibrium
dynamics, the first structure is populated ~63% of the time
(Figure S23). The presence of the two structures is responsible
for the larger average value and large standard deviation of d;
(Table 3). Chloride binding suppresses the second structure,
which leads to shorter d; it also affects 7-stacking. As one can
see from Table 3, in EYFP the phenolic rings of the
chromophore and Tyr203 are closer (shorter D) and more
parallel (smaller A) than in chloride-bound EYFP. As
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Figure 8. Bleaching and redding kinetics in the EGFP and EYFP mutants. (a—d) Photoconversion of immobilized proteins in vitro in PBS in the
presence of 0.5 mM potassium ferricyanide. (PBS contains potassium chloride.) Graphs show the main form bleaching (a and c) and simultaneous
appearance of red fluorescence (b and d) in EGFP, EGFP-Y14SL, and EGFP-Y14SF (a and b) and EYFP, EYFP-Y14SL, and EYFP-Y14SF (c and d).
Green/yellow and red fluorescence intensities were background-subtracted and normalized to the maximum values. Standard deviation values (n =
15—20 measurements in a representative experiment out of five independent experiments) are shown. (e) Bleaching of EGFP, EGFP-Y14SL, EYFP,
and EYFP-Y14SL in live HEK293 cells induced by 488 nm laser in a confocal microscope. (f) Increase of photostability (time to half-bleaching) of
the EGFP-Y145L and EYFP-Y145L mutants compared to that of EGFP and EYFP, respectively, under confocal and widefield microscopy of live
HEK293 cells. Standard deviation values for S0—60 cells in three independent experiments are shown.

illustrated in Figure S18, 7-stacking controls the delocalization

of electronic density between the chromophore and Tyr203,

which, in turn controls electronic couplings and affects orbital

energies. Thus, on the basis of the structural analysis, we
conclude that the rate of ET between the chromophore and

Tyr14S (r,) is suppressed in EYFP because of the (i) increase

of the chromophore’s electron detachment energy due to z-

stacking with Tyr203 and (ii) the presence of the conformation

in which the hydrogen bond between the chromophore and

Tyr14S is broken. Chloride binding suppresses the structural
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fluctuations, which leads to shorter Chro-Tyr14S distances and
increased r;. Chloride binding also distorts 7-stacking of the
chromophore with Tyr203, which shuts down this competing
ET channel (r,).

Within the hopping model, the magnitude of r, determines
the yield (eq S). Thus, the model predicts that the
photooxidation efficiency can be controlled by the mutations
of residue 145. The effect of mutation of Tyrl4S to
phenylalanine and leucine is expected to increase AGcr by
about 0.07 eV or more. This would result in r, decrease by a
factor of 8—10 in EGFP and EYFP+Cl™ reducing the yields
proportionally. For the Y14SF mutant, we estimated changes in
free energies and couplings from snapshots of MD simulations
(Supporting Information) and found that the rate for ET drops
by at least a factor of 2, with the main effect being the decrease
in the coupling because of the lack of hydrogen bond with the
chromophore. For the EYFP-Y145L mutant, we also computed
the rate for ET to Tyr203 (r,). The mutation results in the one
order of magnitude drop of r, (Table 2), which suggests the
increased photostability of the EYFP-Y14SL mutant at
nonoxidative conditions, ie., without halide binding and in
the absence of oxidants.

As one can see from Table 2, the ET to Tyrl4S is
endothermic and is expected to slow down at low temperature.
This trend may be partially offset by the increased electronic
couplings and small increase in fluorescence lifetime. The
calculations predict a moderate drop in r, and, consequently, in
Y, e.g, in EGFP Y,(273)/Y,(298) = 0.23.

To test the theoretical prediction of the role of Tyr145 as an
intermediate electron acceptor in the two-step hopping
mechanism, we conducted mutagenesis studies. The mutants
of EGFP and EYFP were constructed by mutating residue 145
to phenylalanine and leucine. As illustrated in Figure 8,
mutating Tyr14S to a less favorable electron acceptor led to a
significantly reduced bleaching. The effect was stronger for
leucine; both the EGFP-Y145SL and EYFP-Y145L mutants were
very photostable (Figure 8a,c). Although mutants with Leul45S
have decreased extinction coefficients (Table S1), 80- and 25-
fold increased photostabilities of EGFP-Y14SL and EYFP-
Y145L can not be attributed solely to the 3- to S-fold decrease
of their extinction coefficients (compared to EGFP and EYFP,
respectively). As reported in a recent study,”” the fluorescence
QY and lifetimes in Y145L and Y14SF mutants are very similar
to those in EYFP. Thus, strikingly different photostability can
be attributed to the ET channel and not to the changes in
radiative and radiationless population decay of the excited state.
In the EGFP mutants, the rate of red form appearance was also
suppressed (Figure 8b). At the same time, mutants of EYFP
showed no significant changes of the redding rate (Figure 8d),
suggesting that Y145L/F mutations affect both steps in Scheme
1.

