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Abstract

Earlier, it was suggested that carotenoids in light-harvesting complexes 2 (LH2) can generate . (Deleted: are capable of generating
singlet oxygen, further pxidizing bacteriochlorophyll to 3-acetyl-chlorophyll. In the present . (Deleted: which
work, it was found that illumination of isolated LH2 preparations of purple sulfur bacterium k @e'ﬂed: oxidizes
Ectothiorhodospira haloalkaliphila with light in the carotenoid absorption region leads to the
photoconsumption of molecular oxygen, which is accompanied by the formation of
hydroperoxides of organic molecules in the complexes. Photoformation of two types of organic
hydroperoxides were revealed: highly lipophilic (12 molecules per one LH2) and relatively
hydrophobic (68 per one LH2). It has been shown that illumination leads to damage to light- . Deleted: ) were revealed.
harvesting complexes. On the one hand, photobleaching of bacteriochlorophyll and a decrease in
Jts fluorescence intensity are observed. On the other hand, the photoinduced increase in the . Deleted: the intensity of

hydrodynamic radius of the complexes, the yeduction in their thermal stability, and the change in (Deleted:

decrease

fluorescence intensity indicate conformational changes occurring in the protein molecules of the

LH2 preparations. Inhibition of the processes described above upon the addition of singlet

oxygen quenchers (L-histidine, Trolox, sodium L-ascorbate) may support the hypothesis that . Deleted:

trolox

carotenoids in LH2 preparations are capable of generating singlet oxygen, which, in turn,

damage to protein molecules.
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1. Introduction

Photosynthesis is a key process that enables the existence of life on Earth, converts solar energy
into the energy of organic substances, and drives oxygen evolution. Organic matter and oxygen
are then used by most of the living organisms. Despite the undoubted importance of studying this
process, the molecular mechanisms of photoreactions in the photosynthetic apparatus (PA) remain

one of the unsolved problems in the study of photosynthesis.

Purple photosynthetic bacteria contain one of the most straightforward systems for collecting

(Deleted: simplest

solar energy compared to similar systems in other photosynthetic organisms (algae, plants, etc.).
It consists of three types of pigment-protein complexes: two antenna light-harvesting ones - LH1
and LH2, as well as reaction centers (RC). The antenna complexes are built according to the
universal modular principle. The structural element of the complexes is o/f-heterodimer, which

binds three bacteriochlorophyll (BChl) molecules and one carotenoid molecule in the LH2

- (Deleted: 3

complex, and 2 BChl molecules and one carotenoid molecule in the LH1 complex (Koepke et al.
1996; Papiz et al. 2003). In purple bacteria, LH2 complexes usually consist of 89 or 12—13 pairs
of heterodimers (Papiz et al. 2003; Lohner et al. 2015; Leiger et al. 2019; Koepke et al. 1996; Qian
etal. 2021, 2022). In the structure of the LH2 complex, BChl molecules form two rings, which are
designated by the absorption bands of BChl at 800 and 850 nm in the near IR region as BChl800
and BChI850, respectively. Carotenoids are located between o/B-polypeptides, in the so-called
“carotenoid pockets” and interact both with the amino acid residues of both polypeptides and with

BChl molecules (Koepke et al. 1996; Papiz et al. 2003; Leiger et al. 2019).



In the cell of purple bacteria, carotenoids perform the following functions: 1) They extend the
spectral range of absorbed solar energy in the blue-green region of the spectrum (430-570 nm),
where BChl has a very low optical absorption, and then transfer the absorbed energy (in the form
of excitation energy) to BChl molecules and further to RC (Koepke et al. 1996; Kereiche et al.
2008; Leiger et al. 2019); 2) They quench the excited triplet states of BChl, preventing the

formation of reactive oxygen species (ROS) and protecting the antenna complex from oxidation,

NN
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and they can also neutralize singlet oxygen, which is the most potent oxidizing agent, the formation . (Deleted: strongest
of which leads to the oxidation of BChl, lipids, proteins and, ultimately, cell death (Hashimoto et

al. 2016). Finally, an equally important function of carotenoids is aintaining the structure of _.(Deleted: to maintain
complexes due to hydrophobic interactions between carotenoids, polypeptides, and BChl

(Moskalenko and Karapetyan 1996; Cogdell et al. 2006).

ROS gan oxidize a variety of targets in the cell, including proteins, pigments, and lipids among . (Deleted: are capable of oxidizing
other molecules (Gill and Tuteja 2010). In photosynthetic organisms, ROS are formed, and then k @eleted: andete.
oxygen molecule receives energy from an excited photosensitizer molecule or by the one-electron
reduction of oxygen in the photosynthetic electron-transfer chain (Pospisil 2012; Kreslavski et al.

2012; Schmitt et al. 2014; Arellano et al. 2007). In the case of LH2 of purple bacteria, such a

photosensitizer is generally considered to be BChl, which in some cases can change from a singlet

state to a long-lived triplet state and interact with oxygen to form singlet oxygen or other ROS

(this type of reaction is inefficient and the yield in this reaction is yelatively low) (Foote 1977, (Deleted: rather

1979; Cogdell et al. 2006; Telfer et al. 2008; Frank and Polivka 2009). The task of the cell is to

prevent the formation of singlet oxygen by quenching the triplet state of BChl or quenching singlet

oxygen. In both cases, the primary role is played by carotenoids capable of quenching ROS with . (Deleted: main

heat dissipation. Such ideas about carotenoids' role,are generally accepted (Hashimoto et al. 2016). ((Deleted: Currently, such

Previously, it has been shown that illumination of LH2 preparations in the region of absorption Y 8::::::: t::camenoids
of carotenoids (in contrast to red light) induces the generation of singlet oxygen and the oxidation
of BChl mediated by it to 3-acetyl-chlorophyll (Makhneva et al. 2019; Makhneva et al. 2020;

Makhneva et al. 2021; Makhneva and Moskalenko 2022). However, it is known that singlet oxygen

can oxidize BChland interact with protein molecules, damaging them (Wright et al. 2002; Davies . (Deleted: not only

2004). In this case, peroxide compounds are a product of this interaction, In this work, we k g::::::: ;::t:fl:c e
investigated the possibility of the interaction of singlet oxygen formed upon illumination of LH2 " Deleted: is peroxide compounds
preparations with the components of the proteins of the complex, Also, we determined one of the . (Deleted: , and also

NN AN AN AN

products of this interaction.

