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Abstract

Measurement of photosensitized luminescence of singlet oxygen has been applied to studies of singlet oxygen generation
and quenching by C,, carotenoids (neurosporene, lycopene, rthodopin, and spirilloxanthin) with long chain of conjugated
double bonds (CDB) using hexafluorobenzene as a solvent. It has been found that neurosporene, lycopene, and rhodopin
are capable of the low efficient singlet oxygen generation in aerated solutions upon photoexcitation in the spectral region of
their main absorption maxima. The quantum yield of this process was estimated to be (1.5-3.0)x 1072, This value is near
the singlet oxygen yields in solutions of {-carotene (7 CDB) and phytoene (3 CDB) and many-fold smaller than in solutions
of phytofluene (5 CDB) (Ashikhmin et al. Biochemistry (Mosc) 85:773-780, https://doi.org/10.1134/S0006297920070056,
2020, Biochemistry (Mosc) 87:1169-1178, 2022, https://doi.org/10.1134/S00062979221001082022). Photogeneration of
singlet oxygen was not observed in spirilloxanthin solutions. A correlation was found between the singlet oxygen yields and
the quantum yields and lifetimes of the fluorescence of the carotenoid molecules. All carotenoids were shown to be strong
physical quenchers of singlet oxygen. The rate constants of !0, quenching by the carotenoids with long chain of CDB (9-13)
were close to the rate constant of the diffusion-limited reactions ~10'° M~! s~!, being many-fold greater than the rate con-
stants of 102 quenching by the carotenoids with the short chain of CDB (3-7) phytoene, phytofluene, and {-carotene studied
in prior papers of our group (Ashikhmin et al. 2020, 2022). To our knowledge, the quenching rate constants of rhodopin and
spirilloxanthin have been obtained in this paper for the first time. The mechanisms of 'O, photogeneration by carotenoids in
solution and in the LH2 complexes of photosynthetic cells, as well as the efficiencies of their protective action are discussed.

Keywords Neurosporene - Rhodopin - Lycopene - Spirilloxanthin - Singlet oxygen - Photosensitization - Quenching - Light-
harvesting complex

Abbreviations Introduction
BChl Bacteriochlorophyll a
CDB Conjugated double bonds Photosynthetic organisms often work under strong light stress

when the intensity of incident light exceeds the ability of the
photosynthetic cells to utilize light energy for photosynthesis.
Protection from the photodynamic damage caused by excess
light energy is a prerequisite of survival and normal func-
tioning of the photosynthetic apparatus. After the pioneering
work by Griffiths et al. (1955) and subsequent papers of other
groups, it is generally adopted that carotenoids with nine and
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more conjugated double bonds (CDB) play an important role
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of bacteriochlorophyll (BChl) in the LH2 complexes of purple
bacteria (Makhneva et al. 2007, 2009, 2020, 2021). As shown
quite recently, the action spectrum of this process corresponds
to the absorption spectra of thodopin and lycopene. However,
the quantum yield of the BChl photodestruction is very low,
equal to 0.0003 (Klenina et al. 2022). Based on these observa-
tions, one could assume that carotenoids are capable of low
efficient generation of singlet oxygen under photoexcitation
in the bacterial photosynthetic apparatus. Perhaps, this pro-
cess because of its low efficiency is not very important for
photodamage of bacterial cells. However, we feel that it is of
great interest from the viewpoint of photophysics of carotenoid
molecules. It is noteworthy, that before our studies, photogen-
eration of '0, by isolated molecules of bacterial carotenoids
had never been investigated, although it is known that lO2
formation is rather efficiently photosensitized by the visual
pigment—retinal, a polyene with 6 CDB (Delmelle 1979;
Krasnovsky and Kagan 1979; Edge and Truscott 2018).

In this connection, couple of years ago, we have started a
systematic study of 'O, photosensitization by bacterial carot-
enoids with different lengths of CDB using direct detection of
carotenoid-photosensitized 'O, phosphorescence. It should be
noted that photosensitized phosphorescence of singlet oxygen
at 1270 nm in aerated solutions of different pigments, includ-
ing chlorophylls, BChls and retinals, was firstly observed by
one of us in nineteen seventies (Krasnovsky 1976, Krasnovskit
1977; Krasnovsky 1979; Krasnovsky and Kagan 1979). Pres-
ently, detection of this phosphorescence is used worldwide
as the most accurate method of singlet oxygen detection and
investigation. The most common phosphorescence mechanism
corresponds to the following scheme:

Py + v ='P* =P* +70, =10,
10, =30, + hv (1270 nm),

where lPO, IP*, and *P* are molecules of a pigment-photo-
sensitizer in the ground and excited singlet and triplet states,

10, is the lAg singlet state of molecular oxygen (Krasnovsky
1979, 2008; Schweitzer and Schmidt 2003 and refs therein).

