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Abstract

Herein, the effect of cationic antiseptics (chlorhexidine, picloxidine, miramistin, octenidine) on the initial processes of the
delivery of light energy and its efficient use by the reaction centers in intact spinach photosystem II core complexes has been
investigated. The characteristic effects—an increase in the fluorescence yield of light-harvesting pigments and a slowdown
in the rate of energy migration in bacterial photosynthetic chromatophores has been recently demonstrated mainly in the
presence of octenidine (Strakhovskaya et al., in Photosynth Res 147:197-209, 2021; Knox et al., in Photosynth Res, https://
doi.org/10.1007/s11120-022-00909-8, 2022). In this study, we also observed that in the presence of octenidine, the fluores-
cence intensity of photosystem II core complexes increases by 5—10 times, and the rate of energy migration from antennae
to the reaction centers decreases by 3 times. In addition, with an increase in the concentration of this antiseptic, a new effect
related to a shift of the spectrum, absorption and fluorescence to the short-wavelength region has been found. Similar effects
were observed when detergent Triton X-100 was added to photosystem II samples. We concluded that the antiseptic primar-
ily affects the structure of the internal light-harvesting antenna (CP43 and CP47), through which the excitation energy is
delivered to the reaction center. As a result of such an impact, the chlorophyll molecules in this structure are destabilized
and their optical and functional characteristics change.
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Introduction

The influence of a number of cationic antiseptics (chlorhex-
idine, picloxidine, miramistin, octenidine) in the range of
micromolar concentrations on the light-harvesting function
and the delivery of light excitation energy has been recently
studied in antenna complexes of bacterial photosynthetic
membranes of Rhodobacter (Rba.) sphaeroides and Rho-
dospirillum rubrum (Strakhovskaya et al. 2021; Knox et al.
2022). Interest in such works is explained, in particular,
by the fact that the accumulation of organic compounds in
the global ocean, soils, and sediments can adversely affect
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the biosphere. Moreover, the total use of antiseptics may
also be related to the spread of the coronavirus pandemic.
We found that in purple bacteria, antiseptics decoupled the
processes of light energy delivery both from the peripheral
light-harvesting LH2 to the LH1-reaction center (RC) core
complex and within the core complex to the photoactive pig-
ment. In this regard, it seems important to continue this line
of research and to investigate the effect of these compounds
on pigment-protein complex of photosystem II (PSII) from
oxygenic photosynthetic organisms.

Virtually all life of higher form is dependent on oxygen,
whereas plants, algae, and cyanobacteria produce most of
the atmospheric oxygen on our planet. PSII, a large pig-
ment—protein complex embedded in the thylakoid mem-
branes of chloroplasts and cyanobacteria uses light energy
to drive two chemical reactions: the oxidation of water to
molecular oxygen and the reduction of plastoquinone to
plastohydroquinone (reviewed in Wydrzynski and Satoh
2005; Kern and Renger 2007; Lubitz et al. 2019). PS II con-
sists of more than 20 polypeptides and a number of cofactors
associated with the electron-transfer chain (Guskov et al.
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2009; Umena et al. 2011; Suga et al. 2015; Wei et al. 2016).
The minimal protein ensemble capable of light-driven oxi-
dation of water and reduction of plastoquinone molecule(s)
consists of a Mn,CaOs cluster, two integral antenna pro-
teins CP43 and CP47, a photosynthetic reaction center (RC)
containing D1, D2, and cytbss, subunits, and a peripheral
protein PsbO (manganese-stabilizing protein) is called the
PSII core complex. The PSII RC complex forms a dimer,
where each monomer contains the redox-active cofactors
(6 chlorophylls a, 2 pheophytins, 2 plastoquinones, and a
non-heme iron) coordinated by D1/D2 proteins. The CP43
antenna protein binds less strongly to the D1/D2 heterodimer
of the RC than CP47 and, possibly, is involved in the stabili-
zation of the water oxidation complex. In turn, in addition to
energy transfer, CP47 also seems to play a certain structural
role, promoting close association of D1 and D2 subunits.

In the red region, the absorption spectra of CP47 at cryo-
genic temperatures have a complex structure (at least 2 com-
ponents), which probably reflects the presence of chlorophyll
(Chl) a molecules in different environments within the com-
plex. Fluorescence for the lowest energy state (at ~ 685 nm)
occurs at 690 nm. Since this state is lower in energy than
photoactive pigment Pyg, it may be a trap for a significant
part of the excitations in CP47 or PSII core complexes
(Groot et al. 1995).

The presence of 2 “red” states in the Qy absorption band
of Chl at 4 K was also revealed in the CP43 complex from
spinach: a very narrow (~2.7 nm) band at 682.5 nm has
the oscillatory strength of one Chl a molecule, and a much
broader band at 679 nm which is associated with several
excitonically interacting Chl molecules (Groot et al. 1999).
CP47 is located in the central part of the PSII-LHCII super-
complex and, apparently, plays a role in the dimerization
of the PSII core complex, while the CP43 complex has a
more peripheral localization and probably transfers the
excitation energy from the peripheral antenna to the RC.
Two redshifted Chl a spectra with fluorescence peaks at
685 and 695 nm are specifically attributed to the Chl-45
or Chl-43 molecules in CP43 and the Chl-29 molecule in
CP47, respectively (Loll et al. 2005). It has been suggested
that Chl-29, which is involved in the transfer of excitation
energy from the peripheral antenna, can also be involved in
the processes of photoprotection under light stress (Shibata
et al. 2013).