2. Materials and Methods



Purple sulfur bacterium Ectothiorhodospira haloalkaliphila was grown on Pfenning's medium
under illumination of 2000 lux at 26+2 °C with a 75 W incandescent lamp (Imhoff and Triiper
1977). LH2 preparations were prepared from cells of purple sulfur bacteria Ectothiorhodospira
haloalkaliphila according to (Bol’shakov et al. 2016) and suspended (at 1.16 uM) in a medium
containing 50 mM Tris-HCI (pH 7.5) and stored at —76 °C.

The BChl concentration was determined in Tris-HCI solution (Klenina et al. 2022). PG200N
Spectral PAR Meter (UPRtek, Zhunan, Miaoli, Taiwan) was used to estimate light spectra and flux

density. [JThe hydrodynamic diameter distribution of LH2 preparations was determined using

(Deleted:

Hydrodynamic

Zetasizer Ultra (Malvern Panalytical, Malvern, UK) at 25 °C. Temperature dependence of

viscosity of LH2 preparation in solution was obtained using SmartPave 102 rheometer (Anton Paar

(Deleted:

preparations solutions
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GmbH, Germany). The 3D fluorescence spectrum of LH2 preparations was measured using a . ( Deleted: spectrum of
Jasco FP-8300 spectrofluorimeter (JASCO Applied Sciences, Victoria, BC, Canada) at 25 °C. ~(Deteted: were
Absorption spectra were recorded on a Cary 50 spectrophotometer (Agilent Technology, USA).

The temperature dependence of circular dichroism (CD) of LH2 complexes was measured on a

Chirascan circular dichroism spectrometer (Applied Photophysics, UK) with a thermostabilized

cell, 1 mm cuvette, the optical density of samples at 850 nm was about 1; curve at 210 nm was

plotted for samples normalized by protein concentration.

The oxygen photoconsumption rate in LH2 preparations was measured using a Clark-type
electrode in DW2/2 Electrode Chamber (Hansatech Instruments Ltd., UK) under continuous
illumination (375>A>600 nm (Fig. 1), 650 pmol photon s=! m~2) at 25 °C and LH2 concentration
of 83.5 nM.

JThe approach described earlier was used to reveal the photoproduction of the organic (Deleted: To
hydroperoxides in LH2 preparations, (Khorobrykh et al. 2011; Yanykin et al. 2017). Either pre- (Deleted: . the approach described earlier
illumination (375535600 nm (Fig. 1) or 2>600 nm (Red filter KS11) (Table 1), 650 jumol photon _ _Deleted: ) vasused
s~! m=2) or dark incubation (dark control) of the LH2 preparations was carried out for from five
to 32 min in the medium containing 50 mM Tris-HCI at the LH2 preparations concentration of . (Deleted: minutes
16.7 nM at 25°C. Figure 2 shows the «light minus dark» difference in the Spy-LHP fluorescence
kinetics. This difference indicates the Spy-LHP oxidation by peroxides, formed in LH2 (Deleted: , which are
preparations under illumination (Yanykin et al. 2017).

The intensity of Spy-LHP fluorescence quenching due to LH2 (at 16.7 nM LH2) was 8%.

Exogenic redox agents used in this work did not affect the fluorescence of the Spy-LHP probe.

Spy-LHP is a low-fluorescent compound, that can be oxidized with hydroperoxides to form a .-(Deleted: , which
high-fluorescent compound. According to the manufacturer's description, Spy-LHP is highly k g::::::: fomation
specific for lipophilic organic hydroperoxides and does not react with hydroxyl radicals,
superoxide anion, nitric oxides, peroxynitrite, and alkyl peroxyl radicals, and other species. (Deleted: alkylperoxyl

N> NN




(Deleted:

There were two

Two types of peroxide (highly lipophilic and relatively hydrophilic) had different yeaction rates .

with Spy-HP. The highly lipophilic peroxide oxidized Spy-HP to the more fluorescent form Spy-

HPOxX in 5 min. Still, this reaction occurred very slowly with hydrophilic peroxide and did not end

(Deleted:

that

h (Deleted:

rates of

after 180 minutes (Yanykin et al. 2017).

The separation of pigments from the protein component of the complexes was carried out as

follows. Pre-illuminated preparations or dark control (1 ml) were diluted in 9 ml acetone-methanol

=

minutes, but with hydrophilic peroxide
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(Deleted:

mixture (1:1) and shaken. 4 ml of petroleum ether was added to the resulting solution and shaken

again. After that, 10 ml of distilled water was added, and petroleum ether and pigments dissolved

(Deleted:

distill

in it were taken with a pipette and evaporated in an argon flow. The pigments remaining in the
vessel were washed from the remains of petroleum ether (it gave a side reaction with a fluorescent
probe) and dissolved in 1 ml of ethanol. After that, 400 ul of the ethanol solution was added to

3600 pl of the probe solution, and the fluorescence was measured as described above.

As previously described, the quantity of peroxides and highly lipophilic hydroperoxide was
determined (Khorobrykh et al. 2011). The Spy165 LHP fluorescence kinetics of LH2 without

(Deleted:

Quantity

(Deleted:

as previously described in

MCPBA or TBHP was subtracted as background (Fig. 2, curve 4). All measurements were done
at least three times, and corresponding average data are presented in Table 1 with standard

deviations. In Figure 2 the typical kinetics are shown.

’ (Deleted:

in the absence of
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presented

3. Results

It was shown that illumination of LH2 with light in the carotenoids absorption region led to

molecular oxygen photo consumption at a rate of 993 pmol O (umol LH2)~! h~! in the first minute _

of continuous illumination and 165 pmol Oz (umol LH2)~! h=! later (Fig. 2). According to our
previous studies (Makhneva et al. 2019; Klenina et al. 2022), the most probable process
accompanying oxygen photoconsumption in LH2 preparations is the formation of singlet oxygen
in LH2 followed by its interaction with BChl.

However, taking into account the number of pigment molecules in LH2 and the calculated

oxygen photoconsumption rate, we assumed that BChl and carotenoids are not the primary targets

for singlet oxygen, and 3-acetyl-chlorophyll is not the main product of the interaction. It is widely
known that the reaction of singlet oxygen with proteins results in the formation of long-lived
peroxide species of amino acids (Davies 2004; Wright et al. 2002).

