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Abstract: Under stress conditions, elevated levels of cellular reactive oxygen species (ROS) may
impair crucial cellular structures. To counteract the resulting oxidative damage, living cells are
equipped with several defense mechanisms, including photoprotective functions of specific proteins.
Here, we discuss the plausible ROS scavenging mechanisms by the enhanced green fluorescent
protein, EGFP. To check if this protein could fulfill a photoprotective function, we employed electron
spin resonance (ESR) in combination with spin-trapping. Two organic photosensitizers, rose bengal
and methylene blue, as well as an inorganic photocatalyst, nano-TiO,, were used to photogenerate
ROS. Spin-traps, TMP-OH and DMPO, and a nitroxide radical, TEMPOL, served as molecular targets
for ROS. Our results show that EGFP quenches various forms of ROS, including superoxide radicals
and singlet oxygen. Compared to the three proteins PNP, papain, and BSA, EGFP revealed high ROS
quenching ability, which suggests its photoprotective role in living systems. Damage to the EGFP
chromophore was also observed under strong photo-oxidative conditions. This study contributes to
the discussion on the protective function of fluorescent proteins homologous to the green fluorescent
protein (GFP). It also draws attention to the possible interactions of GFP-like proteins with ROS in
systems where such proteins are used as biological markers.

Keywords: EGFP; photoprotection; superoxide radicals; singlet oxygen; scavenger; electron spin
resonance; spin trapping; reactive oxygen species

1. Introduction

The problem of photodamage caused by reactive oxygen species (ROS) and the im-
portance of photoprotection of biomolecular systems against such damage have been the
subjects of considerable debate for many years. ROS are formed continuously within living
cells during various metabolic processes. However, an uncontrolled rise in ROS levels has
harmful effects on cellular homeostasis and can lead to oxidative stress, which, in turn,
results in serious irreversible damage to biomolecules in living organisms [1-5].

Living cells are equipped with multiple defense systems against oxidative damage,
including enzymatic and non-enzymatic antioxidants, such as superoxide dismutase (SOD)
and catalase (CAT), glutathione peroxidase (GPX) and reductase (GSH), melatonin, coen-
zyme Q, as well as metal-chelating proteins, which can also neutralize excessive ROS [6].
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In this context, it has been put forward that naturally occurring fluorescent proteins,
such as those found in marine organisms of reef-forming corals and jellyfish, can play an
important biological role. In fact, the photoprotective function of the green fluorescent
protein (GFP) from Acropora yongei and the red fluorescent protein (amilFP597) from
Acropora millepora, has been already discussed based on in vivo studies [7,8]. In particular,
ithas been observed that the concentration of these pigments in the host organism reversibly
changed as a function of light intensity. It has been then concluded that the high-level
expression of fluorescent proteins is correlated with reduced photodamage, which supports
the hypothesis claiming the photoprotective function of these molecules. Moreover, Palmer
et al. observed a positive correlation between H,O, scavenging rate and concentrations of
fluorescent proteins in corals [9], while Leutenegger et al. found that properties of GFP-like
proteins made them well suited to fulfill photoprotection of biological organisms from
damage caused by excessive light [10].

The first reported fluorescent protein (FP) was the wild-type green fluorescent protein
(GFP), which was isolated by Osamu Shimomura from the Pacific jellyfish, Aequorea victo-
ria [11]. The resolved molecular structure of recombinant GFP [12] reveals that the protein
is in the shape of a cylinder ((3-barrel), which is composed of 11 3-strands arranged mostly
in the antiparallel fashion. The hydrogen bonds between adjacent (3-strands allow for the
formation of an enclosed structure with an «-helical segment buried inside (Figure 1a).
Three residues in this segment (Ser65, Tyr66, and Gly67 in GFP [12] or Thr65, Tyr66, and
Gly67 in EGFP [13]) participate in an autocatalyzed multistage reaction (cyclization, oxida-
tion, and dehydration [14,15]), which, in the presence of molecular oxygen, generates the
p-hydroxybenzylidene-imidazolidone chromophore (Figure 1b,c).
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Figure 1. (a) The structure of EGFP (PDB ID 2Y0G [13]) with the highlighted location of the
chromophore (in green). (b) The molecular structure of the wild type GFP chromophore (PDB
ID 1W7S [12]) with Ser at 65 position. (c¢) The molecular structure of the EGFP chromophore
with Thr at 65 position. The three-dimensional structure of EGFP and the molecular chemical
structures of the chromophores were rendered using the public access software, Pymol v0.99 and
ACD/ChemSketch, respectively.

The GFP chromophore, responsible for the fluorescence in the green region of visible
light, can exist either in its neutral (protonated) or anionic (deprotonated) form. The neutral
form absorbs in the ultraviolet at ~395 nm, whereas the anionic form absorbs at ~475 nm.
The serine-65 into threonine mutation (S65T) rearranges the hydrogen bond pattern of
glutamic acid-222, suppressing its negative charge, allowing the chromophore to exist
mainly in the anionic form [16].

Because of slow folding, low solubility, and slow chromophore maturation of the
wild type GFP [17], a number of modifications have been proposed to improve the rele-
vant properties of proteins belonging to the GFP-family. In particular, by mutating the
phenylalanine-64 to leucine (F64L) and the chromophore residue serine-65 to threonine
(S65T), an enhanced GFP (EGFP) was obtained, with the excitation maximum shifted from
ultraviolet to blue and with better folding efficiency in E. coli [18]. Excitation in the blue
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region of the visible spectrum is considered advantageous because it matches up with the
wavelengths of lasers, which are often employed in modern cell sorting machines [19].

EGFP with absorption and emission maxima, at 489 nm and 509 nm, respectively,
exhibits significantly increased fluorescence efficiency. In particular, due to the preferred
anionic form and improved brightness, the latter defined as a product of extinction co-
efficient and quantum yield [20], being 22,800 M~!em~! and 7500 M~ 'cm ™! for EGFP
and wild-type GFP, respectively (based on [21,22]), EGFP is often used as a fluorescent
intracellular marker in bioimaging in vitro and in vivo.

Although the naturally occurring GFP does not participate in biochemical reactions in
living cells, therefore being considered nontoxic and commonly used as a neutral biological
marker [23], some engineered fluorescent proteins, with modified structures and changed
properties, may reveal harmful cytotoxic effects. In this regard, contrary to the herein
proposed photoprotective role of fluorescent proteins in marine organisms, a fluorescent
protein derived by mutation from GFP and suitably named ‘KillerRed’, has been found
phototoxic upon illumination with light of 540-580 nm due to the formation of ROS [24]. It
has been demonstrated that the main photogenerated ROS by ‘KillerRed” are superoxide
radicals (O,°7) and hydrogen peroxide (H,O,) [25,26]. The mechanism of production of
these reactive species runs through the stage of direct electron transfer from the excited
state chromophore to molecular oxygen, thus leading to the formation of O,*~, which, in
turn, through further secondary reactions, generate other forms of ROS [27]. The strong
phototoxicity of ‘KillerRed’ is likely due to a combination of its structural properties: (i)
a long water-filled ordered channel, which facilitates the access of solvent to the reactive
groups of the chromophore, and (ii) a precise amino acid configuration able to stabilize the
chromophore in its excited state [28]. Additionally, TagRFP [29] and SuperNova [30] can
generate ROS upon irradiation and can be together with KillerRed [24] used for inactivation
of specific proteins by chromophore-assisted light inactivation (CALI) in vivo [24,29,30].

Summarizing, fluorescent proteins are capable of both generating and quenching ROS.
In this context, to better understand the relevant properties of EGFP, we implemented
electron spin resonance (ESR) in combination with spin-trapping. In particular, to gather
more insight into the potential ROS generation or quenching capabilities of EGFP in the
aqueous environment in vitro, we employed the commonly used spin traps, such as TMP-
OH and DMPO, as well as a highly water-soluble ‘stable’ nitroxide radical, TEMPOL.
These compounds served as molecular targets for ROS, which were photogenerated in the
presence of two organic photosensitizers, rose bengal (RB) and methylene blue (MB), as
well as of a commercial inorganic photocatalyst, titanium dioxide (nano-TiO,, AMT-100)
from Tayca corp. Depending on the photogeneration system used, the ability of EGFP
to scavenge ROS was characterized under visible (VIS) or near ultraviolet (UVA) light
illumination. We have also compared the ROS quenching capability of EGFP with the
relevant abilities of other proteins, such as purine nucleoside phosphorylase (PNP), bovine
serum albumin (BSA), and papain. While avoiding direct comparison with superoxide
dismutase (SOD), a well-known and very powerful superoxide radical scavenger [31],
the significant ROS quenching ability was attributed to EGFP, which might suggest the
photoprotective role of this protein in vivo.

Briefly, the data presented herein bring an additional input into the discussion on
photoprotective versus phototoxic functions of EGFP. Therefore, the results of this work
can be important in research on the photoprotective role of fluorescent proteins against
free radicals generated by light (visible or UV). Moreover, they also should be taken into
account in other areas, such as, e.g., fluorescence techniques implementing fluorescent
proteins as light-excited markers.