It has been shown that isolated CP47 complex at cryo-
genic temperatures has three distinct fluorescence bands:
695 (F1), 691 (FT1), and 685 nm (FT2) (Neupane et al.
2010). In doing so, the last two peaks are attributed to the
luminescence of partially destabilized Chl-protein com-
plexes. The chlorophylls in CP47 core antenna complex of
PSII are linked via efficient energy transfer to the lowest
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energy trap at 695 nm (Neupane et al. 2010). In contrast
to CP43, a higher sensitivity to destabilization was found
for the CP47 subunit; however, the extremely sensitive
nature of its relationship between protein conformation
and electronic spectra is retained even when CP47 com-
plexes are stored in the absence of glass forming agents
such as glycerol and ethylene glycol. The sensitivity of
these complexes may be the reason for significant vari-
ations in their optical spectra at cryogenic temperatures
for different samples; minor changes in the protein envi-
ronment of chlorophylls are immediately reflected in the
low-temperature spectra of preparations. The presence of
structurally different pools of Chl molecules in CP47 and
the role of chromophore-protein interactions in the mecha-
nism of energy transfer in the 47-kD antenna protein and
its complex with the PSII RC core are reported earlier
(de Paula et al. 1994). Thus, fluorescence kinetic meas-
urements (4., =620 nm, f=3.8 MHz) reveal three main
components in these complexes with lifetimes of ~0.07 ns,
0.3-0.5 ns, and ~3 ns. However, after treatment of the
PSIIcore/CP47 complexes with 0.2% Triton X-100, the
fluorescence kinetics significantly slows down: the compo-
nent with 7~0.07 ns completely disappears, and the com-
ponent characterized by a fluorescence lifetime of more
than 5 ns becomes dominant. It has been suggested that
the slowing down of the kinetics is due to structural per-
turbation of protein-pigment complexes by TritonX-100
under maintaining "suboptimal interchromophoric bond"
in them. As a result, the processes of energy migration
slow down and the stabilization of light-induced charge
separation in the RC is disturbed.

Numerous variations in the lifetime and fluorescence
kinetic components found in the case of isolated PSII pro-
tein-pigment complexes can be associated by structurally
heterogeneous samples (de Paula et al. 1994). According
to (Hansson et al. 1988), the action of a detergent can also
affect the coupling between the RC and the light-harvest-
ing antenna, thereby changing the rate of excitation energy
migration in the RC. In addition, the amount of active reac-
tion centers with charge separation between the primary
electron donor (Pgg) and pheophytin (Pheo) can change.
This is due to a change in the equilibrium between the radi-
cal ion pair P¢g "Pheo™ and the excited states of antenna
Chl, which causes the appearance of additional ways of
deactivating the excitation energy. It is interesting that the
reduction of the primary quinone acceptor O, can also lead
to a similar result due to the effect of the electric charge on
the electron transfer rate from Pgg," to Pheo (Hansson et al.
1988). According to (Schatz et al. 1988), O, reduction in
PSII RCs controls both the yield of radical pair formation
(in closed RCs, the charge photoseparation rate constant
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decreases by ~ 6 times) and the exciton lifetime of antenna
Chl a. At the same time, in the closed RCs, the number of
light-induced primary radical pairs should also be signifi-
cantly decreased.

In this study, we investigated the possible effect of a num-
ber of cationic antiseptics on the initial processes of light
energy delivery and its efficient use by the reaction centers
in intact spinach PSII core complexes.

Materials and methods
Isolation and purification of PSIl core complexes

The oxygen-evolving PSII core complexes were isolated
from fresh spinach plants (Spinacia oleracea) (Haag et al.
1990) by treatment of the membrane fragments with n-dode-
cyl B-p-maltoside (10:1, detergent/chlorophyll) for 1 h fol-
lowed by sucrose density centrifugation (20-40%) for 7 h
at 210,000xg using a Beckman VTi 50 vertical rotor. The
total Chl concentration of the PSII samples (~2.7 mg Chl
mL™!) were determined by the method described in (Porra
et al. 1989). Storage/assay medium contained 25 mM Mes-
NaOH (pH 6.5), 15 mM NaCl, 5 mM CaCl,, 0.03% (w/v)
n-dodecyl-p-p-maltoside. Oxygen-evolving PSII core com-
plexes extracted from spinach practically do not contain
light-harvesting complex II (LHCII) (Haag et al. 1990).
The oxygen-evolving activity (1500-1600 pmol O,-(mg
Chl)~! h™!) of PSII complexes in the presence of 0.1 mM of
DCBQ and 1.0 mM of potassium ferricyanide under con-
tinuous saturating illumination was monitored through the
detection of dissolved O, using a Clark-type electrode.

Spectral and kinetics measurements

Ready-made pharmaceutical preparations chlorhexidine
bidigluconate 20% (22.2 mM), picloxydine dihydrochloride
0.05% (1 mM), miramistin 0.01% (0.22 mM), and octeni-
dine 0.1% (1.5 mM) were added to 1 ml PSII suspension in
25 mM MES buffer (pH 6.5) in 1 X 1 cm quartz glass cuvette.
The optical density of the sample did not exceed 0.2 OD at
the absorbance maximum at ~ 670 nm. All antiseptics, with
the exception of octenidine, were dissolved in pure water.
Octenidine (marketed under the name of Octenisept) was
in a form of octenidine dihydrochloride in water solution
with 2% phenoxyethanol. The last one is the organic com-
pound with the formula C(H;OC,H,OH. It is a colorless
oily liquid, classified as a glycol ether, and commonly used
as a preservative in vaccine formulations. In special control
experiments, we added the pure phenoxyethanol water solu-
tion in one order high concentration and no effect was found

on either the absorbance spectra or the fluorescence spectra
of PSII core complexes.