Earlier, a fluorescence probe (Spy-LHP) specific to lipophilic peroxides has been used to detect
hydroperoxides of organic molecules photoproduced in photosystem II preparations isolated from
leaves of higher plants (Khorobrykh et al. 2011). Later, the probe was successfully used to detect

organic hydroperoxides in samples isolated from photosynthetic organisms. The probe was applied

(Deleted:

photoconsumption

(Deleted:

made the assumption
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main
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to detect hydroperoxides in the present work. Figure 3A shows the difference in “light minus dark”
kinetics of the fluorescence of the Spy-LHP related to its oxidation with peroxides photoformed
due to a 20-min illumination (650 pmol photon s~! m~2) of LH2 preparations with blue-green light
(curve 1). The fluorescence kinetics consists of two phases. The first one was rapid and reflected

the photoproduction of highly lipophilic hydroperoxides (LP-OOH) in LH2. At the same time, the

(Deleted

: While

second one (observed after 5 min of measurement) was a slow, constant increase in fluorescence
intensity owing to_the interaction of Spy-LHP with relatively hydrophilic organic hydroperoxides
(HP-OOH). Thus, we demonstrated that illumination of the LH2 preparations can result in the

photoproduction of LP-OOH (detected in the fast kinetics component) and HP-OOH (slow .

(Deleted

¢ of kinetics

component).

Figure 3B shows the amount of formed hydroperoxides as a function of illumination time. The

total amount of the hydroperoxides (R-OOH) increased with increasing illumination time, They, .-

(Deleted

: and

reached the maximum level (up to 80 molecules per one LH2) at the 20th minute, and a decrease

i (Formatted: Font: Times New Roman, 12 pt

( Deleted: further llumination was accompanied by
in R-OOH content,accompanied further illumination. At the same time, LP-OOH was more stable (r leted: .
than HP-OOH: the fotal amount of R-OOH lecreased due to fhe decline in the amount of HP-OOH _ (Deletedtwere
(compare curve pne and curve 2). The maximum level of HP-OOH was observed from 5 to 20 min N, ‘E:e!ete‘j: i::casc e
(68 molecules per one LH2), while the maximum level of LP-OOH (12 molecules per one LH2) k‘g::::::f flldecrease

was reached only after 20 min of illumination. Even though precursors of HP-OOH were relatively

many, heir photoproduction,was saturated relatively quickly, indicating that the precursors of HP-

(ot
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OOH were more available for oxidation. Despite their small amount, Precursors of LP-OOH are - CDe'eted’ Despite the fact that
entirely converted into hydroperoxides in a relatively long time, which may indicate their relatively [ -g:e!etef: t::‘thcm
low availability for oxidation. Further studies were performed using preparations illuminated for ((Deleted: Precursors of LP-OOH, despite
20 min since this illumination time provides the maximum photoproduction of both types of ‘qe!etef::;:::ely
hydroperoxides. It was shown that the generation of R-OOH in LH2 was related to the sample : !
illumination since incubation of LH2 preparation in the dark did not lead to the formation of . -(Deleted: of samples,
organic hydroperoxides (Table 1). Moreover, illumination of the LH2 complexes with light, which
is not absorbed by carotenoids (A>600 nm), did not lead to R-OOH photoproduction.

It is known that interaction with protein molecules leading to the formation of peroxide
compounds can be carried out by singlet oxygen,and other ROS species (Schubert et al. 1969). To (Delﬂed: not only
confirm or disprove the involvement of singlet oxygen, superoxide anion radical, or hydrogen h g::::::f 1:2::1: -
peroxide in the photoproduction of hydroperoxides in LH2, experiments were performed using '
singlet oxygen quenchers and superoxide dismutase and catalase. It was shown that the addition . (Deleted= ,as well as
of 10 mM L-histidine led to, on the one hand, a drastic decrease in LP-OOH photoproduction (by
80%) and, on the other hand, an increase in the HP-OOH photoproduction (by factor 5) (Table 1). . ((Deleted: increasing

Note that the addition of L-histidine (or other adds) to the preparations did not lead to the



production of R-OOH in the dark. Other singlet oxygen quenchers also decrease the LP-OOH
photoproduction and increase HP-OOH photoproduction (Table 1 and Fig. 4, curves 2, 4, and 6).

JTo test the hypothesis that the increase in the amount of HP-OOH in the presence of singlet oxygen

(Deleted:

In order to

quenchers may be due to the formation of oxidized quencher products (e.g., histidine

(Deleted:

cg,

hydroperoxides), we investigated the photogeneration of quencher hydroperoxides in the presence

of the 0.0167 uM Rose Bengal (RB) as singlet oxygen generating photosensitizer. It was shown

(Deleted:

a

that illumination of the solution containing the 10 mM L-histidine (or 20 mM [Irolox, or 100 mM

(Deleted:

trolox

sodium L-ascorbate) and 0.0167 uM RB (in the absence of the LH2 preparations) led to

photoformation of oxidized products, which can react with Spy-LHP like relatively hydrophobic

(Deleted:

are capable of reacting

hydroperoxides (Fig. 4, curves 3, 5 and 7).

Surprisingly, illumination of LH2 preparations in the presence of an equimolar concentration
of RB (in both_the presence and absence of L-histidine) did not increase in the R-OOH
photoproduction. Moreover, it was revealed the decrease in the photoformation of the LP-OOH
(Table 1). Addition of SOD and catalase before illumination of LH2 practically did not lead to
inhibition of HP-OOH photoproduction and decreased the LP-OOH photoproduction by factor

1.

N AN
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two. The enzymes added after Jighting the preparations did not affect R-OOH content (Table 1). ((Deleted: illumination of
The obtained data make it possible to exclude the participation of hydrogen peroxide and the

superoxide anion radical in the formation of hydroperoxides. However, it cannot be excluded that

SOD and catalase may have protective gffects against damage (as sacrificial antioxidants), which (Deleted: cffect

could take place during illumination. The absence of photoformed hydroperoxides in the fraction (Deleted:
containing pigments may indicate that protein molecules are the main targets for oxidation (Table

Oxygen photoconsumption leading to organic hydroperoxides photoformation js accompanied _(Deleted: aiso
by changes in photoabsorption and photoluminescence properties of LH2 preparations. It was
shown that illumination of LH2 preparations led to photobleaching of pigments of the complexes, - (Deleted: ,in
In particular, strong photobleaching was observed in the BChl absorption bands (Fig. 5).

Adding L-histidine (or [Trolox or sodium L-ascorbate) inhibited the photobleaching. (Deleted= Addition of
Furthermore, the illumination of LH2 preparations led to changes in the fluorescence spectrum. It (Deleted: wolor,
was shown that preillumination of LH2 preparation led to both a decrease in the BChl fluorescence
intensity and an increase in the fluorescence of protein components of the complexes (Fig. 6), - (Deleted:)
probably due to oxidation of the pigments and damage to protein molecules. The addition of L- _..-(Deleted: Addition
histidine prevents both a decrease in the BChl fluorescence and an increase in the fluorescence of
proteins (Fig. 7). Moreover, a reduction in L-histidine fluorescence was observed in the difference .-(Deleted: decrease

spectrum (Fig. 7a) that can be attributed to the oxidation of the amino acid and formation of its

endoperoxide.