2. Results
2.1. EGFP Is Not a ROS Generator

The prerequisite for this work was to check whether EGFP itself was a ROS photosensi-
tizer under a visible light illumination. For this purpose, we performed ESR spin-trapping
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measurements for an aqueous EGFP solution using two different spin-traps, which can
serve as efficient ROS scavengers to produce more stable spin-adducts, thus facilitating the
ESR detection of short-lived forms of ROS. The first of them, DMPO, is routinely used for
scavenging hydroxyl (OH®) and superoxide radicals (O,°~), while the second, TMP-OH,
is used as a scavenger of singlet oxygen 'O, (! Ag). The molecular structures of these two
diamagnetic spin-traps (TMP-OH and DMPO) and ROS scavenger TEMPOL are presented
in Appendix A (Scheme A2), together with their primary reactions with ROS.

The solution was exposed to visible light (150 W halogen source) for 0, 2, 4, and 10 min
and for 0, 1, 3, and 5 min in experiments with DMPO and TMP-OH, respectively. As
can be seen in Figure 2, in the presence of EGFP, none of these experiments showed the
appearance and a measurable growth of signals typical for ROS scavenging, i.e., DMPO-
OH/DMPO-OOH and TEMPOL, for DMPO and TMP-OH, respectively.
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Figure 2. Test measurements performed for checking the potential ability of EGFP to photogenerate ROS under visible light
illumination. (a) Superimposed are three ESR traces collected for an aqueous solution of EGFP after the consecutive periods
of exposure to a visible light of 0 (black), 4 (red), and 10 (blue) minutes, in the presence of DMPO spin-trap. The fact that
ESR signals characteristic of the trapped radicals are not observed suggests the lack of ROS photogeneration in the presence
of EGFP. In this experiment, 50 uM EGFP was dissolved in the phosphate buffer (pH 8.0), which also contained 300 mM
NaCl and a spin-trap, DMPO (50 mM). (b) Typically observable rapid increase of the complex TEMPOL /TEMPONE signal
during photogeneration of ROS in D,0O in the presence of 100 uM rose bengal and 50 mM TMP-OH (navy blue) is compared
to three superimposed ESR traces acquired in the presence of 100 uM EGFP, after the consecutive periods of exposure to
a visible light of 1 (blue), 3 (red), and 5 (green) minutes. The second experiment was intentionally performed in D,O to
enhance the impact of the potentially possible photosensitization of 1Ag by EGFP. In both experiments, for visible light
illumination a spot halogen source (150 W) was used.

Thus, the obtained results suggest that EGFP is not a direct ROS photosensitizer under
visible light illumination.

2.2. ROS Quenching by EGFP

Next, the ROS quenching capability of EGFP was verified for ROS, which were photo-
generated using either one of the organic photosensitizers, such as rose bengal (RB) and
methylene blue (MB), or in aqueous suspensions of the nanocrystalline titanium dioxide
(nano-TiO,, AMT-100). Structures and primary ROS production pathways for organic
and inorganic photosensitizers used herein upon excitation with visible or UV light are
presented in Appendix A (Scheme Al). In typical experiments, the concentrations of scav-
engers were about 1000 times higher than the concentrations of ROS generators. The results
of the experiment aimed at testing the ability of EGFP to scavenge ROS photogenerated by
a visible light excited MB are shown in Figure 3.
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Figure 3. Photosensitized generation of a singlet oxygen (! Ag) by 100 uM methylene blue under visible light illumination
(150 W halogen) in the absence and presence of EGFP. (a) Growth of the ESR signal of TEMPOL as a function of illumination
time in the absence of EGFP. (b) Growth of the ESR signal of TEMPOL as a function of illumination time in the presence of
20 uM EGFP. The ESR spectra presented in panels (a,b) were recorded in the dark (orange) and after 2 (green), 7 (blue), 12
(red), and 20 (black) min of visible light illumination. (c) Overlaid low-field features of the ESR signal of TEMPOL collected
after 20 min of visible light illumination for the photosensitization processes performed: in the absence of EGFP (black trace),
and in the presence of 10 uM EGFP (red trace) and 20 uM EGEFP (blue trace). (d) Time-evolution of the signal amplitude of
the low-field feature of the ESR spectra of TEMPOL observed in the absence of EGFP (black dots) and in the presence of
10 uM EGFP (red dots) and 20 uM EGFP (blue dots).

Upon excitation, MB generates singlet oxygen (*A;) (see Scheme A1b). Therefore, in
this experiment, the ESR-silent scavenger, TMP-OH, was used, which, upon reacting with
the photosensitized 1Ag, turns into an ESR-active nitroxide radical, TEMPOL. The ESR
spectra were recorded in the dark and after the consecutive periods of exposure to visible
light of 2, 7, 12, and 20 min, in the absence or presence of EGFP.

In particular, the progressive growth of the ESR signal of TEMPOL as a function of the
illumination time in the absence and presence of EGFP is shown in Figure 3a,b, respectively.
It can be seen that the resultant ESR signal after 20 min of illumination in the presence
of EGFP was ~50% lower (Figure 3b) than the corresponding ESR signal acquired in the
absence of EGFP (Figure 3a). Moreover, as shown in Figure 3c,d, the observed damping
effect of EGFP increased in a concentration-dependent manner. This result suggests that
1Ag, which is the main ROS photosensitized by MB under a visible light illumination, was
partially quenched by EGFP.

Moreover, as can be deduced from Figure 3¢, which shows the overlaid low-field
hyperfine features of the ESR spectra of TEMPOL collected after 20 min of exposure to
visible light for three concentrations of this protein (0, 10, and 20 uM), the shape of the ESR
spectrum points to the exclusive formation of TEMPOL. In other words, it indicates the
exclusive presence of ! A in this experiment, thus excluding formation and interference of
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other ROS, such as O,*~ and OH®, which would modify the ESR signal by an admixture
of the ESR signal of TEMPONE.

A similar experiment, aiming at testing the ability of EGFP to simultaneously scavenge
singlet oxygen (1Ag) and superoxide radicals (O,°~), was also performed. To that end, RB
was used because it is a visible light-sensitive photosensitizer that generates both 1Ag and
O,°~, with the respective efficiencies of ~75% and ~20% (see Scheme Ala). The results of
this experiment are shown in Figure 4.
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Figure 4. Photosensitized generation of a singlet oxygen (! Ag) and superoxide radicals (O,°") by
50 uM rose bengal under visible light illumination in the absence and presence of EGFP. (a) Growth
of the complex ESR signal containing the components of TEMPOL and TEMPONE, as a function
of the illumination time in the absence of EGFP. (b) Growth of the complex ESR signal containing
the components of TEMPOL and TEMPONE as a function of the illumination time in the presence
of 5 uM EGFP. The ESR spectra presented in panels (a,b) were recorded in the dark (orange) and
after 2 (green), 7 (blue), 12 (red), and 20 (black) min of visible light illumination. (c) Overlaid low-
field features of the complex ESR signal acquired after 20 min of visible light illumination for the
photosensitization processes performed in the absence of EGFP (black trace) and in the presence of
2 uM EGFP (red trace) and 5 uM EGEFP (blue trace). (d) Time-evolutions of the signal amplitude of
the low-field feature of the ESR spectra of TEMPOL observed in the absence of EGFP (black dots)
and in the presence of 2 uM EGFP (red dots), 5 uM EGFP (blue dots), 10 uM EGFP (green dots), and
20 uM EGFP (orange dots).

The overall behavior of the ESR signal was similar to that observed in the experiment
using MB as a photosensitizer. In particular, in the absence of EGFP, due to scavenging of
! Ag by TMP-OH, the ESR signal linearly increased as a function of time after the consecutive
periods of exposure to visible light illumination (Figure 4a). Additionally, similarly to the
experiment using MB, the increase of this signal was markedly weakened in the presence
of EGFP (Figure 4b). However, although the overall time-evolutions of the observed
signals in both experiments were similar, the spectral shapes of ESR signals collected
for the photosensitization process with RB were distinctly different. Specifically, due to
the simultaneous action of both A, and O,°*, the growth of the TEMPOL signal was
also accompanied by the appearance of three components of a weaker and substantially
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narrower signal, which could be assigned to TEMPONE. In general, in experiments utilizing
TMP-OH as a molecular target, the appearance of the ESR signal of TEMPONE indicates
involvement of other forms of ROS than just 1Ag [32]. This statement is consistent with
the proposed reaction mechanisms of TEMPOL with O,°~ and OH®~ that lead to the
formation of TEMPONE (see Appendix A, Scheme A2c).

