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Abstract: The effect of osmolytes (trehalose, sucrose, betaine, D-glucose and hydroxyectoine) on the
photoassembly of the functionally active inorganic core of the water-oxidizing complex (Mn4CaO5

cluster) in Mn-depleted PSII preparations (apo-WOC-PSII) was investigated. It was revealed that the
efficiency of the photoassembly of the Mn4CaO5 cluster was considerably (three times) increased in
the presence of 1 M disaccharides (trehalose or sucrose) in contrast to other osmolytes. It was found
that the osmolytes (especially trehalose or sucrose) improved the redox interaction of exogenous
Mn2+ with apo-WOC-PSII, enhanced the protective effect of Mn2+ against the photoinhibition of
apo-WOC-PSII, protected CaCl2-treated PSII preparations against thermoinactivation, and stabilized
the water-oxidizing complex and electron transport from QA to QB in native PSII preparations
during heat treatment. It is suggested that the ability of osmolytes to enhance the efficiency of the
photoassembly of a Mn4CaO5 cluster depends on their effect on the following key processes: the
redox interaction of Mn2+ with apo-WOC-PSII; the stability of apo-WOC-PSII to photoinhibition
during the photoactivation procedure; and the stabilization of both the newly assembled functionally
active Mn4CaO5 cluster and the electron transfer from QA to QB.

Keywords: photosystem II; water-oxidizing complex; photoassembly of Mn4CaO5 cluster; osmolytes;
photosynthetic electron transfer

1. Introduction

Photosystem II (PSII) is a pigment–protein complex located in the thylakoid membrane.
PSII catalyzes the light-induced oxidation of water to O2 and the reduction of plastoquinone.
The photochemical reaction center (RC) of PSII converts the excitation energy of chlorophyll
into the energy of separated charges and produces the strongest biological oxidant, a
dimer of chlorophyll a designated as P680

+•, with a redox potential of 1.1–1.27 V [1–3]. To
oxidize water, the water-oxidizing complex (WOC) containing an enzymatic center with
the inorganic core (Mn4CaO5 cluster) is oxidized via the sequential absorption of photons
and charge separation in the RC to form a series of intermediate states called S-states (S0,
S1, S2, S3 and S4), with the transition from S4 to S0 accompanied by the oxidation of two
molecules of water and the production of O2.

Leaves absorb light energy, which can damage the photosynthetic apparatus and
lead to photoinhibition. The development of photoinhibition depends on environmental
conditions such as water stress and temperature [4–9]. PSII is especially sensitive to
photoinhibition [10]. Photoinhibition leads ultimately to the degradation of the D1 protein,
which is synthesized in vivo and re-built into the PSII (see reviews [11,12]). So, PSII
reparation includes the replacement of a damaged D1 protein with a newly synthesized D1.
Since the majority of the ligands of the Mn4CaO5 cluster are located on the D1 protein, the
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photoassembly of the inorganic core of the WOC is also required after the replacement of
the damaged D1 protein with a new one. The process of photoassembly of Mn4CaO5 cluster
is called the photoactivation of PSII. Briefly, the photoassembly of the Mn4CaO5 cluster can
be described by the following steps: photooxidation of the first bound Mn2+ to Mn3+ and
then formation of a Mn3+–Mn2+ complex. The following light-induced charge separation in
the RC leads to the oxidation of this complex with the formation of a metastable Mn3+–Mn3+

complex. The coordination of two other Mn2+ ions (which are also oxidized) leads to the
formation of a functionally active Mn4CaO5 cluster. This kinetic model has been designated
as a “two-quantum series model” [13]. The molecular mechanisms that cause these kinetic
features remain unresolved.

The experiments on the photoassembly of the Mn4CaO5 cluster were mainly carried out
on isolated PSII membranes lacking a Mn4CaO5 cluster. Although the photoassembly of the
Mn4CaO5 cluster in these cases may be different from that in vivo, in vitro studies provided
a wide range of information regarding the cofactors involved in the photoassembly of the
Mn4CaO5 cluster [14–27]. A detailed description of the PSII photoactivation is presented in
the reviews in [28–30]. It is known that the donor side of PSII is selectively inactivated under
the illumination of a PSII-deprived Mn4CaO5 cluster, and the damage to PSII components
is ascribed to the formation of the long-lived forms of P680

+• or TyrZ• [31–34]. So, the
photoactivation of oxygen-evolving activity in apo-WOC-PSII preparations is carried out with
low-intensity light and at high concentrations of Mn2+ ions to exclude the formation of the
long-lived forms of P680

+• or TyrZ•. In addition to the light-induced oxidation of Mn2+ ions,
the stabilization of an assembled functionally active Mn4CaO5 cluster seems to be required.