In order to confirm damage to proteins of the LH2, we investigated the temperature dependence
of the sample viscosity before and after illumination, which may reflect light-induced changes in

the stability of the complexes. Figure 8a indicates that the heating of LH2 led to changes in the

state of the preparations, which can reflect the destruction of the complex. The transition started .

at 50C (curve 1). These findings correlated well with CD data (Fig. 8b),

begin at 50C. Preillumination of the LH2 preparations significantly shifts the transition point to

lower temperatures (43C) (Fig. 8b, curve 2). Moreover, preillumination of the LH2 jncreases the

confirming the changes .

(Deleted :

Transition

(Deleted:

well

i (Deleted:

which confirmed

h (Deleted:

start of the transitions
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increase
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hydrodynamic radius of the complexes (Fig. 8¢, curves 1 and 2) put was not pbserved under the .(Deleted: curve
addition of 10 mM L-histidine (curves 3 and 4). Oxidative damage to protein molecules was g:::::z::e‘::
proposed to increase the hydrodynamic radius of the complexes and modify endogenous . “(Deleted: curve
fluorescence quencher that Jeads to change in fluorescence intensity (Bystranowska et al. 2012; * (Deleted: damages
Neves-Petersen et al. 2002; Correia et al. 2012a; Correia et al. 2015; Correia et al. 2012b; Correia @eleted: -
et al. 2014).

Thus, the presented data support the possibility that carotenoid-dependent singlet oxygen
photogeneration in LH2 of Ectothiorhodospira haloalkaliphila Jeads to_the formation of organic _.-(Deleted: lead
hydroperoxides and damage to both pigments and protein matrix.
4. Discussion

It is known that the interaction of singlet oxygen with organic molecules (chemical quenching)
results in the consumption of molecular oxygen from the measurement medium (Matheson et al,, . (Deleted: .
1975; Weil 1965). In our experiments, illumination of LH2 preparations led to oxygen uptake at a
rate of up to a thousand pmol O (umol LH2)™! h™! (at the beginning of illumination). In this case,
the components of LH2 were both the photosensitizer and the chemical quencher. Note that the
observed rates are very slow. However, even at such a low rate of oxygen photoconsumption,
about 70 oxygen molecules were consumed per one LH2 complex during 20 min of illumination,
comparable to the total amount of R-OOH (80/LH2) (Table 1). However, in addition to reactions . -(Deleted: which is
leading to the formation of peroxide compounds, singlet oxygen can be consumed in other
reactions ot accompanied by R-OOH formation, In addition, the amount of photoconsumed _(Deleted: iatare
oxygen in the presence of L-histidine was half that of organic peroxides. Therefore, the estimated . . g::::::: t:i oon
amount of R-OOH is approximate, and the possible error may be due to the different properties of ~ ( peleted: wrned out to be
R-OOH and the model hydroperoxides used for calibration, as well as different concentrations of _.(Deleted: concentration
preparations in the measurements of the rate of oxygen photoconsumption and formation of
hydroperoxides.

The data shows that the LP-OOH/HP-OOH ratio is 1/5.5 at 20-min of illumination. However,
the LP-OOH/HP-OOH ratio changed during illumination. Differences in the availability of . (Deleted: It can be explained by differences

) (Deleted:

both
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molecule,precursors for oxidation and the stability of formed R-OOH, can explain it. The amount .

(Deleted: -

of HP-OOH quickly reached the maximum level and sharply reduced after 20, minutes of

illumination, At the same time, LP-OOH is shown to be more stable, and their precursors are

’ (Deleted

. Amount

(Deleted:

-min

sharply reduced.

relatively hardly oxidizable. Earlier, it has been demonstrated that peroxides photoformed in .

photosystem II preparations spontaneously decomposed or were scavenged by 50% in
approximately 12 min (Khorobrykh et al. 2011).
Results of calculations of the amount of the hydroperoxides photoformed in samples under their

illumination in the presence of various additions are presented in Table 1. The table shows that the

(pate

(Deleted :

shown
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Table

singlet oxygen quenchers significantly reduce the amount of LP-OOH formed due to the .

(Deleted:

as a result of

illumination of LH2 preparations. These data confirm the involvement of singlet oxygen in LP-
OOH production. However, quenchers increased the photoformation of HP-OOH. Moreover, the

amount of HP-OOH has become several times more than in the absence of quenchers. We assume

+his effect may be due to the interaction of L-histidine and singlet oxygen reaction products with .

fluorescent probes. Our data obtained using RB (artificial source of singlet oxygen) (Fig. 4) and

(Deleted:

that

i (Deleted:

the reaction products of

previous studies (Tomita et al. 1969; Schubert et al. 1969; Wei et al. 2007; Liu et al. 2014) confirm

probe

studying

this assumption.

Unexpected results have been obtained by illuminating LH2 preparations in the presence of RB.

We expected that adding an additional source of singlet oxygen would significantly increase, or at .

least not change (in case all precursor molecules capable of being oxidized to R-OOH were

NN AN AN

(Deleted:

the addition of

(Deleted:

potentially

oxidized in the absence of RB) the amount of organic hydroperoxides. However, RB added in the

presence or absence of L-histidine did not substantially change the amount of HP-OOH compared

to the control and strongly inhibited LP-OOH photogenesis. The nature of this phenomenon peeds .

(Deleted :

is not clear

to be clarified and requires further research. Jn the presence of RB, the dominant “application” of .

(Deleted :

Probably, in

singlet oxygen is the oxidation of BChl, carotenoids, or proteins without forming lipophilic

(Deleted:

the formation of

hydroperoxides. Our experiments (Fig.1S) show an increase in photobleaching of pigments while
the amount of LP-OOH decreases.

Inhibition of LP-OOH photoproduction is shown under the addition of SOD and catalase
(known superoxide anion radical and hydrogen peroxide scavengers). At the same time, SOD and
catalase are not capable of decreasing the HP-OOH formation. In the case of the generation of

superoxide anion radical and hydrogen peroxide, the enzymes would inhibit the formation of both

types of hydroperoxides with equal efficiency, since these ROS would be quenched before they .

(Deleted

could react with organic molecules. In our case, SOD and catalase can act as a sacrificial protein

that reacts with a significant part of the producing singlet oxygen. At the same time, the enzymes

do not prevent the formation of HP-OOH due to the high yeaction rate of their precursor molecules .