All antiseptics solutions are transparent to visible light, and
in this spectral range (400—800 nm) they have neither absorp-
tion bands nor fluorescence bands. Thus, all recorded changes
in the optical properties of PSII are determined by the spe-
cific effect of antiseptics on the pigment apparatus of these
particles.

The measurements were performed at room temperature
(22 +1 °C) after 5 min of incubation.

Absorption spectra were recorded with a modified
Hitachi-557 spectrophotometer; Fluorescence spectra were
detected using a Horiba-Jobin—Yvon Fluorolog-3 spectro-
fluorimeter equipped with high sensitive IR photomultiplier
Hamamatsu 5509-72. Fluorescence spectra were recorded with
excitation at 400 nm. The bandwidth was 10 nm for excita-
tion light and 5 nm for emission light. The fluorescence decay
kinetic curves were measured at the maximum of PSII core
complexes fluorescence band (680 nm) using Becker & Hickl
time correlated single photon counting system (TCSPC) with
extremely high dynamic hybrid photodetector HPM-100-07.
A Tema-150 femtosecond laser system (Avesta-Project LLC,
Russia) was used as a source of exciting light. It generated
300-fs light pulses at 400 nm (repetition frequency, 80 MHz;
average radiation power, 2.8 W; single pulse energy, 34 nJ).
In the experiments, the energy of the exciting light pulses
was reduced using neutral light filters to a level determined
by the sensitivity of the recording system. The average radia-
tion power density was 3 x 10~ W/cm? The fluorescence
kinetics was approximated using the three-exponential fitting.
The decay times Tt were calculated using the least-squares fit-
ting algorithm taking into account the instrumental response
function (IRF) with FWHM = 16 ps. The measurements were
repeated three times, and the mean values with standard error
were used to calculate lifetime (t) and yield (F) of fluores-
cence. All calculation and drawing were performed using the
Origin 8.1 software (OriginLab, USA).

The structures of cationic antiseptics are shown below.
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All studied antiseptics are colorless, that is, they do not
have absorption bands in the visible region of the spectrum.
We demonstrate below in the figure the absorption spectra of
PSII in the control and in the presence of octenidine, which
shows that additional absorption bands do not appear. These
compounds also do not fluoresce in the studied wavelength
range. Thus, it can be concluded that the observed changes in
the fluorescence yield and chlorophyll lifetime are not affected
by any intrinsic optical changes of the antiseptics.

Results
The antiseptics we use differ in their chemical structure and

ability for electrostatic interactions. Accordingly, the effec-
tiveness of their influence on the spectral characteristics and
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processes of energy migration in the membranes of purple
bacteria also differs (Strakhovskaya et al. 2021; Knox et al.
2022). Studying the effect of these four antiseptics on the
PSII core complex shows that the characteristic effect—an
increase in the fluorescence yield of light-harvesting pig-
ments, previously found on bacterial membrane prepara-
tions, is clearly manifested only in the presence of octeni-
dine (Fig. 1). Adding miramistin caused a very weak effect,
while chlorhexidine and picloxidine even decreased the
fluorescence yield. Figure 1 shows the areas under the fluo-
rescence spectra of PSII core complexes containing 100 pM
picloxidine, chlorhexidine, octenidine, and miramistin com-
pared with the fluorescence of control preparations. The
area under the fluorescence curve in the control was taken
equal to unity. Insignificant quenching of fluorescence by
picloxidine and chlorhexidine relative to the control was
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Fig. 1 Integral area of the main fluorescence band at 685 nm in PSII
core complexes upon addition of 100 pM chlorhexidine, picloxydine,
miramistin, and octenidine as compared with the fluorescence of the
control sample (the area under the fluorescence curve for the control
preparation was taken as unity). The measurements were repeated
three times. The bar shows the standard deviation from mean value

also accompanied by a slight decrease in the optical density
in the 350-700 nm spectral range (data not shown). This
probably occurs as a result of the destructive effect of these
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Fig.3 Changes in absorption spectra of PSII core complexes in the
presence of octenidine. The arrow in the figure shows the direction
of change in the spectra upon the successive addition of octenidine
at concentrations of 25, 50, 100, 200, and 300 uM. The right inset
shows the position of the maximum of the Q, absorption band in the
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blue spectral region corrected for the effect of light scattering
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The following experiments were conducted to investigate
in detail the effect of octenidine on the spectral and func-
tional characteristics of PSII. An increase in the fluores-
cence yield in the samples upon the addition of octenidine is
accompanied by a short-wavelength shift of both the absorp-
tion maximum, from 672 to 666 nm, and the fluorescence
maximum, from 682 to 678 nm. A similar shift of the fluo-
rescence band also occurs in the presence of the detergent
Triton X-100. Therefore, we compared the effect of these
two different agents on the spectral and kinetic characteris-
tics of PSII core complexes.