Plants often produce osmolytes, which are membrane-impermeable solutes that ac-
cumulate in the cytoplasm to very high concentrations [35]. One of the best-known and
important mechanisms of abiotic stress response adopted by plants is the biosynthesis and
accumulation of osmolytes. Osmolytes remain non-toxic, even at molar concentrations.
The most common osmolytes include sugars (trehalose and sucrose), amino acids (proline,
glutamate, glutamine and alanine) and their derivatives (ectoine and hydroxyectoine),
quaternary amines (betaine, polyamines and dimethyl sulfonioproprionate) and polyols
including sugar alcohols (mannitol, sorbitol, pinitol, glycerol and galactinol) [36–38].

These osmoprotectors perform many functions during stress events, including the
scavenging of ROS; balancing cell redox; and the stabilization of pH, proteins, enzymes
and membranes [38–41]. The accumulation of sucrose [42], trehalose [43] and raffinose [44]
is observed in dehydrating resurrection plants. Saccharides (such as sucrose) are known
membrane protectants that can stabilize cellular processes [45]. It is known that glucose
and sucrose accumulate in specific locations in resurrection plant tissue during dehydration
and probably function to protect specific cellular structures (e.g., chloroplasts and tonoplast
membranes) from desiccation [46]. Sugars, such as trehalose, are involved in preventing
protein aggregation during desiccation [47]. Unlike other sugars, trehalose is distinguished
by its unique physicochemical properties such as inertness, thermal stability, high glass
transition temperature, and stability over a wide pH range [48–51]. Studies of trehalose
effect on biological objects found that trehalose increases the resistance of plants to drought
and salinization [52–54], the action of heavy metals [55], and the effects of low [56] and
high [57] temperatures.

It is known that different osmolytes can stabilize the PSII complex, which is the most
sensitive component of the photosynthetic membrane to the action of various stress factors
(temperature and light) [58–64], and also increases the PSII photochemical activity [65]. It
was shown that betaine stabilizes the WOC during the incubation of PSII membranes at
room temperature, alkaline pH and high salt concentrations by preventing the dissociation
of extrinsic proteins and manganese ions from the WOC [58,61,66,67]. It was shown that
partial electron transfer reactions that are more intimate with the reaction center complex
are also stabilized by glycinebetaine and sucrose [61]. Another osmolyte, hydroxyectoine, is
among the most studied osmolytes in relation to the stabilization of biomolecules. Recently,
it was shown that hydroxyectoine stimulates the oxygen-evolving activity of PSII and



Horticulturae 2023, 9, 1339 3 of 18

enhances the protective effect of exogenous electron donors against the donor-side photoin-
hibition of apo-WOC-PSII preparations [68]. One of the carbohydrates that stand out among
others is trehalose. It was shown that trehalose protects PSII during thawing [69,70] and
prevents the aggregation and inactivation of PSII membrane fragments during long-term
storage [71], although it does not exhibit a protective effect during the thermal inactivation
of isolated PSII D1/D2/cyt b559 reaction center complexes of PSII [62]. It has been demon-
strated that the addition of trehalose stabilizes electron transport in oxygen-evolving PSII
preparations [72,73]. In addition to the protective properties, trehalose acts on electronic
transport in bacterial type 2 reaction centers [74] and apo-WOC-PSII [75]. It has been
shown that the Mn2+-induced protection of apo-WOC-PSII against photoinactivation is
greatly increased in the presence of trehalose [64]. It may indicate that trehalose reorganizes
the donor side of apo-WOC-PSII, and that, in turn, contributes to better electron transfer
from Mn2+ to RC of PSII. Trehalose increases the rate of oxygen evolution in PSII core
complexes and PSII membrane fragments [71] that, according to the author’s assumption,
is associated with the transition of PSII to a more optimal conformation caused by changes
in the hydration of PSII. In addition, the investigation of the protein dynamics associated
with the S1→S2 transition of WOC in PSII core complexes by the use of FTIR spectroscopy
in the presence of a substrate-based inhibitor, ammonia, allowed for trehalose to exclude
water molecules from the solvation layer of the WOC [76]. However, later, additional data
disproved this hypothesis while strongly supporting the water entrapment and anchorage
models [77]. Moreover, the addition of trehalose induces the transformation of QB-non-
reducing PSII RC into QB-reducing PSII RC [75], which decreased the probability of charge
recombination in RCs.

In this work, we investigate the effect of osmolytes sucrose, trehalose, betaine, D-
glucose and hydroxyectoine (Ect-OH) on the restoration of oxygen-evolving activity in the
apo-WOC-PSII related to the photoassembly of the functionally active Mn4CaO5 cluster.