CDeIeted

: rate of

with the singlet oxygen. As mentioned above, the oxidation of LP-OOH precursor molecules takes



more time, and, SOD and catalase can effectively compete with LP-OOH precursors for singlet

(Deleted

:, apparently,

oxygen. Thus, the effect of enzymes may be due to different reaction rate constants of two groups

of precursor molecules with singlet oxygen, rather than the formation of superoxide anion radical

(Deleted

and hydrogen peroxide.

Singlet oxygen generation has previously been shown both in pigment solutions (Borland et al.
1987; Egorov and Krasnovsky Jr 1991; Krasnovsky Jr et al. 1993; Hoebeke and Damoiseau 2002)
and in isolated antenna complexes of bacteria (Makhneva et al. 2019; Makhneva et al. 2020;
Makhneva et al. 2021; Makhneva and Moskalenko 2022; Klenina et al. 2019) and plants (Krieger-
Liszkay 2004; Kramer and Mathis 1980; Santabarbara et al. 2002; Rinalducci et al. 2004).

Currently, the dominant point of view is that the primary and only source of singlet oxygen in the

antenna complexes of photosynthetic bacteria is BChl (Arellano et al. 2007; Uchoa et al. 2008).

According to another hypothesis, carotenoids in LH2 gcan generate singlet oxygen, which can

oxidize the BChl to 3-acetyl-chlorophyll.

Foote with co-authors [Foote 1971; Foote et al. 1979] estimated the relative energies of *Car
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and singlet oxygen depending on the number of conjugated double bonds (N). At N > 11, the (Deleted: It wrned out thatat
triplet state of such carotenoids turns out to be higher than the 'O2* level, and the process of (Deteted: e foveof
excitation of oxygen into the singlet state upon interaction with *Car becomes energetically

possible. The mechanism of singlet oxygen generation upon excitation of carotenoids is considered

in earlier work (Klenina et al. 2022). Triplet states of carotenoids can be formed in the process of

singlet-triplet excitation fission according to the equation: 'Car* + Car — 3Car + 3Car. This process

is spin-allowed and is quite well-known in the,photophysics research of organic compounds (Smith (Deleted:

and Michl 2010, 2013). It was previously described in the case of LH2 of Alc. vinosum (Klenina k @e'ﬂed: fieldof

et al. 2019, 2022; Gryaznov et al. 2019). The population of 3Car by excitation fission occurs (Deleted: Population
exceptionally quickly, in the pico- and sub-picosecond time range (Gradinaru et al. 2001). The . (Deleted: extremely
quantum yield of this process in another purple bacterium (Rhodospirillum rubrum) was estimated

to be 0.32, which is a yeasonably high value (Gradinaru et al. 2001). The LH2 complexes from (Deleted: fairly
Ectothiorhodospira haloalkaliphila used in this work contain the following carotenoids:

anhydrorhodovibrin 37.1% (N = 12), spirilloxanthin 29.8% (N = 13), lycopene 17.2% (N = 11),

rhodopin 13.5% (N = 11), didehydrorhodopine 2.2% (N = 11) (Razjivin et al. 2021). Thus, all

carotenoids that are part of light-harvesting complexes can theoretically, in an excited state,

transfer energy to triplet oxygen with the formation of its singlet state. Our results of illuminating . (Deleted: obtained by
LH2 complexes into the Qy BChl absorption band are consistent with those discussed above (Table

1). It was revealed that illumination of the samples in the absorption band of carotenoids is

necessary for forming organic hydroperoxides. CDeleted: the formation of




Carotenoid molecules in bacterial LH2 are located in the membrane in such a way that they
effectively interact with both BChl molecules and amino acid residues of polypeptides (Freer et
al. 1996; Prince et al. 1997; Prince et al. 2003; Papiz et al. 2003; Gabrielsen et al. 2009; Lohner et

al. 2015). Thus, the generation of singlet oxygen in the immediate vicinity of a carotenoid can lead

to the oxidation of both BChl and proteins. The present work found that the photoproduction of R-
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targets for singlet oxygen. Using plant LHC2, singlet oxygen may induce the degradation of light-
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harvesting proteins (Lindahl et al. 1995; Zolla and Rinalducci 2002). It has been shown that protein
tyrosine, tryptophan, and histidine can be oxidized by singlet oxygen to form hydroperoxides
(Nakagawa et al. 1976; Saito et al. 1977; Tomita et al. 1969; Kang and Foote 2000; Wright et al.
2002; Davies 2004; Giles 2007; Liu et al. 2014; Wei et al. 2007; Nakane et al. 2022; Nakane et al.
2021) via stage of an unstable endoperoxide intermediate. The interaction of peroxide-containing
proteins with other biomolecules can result in secondary damage. Peroxides generated on peptides

and proteins by singlet oxygen are poorly repaired (Davies 2004; Prestwich et al. 2005; Matheson

et al. 1975). We have shown that changes in the structure and properties of the protein matrix of
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the complex, accompany the illumination of LH2.
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On the one hand, pecause of illumination, an increase in the hydrodynamic radius, which

(Deleted: as a result

indicates a less compact structure of illuminated LH2, and a decrease in the thermal stability of
the complexes are observed. On the other hand, the fluorescence intensity in the protein region
increases. It is known that damage to proteins (including as a result of oxidation by singlet oxygen)
can be accompanied by both a decrease in fluorescence and its increase (Bystranowska et al. 2012;
Neves-Petersen et al. 2002; Correia et al. 2012a; Correia et al. 2015; Correia et al. 2012b; Correia
et al. 2014). The effect largely depends on which protein components are damaged. All of the

above changes are gntirely or partially prevented by adding a singlet oxygen quencher, which
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confirms the participation of singlet oxygen in the destructive processes in the proteins of LH2.

Jn this work,

oxygen in LH2 led to photodamage to protein molecules and photoproduction of organic

hydroperoxides.