The normalized absorption and fluorescence spectra for
the PSII control preparation, the spectra of samples treated
by octenidine and Triton X-100, as well as the spectrum
of pigments extracted from the protein complex by acetone
(actually a solution of monomeric Chl) are shown in Fig. 2.
It can be seen that in the case of the acetone extract, the
absorption band in the red region and the fluorescence band
are shifted much more strongly compared to the control
sample; the absorption maximum shifts to 661 nm, and
the fluorescence maximum—to 673 nm. Thus, although
the treatment of PSII core complexes at maximum concen-
trations of octenidine and Triton X-100 leads to structural
disturbances of pigment-protein complexes, ‘suboptimal
interchromophore bonds’ are preserved. This is correlated
with the conclusion made by de Paula et al. (1994) about
the effect of the Triton X-100 on CP47 antenna / PSII core
complexes. It should be noted here that the details of the
interaction of the charged octenidine molecule and the neu-
tral Triton X-100 molecule on the biostructures obviously
differ. But due to the amphipathic nature of the octenidine
molecule, its interaction with biostructures that have both

Fig.4 Effect of octenidine on .
the fluorescence spectra of PSII

core complexes. The arrow 1.0x10"
indicates the direction of change

in the spectra derived from the |
control sample (black curve) 8.0x10° -

with the sequential addition of
10, 25, 50, 100, and 200 pM
octenidine. The inset shows
the dependence of the posi-
tion of the maximum of the
fluorescence spectrum and the
fluorescence quantum yield,
determined by the ratio of the
areas under the fluorescence
curve on the concentration of
octenidine. S is the area under
the fluorescence curve of the
control preparation

Fluorescence, counts

polar and hydrophobic regions can have a “detergent-like
manner” (Malanovic et al. 2020).

The effect of increasing concentrations of octenidine
on the absorption spectra of PSII core complexes is shown
in Fig. 3. It can be seen that the most pronounced altera-
tions in these spectra are due to a change in the absorption
intensity of the long-wavelength component Q, of the Chl
a absorption band at 670 nm and in the Soret band; with an
increase in the concentration of octenidine, the position of
the absorption peak shifts to the short-wavelength region
from 672 to 666 nm. A noticeable increase in absorption in
the Soret region is most likely due to a change in the scat-
tering of particles due to their aggregation in the presence
of octenidine. A similar turbidity of the suspension, visible
even to the naked eye, was observed earlier in experiments
with bacterial chromatophores.

According to Shan et al. (2001), Chl a molecules in
spinach CP43 and CP47 antenna complexes are in two
spectrally different forms with long-wavelength (about
680 nm) and short-wavelength (about 670 nm) absorption
maxima. It has been suggested that the presence of two
spectral forms in the Q, absorption band is due to differences
in their microenvironment, as well as differences in their
packaging in the protein carrier. The long-wavelength forms
are possibly formed by spatially closer Chl molecules. These
two spectral forms also differ in their sensitivity to external
factors. Thus, the sensitivity of the long-wavelength form
of Chl to heating can shift its absorption maximum to the
short-wavelength region. The temperature factor, acting on
the protein carrier, disrupts the initial exciton interaction of
long-wave chlorophylls, which leads to the observed short-
wave shift of their absorption maximum (Shan et al. 2001).
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Obviously, octenidine, penetrating into the structure of light-
harvesting proteins, can lead to a similar effect.

Note that under the influence of an antiseptic, a certain
pheophytinization of the samples (the transformation of a
part of the Chl a molecules into Pheo @) can probably occur.
According to Wang et al. (2020), a characteristic difference
between the absorption of Chl and Pheo in the blue-green
region of the spectrum is the absence of absorption at
440-500 nm in the case of Pheo. Indeed, taking into account
the contribution of light scattering when normalizing the
absorption spectra of PSII preparations in the presence of
octenidine, a decrease in extinction in this region of the
spectrum is occurred even at an octenidine concentration of
about 25 pM (inset of Fig. 3).

In favor of the possible pheophytinization effect, it can
also be noted that the acetone extract of our PSII preparations
is characterized by the main fluorescence maximum at
673 nm (inset of Fig. 2), which coincides with the Pheo a
fluorescence maximum in an organic solvent (ether) (French
et al. 1956). For Chl a in ether and acetone, the position of
this maximum is 668 and 669 nm, respectively. At the same
time, it is quite probable that in our case this fluorescence
can be associated with the denaturation products of the Chl-
containing proteins. Note that the effect of pheophytinization
with the addition of the antiseptics was previously argued in
more detail when studying the effects of antiseptics on the
purple photosynthetic bacterial membranes (Strakhovskaya
et al. 2021). In this case, the fluorescence of BPheo
molecules was clearly observed in the band around 760 nm,
which allowed us to correctly measure the fluorescence
excitation spectrum.

Changes in the fluorescence spectrum upon the addi-
tion of increasing concentration of octenidine are shown in
Fig. 4. The spectrum shifts to the short-wavelength region,
and the integral intensity of the luminescence increases
with an increase in the concentration of the antiseptic. The
inset in Fig. 4 depicts the dependence of the position of the
fluorescence maximum and the degree of increase in the
fluorescence quantum yield, determined from the ratio of
the areas under the fluorescence curve at various concen-
trations of octenidine. Note that the fluorescence intensity
increases up to a maximum concentration of 300 pM, and
then the fluorescence intensity decreases. At high concentra-
tions of octenidine (> 300 uM), as in the case of picloxidine
and chlordexidine, some Chl a molecules can be destroyed
with a subsequent decrease in the fluorescence intensity (see
Fig. 1).