2.3. Photoprotective Role of EGFP in the Presence of Photocatalytically Generated ROS by
Nano-TiO,

In another system aiming to investigate the photoprotective role of EGFP we imple-
mented an inorganic photocatalyst, namely nano-TiO,. It is widely accepted that under
exposure to ultraviolet radiation, the nanocrystalline form of titanium dioxide efficiently
generates both O,*~ and OH®~ (see Appendix A, Scheme Alc). Therefore, for this experi-
ment, the commercially-available nano-TiO, AMT-100 was chosen as a UVA-light-active
inorganic photocatalyst. This material consists of anatase nanoparticles having an aver-
age diameter of ~6 nm and is also characterized by a very large specific surface area of
~280.0 m?/g.

To detect photocatalytically generated ROS, we implemented a spin-trap, DMPO.
The measurements were performed in the absence and presence of 3.6 uM EGFP. In
addition, a virtually identical process of photocatalytic ROS generation by nano-TiO, was
carried out in the presence and absence of superoxide dismutase (SOD) with the activity
of 30 U/mL, a very powerful naturally-occurring antioxidant enzyme [33], and in the
presence and absence of bovine serum albumin (BSA), which is also known as a potent
antioxidant [34,35].

Typical results of the detection of ROS generated by nano-TiO; in the presence and
absence of EGFP, BSA and SOD, without illumination and after 30 and 60 s of exposure
to UVA, are shown in Figure 5a. The corresponding time-evolution of the ESR signal
intensities is shown in Figure 5b. It can be noticed that in the presence of 3.6 uM EGFP,
the intensity of the DMPO-OH signal, confirming the ROS generation, decreased by more
than 50% after 60 s of UVA illumination, thus similarly as in the case of BSA with the
same concentration.
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+10 mM DMPO

60 sec
UvAa

et
otk

o v 0 10 20 30 40 50 60
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Figure 5. The ROS quenching ability of EGFP towards photocatalytically generated ROS in the presence of 10 mM
DMPO and nano-TiO;, AMT-100 (3.2 mg/mL) in comparison with SOD and BSA, under UVA illumination (A = 365 nm,
20 mW/cm?). (a) Typical ESR spectra of the DMPO-OH spin adduct acquired in the absence of proteins (black), the presence

of 3.6 uM EGFP (green) or 3.6 uM BSA (grey), and the presence of 30 U/mL of a superoxide radical scavenging protein,

SOD, obtained in the dark and after 30 and 60 s of UVA illumination. (b) The time-evolution plots acquired in the absence
of protein (black), the presence of EGFP (red), BSA (grey), and SOD (blue).
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Overall, the results of this experiment, in which ROS was photocatalytically gen-
erated by an inorganic photocatalyst, nano-TiO,, point to a significant similarity of the
photoprotective behaviors of EGFP and BSA, whereas SOD showed the expected highest
quenching performance.

2.4. The Comparison of ROS Quenching Abilities of EGFP with PNP and Papain

To check if the ability to quench ROS is a specific feature of EGFP, we compared its
ROS scavenging ability with that of two other proteins, purine nucleoside phosphorylase
(PNP) and papain. In this context, it is worth adding that while the radical scavenging
activity and photoprotective role of papain has been mentioned in the literature [36], data
on similar properties of PNP are not known.

Therefore, our experiment was intended to test the ability of the above-mentioned
three proteins to intercept two kinds of ROS, which are singlet oxygen (*A) and superoxide
radicals (O,*7). For this purpose, RB was chosen as a photosensitizer, because it is known
that it generates both these ROS species [37].

A control measurement was performed for a solution containing no proteins. The
resultant ESR signals were measured for all the systems after 20 min of exposure to
visible light. Total concentrations of detected spins were obtained by double integration of
recorded ESR signals and by comparing them with the reference signal of 50 uM TEMPOL.

The comparative results of the ROS scavenging efficiency for the three above-mentioned
proteins are shown in Figure 6.

In particular, Figure 6 shows very large spectral differences that can be observed for
the ESR signals collected after a 20-min exposure time to visible light of the control sample
(Figure 6a) and for the three proteins: EGFP (Figure 6b), PNP (Figure 6¢), and papain
(Figure 6d). It can be seen that that the low-field features of the corresponding ESR signals
differed both in their intensity and spectral shape. Specifically, in the absence of proteins, a
typical complex ESR signal consisting of two components, i.e., TEMPOL and TEMPONE,
was observed. The stronger component of the signal (TEMPOL) corresponded to the singlet
oxygen (1Az) capturing mechanism, whereas the appearance of a weaker component (TEM-
PONE) indicated the mechanism of capturing superoxide radicals (O,°~) by TMP-OH (see
Scheme AZ2c). Simulation of the signal depicted in Figure 6a indicated the relative contents
of 90% and 10%, for TEMPOL and TEMPONE, respectively (Supplementary Figure S1).

In contrast, for the sample containing 40 uM EGFD, apart from a general decrease in
the ESR signal intensity (by ~58%), the characteristic TEMPONE component was practically
absent (Figure 6b). A similar signal shape, with similarly reduced intensity (by ~37%),
could be observed for the sample containing 32 uM papain (Figure 6d). From the point
of view of the line-shape, the ESR signals collected in the presence of these two proteins,
EGFP and papain, resembled the TEMPOL signal itself, which is shown for comparison in
Figure 6e. In contrast, the admixture of the TEMPONE component, although quite small,
was clearly visible in the signal collected for the sample containing 40 tM PNP (Figure 6¢).

The comparison of the normalized intensities of ESR signals collected after 20 min
of illumination with visible light for the three proteins is shown in Figure 6f. It can be
seen that in the presence of EGFP, the intensity of the ESR signal reached the lowest value
(42.5% as compared to the control signal). Therefore, considering the above measurements
carried out for three proteins, it can be stated that it is EGFP that has the greatest ROS
scavenging ability. Additionally, taking into account the practical absence of the TEMPONE
component in the resultant ESR signals for EGFP and papain, it can also be stated that
these two proteins capture superoxide radicals (O,*~) more efficiently than singlet oxygen
(1Ag) (Supplementary Figure S2).

It is worth mentioning that an additional experiment enabled us also to compare the
ROS-quenching potential of EGFP, PNP, and papain with the corresponding properties of
BSA. A detailed description of this experiment, based on experimental conditions identical
to the above-presented, can be found in Supplementary Materials (Section 3). The obtained
results suggest that under experimental conditions used herein, the ROS quenching ability
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runs from the highest to the lowest in the following way: BSA > EGFP > papain > PNP
(see Supplementary Figure S3f).
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Figure 6. Comparison of the ROS quenching capacity of three proteins, PNP, papain, and EGFP,
during the photosensitized generation of singlet oxygen @ Ag) and superoxide radicals (O,°") by
50 uM rose bengal exposed to visible light. Under the action of photosensitized ROS, the spin-trap
TMP-OH (50 mM) is converted to the ESR-active nitroxide radicals, TEMPOL and TEMPONE. (a) The
low-field hyperfine ESR feature acquired for the control measurement in the absence of proteins.
(b) The low-field hyperfine ESR feature acquired in the presence of 40 uM EGFP. (c) The low-field
hyperfine ESR feature acquired in the presence of 40 uM PNP. (d) The low-field hyperfine ESR
feature acquired in the presence of 32 uM papain. (e) The low-field hyperfine ESR feature collected
for a reference sample (50 uM TEMPOL). (f) Juxtaposition of the normalized ESR signal intensities
recorded for the three tested proteins after 20 min of exposure to visible light. All ESR spectra were
recorded using the same experimental settings (0.63 mW microwave power, 0.5 G mod., 4 scans

per trace).

2.5. Photobleaching of EGFP Chromophore

To confirm that the EGFP protein chromophore is responsible for the ROS quenching
by the process of chromophore photobleaching, we performed additional measurements
of ROS-induced decay of the chromophore fluorescence. The experiment was carried
out under visible light illumination using MB as photosensitizer. The choice of MB
(Aabs™/ Aem™® = 665 nm /686 nm), instead of RB (A ™ /Aem™?* = 546 nm /567 nm)
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as a ROS photosensitizer, allowed the potential fluorescence resonance energy transfer
(FRET) between EGFP (A ™ /Aem™?* = 489 nm /509 nm) and RB to be prevented, which
may occur due to a partial overlap of the EGFP emission and RB absorption spectra. For
the purposes of these measurements, a 10 uM solution of EGFP in phosphate buffer (pH
8.0, 300 mM NacCl), also containing 100 pM MB and 50 mM TMP-OH, was prepared. The
control solution contained the same ingredients except MB and TMP-OH.