Fig.1 The structural formulae

For our work, new 'O, phosphorescence spectrometers
assembled recently by A.A. Krasnovsky’s group (Bach Insti-
tute of Biochemistry, Russia) (Krasnovsky et al. 2019) were
applied. In the previous papers, polyenes with a short chain of
CDB were studied: phytoene (3 CDB), phytofluene (5 CDB),
and -carotene (7 CDB) (Ashikhmin et al. 2020, 2022). It was
found that photoexcitation of these polyenes causes genera-
tion of !0, in aerated solutions. The quantum yields of 'O,
generation by phytoene and {-carotene appeared to be low: =~
0.02 and 0.014, respectively. Unexpectedly, phytofluene effi-
ciently generated '0,. First estimation of the quantum yield
(®,) of this process based on the steady-state phosphores-
cence measurements led us to a value of 0.85+0.05 (Ashi-
khmin et al. 2020). In the next paper, using more accurate
time-resolved measurements, we arrived to a slightly lower
value 0.39+0.06, which is still very high (Ashikhmin et al.
2022). The rate constants of lO2 quenching by these carot-
enoids were also obtained (Ashikhmin et al. 2020, 2022). In
the present work, the methods developed in the prior papers
are applied to natural bacterial carotenoids with long chain of
CDB: neurosporene (9 CDB), lycopene (11 CDB), rhodopin
(11 CDB), and spirilloxanthin (13 CDB) (Fig. 1).

Materials and methods
Carotenoid isolation

Carotenoids were obtained from cells of purple photosyn-
thetic bacteria. Neurosporene was isolated from Rhodobac-
ter sphaeroides strain G1C (received from Prof. Takaichi
S., Nippon Medical School, Japan). Lycopene was purified
from Ectothiorhodospira haloalkaliphila. Rhodopin and
spirilloxanthin were extracted from Allochromatium vino-
sum and Rhodospirillum rubrum, respectively. The bacterial
cells used for carotenoid isolation were grown at 28 +2 °C
in anaerobic conditions under illumination by white light of
an incandescent lamp 90 W/m? on the Hutner's, Pfennig's,
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Larsen's and Ormerod's media, respectively (see Ashikhmin
et al. 2017). Under these conditions, the carotenoids with
the short CDB chain were not accumulated in bacterial cells
(Ashikhmin et al. 2017). For accumulation of the carote-
noids with short CDB chains, inhibitors of carotenoid bio-
synthesis should be added as was done in our prior papers
(Ashikhmin et al. 2020, 2022).

Carotenoid isolation was carried in two stages as
described earlier (Ashikhmin et al. 2017, 2022). At the first
stage, cells were destroyed by ultrasonic disintegration. A
mixture of photosynthetic pigments (carotenoids and bacte-
riochlorophyll) was extracted from the membranes, and then,
carotenoids were extracted from the mixture. In the second
stage, individual carotenoids were released by HPLC on the
Agilent 1200 (Agilent Technologies, USA) with a prepara-
tion column (10X 250 mm) with a reverse phase of Waters
Spherisorb ODS2 (Waters, USA), using the solvent gradient
described earlier (Ashikhmin et al. 2017). The purity of iso-
lated carotenoids was additionally checked on an analytical
HPLC device Shimadzu (Shimadzu, Japan) using an Agilent
Zorbax SB-C18 reverse phase column (4.6 X 250 mm) (Agi-
lent Technologies, USA) at 22 °C. Carotenoids were identi-
fied by their absorption spectra and retention time.

A typical HPLC chromatograms of isolated carotenoids
are indicated in Supplementary materials. The absorption
coefficients of carotenoids were taken from Britton (1995):
neurosporene—156; lycopene—185; rhodopin—166 and
spirilloxanthin—147 mM~! cm™! (light fraction of petro-
leum ether).