2. Materials and Methods
2.1. Isolation and Treatment of PSII Preparations

Spinach plants were grown in a greenhouse (Institute of Basic Biological Problems,
FRC PSCBR, Russian Academy of Sciences, Pushchino, Russia) at a temperature of 20/15 ◦C
(day/night) and under natural illumination from 20 February 2023 to 25 April 2023. Oxygen-
evolving PSII membranes were isolated from spinach leaves [78]. The preparations were
suspended (2 mg Chl/mL) in a medium containing 50 mM Mes-NaOH (pH 6.5), 35 mM
NaCl, 0.33 M sucrose and 10% glycerol and stored at −76 ◦C. The concentration of chloro-
phyll was determined as described previously [79]. PSII membranes deprived of the Mn
cluster (apo-WOC-PSII) were obtained by NH2OH treatment as described previously [15].
In order to obtain PSII preparations with WOC-depleted extrinsic proteins without the ex-
traction of a Mn4CaO5 cluster from the WOC. The oxygen-evolving PSII preparations were
treated by 1 M CaCl2 (CaCl2-PSII preparations) [80]. In order to obtain PSII preparations
with the two WOC-depleted extrinsic proteins PsbP and PsbQ without the removal of the
PsbO protein and the Mn cluster, the oxygen-evolving PSII preparations were treated with
1 M NaCl (NaCl-PSII preparations) [81].

2.2. Procedure for Photoassembly of Functionally Active Mn4CaO5 Cluster in apo-WOC-PSII
Preparations and Measurement of Oxygen-Evolving Activity

The photoassembly of functionally active Mn4CaO5 cluster in apo-WOC-PSII prepa-
rations was performed at 25 ◦C at a Chl concentration of 200 µg Chl/mL in the medium
containing 50 mM Mes-NaOH (pH 6.5), 35 mM NaCl, MnCl2 (0.01–1 mM), 50 mM CaCl2
and 50 µM DCPIP in the absence or in the presence of 1 M osmolytes. After that, the
apo-WOC-PSII preparations were illuminated for a designated time with red light-emitting
diodes (λ = 625 nm, 35 µmol photon m−2 s−1). The efficiency of the photoassembly of a
Mn4CaO5 cluster in apo-WOC-PSII preparations was determined based on the ability of the
samples to produce photosynthetic oxygen. For all the samples, the rate of light-induced
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evolution of O2 was measured by monitoring the concentration of O2 with a Clark-type
oxygen electrode for 60 s after starting the continuous saturating actinic illumination
(λ > 650 nm, 1500 µmol photon m−2 s−1).

To standardize the measurement of oxygen-evolving activity, photoactivated apo-
WOC-PSII preparations were diluted ten times with the medium containing 50 mM Mes-
NaOH (pH 6.5), 35 mM NaCl, 0.33 M sucrose and 20 mM CaCl2 to a final concentration of
20 µg Chl/mL (in this case, the concentration of the additions used during photoactivation
of the samples decreased 10 times); then, the electron acceptors (1 mM ferricyanide and
100 µM DCBQ) were added. In preliminary experiments, it was shown that the addition of
any osmolytes in the concentration of 0.1 M to the measurement medium did not affect the
oxygen-evolving activity of the photoactivated samples.

2.3. Mn2+ Photooxidation in apo-WOC-PSII and Mn-Dependent Protection of apo-WOC-PSII
Preparations against Photoinhibition

According to previous publications [82,83], it was shown that the removal of man-
ganese from the WOC led to a significant decrease in photoinduced changes in the yield of
chlorophyll a fluorescence (Fv) associated with the photoreduction of the primary quinone
electron acceptor QA. This is due to the loss of electron donation from the WOC to the PSII
RC. The addition of Mn2+ or another electron donor for PSII restores the electron transport
in the PSII reaction center, which causes an increase in photoinduced Fv. Therefore, the
efficiency of Mn2+ photooxidation in apo-WOC-PSII was determined based on the degree
of Fv restoration. The kinetics of Fv were measured in the medium containing 50 mM Mes
(pH 6.5) and 35 mM NaCl in the absence of osmolytes or in the presence of 1 M osmolytes
at a chlorophyll concentration of 10 µg/mL in a 10 mm cuvette at room temperature using
a MULTI-COLOR PAM fluorometer (Waltz, Eichenring, Effeltrich, Germany).

The effect of osmolytes on the Mn-dependent protection of apo-WOC-PSII prepa-
rations against photoinhibition was studied as described earlier [64]. The samples were
re-suspended at a concentration of 20 µg Chl/mL in a medium containing 50 mM Mes
(pH 6.5) and 35 mM NaCl without or with 1 M osmolytes. Then, the samples were illumi-
nated (λ = 625 nm, 15 µmol photon m−2 s−1) in the absence or in the presence of various
concentrations of Mn2+. After 5 min of illumination, the samples were diluted twice and in-
cubated in the dark for 10 min; then, an electron donor, 2 mM sodium ascorbate, was added,
and Fv was measured. The degree of photoinhibition was determined based on the loss of
the ability of apo-WOC-PSII preparations to reactivate the Fv with ascorbate. Ascorbate
was chosen because its ability to restore Fv did not depend on the presence of osmolytes.
The Fv amplitude measured in the apo-WOC-PSII preparations before photoinhibition in
the presence of 2 mM sodium ascorbate was taken as 100%.