As can be seen in Figure 7, in the absence of a photosensitizer (MB), the EGFP flu-
orescence emission was not attenuated during the exposure to visible light for 20 min
(green dots in Figure 7). In contrast, in the presence of MB, the photobleaching of the
EGFP chromophore was clearly visible (blue dots in Figure 7). In fact, after 20 min of
illumination the intensity of the EGFP fluorescence emission in the range 500-550 nm
decreased significantly.
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Figure 7. ROS-induced photobleaching of the EGFP chromophore. For the purpose of exposure
of EGFP to photosensitized ROS, a 10-uM solution of EGFP in phosphate buffer (pH 8.0, 300 mM
Na(l), also containing 100 uM MB and 50 mM TMP-OH (blue dots), was prepared. Such a solution
and its control version (without MB and TMP-OH, green dots) were exposed to visible light during
consecutive time periods of 0, 2, 7, 12, and 20 min. For the fluorescence measurement at Aem = 510 nm
(Aexc = 489 nm), the withdrawn samples were additionally diluted to obtain the final concentration
of 0.5 uM EGFP. Inset: Control absorption spectra collected for EGFP in the absence of MB and
TMP-OH before (dark green trace) and after (light green trace) the exposure for 20 min to visible
light; absorption spectra collected for EGFP in the presence of MB and TMP-OH before (blue trace)
and after (red trace) the exposure to visible light for 20 min. The overlapping of dark green, light
green, and blue lines shows that the chromophore is not bleached.

The relevant absorption spectra recorded before illumination and after a 20 min
exposure to visible light in the presence and absence of the MB photosensitizer are shown
in the inset in Figure 7.

It has to be stressed that the marked photobleaching of the EGFP chromophore re-
ported herein was observed using MB as a photosensitizer at a relatively high concentration
(100 pM) and under strong intensity of illumination with visible light.

One of the possible reasons for such a marked change in the functioning of the EGFP
chromophore in the herein reported experiment using MB may actually be related to the
cationic form of this photosensitizer. The cationic dye (MB) may interact with anionic EGFP
chromophore by electrostatic attraction, thus resulting in an altered (impaired) state of
the chromophore.
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3. Discussion

In regard to naturally occurring fluorescent proteins and their synthetic mutants, the
photoprotection and photobleaching mechanisms, as well as the potential toxicity due to a
plausible photosensitization of ROS, have been the topics of intense debate.

Some evidence suggests that the function of fluorescent proteins in nature might be
related to photoprotection of their hosts [38]. Concentration of fluorescent proteins in
marine organisms depends on light intensity and is correlated with reduction of photo-
damage. Palmer et al. [9] showed that coral fluorescent proteins have significant HyO,
scavenging activity. They observed such behavior for cyan (CFP), green (GFP), red (RFP),
and chromoprotein (CP) from corals.

In this context it is worth mentioning that the research concerning the protective role of
GFP has been carried by F. Bou-Abdallah et al. using ESR spectroscopy. They have shown
that GFP quenches O,°~ and exhibits SOD-like activity by competing with cytochrome c
for reaction with O,°*~ [39]. However, in contrast to our study, in which ROS was generated
by light (either UVA or visible), F. Bou-Abdallah et al. used a standard enzymatic reaction
involving xanthine oxidase, which catalyzes the oxidation of hypoxanthine to xanthine
and uric acid, the process that reduces molecular oxygen (O;) and produces O,*~. Their
investigations lead to the conclusion that GFP from jellyfish, Aequorea victoria, quenches
superoxide radicals (O,°~) and exhibits SOD-like activity. Greenbaum et al. [40] claim that
the oxidation of GFP and EGFP by O,°~ causes the photobleaching of these proteins. In line
with these conclusions, Grigorenko et al. [41], using molecular modeling calculations, have
shown that the light-induced reaction of GFP with oxygen leads to the formation of a radical
pair, ‘chromophore®~O,°*~’, which is then followed by the chromophore decomposition
and irreversible photobleaching.

On the other hand, it was claimed, based on investigation of the GFP chromophore
damage in COS?7 kidney cells and in E. coli bacteria, following light irradiation, that GFP
could generate singlet oxygen, albeit ineffectively [40]. Other reports on ROS photogen-
eration by GFPs were also published. In particular, time-resolved detection of the NIR
luminescence was used to observe singlet oxygen (1Ag) generation by several GFP mutants,
including EGFP [42,43]. According to the authors, this effect is much stronger for the free
chromophores than for the related proteins, because the protein’s 3-barrel provides shield-
ing of the chromophore from oxygen, thus reducing the possibility of photosensitization of
ROS. The accessibility of molecular oxygen to the chromophore seems to play a major role
in the ability of GFP-related proteins to photosensitize ! A,.

Ganini et al. [44] have shown that, in contrast to the mature EGFP, the immature EGFP
generates superoxide radicals (O,°7) in the presence of NADH.

Overall, the results of our research are in agreement with the reports that claim that the
mature EGFP cannot generate ROS. Throughout this study, to monitor the ROS interception
by EGFP, we implemented ESR in combination with spin-trapping.

In particular, we demonstrated that in the system containing solely EGFP as a potential
ROS photosensitizer and DMPO or TMP-OH as a spin-traps, the ROS-related increase of
the ESR signal during visible light illumination were not observed.

Our findings also support the hypothesis that GFP-like fluorescent proteins could be
capable of exerting photoprotective effects in living systems. In particular, in our in vitro
study, we checked the photoprotective role of EGFP in the aqueous environment using two
different organic photosensitizers, RB and MB, as well as an inorganic photocatalyst, nano-
TiO,. Such an approach enabled us to expose EGFP to a wide spectrum of ROS, ranging
from singlet oxygen (1), in the case of visible light excited RB and MB, to superoxide
(O2°7) and hydroxyl (OH®) radicals, in the case of UVA light excited nano-TiO5.

In the present work, we also compared the ROS quenching capability of EGFP with
the relevant abilities of three selected proteins, i.e., purine nucleoside phosphorylase (PNP),
bovine serum albumin (BSA), and papain. Interestingly, the ROS scavenging role of EGFP
was found similar to that of BSA and papain, whose protective activity against ROS has
been suggested in the literature [34-36].
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In the experiment, where ROS were generated by nano-TiO, under exposure to UVA,
the ESR signal intensity, confirming the ROS generation, decreased in the presence of EGFP
as much as for BSA of the same concentration.

While using RB as a visible light sensitive photogenerator of ROS, we found that
both EGFP and papain intercept singlet oxygen (1Ag) and superoxide radicals (O,° ™) with
similar efficiencies.

In addition, the spectral analysis of the ESR signals acquired during RB-mediated
photosensitization of ROS under a visible light illumination suggests that EGFP scavenges
0,°~ more efficiently than ! Ag molecules. In particular, in the presence of 10 uM EGFP, the
superoxide radical-dependent component, TEMPONE, was quenched by a factor of 3.6,
whereas the singlet oxygen (! Ag)-dependent component, TEMPOL, was quenched only by
a factor of 1.25 (Supplementary Figure S2).

One of the experiments performed in this work also provided evidence for the photo-
bleaching of the EGFP chromophore under photo-oxidative stress in the presence of MB as
a photosensitizer. This observation is consistent with some earlier reports [40,41,45].

In principle, such light-induced photobleaching, observed for GFP-like proteins in the
presence of molecular oxygen [41], can also be caused by the photosensitized singlet oxygen.
Thus, the mechanism of singlet oxygen scavenging by proteins from the GFP family might
present in marine organisms, such as corals and jellyfish, and serve for photoprotection.

While elucidation of the detailed mechanism of this ROS-scavenging action of EGFP
is beyond the scope of this study, the data presented herein suggest that similar pro-
tective capabilities of the naturally-occurring GFP-like proteins, such as their protective
action against visible- or UV-light induced ROS, could be an important contribution to
the realm of antioxidant defenses developed by, e.g., symbiotic cnidarians. In particular,
it is known that these organisms experience constant pro-oxidative conditions during
the daytime [46]. We also draw attention to the fact that the ability of GFP-like proteins
to quench ROS should also be taken into account in other areas, where such fluorescent
proteins are being implemented as supposedly inert, non-reactive light-excited fluorescent
markers, e.g., in fluorescence microscopy or spectroscopic techniques, such as fluorescence
correlation spectroscopy.

4. Materials and Methods
4.1. Chemicals and Protein

The following chemicals were of a reagent grade and were obtained from commercial
sources: components of phosphate buffer (NaH;PO, and Na,HPO,4) and NaCl from Roth,
2,2,6,6-tetramethyl-4-piperidinol (TMP-OH), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), rose
bengal (RB), methylene blue (MB), superoxide dismutase from bovine erythrocytes (SOD, MW
(dimer) = 32.5 kDa [47]), bovine serum albumin (BSA, MW (dimer) = 66.5 kDa [48]), and
papain from papaya (MW = 23.4 kDa [49]) from Sigma-Aldrich (St. Louis, USA), nano-TiO,,
AMT-100 (anatase) from Tayca Corp., Japan. Recombinant PNP from E. coli (PNP, MW
(hexamer) = 6 x 25.8 = 154.8 kDa [50] was expressed in E. coli and purified according to the
procedures described earlier [51]. To calculate the concentrations of proteins, the following
extinction coefficients were used: €380nm = 57.6 mM~tem ! for papain [52]; €Po80nm = 2.7
for PNP [53]. PNP concentration was calculated per monomer.

cDNA of S65T/F64L-GFP (EGFP) with 6 x His-tag was prepared using a Strata-
gene QuickChange mutagenesis kit. Protein was obtained by overexpression in E. coli
strain BL21 (DE3) and purified by IMAC methods on a Ni-NTA column as described
earlier [54]. The EGFP concentration was measured on a UV-VIS Cary 100Bio spectropho-
tometer (Varian, Agilent Technologies, Wood Dale, IL, USA) using extinction coefficient
€280nm = 21.0 mM~lem 1! for absorption of the natural aromatic amino acids residues at
280 nm and using &4g9nm = 38.0 mM~lem™! for the maximum absorption of the chro-
mophore at 489 nm [21]. Concentrations calculated using these two extinction coefficients
were the same, which means that all EGFP biomolecules have a properly maturated chro-
mophore, and this allowed us to determine the purity of the protein as 100%.
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All solutions were prepared with ultrapure water (18.2 MQ-cm; Millipore Sigma
Simplicity™ water purification system, Thermo Fisher Scientific, Basel, Switzerland).