Singlet oxygen detection

Singlet oxygen was studied in aerated pigment solutions by
measuring photosensitized phosphorescence at 1270 nm cor-
responding to the radiative deactivation of the singlet ('Ag)
state of oxygen molecules. Measurements were carried out
using the spectrometers described elsewhere (Krasnovsky
et al. 2019). The spectrometers allow detection of singlet
oxygen phosphorescence under stationary and pulsed LED
excitation of photosensitizers. It also makes possible to
analyze the spectral parameters (emission and excitation
spectra) of phosphorescence and record its kinetics traces
after short exciting flashes. To measure excitation spectra,
we had a set of five LEDs with the emission maxima at
347, 367, 400, 421, and 460 nm, obtained from the firms
Polironic (Russia) and Artleds (Russia). When measuring
phosphorescence parameters, the emission power of LEDs
on the surface of the cuvette did not exceed 10 mW/cm?. The
half-width of the LED radiation bands was 11-26 nm. For
time-resolved measurements, pulsed LEDs equipped with a
modulating electronic chips and emission maxima at 365 nm

(half bandwidth—18 nm), 395 nm, and 450 nm (half band-
width—11 nm) (Polironic, Moscow) were used.

LED emission was focused in a spot with a diameter of
5 mm on the surface of a 1 cm quartz cuvette with a tested
solution. The average excitation intensity was controlled by
the ThorLabs PM-100D power meter with S120VC sensor
photovoltaic head (ThorLabs, USA) and Ophir ORION-TH
power meter with a 20C-SH thermal sensor head (Ophir
Optronics, Israel). Phosphorescence of 'O, was detected at
an angle of 90° relative to the excitation beam using a cooled
photomultiplier FEU-112 with the S-1 spectral response
(Ekran Optical Systems, Russia) through the cut-off filters
that transmit IR emission at the wavelength > 1000 nm, and
one of three replaceable interference filters with maximum
transmittance at 1230, 1270, and 1310 nm and half-band
width of 10 nm. The stationary phosphorescence intensity
was recorded using a digital millivoltmeter (Econix-Expert,
Russia).

When time-resolved phosphorescence measurements
were carried out, the repetition rate and duration of LED
pulses were regulated by an external pulse generator. The
pulse duration in most measurements was 10 ps, and the
pulse repetition frequency was changed in the range of
5-100 Hz. The PMT signal was sent through a broadband
(400 MHz) preamplifier to an electronic board operating
in a time-resolved photon counting mode (Parsek, Russia).
The counting board, which was launched from an additional
pulse of the generator synchronized with the LED pulse,
divided the time interval between flashes into 256, 512, or
1024 channels. The signal of the board came through the
USB port to a personal computer that processed the sig-
nal. Kinetic curves were obtained by accumulating PMT
impulses in each channel during 2-30 min. The quantum
yield of 'O, generation (@) was measured using as a ref-
erence an organic photosensitizer phenalenone (perinaph-
thenone, 1H_phenalen-1-one) (Merck, USA), which has a
broad absorption band with a maximum at 350 nm. It is
known that the quantum yield of the 1O2 photogeneration
by phenalenone is close to 1(0.95 +0.05) (Oliveros et al.
1991; Schmidt et al. 1994). The experiments were carried
out using hexafluorobenzene (C4F) as a solvent, which was
specially purified for our experiments (Pim-Invest, Russia).
This solvent was employed because there are no hydrogen
atoms in its molecule. Therefore, the lifetime of singlet oxy-
gen in hexafluorobenzene is very long (16 ms) that facilitates
the detection and studies of '0,. In addition, C¢F does not
enter chemical interaction with carotenoids and singlet oxy-
gen (Krasnovsky et al. 2019; Ashikhmin et al. 2020, 2022).
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Results
Neurosporene

The absorption spectrum of neurosporene in hexafluor-
obenzene has three major peaks at 417, 441, and 470 nm
(Fig. 2A). Under laser irradiation of neurosporene solu-
tions (2—-8 pM), we observed weak phosphorescence at
1270 nm. Excitation spectrum of phosphorescence was
estimated using three continuous LEDs with the emis-
sion wavelengths of 399, 461, and 530 nm. Details of the
measurement procedure were described in previous papers
of our group (Ashikhmin et al. 2020, 2022). With each
LED, luminescence was detected through three interfer-
ence filters transmitting light at 1270, 1230, and 1310 nm.
Then, at each wavelength, the background luminescence
of a quartz cuvette with acetone or 1:1 (v/v) mixture of
C4Fy and acetone having no carotenoids was recorded.
The background signals were subtracted from the sig-
nals obtained from carotenoid solutions. The spectral
maximum of the resulting difference signals was always
observed at 1270 nm that corresponds to the spectral maxi-
mum of singlet oxygen phosphorescence.