2.4. Determination of Stability of CaCl2-PSII Preparations

The stability of CaCl2-PSII preparations during their incubation at 25 ◦C was deter-
mined based on the loss of oxygen-evolving activity of the samples. The incubation of
CaCl2-PSII preparations was performed in the dark at 110 µg Chl/mL in a medium contain-
ing 50 mM Mes (pH 6.5), 35 mM NaCl and 20 mM Ca2+ (medium A) in the absence or in the
presence of 1 M osmolytes. After that, the preparations were diluted 11 times with medium
A containing 0.01 M osmolytes, and then, the electron acceptors (1 mM ferricyanide and
100 µM DCBQ) were added. As a result of this dilution, the concentration of osmolytes
during the measurement of oxygen-evolving activity was equal to 0.1 M. So, in order for the
measurement conditions to be the same, the samples incubated in the absence of osmolyte
were diluted with media containing 0.11 M osmolytes.

2.5. Estimation of Heat-Induced Inhibition of Electron Transfer in PSII

The study of the degree of heat-induced inhibition of electron transfer in PSII in the
absence and in the presence of osmolytes was studied via fast chlorophyll a fluorescence
(ChlF) kinetics with a high time resolution using a MULTI-COLOR PAM fluorometer. PSII
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preparations with an intact WOC before and after heat treatment were illuminated with
saturating 880 ms flashes (λ = 625 nm, 2360 µmol photons m−2 s−1), and fluorescence data
were recorded.

The heat treatment (incubation of the samples for 40 min at 30 ◦C) was performed in
darkness both in the absence and in the presence of the osmolytes in a medium containing
50 mM Mes (pH 6.5) and 35 mM NaCl at 10 µg Chl/mL. The measurements of the ChlF
kinetics were carried out in a medium containing 50 mM Mes (pH 6.5) and 35 mM NaCl at
10 µg Chl/mL at room temperature 25 ◦C. The double normalization of ChlF transients
between 20 µs and 3 ms (WOJ = (Ft − FO)/(FJ − FO)) and between 20 µs and 30 ms
(WOI = (Ft − FO)/(FI − FO)) in combination with the generation of difference kinetics (∆WOJ
and ∆WOI; “after heat treatment” − “before heat treatment”) allowed for the visualization
of so-called K-bands and J-bands, respectively.

2.6. Ultrasonic Interferometry and Refractometry

The stability of PSII preparations with an intact WOC, NaCl-PSII preparations or
CaCl2-PSII preparations during their incubation at 25 ◦C was determined based on the
change in relative velocity of an ultrasound using a fixed-length ultrasonic spectrometer [84].
The preparations were dissolved in a medium containing 50 mM Mes (pH 6.5) and 35 mM
NaCl in the absence and in the presence of osmolytes at 200 µg Chl/mL.

Refractive index measurements were performed using a Multiwavelengths Refrac-
tometer Abbemat MW (Anton Paar, Graz, Austria) at 589.3 nm at 25 ◦C.

2.7. Statistical Analysis

In all experiments, data were collected from at least three replicates to ensure reliability
of measurements. After data collection, the standard deviation of the measurements was
calculated. The presence of the statistically significant differences between experimental
groups were tested using one-way analysis of variance (ANOVA), followed by post hoc
comparisons by Tukey’s test and Student’s t-test for independent means were performed.
The normality requirements were checked using Shapiro–Wilk test. The difference was
considered significant if p ≤ 0.05. Origin software was used to carry out these calculations.

3. Results
3.1. Effect of Osmolytes on Photoassembly of Mn4CaO5 Cluster in apo-WOC-PSII Preparations

Figure 1 shows the dependence of the efficiency of photoassembly of a Mn4CaO5
cluster in apo-WOC-PSII preparations on the duration of the photoactivation procedure.
As seen in Figure 1, the efficiency of the photoassembly of a Mn4CaO5 cluster increased
with increasing exposure of the samples to photoactivating light.

The rate of photosynthetic oxygen evolution in photoactivated PSII preparations after
30 min in the absence of osmolyte was about 17 µmol O2 (mg Chl h)−1. The presence of
trehalose or sucrose during the photoactivation strongly stimulated the photoassembly
so that the rate of oxygen evolution in the samples photoactivated in the presence of the
disaccharides reached 55 µmol O2 (mg Chl h)−1. Betaine as well as Ect-OH showed weak
stimulating effects (22 µmol O2 (mg Chl h)−1). D-glucose, in contrast to other osmolytes, had
a negative effect on the photoactivation of the apo-WOC-PSII (12 µmol O2 (mg Chl h)−1).
As can be seen, the efficiency of the photoassembly of Mn4CaO5 cluster in apo-WOC-PSII
was about three times higher in the presence of the disaccharides, while the effect of betaine
and Ect-OH was about 30%.