As mentioned above, the main fluorescence band in PSII
preparations consists of at least two spectral components
detected at low-temperature measurements. The results pre-
sented in Fig. 4 indicate that under the influence of the anti-
septic, the intensity of the luminescence of the long-wave
component (the maximum at 690 nm) is greatly decreased.
As a result, the fluorescence spectrum shifts to the short-
wavelength region, while the intensity of the integral lumi-
nescence of the samples increases strongly in parallel with
the shift of its maximum from 682 to 677 nm (Fig. 4, inset).
CP43 and CP47 subunits contain chlorophylls that absorb
at longer wavelengths than the RC chlorophylls. Moreover,
according to Andrizhiyevskaya et al. (2005), the short-wave-
length part of the fluorescence spectrum of PSII core com-
plexes reflects the deactivation of excited states, the energy
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Table 1 The fluorescence lifetimes (z;) and amplitudes (a;) for PSII core complexes at different concentrations of octenidine, Triton X-100, and after acetone treatment
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Aceton

Triton 0.02% Triton 1%

Octeni-dine
200 uM

Octeni-dine Octeni-dine Octeni-dine
50 uM 100 M

25 M

Octeni-dine

Control with  Octeni-dine
ferri-cyanide 5 uM

Control

10 pM

without ferri-
cyanide

3.93+0.12

527+19

2.28+0.11
6.19+£0.17

357+ 14

2.24+0.09
5.28+0.11

333+15

2.07+0.06
4.92+0.09

284 +11

1.31+0.05
4.46+0.12

270+ 10

124+ 6
0.39+0.05
2.30+0.1

0.38£0.04
1.92+0.07

128+5

0.37+£0.04

113+6

0.63+0.05
2.05+£0.08

198+9

T, ps
T,, NS

542+0.13 6.25+0.18

80+5

1.69+0.06
85+5

T3, NS
a;, %
a,, %

32+4
68+6

58+4 57+5

32+4
10+2

59+5
31+4
10+2

65+4
215
14+3

82+4

80+3

33+3
10+3

14+3

14+2
6+2

10010

100+ 10

1+04

a3, %

Aex =400 nm, A, =680 nm. Control—without and in the presence of 350 uM ferricyanide

*The table shows the mean value for the three measurements and the standard error

of which is more slowly transferred to the reaction centers.
Based on the data shown in Fig. 4, the effect of the antisep-
tic may be related to a change in the energy of Chl-protein
interactions of some forms of Chl a in the light-harvesting
antenna (CP43 and CP47), through which the excitation
energy is delivered to the RC. It is known that the Chl a
molecules of these traps are the most remote (more than
20 A) from the photoactive pigment P in the RC (Loll et al.
2005). The average time of the excitation energy delivery
from the antenna into the RC is~ 20 ps, while the average
time of energy exchange between chlorophylls within the
CP43 and CP47 complexes occur at a scale of 8 ps (van der
Weij-de Wit et al. 2011).

Figure 5 depicts that adding detergent leads to an increase
in the fluorescence intensity of the preparations and a shift
of the maximum of the fluorescence band toward the short-
wavelength region. Note that the similarity of the effect of
Triton X-100 and octenidine on the fluorescence spectra of
the PSII core complex is obvious. The dependence of the
increase in the integral value of the fluorescence of PSII core
complexes on the concentration of Triton X-100 is shown in
the inset of Fig. 5.

The results of measuring the fluorescence kinetics in (i)
PSII preparations in the absence and presence of potassium
ferricyanide (350 pM), as well as (ii) samples containing
ferricyanide, followed by the addition of octenidine or Triton
X-100 at various concentrations, are shown in Table 1. This
table also includes the values of fluorescence lifetime of the
acetone extract of the studied preparations. Figure 6 depicts
some specific fluorescence decay kinetics and their approxi-
mation (solid curves). Note that potassium ferricyanide was
used as an exogenous electron acceptor to assess the degree
of reduction of the photoactive Chl of the RC upon activa-
tion of photoreactions by light pulses with a frequency of
80 MHz. The reduction of the photooxidized RC pigment
in oxygen-evolving PSII core particles used by us occurs
in~30 ns (Haag et al. 1990). Taking into account that the
time between activating light flashes is 12.5 ns, it can be
expected that some of the RC complexes go into an inactive
state during the time of recording the kinetics. Adding potas-
sium ferricyanide resulted in the decrease in the fluorescence
lifetime (curves 1 and 2 in Fig. 6 and the approximation
data in the table). In the three-exponential approximation, at
high concentrations of octenidine, a component with a dura-
tion of about 6 ns is correlated with the lifetime of free Chl
in acetone (6.2 ns) or disintegrated pigment-protein com-
plexes in the presence of Triton X-100 (5.4 ns). At the same
time, in the presence of octenidine, a significant contribu-
tion (a; =57%) from the fast component is still preserved,
which slows down by ~ 3 times compared to the control. In
the presence of detergent and acetone, the decay kinetics
becomes monoexponential.
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Fig.6 Fluorescence decay
kinetics of PSII core complexes.
1—control sample without
potassium ferricyanide; 2—con-
trol sample in the presence of
350 puM ferricyanide; 3—in the
presence of 10 pM octenidine
and 350 pM K ferricyanide;
4—in the presence of 100 pM
octenidine and 350 pM K fer-
ricyanide; 5—in the presence
of 0.02% (w/v) Triton X-100;
6—in the presence of 1% Triton
X-100; 7—in the presence of
80% acetone. A, =400 nm,