The main maximum of the phosphorescence excitation
spectrum was always observed at 460 nm that corresponds
to the main maximum of the neurosporene absorption
spectrum (Fig. 3A). Note that the carotenoids with short

CDB chains (phytoene, phytofluene, and {-carotene) stud-
ied in our prior papers have zero absorbance at this wave-
length. The long wavelength maxima of these short-chain
carotenoids were at 293, 369, and 420 nm, respectively
(Ashikhmin et al. 2020, 2022). Therefore, it is excluded
that admixture of these carotenoids contributed to the
phosphorescence excitation in solutions of neurosporene
and other carotenoids investigated in the present work.

The phosphorescence decay time in neurosporene solu-
tions was much shorter than the lifetime of singlet oxygen
(z,) in neat C4Fy. For detailed analysis, 'O, phosphorescence
was studied in mixed solutions containing both phenalenone
and neurosporene. The excitation power was selected so that
the degree of the carotenoid destruction during the measure-
ment time did not exceed 5% of the initial absorbance value.
Figure 3B indicates that decays of 'O, phosphorescence
arising after excitation of phenalenone by short excitation
pulses are exponential. The phosphorescence decay time
declined after the addition of neurosporene and the increase
of the neurosporene concentration. At the same time, the
initial phosphorescence intensity obtained by extrapolat-
ing the exponentials to the zero time after the flash [Iph(O)]
remained unchanged. The latter implies that within the range
of the carotenoid concentrations used in our experiments the
carotenoid did not influence the rate of the 'O, generation
by phenalenone but they strongly increase the decay rate of
singlet oxygen (Fig. 2 B, C).
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Fig.2 Neurosporene in CsF;. A The absorption spectrum of neu-
rosporene (4 pM) (solid line) and the excitation spectrum (vertical
lines) of '0, phosphorescence at 1270 nm estimated using a set of
LEDs (100 mW) with fixed radiation wavelengths, the spectra are
normalized at 461 nm (I, is the phosphorescence intensity in photons
per second, n is a number of incident photons), B decays of singlet
oxygen phosphorescence at 1270 nm photosensitized by phenalenone
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after LED pulses (2 ps, 405 nm, 1.2 pJ, 10 kHz repetition rate, 10 min
accumulation time) in Cartesian or semi-logarithmic coordinates in
solutions containing phenalenone (3 pM) and 2.6 (1) and 8.7 (2) pM
neurosporene, and C the Stern—Volmer plot for the dependence of the
phosphorescence decay rates in phenalenone solutions from the con-
centration of added neurosporene
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Fig.3 Determination of the quantum yields of 'O, photogenera-
tion by carotenoids using lycopene in aerated hexafluorobenzene.
A Decays of.'O, phosphorescence after 10 ps LED pulses (3.6 pJ,
405 nm, 10 kHz repetition rate) in the solution of lycopene (1.8 pM
with absorbance of 0.13 at 405 nm) (1, 3) and mixed solution of phe-
nalenone (with absorbance of 0.13 at 405 nm) and lycopene (2, 4) in
the Cartesian (1, 2) or semi-logarithmic coordinates (3, 4). The decay
curves (2, 4) were reduced 40-fold compared to the original records
in order to be seen on the scale of the present figure. The decays
were recorded with the 10 ps delay after the start of LED pulses and
40 min accumulation time. B Spectra of the phosphorescence emis-
sion in solution of lycopene alone (black bars) and in the mixed solu-
tion of phenalenone and lycopene (gray bars)

Quenching of !0, by neurosporene obeys the Stern—Vol-
mer Eq. (1) (Fig. 1C):

Kobs = ko + kq[Car], (1)

where k is the observed rate constant of phosphorescence
decay (in s™!) after LED pulses in solutions containing both
a photosensitizer and Car, k is the rate constant of the phos-
phorescence decay in phenalenone solutions without Car,
and kg is the bimolecular rate constant of lO2 quenching by
Car. The value of k, was calculated from the slope of the
linear Stern—Volmer plot. The neurosporene concentrations
were calculated from the absorbance measurements using
the molar absorption coefficient indicated by Britton 1995.