4.2. Electron Spin Resonance Spectroscopy

To monitor the photogenerated ROS in the presence or absence of EGFP and other
proteins used in this study, we implemented electron spin resonance (ESR) in combination
with reactive spin-trapping [55-57].

The solutions prepared in 50 mM phosphate buffer (pH 8.0 with 300 mM NaCl)
contained ROS photogenerators, i.e., either 100 uM MB or 50 or 100 uM RB, or 3.2 mg/mL
of nano-TiO, (AMT-100) ROS scavengers (50 mM TMP-OH or 10-50 mM DMPO), and
EGFP. The solutions, with the standardized sample volume of 2.0 mL, contained different
concentrations of EGFP, that is, of 0, 2, 5, 10, and 20 uM and of 0, 10, and 20 uM, for RB and
for MB, respectively, and either of 0 or 3.6 uM for nano-TiO,.

The control measurements of spin concentration after 20 min of visible light illumination
(150 W, halogen source) of water solutions, which contained 50 uM of rose bengal and 50 mM
TMP-OH, and one of the proteins, papain (32 uM), PNP (40 uM), or EGFP (40 pM), were
performed. A control measurement was performed for a solution containing no proteins.

Prior to illumination, 2 mL volumes of the solutions/suspensions were transferred into
5 mL glass beakers. During exposure to light, the 2 mL volumes of solutions/suspensions
were equilibrated with air at the atmospheric pressure and stirred vigorously (magnetic
stirring) to prevent precipitation of compounds or agglomeration of nanoparticles. To
avoid overheating by light, the solutions/suspensions were maintained at a stabilized
temperature of 25.0 £ 0.1 °C, using a bath vessel, model Haake K10 (Thermo Fisher
Scientific, Switzerland), equipped with a temperature control module.

The solutions were illuminated with the visible light from a spot halogen light source
(150 W), model VOLPI 6000-1 (Intralux, Switzerland). For spin-trapping measurements
of ROS generated in aqueous suspensions of nano-TiO; and with using DMPO as a ROS
scavenger, a UV spot light source (Aexc = 365 nm, 20 mW/cm?), model LC-8 Lightingcure™
(Hamamatsu Photonics, Japan) was implemented.

For exposure to light, the selected consecutive time intervals of 0, 2, 7, 12, and 20 min
for MB and RB and of 0, 30, 60, and 90 s for TiO,, were used. After each illumination step,
~15 uL sample volumes were drawn from the beaker into thin-walled borosilicate glass
capillaries, model CV7087-100 (0.7 mm ID/0.87 mm OD, VitroCom Inc., Mountain Lakes,
NJ, USA), which were then sealed on both ends with a tube sealant, ChaSeal (Chase Scien-
tific Glass Inc., Rockwood, TN, USA). Next, for the subsequent ESR analysis, a thin-walled
borosilicate glass capillary containing the collected sample was inserted into a standard ESR
quartz tube, model 707-5Q-250M (4.0 mm OD/3.0 mm ID, Wilmad-LabGlass, Vineland, NJ,
USA), and then positioned in the ESR cavity. A Bruker X-band spectrometer model ESP300E
(Bruker Biospin GmbH, Karlsruhe, Germany) equipped with a standard TE102 rectangular
resonator was employed for acquiring the ESR spectra. All ESR measurements of the signal
growth of paramagnetic products formed from the corresponding diamagnetic precursors,
that is of TEMPOL/TEMPONE (converted from TMP-OH), or of DMPO-OH/DMPO-OOH
(converted from DMPO), as well as of time-dependent photo-decomposition of TEMPOL,
were performed at room temperature. Typical instrumental parameters were as follows:
microwave power of 10.0 mW, modulation amplitude of 0.5 G, time constant of 41.0 ms,
magnetic field sweeping range of 120 G, sweeping time of 84.0 s. For each ESR spectrum,
3 or 5 traces were acquired and averaged.

4.3. Photobleaching of EGFP

Measurements of the characteristic fluorescence of the EGFP protein were performed
to check whether the attack of ROS can photobleach this protein. To this end, 10 pM
protein sample solution (in 50 mM phosphate buffer, pH 8.0, 300 mM NaCl), containing
also 100 uM of MB and 50 mM of TMP-OH, was prepared. The solution prepared this
way was then exposed to the visible light illumination (lamp model Haloline Eco, Osram
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(64695), 120 W, temperature of the halogen filament 2900 K) during the consecutive time
periods of 0, 2, 7, 12, and 20 min. Next, prior the fluorescence measurements, due to the
very high intensity of EGFP fluorescence, which was exceeding the measuring range of
the Perkin Elmer LS 55 spectrofluorometer, a small volume (65 pL) was taken from the
illuminated sample and diluted to the final EGFP concentration of 0.5 uM. Fluorescence for
Aexc = 489 nm and Aem = 500-550 nm was measured as a function of exposure time to the
visible light illumination. The results were compared with the control performed in this
same way, but for the solution without MB and TMP-OH.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22168565/s1, Supplementary Figure S1: Photogeneration of 1Ag and O,°" in the absence
of proteins: simulation of the ESR spectrum acquired after 20 min of illumination (VIS light, 50 uM rose
bengal and 50 mM TMP-OH). Supplementary Figure S2: The spectral analysis of the photoprotective
function of EGFP in an aqueous environment in vitro in the presence of ROS photogenerated by
an organic photosensitizer, rose bengal, and ROS spin-trapping-TMP-OH. Supplementary Figure S3:
Photogeneration of singlet oxygen (! Ag) and superoxide radicals (O,* ™) in H,O by 50 uM rose bengal
under VIS light illumination in the absence and presence of four proteins, EGFF, PNP, papain, and BSA.
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Appendix A. Properties of the Employed ROS Photogenerators and Spin-Traps

In this work, ROS were photogenerated in aqueous solutions using organic photo-
sensitizers, rose bengal (RB) and methylene blue (MB), or in aqueous suspensions of the
inorganic photocatalyst nanocrystalline titanium dioxide (nano-TiO,). The potential of
EGFP to photogenerate ROS was also tested. Scheme Al summarizes the most impor-
tant steps towards the formation of ROS that occur upon excitation of the RB and MB or
nano-TiO,, with visible or UV light, respectively.

As shown in Scheme Ala, after excitation with visible light, the RB molecule passes
through the intersystem-crossing process (ISC) to the long-lived excited triplet state (*RB*).
In the subsequent reaction step, RB* transfers its energy to molecular oxygen (°0,) via
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the triplet-triplet energy transfer mechanism (TET), thus forming singlet oxygen (1Ag).
In addition, it has been shown that the RB molecule in its excited triplet state (®RB*) can
also directly react with oxygen molecules (*0,) by means of the electron-transfer process
(ET), thus leading to the formation of O,°~. The respective photogeneration efficiencies of
formation of 1Ag and O,°~ have been shown to be ~75% and ~20% (Scheme Ala) [58].

The mechanism of !A; photogeneration by MB (Scheme Alb) is identical to that pre-
sented above for RB. Additionally, it has been found that the formation superoxide radicals
(O2°7) may occur in the presence of significant MB concentrations ([MB] > 20 uM) [59].

In the case of the third ROS generation system used in this work (nano-TiO,), the
absorption of the UV radiation leads to the excitation of electrons in the conduction band,
ecp, and positively charged holes in the valence band, hyg* (Scheme Alc). The photogen-
erated electrons can be transferred from the conduction band of the TiO, nanoparticle to
the surrounding oxygen molecules, thus forming of superoxide radicals (O,), whereas the
photogenerated holes in the valence band can react with adsorbed OH™ or H,O to form
highly reactive hydroxyl radicals (OH®) or hydrogen peroxide (H2O,).

To monitor the photogeneration of ROS, we implemented the ESR technique in com-
bination with spin-trapping. Spin traps can serve as efficient ROS scavengers to produce
more stable spin-adducts, thus facilitating the ESR detection of short-lived forms of ROS.
The molecular structures of the chosen two diamagnetic precursors, that is the nitroxide
radical precursor TMP-OH and the DMPO spin-trap, are presented in Scheme A2 together
with their basic reactions with ROS. As a result of these reactions, both TMP-OH and
DMPO are converted to their corresponding paramagnetic forms and therefore become
easily detectable by ESR.
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Scheme A1. (Left) Structures of organic and inorganic photosensitizers used in this study, i.e., of
rose bengal, RB (a), methylene blue, MB (b) and nano-TiO;, (c). (Right) Relevant reaction schemes of
ROS generation processes. ET, electron transfer; TET, triplet-triplet energy transfer; ISC, inter system
crossing; CB, conduction band; h*, positively charged holes; VB, valence band.