Aree =680 nm

Teg

Fluorescnece at 680nm, normalized

Discussion

The results obtained in this work indicate the effect of the
antiseptic octenidine on the PSII light-harvesting antenna
complex. Based on the results obtained by several authors
(de Paula et al. 1994; Neupane et al. 2010) we have proposed
that the presence of an antiseptic leads to destabilization of
chlorophylls in this structure and changes in their optical and
functional characteristics. The high sensitivity of the PSII
light-harvesting pigments to the state of the macromolecular
carrier was mentioned above (see Introduction).

The significantly more pronounced effect of octenidine,
in comparison with other antiseptics studied by us, is obvi-
ously associated with structural differences. Octenidine
[N,N'-(1,10 decanediyldi-1[4H]-pyridinyl-4-ylidene)-bis-
(1-octanamine) dihydrochloride] belongs to the group of
bispyridines, where the aminopyridine structure enables
a mesomeric distribution of the cationic charge. The two
cationic pyridine residues are separated by ten methylene
groups and each aminopyridine has a terminal hydrophobic
octanyl group. In other words, the molecule is characterized
by a pronounced amphipathic character, which allows it to
be soluble in water and at the same time interact with hydro-
phobic cell membranes, up to destruction of their structure
(Malanovic et al. 2020).

The mechanism of penetration of octenidine through
various biomembranes may have common features. This
could provide octenidine with the possibility of influencing
the most diverse biological structures of living organisms
of various systematic groups. In this regard, the results
of the work (Malanovic et al. 2020) are indicative, where
in a large complex study the detailed mechanism of the
damaging effect of octenidine on gram-negative bacteria

T T T T T T T

Time, ns

(the majority of photosynthetic bacteria belong to them) was
studied. In their work, the authors used a number of modern
biophysical methods that made it possible to study the effect
of octenidine on cell morphology.

According to the results of Malanovic et al. (2020),
octenidine, with its positive charges, neutralizes the surface
charge of the outer membrane of the bacterial cell. Because
of hydrophobic interactions, the hydrocarbon chains from
octenidine interfere with the fatty acyl chain region of the
outer membrane core, inducing a complete lipid disorder
based on hydrophobic mismatch. Additional octenidine
molecules are able to penetrate from the outside through
the periplasmatic space to the inner membrane. As a result,
the introduction of octenidine into the outer and inner
membranes of bacteria leads to a chaotic arrangement of
lipids and the rapid destruction of the cell membrane. The
loss of membrane integrity is manifested in changes in their
fluidity and it is also shown using electron microscopy. The
destruction of the normal structure of the model membrane
upon interaction with octenidine was also demonstrated
by the molecular dynamics method in the works (Kholina
et al. 2020; Rzycki et al. 2021). The membranes of plant
cells, chloroplasts differ in their lipid composition from
the membranes of bacterial cells. But they also contain
negatively charged and neutral lipids (see, for example,
a review by Reszczynska and Hanaka (2020)). Thus, in
particular, in spinach chloroplast membranes, negatively
charged phosphoglycerol and sulfolipids make up about 20%
(Reszczynska and Hanaka 2020). In other words, octenidine
molecules, which have pronounced amphipathic properties,
are likely to be able to interact with both the negatively
charged surface of plant membranes and their hydrophobic
acyl tails.
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The study of the effect of antiseptics on the structure of
the model membrane by the method of molecular dynamics
suggests that octenidine has the greatest destructive effect
on the membrane. It significantly increased the area occu-
pied by lipids in the membrane, "pushing” the acyl tails of
the molecules (Kholina et al. 2020; Rzycki et al. 2021). In
this regard, the target of antiseptic molecules penetrating
into the PSII protein can probably also be the fraction of
numerous lipid molecules in the structure of the core com-
plex. According to Sheng et al. (2018), each monomer of the
homodimeric system of such a complex includes 34 well-
defined lipid molecules, which are essential for the interac-
tion of core subunits. Thus, octenidine can obviously serve
as an effective agent that destabilizes the initial state of the
photosynthetic pigment-protein complex.

The fluorescence decay kinetics of PSII core complexes
under various treatments is shown in Fig. 6; the
approximation parameters in the three-exponential fitting
are given in the Table 1. In the absence of ferricyanide,
as an exogenous electron acceptor of the PSII RCs, the
lifetime of the fast component is T, & 200 ps. This is a
rather large value of the T, component, usually associated
with the process of energy migration from the core antenna
to the RC. The reason for such a large value of T, may be
either the structural features of the preparations used in this
work or partial closure of the RC under the action of high-
frequency pulses of exciting light. Adding ferricyanide leads
to a significant decrease in t, to 113 ps. This clearly shows
that in the control (original) samples, at least part of the
RC was closed. The obtained value 7; =113 ps also exceeds
the value of 50-80 ps reported in (Haehnel et al. 1983; van
der Weij-de Wit et al. 2011). This can be explained either
by the structural features of our sample or incomplete
reduction of the RC even in the presence of 350 pM
ferricyanide. Subsequently, the preparation containing
350 uM ferricyanide was considered as a control sample in
our experiments.