As a result, it was obtained that the neurosporene kq is
rather close to the rate constant of the diffusion- limited
reactions (Table 1), being many-fold greater than k; obtained
previously for g-carotene and phytofluene (Ashikhmin et al.
2022). It is noteworthy that this constant corresponds to a
physical quenching process, because under conditions of our
experiments, the bleaching of neurosporene was negligible

Table 1 Quantum yields of 'O, generation (®,) and rate constants
for 'O, quenching (kg) in solutions of carotenoids in hexafluoroben-
zene obtained in the present and prior (Ashikhmin et al. 2020, 2022)
works of our group

Carotenoids CDB  @,x10°  k,x10"0M™"s7")*
Prior work (Ashikhmin
et al. 2020, 2022)
Phytoene 3 2 0.0004 +0.0001
Phytofluene 5 39 0.0036 +0.0009
{-Carotene 7 1.4 0.021+0.002
This work
Neurosporene 9 3.0+1.0 0.68+0.08
Lycopene 11 1.5+0.5 1.1+£0.08
Rhodopin 11 2.5+0.5 1.0£0.08
Spirilloxanthin 13 <0.5 1.0+0.08

“Values of kq were calculated using the molar absorption coefficients

(mM~! em™") in the main maxima of the carotenoid absorption spec-
tra reported by Britton (1995) (see “Materials and Methods” section)

or was not observed at all. This conclusion agrees with the
rates of chemical quenching of singlet oxygen obtained pre-
viously in solutions of p-carotene and fucoxanthin (Kras-
novsky and Paramonova 1983).

The quantum yields of singlet oxygen were determined
using both steady-state and time-resolved phosphorescence
measurements. For steady-state measurements, the following
basic equation was applied:

Ly =1 (1= 107%)® k.7, 2)

where I, and /., are the steady-state intensities (Einstein
per second) of phosphorescence and exciting light, respec-
tively. A is absorbance of a photosensitizer at the wavelength
of excitation, k, is the radiative rate constant for 'O, phos-
phorescence emission, and 7, is the real lifetime of singlet
oxygen in solutions.

As Iph/(lm(l —107)) is equal to the phosphorescence
quantum yield (@), Eq. 2 can be simplified:

‘I’ph = @k, 7). 3)

The values of @, for carotenoids (®,),. can be calcu-
lated from the ratios of the @, values in solutions of carot-
enoids and phenalenone (Eq. 4). In this case, constants k,

are reduced:
((I)A)Car - <(I)Ph/TA)C‘dr/ ((I)Ph/TA)phen' “)

Since carotenoids are very strong quenchers of 102, the
7, in carotenoid solutions was about 150-fold smaller than
in solutions of phenalenone (16 ms, Krasnovsky et al. 2019).

For time-resolved measurements, another equation was
used.
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Lp(0) = I, (1 = 1074) @k (exp (—1/1,)). (5)

where /() is the instant phosphorescence radiative rates in
Einstein per second and I, is the intensity of short exciting
LED pulse in Einstein per pulse. As phosphorescence decays
were exponential, extrapolation of the exponential functions
to the zero time after exciting pulse is equal to

1,(0) =1, (1 = 107") D k.. (6)

This function allows for calculation of (@,).,,

]Ldr/[ h(o)/( ex 1 - 107 ))]phen'
(N

Figure 3A illustrates the procedure of the quantum yield
measurement using time-resolved detection of singlet oxy-
gen phosphorescence. This procedure was similar for all
investigated carotenoids. For illustration, the lycopene solu-
tion was chosen.

In the experiment with neurosporene, excitation was
produced by 2 ps pulses of LED at 405 nm. The concentra-
tion of neurosporene was 2.0 pM. The absorbance of neu-
rosporene at 405 nm was 0.2. In addition, a mixed solution
containing both phenalenone and the carotenoid was pre-
pared. The phenalenone concentration was 3 pM. Absorb-
ance at 405 nm was 0.13 in a 1 cm cell. Comparison of the
1,,(0) (the zero time phosphorescence intensity) in solutions
of phenalenone and neurosporene led us to the value of the

cal [ h(o)/< EX 1 - 10

quantum yield of 1O2 generation by neurosporene equal to
0.02. Using steady-state measurements, we arrived to the
value of 0.04. Average value is indicated in Table 1. Sur-
prisingly, it was slightly higher than that obtained previ-
ously for {-carotene (Ashikhmin et al. 2022). Nevertheless,
due to much stronger quenching of 'O, by neurosporene,
the phosphorescence signal was rather weak. The 3—5-fold
smaller signals would be near the noise level and could not
be reliably analyzed.