Figure 2 shows the dependence of the photoactivation of apo-WOC-PSII preparations
on the concentration of added Mn2+. As previously shown, the maximum yield of the
photoactivation of apo-WOC-PSII preparations was observed at 1 mM Mn2+ [15] and a
further increase in Mn2+ concentration led to a decrease in the yield of photoactivation.
Thus, the osmolyte effect on the photoassembly of Mn4CaO5 cluster was studied within a
Mn2+ concentration of 10 µM to 1000 µM. The apo-WOC-PSII preparations photoactivated
at 10 µM Mn2+ (corresponding to 10 Mn per reaction center of PSII) showed low rates of
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oxygen evolution (3–6 µmol O2 (mg Chl h)−1) without statistically significant differences
between the effects of osmolytes. An increase in the concentration of added Mn2+ led
to a significant increase in the yield of the photoactivation of apo-WOC-PSII, and the
photoactivation was more efficient in the presence of the disaccharides than in the presence
of other osmolytes or in their absence (Figure 2).
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MnCl2 in the absence (□) and in the presence of 1 M sucrose (#), 1 M trehalose (△), 1 M D-glucose
( △), 1 M betaine (3) and 1 M Ect-OH ( △ ) in a medium containing 50 mM Mes-NaOH (pH 6.5),
35 mM NaCl, 50 mM CaCl2 and 50 µM DCPIP at a chlorophyll concentration of 200 µg/mL. The
light intensity (λ = 625 nm) during 30 min photoactivation was 35 µmol photon m−2 s−1. The
measurement of the rate of oxygen evolution in the samples was carried out in a medium containing
50 mM Mes-NaOH (pH 6.5), 35 mM NaCl and 50 mM CaCl2 in the presence of exogenous electron
acceptors −1 mM K3[Fe(CN)6] and 100 µM DCBQ at 20 µg Chl/mL under continuous illumination
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of the samples (λ > 650 nm, 1500 µmol photon m−2 s−1). All experiments were repeated three times.
Data are presented as mean values ± standard deviation.

The disaccharides enhance the efficiency of the photoassembly of a Mn4CaO5 clus-
ter by 3.5 times if the photoactivation of apo-WOC-PSII was performed in the presence
of 100–300 µM Mn2+ and 2.5 times at 1 mM Mn2+. The decreased stimulatory effect of
disaccharides at 1 mM Mn2+ may be due to the fact that the ability of apo-WOC-PSII to pho-
tooxidize Mn2+ improves with increasing Mn2+ concentration. Betaine and Ect-OH slightly
stimulated the photoactivation of apo-WOC-PSII, except betaine stimulated the photoacti-
vation by 70% at 1 mM added Mn2+. D-glucose did not stimulate the photoassembly of the
Mn4CaO5 cluster but suppressed the photoactivation of apo-WOC-PSII preparations.

The first event of the photoassembly of the Mn4CaO5 cluster is the photooxidation
of Mn2+ to Mn3+ at the high affinity manganese binding site. This process requires charge
separation in the PSII reaction center with the formation of strong oxidants P680

+• and
TyrZ•. However, the formation of the oxidants can also lead to damage to PSII by the
donor mechanism. In addition, it is necessary to stabilize the intermediate formed during
the photoassembly of the inorganic core of the WOC as well as the newly assembled
Mn4CaO5 cluster. It seems that the efficiency of the photoassembly of the Mn4CaO5 cluster
in apo-WOC-PSII depends on the following factors: (1) the ability of RC PSII to oxidize
Mn2+; (2) the prevention of the formation of long-lived forms of P680

+• and TyrZ•; and
(3) the stabilization of both intermediate products and the newly formed functionally active
Mn4CaO5 cluster. Therefore, we studied the effect of osmolytes on Mn2+ photooxidation
in apo-WOC-PSII, the photoinhibition of the samples, and the stability of CaCl2-PSII
preparations as an analogue of the apo-WOC-PSII with the reassembled functionally active
Mn4CaO5 cluster and heat-induced inhibition of electron transfer in PSII.

3.2. Effect of Osmolytes on Mn2+ Photooxidation in apo-WOC-PSII Preparations

Figure 3 demonstrates the dependence of the reactivation of Fv (as a ratio in the Fv/Fm)
on the concentration of added Mn2+ in the absence and in the presence of osmolytes.
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Figure 3. Dependence of the reactivation of photoinduced changes in the chlorophyll a fluorescence
yield (Fv) on concentration of exogenous MnCl2. Fv reactivation was performed in the medium
containing 50 mM Mes (pH 6.5), 35 mM NaCl in the absence of osmolyte (□) and in the presence
of 1 M sucrose (#), 1 M trehalose (△), 1 M D-glucose ( △), 1 M betaine (3) and 1 M Ect-OH ( △ )
at chlorophyll concentration of 10 µg/mL. All experiments were repeated three times. Data are
presented as mean values ± standard deviation.