Figure 6 and Table 1 shows that with an increase in the
concentration of octenidine, the lifetime of the T, component
increases, reaching a value of 357 ps at 200 pM. Such a
three-fold slowdown in the energy migration rate is accom-
panied by a 6-eightfold increase in the fluorescence intensity
(Figs. 1 and 4). The increase in the fluorescence intensity is
explained by a significant redistribution of amplitudes (a;) of
the three components of the decay kinetics and an increase
in the lifetime (z;) of all components. We assume that such
an effect of octenidine on the PSII core complexes is due to
damaging of the native structure of the protein complex, as
in the case of samples treated by detergent Triton X-100; in
doing so, we cannot accurately localize the specific sites of
action of an antiseptic that has both hydrophilic and hydro-
phobic properties. However, as can be seen from Fig. 3,
the addition of octenidine leads to some decrease in the
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optical density of the sample, a shift in the position of the
long-wavelength maximum Q, of the absorption band and
changes in the blue-green part of the absorption spectrum. A
decrease in extinction in the region of 420-500 nm indicates
pheophytinization of some part of antenna Chl molecules
(Wang et al. 2020).

Purified PSII core complexes are very sensitive to isola-
tion procedures (de Paula et al. 1994). Structural factors,
such as the distance between the energy donor and acceptor,
molecular orientation, and vibronic interactions, can either
promote or hinder efficient energy transfer and charge sepa-
ration in PSII. Thus, the isolated protein-pigment complexes
can contain (i) PSII fractions in which efficient energy trans-
fer and effective stabilization of photoseparated charges are
preserved (fluorescence lifetime, 7~0.1 ns), (ii) complexes
with impaired energy transfer and stabilization of photo-
separated charges (fluorescence lifetime, 7~ 1 ns), and (iii)
complexes with destroyed Chl-Chl and Chl—protein interac-
tions (fluorescence lifetime, 7, more than 5 ns). Note that the
incubation medium for the solubilized complexes makes an
important contribution to this heterogeneity. In fact, de Paula
et al. (1994) showed that the fast fluorescence component
with 7~0.1 ns completely disappears, while the component
with 7~6 ns becomes dominant in isolated PSII RC and
RC-CP47 complexes treated by Triton X-100 (0.2% w/v).
Similar data were obtained in the present work (Table 1).

When approximating the experimental fluorescence decay
kinetics (Fig. 6), we used the three-exponential fitting, which
gives the smallest value of the standard deviation y2. The
presence of three components in the PSII fluorescence
decay kinetics in the ranges of about one hundred ps,
components with characteristic times of several hundred ps
and more has also been reported (Hansson et al. 1988; De
Paula et al. 1994). At the same time, the appearance and
elongation of slow components is due to the appearance of
closed PSII RCs (Haehnel et al. 1983; Karukstis and Sauer
1984; Moya et al. 1986; Hodges and Moya 1988; Keuper
and Sauer 1989). Some data indicates the presence of four
(Andrizhiyevskaya et al. 2004) or even five components
(van der Weij-de Wit et al. 2011). It has been suggested
that the registered components of picosecond and even
subpicosecond duration are probably related to the energy
equilibration within the CP43 and CP47 subunits. Thus,
we assume that the three-component representation of
the fluorescence decay kinetics of PSII core complexes
is justified if the process of excitation equalization in the
PSII core antenna complexes, CP43 and CP47, is not taken
into account. Finally, we attributed the second component
of average lifetime to the process of charge recombination
in RCs. Its magnitude in control samples with ferricyanide
is 7,=0.37 ns, which is close to the value of 360-460 ps
(Andrizhiyevskaya et al. 2004). As can be seen from Table 1
upon addition of octenidine the value of 7, increases to



Photosynthesis Research (2023) 155:93-105

103

2.28 ns, and the amplitude increases from 14 +2% to
33 +3%. These values are in good agreement with the results
obtained by van Mieghem and his co-workers (1992). In
doing so, both in PSII-enriched photosynthetic membranes
and in PSII core complexes in the presence of dithionite,
leading to the appearance of doubly reduced Q,, the
dominant fluorescence component (~70%), as in the case
of samples with oxidized Q,is characterized by 7 ~200 ps.
This component should be assigned to z;, which we revealed
in the present work. At the same time, under conditions of
singly reduced Q,, the fastest fluorescence component had
7~600 ps (25%), while the other two components were
characterized by 7~ 1.4 ns (68%) and 7~3.3 ns (7%). It has
been suggested that the fastest kinetic phase (200 ps) reflects
the high efficiency of charge separation in the RC due to
the absence of an electric charge on Q, (Mieghem et al.
1992). This is explained by the double protonation of doubly
reduced Q,. Note that we also obtained 7, values close
to those reported in (Mieghem et al. 1992) for PSII core
complexes with singly reduced Q, at various concentrations
of octenidine. Apparently, as the concentration of octenidine
increases, the efficiency of photochemical conversion of
light energy in the RCs decreases, which leads to an increase
in the probability of a reverse reaction of energy transfer
from the RCs to the antenna complex. In parallel with this
process, the proportion of oxidized RCs increases, which
is accompanied by a successive increase in the values of 7,
and a, (Table 1).