Lycopene

The absorption spectrum of lycopene has three main peaks
at 442, 469, and 500 nm (Fig. 4A). The studies were car-
ried out according to the same plan as the studies of neu-
rosporene. Under laser irradiation of lycopene solutions,
weak phosphorescence at 1270 nm was observed. Excita-
tion spectrum of phosphorescence was estimated using
three continuous LEDs. Figure 4A indicates that the action
spectrum correlates with the main maxima of the lycopene
absorption spectrum. The phosphorescence decay time in the
lycopene-containing solutions decreased with the increase
of the lycopene concentration (Fig. 4B). The rate constant
of physical quenching of 'O, by lycopene was calculated
from the Stern—Volmer plot of the phosphorescence decay
rates versus lycopene concentrations. The obtained k, was
about 2-fold greater than that for neurosporene (Table 1). It
is known that lycopene is probably the strongest quencher of

1-T, I,,/n, rel. un. lons Tel. un. nl KopsX10-2, s-1
1 3000 n(lpn)
A
400 { €
2000
0,5
200 A
1000 -
0 T T y 0 0 4
300 400 500 600 0 10 20 30 0123 4
Wavelength, nm Time, ms [Lyc], uM

Fig.4 Lycopene in C¢Fs. A The absorption spectrum (solid line)
and the excitation spectrum of 'O, phosphorescence at 1270 nm esti-
mated using a set of LEDs with fixed radiation wavelengths, normal-
ized at 461 nm (vertical lines) (/,, is the phosphorescence intensity
in photons per second, n is a number of incident photons), B decays
of singlet oxygen phosphorescence after LED pulses (10 ps, 405 nm,
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6 pJ, 10 Hz repetition rate, 15 min accumulation time) in Cartesian
or semi-logarithmic coordinates in solutions containing phenalenone
alone (1) and after addition of 0.03 (2) and 0.07 (3) pM rhodopin, and
C the Stern—Volmer plot for the dependence of the phosphorescence
decay rates in phenalenone solutions from the concentration of added
lycopene
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singlet oxygen among the C,, carotenoids with 11 CDB (D1
Mascio et al. 1989; Conn et al. 1991). Our data are consist-
ent with this statement, although the difference from other
carotenoids is less than that obtained by Di Mascio et al. and
resembles the data by Conn et al. (1991).

Figure 3A illustrates the procedure of the quantum yield
measurement using time-resolved detection of singlet oxy-
gen phosphorescence in lycopene-containing solutions. Both
steady-state and time-resolved methods showed that the
quantum yield of 'O, generation by lycopene is equal to that
for {-carotene and about 2-fold smaller than in neurosporene
solutions, although this difference between the @, values
for neurosporene and lycopene is close to the measurement
error range (Table 1).

Rhodopin

The absorption spectrum of rhodopin has three main peaks
at 442, 469, and 496 nm, which are close to the main absorp-
tion peaks of lycopene (Fig. 5SA). The action spectrum of
weak phosphorescence at 1270 nm observed under laser irra-
diation of rhodopin solutions correlated with the rhodopin
absorption spectrum (Fig. 5A). The phosphorescence decay
time in rhodopin-containing solutions decreased with the
increase of thodopin concentrations (Fig. 5B). The rate con-
stant of the physical quenching of 1O2 by rhodopin was cal-
culated from the Stern—Volmer plot of the phosphorescence

decay rates versus rhodopin concentrations. The k, obtained
was about 10% smaller than that for lycopene (Table 1). The
quantum yield of 'O, photogeneration by rhodopin was esti-
mated from comparison of the 'O, phosphorescence inten-
sities in the mixed solutions of phenalenone and rhodopin
with the same parameters of the solutions of rhodopin alone.
For excitation of phenalenone, the LED with the radiation
wavelength of 367 nm was used. For excitation of rhodopin,
the 460 nm LED was applied. Phenalenone and rhodopin
had equal absorbance at the excitation wavelengths. Other
experimental conditions were similar to those indicated in
Fig. 4, and therefore, the data are not shown. The obtained
quantum Yyield is presented in Table 1.

Spirilloxanthin

The absorption peaks of spirilloxanthin are markedly shifted
to longer wavelengths compared to rhodopin. The main
absorption maxima are at 462, 490, and 523 nm (Fig. 6).
We could not obtain reliable signal of 'O, phosphorescence
in solutions of this pigment. Therefore, it can be proposed
that the phosphorescence intensity in solutions of spirillox-
anthin is smaller than the sensitivity limit of our spectrom-
eters. It was estimated that the phosphorescence quantum
yield is less than 0.5. The rate constants of 1O2 quenching
by rhodopin and spirilloxanthin appeared to be very similar.