As can be seen from this figure, the degree of reactivation of Fv increased with an
increase in the concentration of Mn2+. However, the ability of exogenous Mn2+ to reactivate
Fv strongly depended on the presence of osmolytes. The maximum reactivation of Fv was
reached at 0.2 µM Mn2+ in the presence of 1 M sucrose or 1 M trehalose, about 0.4 µM
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Mn2+ in the presence of 1 M D-glucose, 1 M Ect-OH or 1 M betaine, and 12 µM Mn2+ in the
absence of osmolyte. The results show that trehalose and sucrose more effectively stimulate
Mn2+ photooxidation via the apo-WOC-PSII reaction centers.

3.3. Effect of Osmolytes on Mn-Induced Protection of apo-WOC-PSII against Photoinhibition

Figure 4 shows the effect of osmolytes on the photoinhibition of apo-WOC-PSII prepa-
rations dependent on the concentration of added Mn2+. The degree of photoinhibition of
apo-WOC-PSII preparations was determined based on the loss of the capability of PSII to
be reactivated by sodium ascorbate.
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Figure 4. Dependence of photoinduced Fv measured in the presence of 2 mM sodium ascorbate in
apo-WOC-PSII preparations which were exposed to inhibitory light (λ = 625 nm, 15 µmol photon m−2 s−1)
for 5 min in the presence of various concentration of MnCl2. Photoinhibition was performed in the medium
containing 50 mM Mes (pH 6.5) and 35 mM NaCl at 20 µg Chl/mL in the absence (□) and in the presence
of 1 M sucrose (#), 1 M trehalose (△), 1 M D-glucose ( △), 1 M betaine (3), and 1 M Ect-OH ( △ ). The
measurement of Fv was carried out in the medium containing 50 mM Mes (pH 6.5), 35 mM NaCl and
2 mM sodium ascorbate at 10 µg Chl/mL. The amplitude Fv measured in apo-WOC-PSII preparations in
the presence of 2 mM sodium ascorbate before photoinhibition was taken as 100%. All experiments were
repeated three times. Data are presented as mean values ± standard deviation.

As shown in Figure 4, the 5 min exposition of apo-WOC-PSII preparations to light
with an intensity of 15 µmol photon m−2 s−1 in the absence of added Mn2+ led to 60%
photoinhibition. This is consistent with previous results showing the high sensitivity of apo-
WOC-PSII to photoinhibition [31,85]. The addition of Mn2+ led to a decrease in the degree
of photoinhibition of apo-WOC-PSII. The presence of osmolytes significantly enhanced
the protective effect of Mn2+ against photoinhibition. In the absence of osmolytes, 50%
protection of apo-WOC-PSII was observed at 10 µM Mn2+, as well as in the presence of 1 M
betaine and Ect-OH at 1 µM Mn2+, 1 M D-glucose at 0.16 µM Mn2+, 1 M sucrose at 0.2 µM
Mn2+ and 1 M trehalose at 0.1 µM Mn2+.

3.4. Osmolyte Effect on Stability of Mn4CaO5 Cluster in CaCl2-PSII Preparations

To elucidate whether the effect of osmolytes on the photoactivation of apo-WOC-PSII
is related to the stabilization of the newly assembled Mn4CaO5 cluster, we studied the
effect of osmolytes on the stability of CaCl2-PSII preparations (Figure 5). The incubation of
CaCl2-PSII preparations at 25 ◦C (the temperature at which photoactivation was performed)
resulted in the suppression of oxygen-evolving activity in the samples, which before the
incubation, was 56 µmol O2 (mg Chl h)−1. In the absence of osmolytes, the samples lost
about 50% of their oxygen-evolving activity after 15 min of incubation. The presence
of osmolytes decreased the loss of oxygen-evolving activity in the samples. However,
osmolytes differed in the protective efficiency. In the presence of Ect-OH, a 50% decrease in
oxygen-evolving activity was observed after 20 min of incubation, while in the presence of
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D-glucose and betaine, the samples lost about 45% of their oxygen-evolving activity only
after 30 min of incubation. Trehalose and sucrose showed the greatest protective effect:
the oxygen-evolving activity of the samples after the 30 min incubation was reduced by
only 30%.
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Figure 5. Dependence of O2-evolving activity in CaCl2-PSII preparations on time of incubation of
preparation at 25 ◦C. The incubation was performed in the dark at 110 µg Chl/mL in the medium
containing 50 mM Mes (pH 6.5), 35 mM NaCl and 20 mM Ca2+ (medium A) in the absence (□)
or in the presence of 1 M sucrose (#), 1 M trehalose (△), 1 M D-glucose ( △), 1 M betaine (3) and
1 M Ect-OH ( △ ). Light-induced oxygen evolution in the CaCl2-PSII preparations was measured in
medium A in the presence of the electron acceptors (1 mM ferricyanide and 100 µM DCBQ) after
11 times dilutions of the samples. The rate of oxygen evolution in CaCl2-treated PSII preparations
before the incubation (56 µmol O2 (mg Chl h)−1) was taken as 100%. All experiments were repeated
three times. Data are presented as mean values ± standard deviation.