In particular, as shown in Scheme AZ2a, the diamagnetic (ESR-silent) scavenger TMP-OH
(2,2,6,6-tetramethyl-4-piperidinol), upon reaction with singlet oxygen (1 Ag) produces a stable
paramagnetic radical product, i.e., 4-hydroxy-2,2,6,6-teramethyl piperidin-1-oxyl, TEMPOL [60].
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The second ROS scavenger, the spin-trap DMPO, reacts with both OH® and O,°~,
thus leading to the creation of two distinguishable spin-adducts, i.e., DMPO-OH and
DMPO-OOH, which clearly differ in their ESR spectra (Scheme A2b). Specifically, the
corresponding ESR spectra of both paramagnetic products consist of four (DMPO-OH)
and twelve (DMPO-OQOH) lines. It has to be mentioned, however, that although DMPO
efficiently scavenges O,°~, the resulting spin-adduct is not very stable and quickly de-
composes by a direct reduction to the OH® adduct, DMPO-OH (on a time scale of tens of
seconds) [61]. The other possible pathway to decomposition of DMPO-OOH runs through
the formation of free OH® from DMPO-OOH, which can subsequently be trapped by the
unreacted DMPO molecules [62].

The third ROS scavenger, TEMPOL, is a well-known, water-soluble antioxidant, re-
portedly acting as a superoxide dismutase (SOD) mimicking agent [63,64]. It has also been
reported that TEMPOL, apart from dismutation of O,*~, can be used as a target molecule
for the photogenerated OH® [65]. As shown in Scheme AZ2c, the reported reactive pathways
of TEMPOL with O,°*~ and OH® introduce respective structural changes at the 1- and 4-
positions of the TEMPOL molecule [32,37]. Acting in concert, these structural changes induce
both the decay of the paramagnetic TEMPOL, as well as the concurrent formation of another
ESR-active radical, i.e., TEMPONE (4-0x0-2,2,6,6-tetramethylpiperidine-N-oxyl) [66].
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Scheme A2. Schematic representation of typical reactions of ROS with the spin-traps, TMP-OH and
DMPO. (a) Scavenging of excited singlet oxygen (!Ag) by TMP-OH results in appearing of the ESR
signal of TEMPOL. (b) Scavenging of hydroxyl radicals (OH®) by DMPO results in formation of the
paramagnetic spin-adduct, DMPO-OH. Scavenging of superoxide radicals (O,*~) by DMPO leads to
the short-lived paramagnetic spin-adduct DMPO-OOH, which converts to DMPO-OH. (c) Possible
reaction pathways of TEMPOL with ROS. The attack of hydroxyl radicals (OH®) converts TEMPOL
to TEMPONE, whereas reactions with other ROS lead to formation of the ESR-silent products.




Int. . Mol. Sci. 2021, 22, 8565 17 of 19

References

1.  Chauhan, V,; Chauhan, A. Oxidative stress in Alzheimer’s disease. Pathophysiology 2006, 13, 195-208. [CrossRef] [PubMed]

2. Uttara, B.; Singh, A.V.,; Zamboni, P; Mahajan, R.T. Oxidative Stress and Neurodegenerative Diseases: A Review of Upstream and
Downstream Antioxidant Therapeutic Options. Curr. Neuropharmacol. 2009, 7, 65-74. [CrossRef]

3. Migliore, L.; Coppedé, E. Environmental-induced oxidative stress in neurodegenerative disorders and aging. Mutat. Res. Toxicol.
Environ. Mutagen. 2009, 674, 73-84. [CrossRef] [PubMed]

4.  Koppula, S.; Kumar, H.; More, S.V.; Kim, B.W.; Kim, LS.; Choi, D.-K. Recent Advances on the Neuroprotective Potential of
Antioxidants in Experimental Models of Parkinson’s Disease. Int. J. Mol. Sci. 2012, 13, 10608-10629. [CrossRef] [PubMed]

5. Cadet, J.; Wagner, ].R. DNA Base Damage by Reactive Oxygen Species, Oxidizing Agents, and UV Radiation. Cold Spring Harb.
Perspect. Biol. 2013, 5, a012559. [CrossRef]

6.  Aslani, B.A.; Ghobadi, S. Studies on oxidants and antioxidants with a brief glance at their relevance to the immune system. Life
Sci. 2016, 146, 163-173. [CrossRef]

7. Roth, M.S,; Latz, M.I; Goericke, R.; Deheyn, D.D. Green fluorescent protein regulation in the coral Acropora yongei during
photoacclimation. J. Exp. Biol. 2010, 213, 3644-3655. [CrossRef]

8.  Gittins, J.R.; D’Angelo, C.; Oswald, E; Edwards, R.; Wiedenmann, J. Fluorescent protein-mediated colour polymorphism in reef
corals: Multicopy genes extend the adaptation/acclimatization potential to variable light environments. Mol. Ecol. 2015, 24,
453-465. [CrossRef]

9.  Palmer, C.V,; Modi, C.; Mydlarz, L.D. Coral Fluorescent Proteins as Antioxidants. PLoS ONE 2009, 4, €7298. [CrossRef]

10. Leutenegger, A.; D’Angelo, C.; Matz, M.; Denzel, A.; Oswald, F; Salih, A.; Nienhaus, G.U.; Wiedenmann, J. It's cheap to be
colorful Anthozoans show a slow turnover of GFP-like proteins. FEBS |. 2007, 274, 2496-2505. [CrossRef] [PubMed]

11. Shimomura, O.; Johnson, FH.; Saiga, Y. Extraction, Purification and Properties of Aequorin, a Bioluminescent Protein from the
Luminous Hydromedusan,Aequorea. J. Cell. Comp. Physiol. 1962, 59, 223-239. [CrossRef]

12. Van Thor, J.J.; Georgiev, G.Y.; Towrie, M.; Sage, J.T. Ultrafast and Low Barrier Motions in the Photoreactions of the Green
Fluorescent Protein. J. Biol. Chem. 2005, 280, 33652-33659. [CrossRef] [PubMed]

13.  Royant, A.; Noirclerc-Savoye, M. Stabilizing role of glutamic acid 222 in the structure of Enhanced Green Fluorescent Protein. J.
Struct. Biol. 2011, 174, 385-390. [CrossRef] [PubMed]

14. Ma, Y;; Sun, Q.; Smith, S.C. The mechanism of oxidation in chromophore maturation of wild-type green fluorescent protein: A
theoretical study. Phys. Chem. Chem. Phys. 2017, 19, 12942-12952. [CrossRef] [PubMed]

15. Bartkiewicz, M.; Kazazic, S.; Krasowska, J.; Clark, P.; Wielgus-Kutrowska, B.; Bzowska, A. Non—fluorescent mutant of green
fluorescent protein sheds light on the mechanism of chromophore formation. FEBS Lett. 2018, 592, 1516-1523. [CrossRef]
[PubMed]

16. Tsien, R.Y. The Green Fluorescent Protein. Annu. Rev. Biochem. 1998, 67, 509-544. [CrossRef] [PubMed]

17.  Reid, B.G.; Flynn, G.C. Chromophore Formation in Green Fluorescent Protein. Biochemistry 1997, 36, 6786—6791. [CrossRef]

18. Cormack, B.P; Valdivia, R.H.; Falkow, S. FACS-optimized mutants of the green fluorescent protein (GFP). Gene 1996, 173, 33-38.
[CrossRef]

19. Crone, D.E.;; Huang, Y.-M.; Pitman, D.].; Schenkelberg, C.; Fraser, K.; Macari, S.; Bystroff, C. GFP-Based Biosensors. In State of the
Art in Biosensors—General Aspects; IntechOpen: London, UK, 2013.