References

Arellano JB, Yousef YA, Mele TB, Mohamad SB, Cogdell RJ, Naqvi KR (2007) Formation
and geminate quenching of singlet oxygen in purple bacterial reaction center. Journal of
Photochemistry and Photobiology B: Biology 87 (2):105-112

Bol’shakov M, Ashikhmin A, Makhneva Z, Moskalenko A (2016) Effect of illumination

intensity and inhibition of carotenoid biosynthesis on assembly of peripheral light-harvesting

~( Deleted: the addition of

(Deleted: To conclude, in

N (Deleted: using

‘ (Deleted: we revealed

AN A




complexes in purple sulfur bacteria Allochromatium vinosum ATCC 17899. Microbiology
85:420-429

Bol’shakov M, Ashikhmin A, Makhneva Z, Moskalenko A (2018) Effect of light with
different spectral composition on cell growth and pigment composition of the membranes of
purple sulfur bacteria Allochromatium minutissimum and Allochromatium vinosum.
Microbiology 87:191-199

Borland C, McGarvey D, Truscott T, Codgell R, Land EJ (1987) Photophysical studies of
bacteriochlorophyll a and bacteriopheophytin a—singlet oxygen generation. Journal of
Photochemistry and Photobiology B: Biology 1 (1):93-101

Bystranowska D, Szewczuk Z, Lisowski M, Sitkiewicz E, Dobryszycki P, Ozyhar A,
Kochman M (2012) Intramolecular cross-linking in the native JHBP molecule. Archives of
Biochemistry and Biophysics 517 (1):12-19. doi:https://doi.org/10.1016/j.abb.2011.10.021

Cogdell RJ, Gall A, Kohler J (2006) The architecture and function of the light-harvesting
apparatus of purple bacteria: from single molecules to in vivo membranes. Quarterly reviews of
biophysics 39 (3):227-324

Correia M, Neves-Petersen MT, Jeppesen PB, Gregersen S, Petersen SB (2012a) UV-Light
Exposure of Insulin: Pharmaceutical Implications upon Covalent Insulin Dityrosine Dimerization
and Disulphide Bond Photolysis. PLOS ONE 7 (12):¢50733. doi:10.1371/journal.pone.0050733

Correia M, Neves-Petersen MT, Parracino A, di Gennaro AK, Petersen SB (2012b)
Photophysics, Photochemistry and Energetics of UV Light Induced Disulphide Bridge
Disruption in apo-a-Lactalbumin. Journal of Fluorescence 22 (1):323-337. doi:10.1007/s10895-
011-0963-7

Correia M, Snabe T, Thiagarajan V, Petersen SB, Campos SRR, Baptista AM, Neves-
Petersen MT (2015) Photonic Activation of Plasminogen Induced by Low Dose UVB. PLOS
ONE 10 (1):e0116737. doi:10.1371/journal.pone.0116737

Correia M, Thiagarajan V, Coutinho I, Gajula GP, Petersen SB, Neves-Petersen MT (2014)
Modulating the structure of EGFR with UV light: new possibilities in cancer therapy. PLoS One
9 (11)ell1617

Davies MJ (2004) Reactive species formed on proteins exposed to singlet oxygen.
Photochemical & Photobiological Sciences 3:17-25

Egorov SY, Krasnovsky Jr AA Laser-induced luminescence of singlet molecular oxygen:
generation by drugs and pigments of biological importance. In: Laser Applications in Life

Sciences, 1991. SPIE, pp 611-621



Foote, C. S., Chang, Y. C., and Denny, R. W. (1970) Chemistry of singlet oxygen. X.
Carotenoid quenching parallels biological protection, J. Am. Chem. Soc., 92, 5216-5218, doi:
10.1021/ja00720a036.

Foote, C.S. (1979) Quenching of singlet oxygen, Chapt. 5, in Singlet Oxygen. Organic
Chemistry, vol. 40 (Wasserman, H. H., and Murray, R. W., eds) Academic Press, N.Y., pp. 139-
171.

Foote C (1977) Free Radical in Biology, Vol. 2 (Pryor, WA, Ed.) pp. 85-133, Acad. Press,
New York, NY

Frank HA, Polivka T (2009) Energy transfer from carotenoids to bacteriochlorophylls. The
purple phototrophic bacteria:213-230

Freer A, Prince S, Sauer K, Papiz M, Lawless AH, McDermott G, Cogdell R, Isaacs NW
(1996) Pigment—pigment interactions and energy transfer in the antenna complex of the
photosynthetic bacterium Rhodopseudomonas acidophila. Structure 4 (4):449-462

Gabrielsen M, Gardiner AT, Cogdell RJ (2009) Peripheral complexes of purple bacteria. The
purple phototrophic bacteria:135-153

Giles S (2007) A Computational Investigation of a Biologically Relevant Rearrangement:
Significance of Molecular Structure and Orbital Interactions as Related to the Transformation of
a Model Endoperoxide into a Hydroperoxide Product. Journal of Young Investigators

Gradinaru C.C., Kennis J.T.M., Papagiannakis E.S., Ivo H.M., Cogdell R.J., Fleming G.R.,
Niederman R.A. (2001) An unusual pathway of excitation energy deactivation in carotenoids:
Singlet-to-triplet conversion on an ultrafast timescale in a photosynthetic antenna. Proc Natl
Acad Sci 98:2364-2369. https://doi.org/10.1073/pnas.051501298

Gryaznov A.A., Klenina I.B., Makhneva Z.K. Moskalenko A.A., Proskuryakov L.I. (2019)
Singlet-triplet division of excitation of carotenoids of light harvesting complexes of
Thermochromatium tepidum. Biophysics 64:1045—-1051.
https://doi.org/10.1134/S0006302919060012 (in Rus)

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant physiology and biochemistry 48 (12):909-930

Hashimoto H, Uragami C, Cogdell RJ (2016) Carotenoids and photosynthesis. Carotenoids in
nature: biosynthesis, regulation and function:111-139

Hoebeke M, Damoiseau X (2002) Determination of the singlet oxygen quantum yield of
bacteriochlorin a: a comparative study in phosphate buffer and aqueous dispersion of
dimiristoyl-1-a-phosphatidylcholine liposomes. Photochemical & Photobiological Sciences 1

(4):283-287



Imhoff JF, Triiper HG (1977) Ectothiorhodospira halochloris sp. nov., a new extremely
halophilic phototrophic bacterium containing bacteriochlorophyll b. Archives of Microbiology
114:115-121

Kang P, Foote CS (2000) Synthesis of a 13C, 15N labeled imidazole and characterization of
the 2, 5-endoperoxide and its decomposition. Tetrahedron Letters 41 (49):9623-9626

Kereiche S, Bourinet L, Keegstra W, Arteni AA, Verbavatz J-M, Boekema EJ, Robert B, Gall
A (2008) The peripheral light-harvesting complexes from purple sulfur bacteria have different
‘ring’sizes. FEBS letters 582 (25-26):3650-3656

Khorobrykh SA, Khorobrykh AA, Yanykin DV, Ivanov BN, Klimov VV, Mano Ji (2011)
Photoproduction of catalase-insensitive peroxides on the donor side of manganese-depleted
photosystem II: evidence with a specific fluorescent probe. Biochemistry 50 (49):10658-10665