3.5. Effect of Osmolytes on Heat-Induced Inhibition of Electron Transfer in PSII

Using PSII particles with intact WOC, we employed an analysis of a fast (within one
second) polyphasic rise in chlorophyll a fluorescence registered with a high time resolution
to evaluate the degree of heat-induced inhibition of electron transfer in PSII. The double
normalization of ChlF transients between 20 µs and 3 ms (WOJ = (Ft − FO)/(FJ − FO)) and
between 20 µs and 30 ms (WOI = (Ft − FO)/(FI − FO)) in combination with the generation
of difference kinetics (∆WOJ and ∆WOI; “after heat treatment” – “before heat treatment”)
allowed for the visualization of so-called K-bands and J-bands, respectively. The K-band
is believed to be associated with the disturbance of the water oxidation complex, and the
J-band arises from the inhibition of electron transfer from QA to QB [86–88]. In the absence
of osmolytes, an appearance of positive K-bands in ∆WOJ and J-bands in ∆WOI is observed
after the incubation of PSII preparations for 40 min at 30 ◦C (Figure 6). The amplitude
of the K-band became 75% lower when the incubation of the samples was performed in
the presence of the osmolytes. The osmolytes also decreased the J-band, but in contrast to
the K-band, their effects were different: the presence of trehalose or sucrose reduced the
J-band by 50–55%, that of betaine reduced the J-band by 30% and that of Ect-OH reduced
the J-band by 10%.

Fixed-length ultrasonic interferometry was used to determine the kinetics of damage
to PSII preparations with an intact WOC during their incubation at 25 ◦C. Figure 7A
demonstrates that the incubation of a suspension containing the PSII preparations at 25 ◦C
led to a gradual decrease in the relative velocity of the ultrasound, probably due to the
aggregation of PSII complexes. Refractometric measurements confirmed the aggregation of
the preparations [89], which was more intense in the absence of osmolytes (Figure 8). After
40–45 min of incubation, a sharp increase in the ultrasound velocity was observed, which
reflects the dissociation of the proteins of the water-oxidizing complex [84]. The absence of
such an increase in ultrasound velocity during the incubation of NaCl-PSII and CaCl2-PSII
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preparations (Figure 9) may indicate that in native preparations, incubation leads to the
dissociation of PsbP and PsbQ proteins from the WOC. The addition of osmolytes delayed
the onset of the increase in ultrasound velocity (Figure 7B–F), which may reflect an increase
in the WOC stability.
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Figure 6. Difference kinetics ∆WOJ and ∆WOI showing K-band (A) and J-band (B) formation in ChlF
transients double-normalized between F0 and FJ phases, WOJ = (Ft − F0)/(FJ − F0), and between F0

and FI phases, WOI = (Ft − F0)/(FI − F0), induced by heat treatment of PSII membrane fragments.
Heat treatment (HT, 30 ◦C, 40 min) was performed in darkness in the absence of osmolytes (1) and in
the presence of 1 M sucrose (2), 1 M trehalose (3), 1 M betaine (4) and 1 M Ect-OH (5) in a medium
containing 50 mM Mes (pH 6.5) and 35 mM NaCl at 10 µg Chl/mL. The presented kinetics are the
differences ∆WOJ = [WOJ after HT − WOJ before HT] and ∆WOI = [WOI after HT − WOI before HT]
of the average for 4 “before HT” and 5 “after HT” independent curves. In all experiments, Fv was
induced by a single 880 ms saturating flash (λ = 625 nm, 2360 µmol photons m−2 s−1). Measurements
were performed in a medium containing 50 mM Mes (pH 6.5) and 35 mM NaCl at 10 µg Chl/mL at
room temperature, 25 ◦C.
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were performed in the medium containing 50 mM Mes (pH 6.5) and 35 mM NaCl in the absence (A)
and in the presence of 1 M sucrose (B), 1 M trehalose (C), 1 M D-glucose (D), 1 M betaine (E) and 1 M
Ect-OH (F) at 200 µg Chl/mL and were repeated at least three times.
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Figure 8. Changes in the refractive index in the suspension containing photosystem II preparations
with the native water-oxidizing complex in the absence (1) and in the presence of 1 M trehalose (2)
during their incubation at 25 ◦C. Curve 3 reflects changes in the refractive index in 1 M trehalose
solution without PSII preparations. Measurements were performed in the medium containing 50 mM
Mes (pH 6.5) and 35 mM NaCl at 200 µg Chl/mL and were repeated at least three times.