20. Dawidziak-Pakula, A.; Krasowska, ].; Wielgus-Kutrowska, B. Analytical ultracentrifugation as a tool in the studies of aggregation
of the fluorescent marker, Enhanced Green Fluorescent Protein. Acta Biochim. Pol. 2020, 67, 85-91. [CrossRef]

21. Seifert, M.H.]; Ksiazek, D.; Azim, M.K,; Smialowski, P; Budisa, N.; Holak, T.A. Slow Exchange in the Chromophore of a Green
Fluorescent Protein Variant. . Am. Chem. Soc. 2002, 124, 7932-7942. [CrossRef] [PubMed]

22. Patterson, G.; Knobel, S.; Sharif, W.; Kain, S.; Piston, D. Use of the green fluorescent protein and its mutants in quantitative
fluorescence microscopy. Biophys. J. 1997, 73, 2782-2790. [CrossRef]

23. Marshall, J.; Molloy, R.; Moss, G.W.; Howe, J.R.; Hughes, T. The jellyfish green fluorescent protein: A new tool for studying ion
channel expression and function. Neuron 1995, 14, 211-215. [CrossRef]

24. Bulina, M.E.; Chudakov, D.M.; Britanova, O.V.; Yanushevich, Y.G.; Staroverov, D.B.; Chepurnykh, T.V.; Merzlyak, E.M.; Shkrob,
M.A,; Lukyanov, S.; Lukyanov, K.A. A genetically encoded photosensitizer. Nat. Biotechnol. 2006, 24, 95-99. [CrossRef] [PubMed]

25. Serebrovskaya, E.O.; Edelweiss, E.F,; Stremovskiy, O.A.; Lukyanov, K.; Chudakov, D.; Deyev, S.M. Targeting cancer cells by using
an antireceptor antibody-photosensitizer fusion protein. Proc. Natl. Acad. Sci. USA 2009, 106, 9221-9225. [CrossRef]

26. Vegh, R.B.; Solntsev, K.; Kuimova, M.K.; Cho, S.; Liang, Y.; Loo, B.L.W.; Tolbert, L.M.; Bommarius, A.S. Reactive oxygen species in
photochemistry of the red fluorescent protein “Killer Red”. Chem. Commun. 2011, 47, 4887-4889. [CrossRef]

27. Carpentier, P; Violot, S.; Blanchoin, L.; Bourgeois, D. Structural basis for the phototoxicity of the fluorescent protein KillerRed.
FEBS Lett. 2009, 583, 2839-2842. [CrossRef] [PubMed]

28. Riuz-Gonzalez, R.; Rodriguez-Pulido, A. Photosensitization by GFP-Like Proteins. In Singet Oxygen. Applications in Biosciences and
Nanosciences, Comprehensive Series in Photochemistry and Photobiology; Nonell, S., Flors, C., Eds.; The Royal Society of Chemistry:
Cambridge, UK, 2013; Volume 13, pp. 274-284.

29. Ragas, X.; Cooper, L.P.; White, ].H.; Nonell, S.; Flors, C. Quantification of Photosensitized Singlet Oxygen Production by a

Fluorescent Protein. Chem. Phys. Chem. 2010, 12, 161-165. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pathophys.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16781128
http://doi.org/10.2174/157015909787602823
http://doi.org/10.1016/j.mrgentox.2008.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18952194
http://doi.org/10.3390/ijms130810608
http://www.ncbi.nlm.nih.gov/pubmed/22949883
http://doi.org/10.1101/cshperspect.a012559
http://doi.org/10.1016/j.lfs.2016.01.014
http://doi.org/10.1242/jeb.040881
http://doi.org/10.1111/mec.13041
http://doi.org/10.1371/journal.pone.0007298
http://doi.org/10.1111/j.1742-4658.2007.05785.x
http://www.ncbi.nlm.nih.gov/pubmed/17419724
http://doi.org/10.1002/jcp.1030590302
http://doi.org/10.1074/jbc.M505473200
http://www.ncbi.nlm.nih.gov/pubmed/16033764
http://doi.org/10.1016/j.jsb.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21335090
http://doi.org/10.1039/C6CP07983K
http://www.ncbi.nlm.nih.gov/pubmed/28480935
http://doi.org/10.1002/1873-3468.13051
http://www.ncbi.nlm.nih.gov/pubmed/29637558
http://doi.org/10.1146/annurev.biochem.67.1.509
http://www.ncbi.nlm.nih.gov/pubmed/9759496
http://doi.org/10.1021/bi970281w
http://doi.org/10.1016/0378-1119(95)00685-0
http://doi.org/10.18388/abp.2020_5081
http://doi.org/10.1021/ja0257725
http://www.ncbi.nlm.nih.gov/pubmed/12095337
http://doi.org/10.1016/S0006-3495(97)78307-3
http://doi.org/10.1016/0896-6273(95)90279-1
http://doi.org/10.1038/nbt1175
http://www.ncbi.nlm.nih.gov/pubmed/16369538
http://doi.org/10.1073/pnas.0904140106
http://doi.org/10.1039/c0cc05713d
http://doi.org/10.1016/j.febslet.2009.07.041
http://www.ncbi.nlm.nih.gov/pubmed/19646983
http://doi.org/10.1002/cphc.201000919
http://www.ncbi.nlm.nih.gov/pubmed/21226197

Int. . Mol. Sci. 2021, 22, 8565 18 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Takemoto, K.; Matsuda, T.; Sakai, N.; Fu, D.; Noda, M.; Uchiyama, S.; Kotera, I.; Arai, Y.; Horiuchi, M.; Fukui, K.; et al. SuperNova,
a monomeric photosensitizing fluorescent protein for chromophore-assisted light inactivation. Sci. Rep. 2013, 3, 1-7. [CrossRef]
Mccord, J.M.; Fridovich, I. Superoxide dismutase. An enzymic function for erythrocuprein (hemocuprein). J. Biol. Chem. 1969,
244, 6049-6055. [CrossRef]

Marshall, D.; Christian, M.L.; Gryn’Ova, G.; Coote, M.; Barker, P.; Blanksby, S. Oxidation of 4-substituted TEMPO derivatives
reveals modifications at the 1- and 4-positions. Org. Biomol. Chem. 2011, 9, 4936—4947. [CrossRef]

Wang, Y.; Branicky, R.; Noe, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915-1928. [CrossRef]

Iglesias, J.; Abernethy, V.E.; Wang, Z.; Lieberthal, W.; Koh, ].S.; Levine, ].S. Albumin is a major serum survival factor for renal
tubular cells and macrophages through scavenging of ROS. Am. |. Physiol. Physiol. 1999, 277, F711-F722. [CrossRef]

Roche, M.; Rondeau, P; Singh, N.R.; Tarnus, E.; Bourdon, E. The antioxidant properties of serum albumin. FEBS Lett. 2008, 552,
1783-1787. [CrossRef] [PubMed]

Manosroi, A.; Chankhampan, C.; Pattamapun, K.; Manosroi, W.; Manosroi, J. Antioxidant and Gelatinolytic Activities of Papain
from Papaya Latex and Bromelain from Pineapple Fruits. Chiang Mai. J. Sci. 2014, 41, 635-648.

Baumann, P; Balasubramanian, V.; Onaca-Fischer, O.; Sienkiewicz, A.; Palivan, C.G. Light-responsive polymer nanoreactors: A
source of reactive oxygen species on demand. Nanoscale 2013, 5, 217-224. [CrossRef]

Salih, A.; Larkum, A.W.D,; Cox, G.; Kiihl, M.; Hoegh-Guldberg, O. Fluorescent pigments in corals are photoprotective. Nat. Cell
Biol. 2000, 408, 850-853. [CrossRef]

Bou-Abdallah, F.; Chasteen, N.D.; Lesser, M.P. Quenching of superoxide radicals by green fluorescent protein. Biochim. Biophys.
Acta (BBA) Gen. Subj. 2006, 1760, 1690-1695. [CrossRef] [PubMed]

Greenbaum, L.; Rothmann, C.; Lavie, R.; Malik, Z. Green Fluorescent Protein Photobleaching: A Model for Protein Damage by
Endogenous and Exogenous Singlet Oxygen. Biol. Chem. 2000, 381, 1251-1258. [CrossRef] [PubMed]

Grigorenko, B.; Nemukhin, A.V.; Polyakov, I.; Khrenova, M.; Krylov, A.I. A Light-Induced Reaction with Oxygen Leads to
Chromophore Decomposition and Irreversible Photobleaching in GFP-Type Proteins. J. Phys. Chem. B 2015, 119, 5444-5452.
[CrossRef]

Jiménez-Banzo, A.; Nonell, S.; Hofkens, ].; Flors, C. Singlet Oxygen Photosensitization by EGFP and its Chromophore HBDI.
Biophys. ]. 2008, 94, 168-172. [CrossRef] [PubMed]

Jiménez-Banzo, A.; Ragas, X.; Abbruzzetti, S.; Viappiani, C.; Campanini, B.; Flors, C.; Nonell, S. Singlet oxygen photosensitisation
by GFP mutants: Oxygen accessibility to the chromophore. Photochem. Photobiol. Sci. 2010, 9, 1336-1341. [CrossRef]

Ganini, D.; Leinisch, F; Kumar, A.; Jiang, J.; Tokar, E.J.; Malone, C.C.; Petrovich, R.M.; Mason, R.P. Fluorescent proteins such as
eGFP lead to catalytic oxidative stress in cells. Redox Biol. 2017, 12, 462-468. [CrossRef]

Alnuami, A.A.; Zeedi, B.; Qadri, S.; Ashraf, S. Oxyradical-induced GFP damage and loss of fluorescence. Int. J. Biol. Macromol.
2008, 43, 182-186. [CrossRef] [PubMed]

Pey, A.; Zamoum, T.; Christen, R.; Merle, P.-L.; Furla, P. Characterization of glutathione peroxidase diversity in the symbiotic sea
anemone Anemonia viridis. Biochimie 2017, 132, 94-101. [CrossRef] [PubMed]

Cass, A.E.G. Superoxide Dismutases. In Metalloproteins, Topics in Molecular and Structural Biology Book Series, 1st ed.; Palgrave
Macmillan: London, UK, 1985; pp. 121-156.