Klenina I, Gryaznov A, Makhneva Z, Proskuryakov I Singlet-triplet Fission of Carotenoid
Excitation in the Purple Phototrophic Bacteria Thermochromatium tepidum. In: Doklady
Biochemistry and Biophysics, 2019. Springer, pp 135-137

Klenina IB, Makhneva ZK, Moskalenko AA, Proskuryakov II (2022) Selective Excitation of
Carotenoids of the Allochromatium vinosum Light-Harvesting LH2 Complexes Leads to
Oxidation of Bacteriochlorophyll. Biochemistry (Moscow) 87 (10):1130-1137

Koepke J, Hu X, Muenke K, Schulten K, Michel H (1996) The crystal structure of the light-
harvesting complex II (B800-850) from Rhodospirillum molischianum. Structure. Structure
4:581. doi: https://doi.org/10.1016/S0969-2126(96)00063-9

Kramer H, Mathis P (1980) Quantum yield and rate of formation of the carotenoid triplet state
in photosynthetic structures. Biochimica et Biophysica Acta (BBA)-Bioenergetics 593 (2):319-
329

Krasnovsky Jr A, Cheng P, Blankenship R, Moore T, Gust D (1993) The photophysics of
monomeric bacteriochlorophylls ¢ and d and their derivatives: properties of triplet state and
singlet oxygen photogeneration and quenching. Photochemistry and photobiology 57 (2):324-
330

Kreslavski VD, Los DA, Allakhverdiev SI, Kuznetsov VV (2012) Signaling role of reactive
oxygen species in plants under stress. Russian Journal of Plant Physiology 59 (2):141-154.
doi:10.1134/S1021443712020057

Krieger-Liszkay A (2004) Singlet oxygen production in photosynthesis. Journal of
Experimental Botany 56 (411):337-346. doi:10.1093/jxb/erh237

Leiger K, Linnanto JM, Rétsep M, Timpmann K, Ashikhmin AA, Moskalenko AA, Fufina
TY, Gabdulkhakov AG, Freiberg A (2019) Controlling Photosynthetic Excitons by Selective



Pigment Photooxidation. The journal of physical chemistry B 123 (1):29-38.
doi:10.1021/acs.jpcb.8b08083

Lindahl M, Yang DH, Andersson B (1995) Regulatory proteolysis of the major light-
harvesting chlorophyll a/b protein of photosystem II by a light-induced membrane-associated
enzymic system. European journal of biochemistry 231 (2):503-509

Liu F, Lu W, Fang Y, Liu J (2014) Evolution of oxidation dynamics of histidine: non-
reactivity in the gas phase, peroxides in hydrated clusters, and pH dependence in solution.
Physical Chemistry Chemical Physics 16 (40):22179-22191. doi:10.1039/C4CP03550J)

Lohner A, Carey A-M, Hacking K, Picken N, Kelly S, Cogdell R, Kéhler J (2015) The origin
of the split B800 absorption peak in the LH2 complexes from Allochromatium vinosum.
Photosynthesis research 123:23-31

Makhneva Z, Ashikhmin A, Bolshakov M, Moskalenko A Bacteriochlorophyll interaction
with singlet oxygen in membranes of purple photosynthetic bacteria: does the protective function
of carotenoids exist? In: Doklady Biochemistry and Biophysics, 2019. Springer, pp 216-219

Makhneva Z, Bolshakov M, Moskalenko A (2008) Heterogeneity of carotenoid content and
composition in LH2 of the purple sulphur bacterium Allochromatium minutissimum grown
under carotenoid-biosynthesis inhibition. Photosynthesis research 98:633-641

Makhneva Z, Erokhin YE, Moskalenko A Carotenoid-photosensitized oxidation of
bacteriochlorophyll dimers in light-harvesting complexes B800-850 in Allochromatium
minutissimum cells. In: Doklady. Biochemistry and Biophysics, 2007. vol 1. Springer Nature
BV, p 256

Makhneva ZK, Ashikhmin AA, Bolshakov MA, Moskalenko AA (2020) Carotenoids are
Probably Involved in Singlet Oxygen Generation in the Membranes of Purple Photosynthetic
Bacteria under Light Irradiation. Microbiology 89 (2):164-173.
doi:10.1134/S0026261720010099

Makhneva ZK, Bolshakov MA, Moskalenko AA (2021) Carotenoids Do Not Protect
Bacteriochlorophylls in Isolated Light-Harvesting LH2 Complexes of Photosynthetic Bacteria
from Destructive Interactions with Singlet Oxygen. Molecules 26 (17):5120

Makhneva ZK, Moskalenko AA (2022) Carotenoids in LH2 Complexes from
Allochromatium vinosum under Illumination Are Able to Generate Singlet Oxygen Which
Oxidizes BChl850. Microbiology 91 (4):409-416. doi:10.1134/S002626172230021X

Matheson I, Etheridge R, Kratowich NR, Lee J (1975) The quenching of singlet oxygen by
amino acids and proteins. Photochemistry and photobiology 21 (3):165-171



Moskalenko A, Makhneva Z (2012) Light-harvesting complexes from purple sulfur bacteria
Allochromatium minutissimum assembled without carotenoids. Journal of Photochemistry and
Photobiology B: Biology 108:1-7

Moskalenko AA, Karapetyan NV (1996) Structural role of carotenoids in photosynthetic
membranes. Zeitschrift fiir Naturforschung C 51 (11-12):763-771

Nakagawa M, Okajima H, Hino T (1976) Photosensitized oxygenation of Nb-
methoxycarbonyltryptophan methyl ester and Nb-methoxycarbonyltryptamine. Isolation and
novel transformations of a 3a-hydroxyperoxypyrroloindole. Journal of the American Chemical
Society 98 (2):635-637

Nakane K, Nagasawa H, Fujimura C, Koyanagi E, Tomoshige S, Ishikawa M, Sato S (2022)
Switching of Photocatalytic Tyrosine/Histidine Labeling and Application to Photocatalytic
Proximity Labeling. International Journal of Molecular Sciences 23 (19):11622

Nakane K, Sato S, Niwa T, Tsushima M, Tomoshige S, Taguchi H, Ishikawa M, Nakamura H
(2021) Proximity histidine labeling by umpolung strategy using singlet oxygen. Journal of the
American Chemical Society 143 (20):7726-7731

Neves-Petersen MT, Gryczynski Z, Lakowicz J, Fojan P, Pedersen S, Petersen E, Bjorn
Petersen S (2002) High probability of disrupting a disulphide bridge mediated by an endogenous
excited tryptophan residue. Protein Science 11 (3):588-600