Our previous investigation (Strakhovskaya et al. 2021;
Knox et al. 2022) focused on the effect of various antiseptics
on the spectral characteristics and energy migration
processes in the chromatophores isolated from non-sulfur
purple bacteria Rba. sphaeroides and R. rubrum. The
addition of octenidine to chromatophore vesicles resulted
in an approximately threefold decrease in the efficiency
of electron excitation energy migration from antenna
complexes LH2 to LH1-RC (Rba. sphaeroides) and a
twofold decrease in the rate of energy migration from LH1
to the RC in R. rubrum. At the same time, the fluorescence
intensity in R. rubrum chromatophores increased 5.5-6.6
times. It was concluded that octenidine increased the
intramolecular fluorescence rate constant as a result of a
change in the polarity of the microenvironment of BChl
molecules included in the LH1 complex of R. rubrum and
in the LH2 complex of Rba. sphaeroides. Note that adding
octenidine leads to the appearance of free molecules of
bacteriopheophytin and bacteriochlorophyll (Strakhovskaya
et al. 2021; Knox et al. 2022).

The addition of octenidine to PSII core complexes rather
leads to a destructive effect on the pigment-protein structure
of the complex, as in the case of Triton-treated samples. As
a result, the duration of the 7, component strongly increases,
which is probably related to the light-induced recombination

of the radical ion pair. In doing so, we attribute the 7; com-
ponent to fragments with impaired Chl-Chl and Chl—protein
interactions. Simultaneously with an increase in the dura-
tion’s 7, and 73, a significant increase in the amplitudes a,
and a; of these components is also observed. In the case of
PSII core complexes, there are no reliable grounds to assume
a change in the intramolecular deactivation rate constant kg
in light-harvesting Chl molecules for samples treated with
octenidine. This is most likely due to the effect of this com-
pound on the structural elements of the PSII core complex.

We also investigated the effect of octenidine on the
steady-state oxygen-evolving activity in PSII core particles.
The rate of oxygen evolution decreased from 1500 (in
control sample) up to 560 and 230 umol O,-(mg Chl-h) " in
the presence of 50 uM and 100 uM octenidine, respectively
(data not shown).

Conclusion

Among the preparations of photosynthetic organisms studied
by us, the greatest effect of the antiseptic octenidine on the
spectral properties and processes of energy migration was
found in Rba. sphaeroides and R. rubrum chromatophores
(Strakhovskaya et al. 2021; Knox et al. 2022), as well as
in PSII core complexes (this work). This agent, produced
by Shulke and Mayr (Germany), has an extremely high
biocidal activity, affecting the structure of the bacterial
cell walls and pathogens cell membranes. As a result of
this exposure, pathogens die. The biocidal activity of
octenidine significantly exceeds the activity of miramistin,
chlorhexidine, and other known antiseptics (Assadian
2016). It becomes evident that when interacting with the
components of the membranes of photosynthetic organisms,
octenidine disrupts the structure of protein complexes,
the efficiency of interaction between the components of
the complexes, as well as between Chl (Bchl) molecules
and protein. In addition, under the influence of even low
concentrations of octenidine, some Chl (Bchl) molecules can
lose the central Mg atom and transform into another form of
porphyrins, Pheo (Bpheo). In addition, the antiseptic effect
is manifested in a change in the absorption and fluorescence
spectra, as well as the efficiency of photochemical conversion
of the light energy. The most striking manifestation of the
effect of octenidine on the chromatophores and PSII core
complexes was an increase in the integrated fluorescence
intensity by 5-10 times. We explained this effect in the
case of chromatophores by a decrease in the rate constant
of energy migration from LH2 to LH1 (Rba. sphaeroides)
and from LH1 to the RC (R. rubrum), as well as by a change
in the polarity of the microenvironment of BChl molecules
in light-harvesting complexes. According to our estimates,
the number of monomeric BChl and Bpheo molecules that
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appeared under the action of octenidine was insignificant.
In the case of PSII core complexes, the main effect of
octenidine is probably associated with structural alterations
in the complexes. This can also be evidenced by data on
the effect of octenedine on the steady-state rate of oxygen
evolution. Adding this antiseptic at a concentration of
100 uM decreased the oxygen-evolving activity by about
85% compared to the control. In fact, the action of octenidine
and Triton X-100 was very similar. However, it cannot be
ruled out that a change in polarity in the environment of
Chl molecules can lead to an increase in the fluorescence
intensity. The latter can occur due to an increase in the
intramolecular fluorescence rate constant.

The effect of octenidine on the processes of conversion
of light energy by the components of the photosynthetic
apparatus indicates that this agent should be used in large
quantities with some caution. In doing so, the consequences
of its widespread use for antiseptic purposes can have a
negative impact on the environment. It should be noted
that spinach PSII is an evolutionary homologue of the
photosynthetic apparatus of purple photosynthetic bacteria.
It is also an integral part in the photosynthetic apparatus
of oxygen-producing cyanobacteria, algae [precursors of
chloroplasts) (Raymond and Blankenship 2004)]. Thus, the
massive ingress of antiseptics into the water resources of
the planet can have significant negative consequences for
both aquatic- and terrestrial photosynthetic organisms. In
this regard, it may become relevant to monitor the state of
PSII in aquatic organisms for environmental contamination
with antiseptics. One of the methods for such monitoring, for
example, is remote analysis of fluorescence induction, which
reflects the lifetime state of PSII in aqueous photosynthetic
organisms (Voronova et al. 2019).
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