1-T, Ipy/n, rel. units |, rel. units In(l,0) Kopsx102, s-1
15 A
1500 150 4
1000 A 100 -
0.54
10 20
Time, ms
500 A 50
C
0 ¥ 0 b 0 T ]
380 480 580 0 10 20 30 0 09 1,8
A, nm Time, ms [Rhod], uM

Fig.5 Rhodopin in C¢F4. A The absorption spectrum (solid line) and
the excitation spectrum (vertical lines) of 'O, phosphorescence esti-
mated using a set of continuous LEDs (100-150 mW) with fixed radi-
ation wavelengths, the spectra are normalized at 461 nm. B Decays
of singlet oxygen phosphorescence after LED pulses (10 ps, 405 nm,
6 pJ, 10 Hz repetition rate, 15 min accumulation time) in Cartesian

or semi-logarithmic coordinates in solutions containing phenalenone
alone (1) and after addition of 0.04 (2) and 0.09 (3) uM rhodopin, and
C the Stern—Volmer plot for the dependence of the phosphorescence
decay rates in phenalenone solutions from the concentration of added
rhodopin
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Fig.6 Spirilloxanthin in C4Fg.
A Absorption spectrum of
spirilloxanthin, B decays of
singlet oxygen phosphores- 1
cence after LED pulses (10 ps,
405 nm, 6 pJ, 10 Hz repetition
rate, 15 min accumulation time)
in Cartesian or semi-logarithmic
coordinates in solutions con-
taining phenalenone alone (1)
and after addition of 0.03 (2)
and 0.08 (3) pM spirilloxan-
thin, and C the Stern—Volmer
plot for the dependence of the
phosphorescence decay rates A
in phenalenone solutions from
the concentrations of added
spirilloxanthin

Absorbance

0,5 -

Wavelength, nm

The quenching is physical with the k, values near the rate
constants for the diffusion-limited reactions.

Discussion

Thus, it has been shown for the first time that isolated carot-
enoid molecules with long chains of CDB (9-11): neu-
rosporene, lycopene, and rhodopin are capable of singlet
oxygen generation upon photoexcitation at the wavelength
region of their main absorption maxima. The quantum
yields were estimated to be (1.5-3.0) x 1072 in solutions of
all investigated carotenoids. Photogeneration of singlet oxy-
gen was not observed in spirilloxanthin solutions (Table 1).
It was estimated that @, in the spirilloxanthin solutions is
at least 3-fold smaller than in solutions of lycopene. Com-
parison with the data of our prior papers (Ashikhmin et al.
2020, 2022) indicates that the carotenoids with long chains
of CDB generate 'O, much less efficiently than phytoflu-
ene (5 CDB) and slightly more efficiently than {-carotene
(7 CDB) (Table 1).

It is known that carotenoids emit fluorescence under pho-
toexcitation (see references in Table 2). A simplified energy
diagram of the main electronic transitions in carotenoid
molecules is shown in Fig. 7. Major absorption bands cor-
respond to vibronic S (1A,7) — S, transitions (Frank and
Christensen 2008). According to Fujii et al. (2001a, b), the
S, level is in fact a sum of two levels 1Bu™ and 1Bu* (S, and
S;). Anyway, for simplicity, sum of these levels is denoted in
this paper by one symbol S,. At longer wavelengths, much
weaker symmetry forbidden So(lAg_) — Sl(ZAg_) transition
exists, which is normally not seen in the absorption spectra.
Fluorescence is emitted due to radiative deactivation of the
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S, and S, states. As indicated in Table 2, an apparent cor-
relation is seen between the @, in solutions of phytoene,
phytofluene, and -carotene, and the literature values of the
quantum yields (@) and lifetime (z;,) of the fluorescence
corresponding to the forbidden S; — S, transitions of these
carotenoids (see also Ashikhmin et al. 2020, 2022). At the
same time, no correlation was observed between @, for
these carotenoids and fluorescence parameters of the S, — S,
transitions @, and t,. The ;, are very short (of 0.1-0.2 ps)
and almost independent of the structure of the investigated
carotenoids. The @, values are at least 100-fold smaller than
the values of @, (Table 2).

These observations allowed us to propose that the carot-
enoids with a short chain of CDB generate 'O, due to energy
transfer to oxygen from the T, triplet states, which are pop-
ulated owing to interconversion of the forbidden S, state,
which in its turn, is formed due to spontaneous deactiva-
tion of the S, state (Fig. 7) (Ashikhmin et al. 2022). The
proposed mechanism agrees with the reported energy and
temporal parameters of the triplet states of phytoene, phyto-
fluene, and {-carotene (Bensasson et al. 1976).