Papiz MZ, Prince SM, Howard T, Cogdell RJ, Isaacs NW (2003) The structure and thermal
motion of the B800-850 LH2 complex from Rps. acidophila at 2.0 A resolution and 100 K: new
structural features and functionally relevant motions. Journal of molecular biology 326 (5):1523-
1538

Pospisil P (2012) Molecular mechanisms of production and scavenging of reactive oxygen
species by photosystem II. Biochimica et Biophysica Acta (BBA)-Bioenergetics 1817 (1):218-
231

Prestwich EG, Roy MD, Rego J, Kelley SO (2005) Oxidative DNA strand scission induced
by peptides. Chemistry & biology 12 (6):695-701

Prince S, Howard T, Myles D, Wilkinson C, Papiz M, Freer A, Cogdell R, Isaacs N (2003)
Detergent structure in crystals of the integral membrane light-harvesting complex LH2 from
Rhodopseudomonas acidophila strain 10050. Journal of molecular biology 326 (1):307-315

Prince S, Papiz M, Freer A, McDermott G, Hawthornthwaite-Lawless A, Cogdell R, Isaacs N
(1997) Apoprotein structure in the LH2 complex from Rhodopseudomonas acidophila strain
10050: modular assembly and protein pigment interactions. Journal of molecular biology 268
(2):412-423



Qian P., Nguyen-Phan C.T., Gardiner A.T, Croll T.I., Roszak A.W., Southall J., Jackson P.J.,
Vasilev C., Castro-Hartmann P., Sader K., Hunter C.N. Cogdell R.J. (2022) Cryo-EM structures
of light-harvesting 2 complexes from Rhodopseudomonas palustris reveal the molecular origin
of absorption tuning. Proc Natl Acad Sci 119. https://doi.org/10.1073/pnas.2210109119

Qian P., Swainsbury D.J.K., Croll T.I., Qian Pu., Swainsbury D.J.K., Croll T.I., Castro-
Hartmann P., Divitini G., Sader K., Hunter C.N. (2021) Cryo-EM Structure of the Rhodobacter
sphaeroides Light-Harvesting 2 Complex at 2.1 A. Biochemistry 60:3302-3314.
https://doi.org/10.1021/acs.biochem.1c00576

Razjivin A., Gotze J., Lukashev E., Kozlovsky V., Ashikhmin A., Makhneva Z., Moskalenko
A., Lokstein H., Paschenko V. (2021) Lack of Excitation Energy Transfer from the
Bacteriochlorophyll Soret Band to Carotenoids in Photosynthetic Complexes of Purple Bacteria.
J Phys Chem B 125:3538-3545. https://doi.org/10.1021/acs.jpcb.1c00719

Rinalducci S, Pedersen JZ, Zolla L (2004) Formation of radicals from singlet oxygen
produced during photoinhibition of isolated light-harvesting proteins of photosystem II.
Biochimica et Biophysica Acta (BBA)-Bioenergetics 1608 (1):63-73

Saito I, Matsuura T, Nakagawa M, Hino T (1977) Peroxidic intermediates in photosensitized
oxygenation of tryptophan derivatives. Accounts of Chemical Research 10 (9):346-352

Santabarbara S, Bordignon E, Jennings RC, Carbonera D (2002) Chlorophyll triplet states
associated with photosystem II of thylakoids. Biochemistry 41 (25):8184-8194

Schmitt F-J, Renger G, Friedrich T, Kreslavski VD, Zharmukhamedov SK, Los DA,
Kuznetsov VV, Allakhverdiev SI (2014) Reactive oxygen species: Re-evaluation of generation,

monitoring and role in stress-signaling in phototrophic organisms. Biochimica et Biophysica

(Formatted: Spanish

Acta (BBA) - Bioenergetics 1837 (6):835-848. doi:https://doi.org/10.1016/j.bbabio.2014.02.005

Schubert J, Watson JA, Baecker JM (1969) Formation of a Histidine-peroxide Adduct by
H202 or Ionizing Radiation on Histidine: Chemical and Microbiological Properties.
International Journal of Radiation Biology and Related Studies in Physics, Chemistry and
Medicine 14 (6):577-583. doi:10.1080/09553006914551771

Smith MB, Michl J (2010) Singlet Fission. Chem Rev 110:6891-6936.
https://doi.org/10.1021/cr1002613

Smith MB, Michl J (2013) Recent Advances in Singlet Fission. Annu Rev Phys Chem
64:361-386. https://doi.org/10.1146/annurev-physchem-040412-110130

Telfer A, Pascal A, Gall A (2008) Carotenoids in photosynthesis. Carotenoids: Volume 4:
Natural Functions:265-308

Tomita M, Irie M, Ukita T (1969) Sensitized photooxidation of histidine and its derivatives.

Products and mechanism of the reaction. Biochemistry 8 (12):5149-5160



Uchoa AF, Knox PP, Turchielle R, Seifullina NK, Baptista MS (2008) Singlet oxygen
generation in the reaction centers of Rhodobacter sphaeroides. European Biophysics Journal
37:843-850

Wei C, Song B, Yuan J, Feng Z, Jia G, Li C (2007) Luminescence and Raman spectroscopic
studies on the damage of tryptophan, histidine and carnosine by singlet oxygen. Journal of
Photochemistry and Photobiology A: Chemistry 189 (1):39-45

Weil L (1965) On the mechanism of the photo-oxidation of amino acids sensitized by
methylene blue. Archives of biochemistry and biophysics 110 (1):57-68

Wright A, Bubb WA, Hawkins CL, Davies MJ (2002) Singlet Oxygen—mediated Protein
Oxidation: Evidence for the Formation of Reactive Side Chain Peroxides on Tyrosine Residues.
Photochemistry and photobiology 76 (1):35-46

Yanykin D, Khorobrykh A, Terentyev V, Klimov V (2017) Two pathways of
photoproduction of organic hydroperoxides on the donor side of photosystem 2 in subchloroplast
membrane fragments. Photosynthesis Research 133 (1):129-138

Zolla L, Rinalducci S (2002) Involvement of active oxygen species in degradation of light-
harvesting proteins under light stresses. Biochemistry 41 (48):14391-14402

Statements and Declarations

Funding: The work was supported by the Russian Science Foundation (grant 23-24-00362,
https://www.rscf.ru/project/23-24-00362/ accessed on 13 June 2023).

Competing interests: The authors declare no competing interests.

Author contributions: MB and DY conceived the project; MB, AA, DY and MP: performed
the measurements and analyzed the date; DY supervised the experiments; DY and MB: wrote

the manuscript. All authors have read and agreed to the published version of the manuscript.