Peters, T. Serum Albumin. Adv. Protein Chem. 1985, 37, 161-245. [CrossRef] [PubMed]

Mitchel, R.E.; Chaiken, I.M.; Smith, E.L. The Complete Amino Acid Sequence of Papain. |. Biol. Chem. 1970, 245, 3485-3492.
[CrossRef]

Lee, ].; Filosa, S.; Bonvin, J.; Guyon, S.; Aponte, R.A.; Turnbull, ].L. Expression, Purification, and Characterization of Recombinant
Purine Nucleoside Phosphorylase from Escherichia coli. Protein Expr. Purif. 2001, 22, 180-188. [CrossRef]

Mikleusevi¢, G.; Stefanié, Z.; Narczyk, M.; Wielgus-Kutrowska, B.; Bzowska, A.; Luic, M. Validation of the catalytic mechanism of
Escherichia coli purine nucleoside phosphorylase by structural and kinetic studies. Biochimie 2011, 93, 1610-1622. [CrossRef]
Pace, C.N.; Vajdos, F,; Fee, L.; Grimsley, G.; Gray, T. How to measure and predict the molar absorption coefficient of a protein.
Protein Sci. 1995, 4, 2411-2423. [CrossRef]

Bzowska, A.; Kulikowska, E.; Shugar, D. Purine nucleoside phosphorylases: Properties, functions, and clinical aspects. Pharmacol.
Ther. 2000, 88, 349-425. [CrossRef]

Krasowska, J.; Olasek, M.; Bzowska, A.; Clark, PL.; Wielgus-Kutrowska, B. The comparison of aggregation and folding of
enhanced green fluorescent protein (EGFP) by spectroscopic studies. Spectroscopy 2010, 24, 343-348. [CrossRef]

Buettner, G. The Spin Trapping of Superoxide and Hydroxyl Free Radicals with DMPO (5.5-Dimethylpyrroline-N-oxide): More
About Iron. Free. Radic. Res. Commun. 1993, 19, s79-s87. [CrossRef]

Ruales-Lonfat, C.; Barona, J.; Sienkiewicz, A.; Bensimon, M.; Colmenares, J.J.V.; Benitez, N.; Pulgarin, C. Iron oxides semiconduc-
tors are efficients for solar water disinfection: A comparison with photo-Fenton processes at neutral pH. Appl. Catal. B Environ.
2015, 166-167, 497-508. [CrossRef]

Caputo, F.; Mameli, M.; Sienkiewicz, A.; Licoccia, S.; Stellacci, F.; Ghibelli, L.; Traversa, E. A novel synthetic approach of cerium
oxide nanoparticles with improved biomedical activity. Sci. Rep. 2017, 7, 1-13. [CrossRef]

Lambert, C.; Sarna, T.; Truscott, T.G. Rose bengal radicals and their reactivity. J. Chem. Soc. Faraday Trans. 1990, 86, 3879-3882.
[CrossRef]


http://doi.org/10.1038/srep02629
http://doi.org/10.1016/S0021-9258(18)63504-5
http://doi.org/10.1039/c1ob05037k
http://doi.org/10.1083/jcb.201708007
http://doi.org/10.1152/ajprenal.1999.277.5.F711
http://doi.org/10.1016/j.febslet.2008.04.057
http://www.ncbi.nlm.nih.gov/pubmed/18474236
http://doi.org/10.1039/C2NR32380J
http://doi.org/10.1038/35048564
http://doi.org/10.1016/j.bbagen.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/17023114
http://doi.org/10.1515/BC.2000.153
http://www.ncbi.nlm.nih.gov/pubmed/11209760
http://doi.org/10.1021/acs.jpcb.5b02271
http://doi.org/10.1529/biophysj.107.107128
http://www.ncbi.nlm.nih.gov/pubmed/17766345
http://doi.org/10.1039/c0pp00125b
http://doi.org/10.1016/j.redox.2017.03.002
http://doi.org/10.1016/j.ijbiomac.2008.05.002
http://www.ncbi.nlm.nih.gov/pubmed/18561996
http://doi.org/10.1016/j.biochi.2016.10.016
http://www.ncbi.nlm.nih.gov/pubmed/27833038
http://doi.org/10.1016/s0065-3233(08)60065-0
http://www.ncbi.nlm.nih.gov/pubmed/3904348
http://doi.org/10.1016/S0021-9258(18)62954-0
http://doi.org/10.1006/prep.2001.1437
http://doi.org/10.1016/j.biochi.2011.05.030
http://doi.org/10.1002/pro.5560041120
http://doi.org/10.1016/S0163-7258(00)00097-8
http://doi.org/10.1155/2010/186903
http://doi.org/10.3109/10715769309056s79
http://doi.org/10.1016/j.apcatb.2014.12.007
http://doi.org/10.1038/s41598-017-04098-6
http://doi.org/10.1039/ft9908603879

Int. . Mol. Sci. 2021, 22, 8565 19 of 19

59.

60.

61.

62.

63.

64.

65.

66.

Hubenko, K.; Yefimova, S.; Tkacheva, T.; Maksimchuk, P.; Borovoy, I.; Klochkov, V.; Kavok, N.; Opolonin, O.; Malyukin, Y.
Reactive oxygen species generation in aqueous solutions containing GdVO4:Eu3+ nanoparticles and their complexes with
methylene blue. Nanoscale Res. Lett. 2018, 13, 100. [CrossRef] [PubMed]

Lion, Y.; Delmelle, M.; Van De Vorst, A. New method of detecting singlet oxygen production. Nat. Cell Biol. 1976, 263, 442—443.
[CrossRef] [PubMed]

Pieper, G.M,; Felix, C.C.; Kalyanaraman, B.; Turk, M.; Roza, A.M. Detection by ESR of DMPO hydroxyl adduct formation from
islets of langerhans. Free. Radic. Biol. Med. 1995, 19, 219-225. [CrossRef]

Lloyd, R.V.; Mason, R.P. Evidence against transition metal-independent hydroxyl radical generation by xanthine oxidase. J. Biol.
Chem. 1990, 265, 16733-16736. [CrossRef]

Lu, H.; Zhen, J.; Wu, T; Peng, A.; Ye, T.; Wang, T.; Yu, X,; Vaziri, N.D.; Mohan, C.; Zhou, X.J. Superoxide dismutase mimetic
drug tempol aggravates anti-GBM antibody-induced glomerulonephritis in mice. Am. . Physiol. Physiol. 2010, 299, F445-F452.
[CrossRef]

Wilcox, C.S. Effects of tempol and redox-cycling nitroxides in models of oxidative stress. Pharmacol. Ther. 2010, 126, 119-145.
[CrossRef] [PubMed]

Saito, K.; Takeshita, K.; Ueda, ] .-1.; Ozawa, T. Two Reaction Sites of a Spin Label, TEMPOL (4-Hydroxy-2,2,6,6-tetramethylpiperidine-
N-oxyl), with Hydroxyl Radical. J. Pharm. Sci. 2003, 92, 275-280. [CrossRef] [PubMed]

Kudo, W.; Yamato, M.; Yamada, K.-I; Kinoshita, Y.; Shiba, T.; Watanabe, T.; Utsumi, H. Formation of TEMPOL-hydroxylamine
during reaction between TEMPOL and hydroxyl radical: HPLC/ECD study. Free. Radic. Res. 2008, 42, 505-512. [CrossRef]
[PubMed]


http://doi.org/10.1186/s11671-018-2514-5
http://www.ncbi.nlm.nih.gov/pubmed/29654410
http://doi.org/10.1038/263442a0
http://www.ncbi.nlm.nih.gov/pubmed/972689
http://doi.org/10.1016/0891-5849(95)00018-S
http://doi.org/10.1016/S0021-9258(17)44820-4
http://doi.org/10.1152/ajprenal.00583.2009
http://doi.org/10.1016/j.pharmthera.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20153367
http://doi.org/10.1002/jps.10304
http://www.ncbi.nlm.nih.gov/pubmed/12532377
http://doi.org/10.1080/10715760802112809
http://www.ncbi.nlm.nih.gov/pubmed/18484414

	Introduction 
	Results 
	EGFP Is Not a ROS Generator 
	ROS Quenching by EGFP 
	Photoprotective Role of EGFP in the Presence of Photocatalytically Generated ROS by Nano-TiO2 
	The Comparison of ROS Quenching Abilities of EGFP with PNP and Papain 
	Photobleaching of EGFP Chromophore 

	Discussion 
	Materials and Methods 
	Chemicals and Protein 
	Electron Spin Resonance Spectroscopy 
	Photobleaching of EGFP 

	Properties of the Employed ROS Photogenerators and Spin-Traps 
	References