To test whether the increased photostability of the mutants
persists at the conditions relevant to imaging studies, we
conducted in cellulo measurements. As illustrated in Figure 8e,f,
the EGFP-Y14SL and EYFP-Y14SL mutants expressed in
mammalian cells demonstrated several fold increased photo-
stabilities relative to the respective parental proteins in both
laser scanning confocal and widefield fluorescence microscopy.

As discussed above, the hopping model via Tyr14S predicts
reduced rates of photooxidation at low temperature. To verify
this prediction, we compared oxidative photoconversion of
EGFP in vitro in the presence of 0.5 mM potassium ferricyanide
at 273, 295, and 310 K (Figure S4). In agreement with theory,
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EGFP’s bleaching and redding rates are slightly enhanced at
elevated temperature.

Obviously, photostability represents one of the most
important characteristics of a fluorescent protein. Unfortu-
nately, mechanisms of FP photobleaching are poorly under-
stood. Some amino acid substitutions (mainly found by
chance) were shown to strongly enhance the photostability of
FPs, especially those with low photostability. For example,
photostability of EBFP was dramatically (two orders of
magnitude) increased by V1501 plus V224R mutations.’”"’
Single-substitution S158T (corresponding to position 165 in
GFP) strongly improved photostability of TagRFP.®* In
chloride-sensitive variant of yellow fluorescent protein ClsM,
mutation S205V substantially suppressed photobleaching.”> A
common feature of these mutants is the insertion of bulkier
residues. It results in a decrease or full elimination of fast initial
phase of bleaching, which is thought to represent cis—trans
chromophore isomerization and/or protonation—deprotona-
tion events.”*”® Also, a possible reason for photostability
enhancement is lowering the accessibility of the chromophore
to molecular oxygen by bulky residues. There are a few
crystallograghic studies directly demonstrating chromophore
destruction®~® or oxidation of chromophore-adjacent Met
and Cys residues™ in photobleached FPs. The latter possibly
explains a key role of the mutation M163Q_(position 167 in
GEP) in a high photostability of mCherry.”

In contrast to the previous investigations of photostability,
our study provides concrete mechanistic suggestions about
bleaching via photoinduced ET and therefore furnishes a design
principle for rational engineering of more photostable FPs. We
identified Tyrl45 as a key residue controlling ET and
demonstrated that its substitution by less effective electron
acceptors leads to the increased photostability. The residues
that we selected are less bulky than the original one (Phe/Leu
versus Tyr). The full mechanistic picture of bleaching and
photooxidation in FPs is likely to be more complex than the
five-state model from Figure 6. For example, we anticipate that
other residues may also play a role and that additional ET
pathways may be operational (or may become operational upon
further mutations). Furthermore, to fully understand oxidative
redding in FPs, details of red chromophore formation need to
be elucidated. A particularly interesting question concerns
catalytic role of various residues in the second step of Scheme
1. Thus, although open questions remain, our results represent
the first step toward developing a molecular-level picture of
photoinduced ET in FPs and provide motivation for future
investigations of this fascinating phenomenon.

4. CONCLUSIONS

By combination of theory and experiment, we identified a
dominant pathway for photoinduced ET in FPs by a hopping
mechanism via Tyrl45. Photooxidation can be efliciently
suppressed by disrupting hydrogen bonding between the
chromophore and Tyrl45 and by a-stacking with Tyr203
(Tyr203 can also serve as an electron acceptor leading to
permanent bleaching). The quenching can be controlled by the
halide binding. The quenching is explained by (i) changes in
energetics of ET between the chromophore and Tyr14S and
(i) the competitive ET channel to Tyr203, which serves as a
trap site. The halide binding affects structures, energetics, and
electronic couplings. Our mechanism does not exclude possible
involvement of other channels; additional pathways for ET and
the role of other residues on ET rates will be investigated in the
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future studies. To advance further our understanding of
oxidative redding photoconversion, structural information
about the red form is needed. A better understanding of the
photooxidation mechanism is important for engineering FPs
with desired properties optimal for a particular application. Our
findings suggest design principles for controlling photo-
conversions and bleaching via 7z-stacking and targeted
mutations around Tyr145 residue aiming to speed up or slow
down ET. We conclude by saying that FPs provide an exciting
model for studying mechanism of ET in complex systems such
as proteins.
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