However, for the carotenoids with 9-13 CDB, there is
no correlation between @, and literature values of &; and
7y, (Table 2). For instance, @, for neurosporene is slightly
greater than that for {-carotene, whereas the @y, and 74 for
neurosporene are much smaller than those for {-carotene.
Moreover, the yield of neurosporene fluorescence corre-
sponding to the S, — S, transition (®y,) is 2-fold higher
than @y, despite the very short lifetime (0.1-0.2 ps) of the
S,— S, fluorescence (Andersson et al. 1995). When number
of CDB increases from 5 to 11, @y, increases by more than
three orders of magnitude, while the @, decreases by more
than two orders (Table 2 and refs therein). The both values of
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Comparison with the fluorescence yields and fluorescence lifetimes corresponding to the S;— S, and
S, — S, transitions in carotenoid molecules
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@, and @, are almost the same in the range of carotenoids
molecules with 9-11 CDB. It is reasonable to propose based
on these observations that singlet oxygen is generated due
to the triplets (T,) formed owing to direct interconversion
of the S, state without intermediate S; population (Fig. 7).
To the best of our knowledge, dual triplet state formation
has never been observed experimentally (see for instance,
Bensasson 1976, Burke et al. 2000). Therefore, it might be
suggested that T, triplets transfer their energy to oxygen
directly with 'O, formation or populate T, due to internal
energy transfer from T,. Further experiments are needed for
verification of these assumptions.

Returning to the bacterial complexes of purple bacteria,
it is known that rhodopin takes about 90% of the total carot-
enoid content in the LH2 bacterial cells of Allochromatium
minutissimum (Britton 2008; Klenina et al. 2022 and refs

therein). As Table 1 indicates, the @, value in rhodopin
solutions is about 100-fold greater than the quantum yield of
the '0,-mediated destruction of BChl in the LH2 complexes
of purple bacteria (Klenina et al. 2022).

However, it should be taken into account that BChl
strongly quenches singlet oxygen (Krasnovsky 1977, 1979;
Krasnovsky et al. 1985; Borland et al. 1987; Egorov et al.
1990). This process is mainly due to a physical mechanism
of energy dissipation:

'0, + BChl =30, + BChl + heat.

Contribution of BChl oxygenation is only 3% (Kras-
novsky et al. 1985). If it is also true for BChl in bacterial
LH2 complexes, we can expect that the quantum yield of
rhodopin-photosensitized BChl photodestruction in LH2
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complexes should be about 9 x 107, This value reasonably
correlates with the data of Klenina et al. (2022). Further
studies of this problem are in progress.

The rates constants for 'O, quenching by carotenoids
with 9-13 CDB were found to be close to the rate con-
stants of the diffusion-limited reactions. To our knowl-
edge, the exact values of ky for phytoene, phytofluene,
C-carotene, rhodopin, and spirilloxanthin were obtained in
our present and prior works (Ashikhmin et al. 2020, 2022)
for the first time. Our data support the results of many
researchers (Di Mascio et al. 1989; Conn et al. 1991; Foote
1976; Frank and Christensen 2008 and refs therein) that
carotenoids with long chain of CDB efficiently deactivate
1O2 due to a physical energy dissipation process. It might
be that the carotenoids quench 'O, due to the reverse trans-
fer of energy from singlet oxygen to low-lying triplet levels
of carotenoids. Our data do not contradict this hypothesis.
However, they are not sufficient for detailed mechanistic
analysis of this process.

Thus, our data suggest that the carotenoids with long
chain of CDB combine the ability to efficiently deactivate
10, with the ability to serve as weak photosensitizers of
singlet oxygen generation. Hence, under certain conditions
they might play a role of low efficient photosensitizers
of photodynamic damage. At the same time, they have
a very high potential as protectors of the photosynthetic
structures against singlet oxygen attack. However, in the
bacterial photosynthetic systems, another potent quencher
of singlet oxygen BChl is also present (Krasnovsky 1977;
Krasnovsky 1979; Krasnovsky et. al. 1985; Borland et al.
1987; Egorov et al. 1990), due to which the protective
function of carotenoids is not so obvious. Similar pro-
cesses occur also in chloroplasts where both carotenoids
and chlorophyll are potent 'O, quenchers what was dis-
cussed many times in the papers of one of us (Krasnovsky
1994 and refs therein).
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