Horticulturae 2023, 9, x FOR PEER REVIEW 13 of 20 
 

 

 
Figure 9. Changes in the relative velocity of ultrasound in the suspension containing photosystem 
II preparations with the native water-oxidizing complex (1), NaCl-PSII preparations (2) and 
CaCl2-PSII preparations (3) during their incubation at 25 °C. Measurements were performed in the 
medium containing 50 mM Mes (pH 6.5) and 35 mM NaCl at 200 µg Chl/mL and were repeated at 
least three times. 

4. Discussion 
One of the most sensitive sites of the photosynthetic electron transport chain of 

plants to various stress factors is photosystem II [10], which is capable of photogenerating 
the strongest biological oxidant [1–3] and contains a relatively unstable water-oxidizing 
complex. As a result, plants are forced to constantly restore damaged PSII complexes 
through the activation of the photoassembly process, which includes the process of 
photoformation of the water-oxidizing complex. This is most pronounced when plants 
grow under conditions of high solar insolation, elevated temperatures and lack of water. 
The synthesis and accumulation of osmolytes is one of the main strategies used by plants 
in response to various stress factors [90–97]. Our results for the first time show that the 
presence of trehalose and sucrose during photoactivation of the apo-WOC-PSII signifi-
cantly increases the efficiency of the photoassembly of a Mn4CaO5 cluster. Samples pho-
toactivated in the presence of these osmolytes showed much higher rates of light-induced 
oxygen evolution than samples photoactivated in the absence of osmolytes (Figures 1 and 
2). Other osmolytes either slightly stimulated the photoassembly of the Mn4CaO5 cluster 
(betaine and Ect-OH) or had a negative effect (D-glucose). This is probably due to their 
effect on factors influencing the photoassembly of the Mn4CaO5 cluster. The effectiveness 
of osmolytes will depend on their ability (i) to improve the photooxidation of Mn2+ by 
PSII RC; (ii) to reduce the photoinhibition of PSII; (iii) to stabilize the WOC and the elec-
tron transport; and (iv) to be inert towards the intermediates formed during the photo-
activation. 

Firstly, Mn2+ photooxidation improved due to the reaction centers of apo-WOC-PSII. 
The reactivation of Fv in apo-WOC-PSII by added Mn2+ (which may indicate the ability of 
apo-WOC-PSII to photooxidize Mn2+) significantly increases in the presence of osmolytes. 
Maximum Fv restoration required 60 times less concentration of added Mn2+ in the 
presence of trehalose or sucrose and about 30 times less in the presence of betaine, 
Ect-OH or D-glucose (Figure 3). Thus, osmolytes, especially trehalose and sucrose, sig-
nificantly stimulate electron donation from exogenous Mn2+ to the apo-WOС-PSII reac-
tion center. This may indicate that structural changes in apo-WOC-PSII induced by os-
molytes are important for the redox interaction of Mn2+ with the donor-side PSII. When 
studying the effect of sucrose on PSII, it was suggested that sucrose leads to structural 

Figure 9. Changes in the relative velocity of ultrasound in the suspension containing photosystem II
preparations with the native water-oxidizing complex (1), NaCl-PSII preparations (2) and CaCl2-PSII
preparations (3) during their incubation at 25 ◦C. Measurements were performed in the medium
containing 50 mM Mes (pH 6.5) and 35 mM NaCl at 200 µg Chl/mL and were repeated at least
three times.

4. Discussion

One of the most sensitive sites of the photosynthetic electron transport chain of plants
to various stress factors is photosystem II [10], which is capable of photogenerating the
strongest biological oxidant [1–3] and contains a relatively unstable water-oxidizing com-
plex. As a result, plants are forced to constantly restore damaged PSII complexes through
the activation of the photoassembly process, which includes the process of photoforma-
tion of the water-oxidizing complex. This is most pronounced when plants grow under
conditions of high solar insolation, elevated temperatures and lack of water. The synthesis
and accumulation of osmolytes is one of the main strategies used by plants in response
to various stress factors [90–97]. Our results for the first time show that the presence of
trehalose and sucrose during photoactivation of the apo-WOC-PSII significantly increases
the efficiency of the photoassembly of a Mn4CaO5 cluster. Samples photoactivated in the
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presence of these osmolytes showed much higher rates of light-induced oxygen evolution
than samples photoactivated in the absence of osmolytes (Figures 1 and 2). Other osmolytes
either slightly stimulated the photoassembly of the Mn4CaO5 cluster (betaine and Ect-OH)
or had a negative effect (D-glucose). This is probably due to their effect on factors influenc-
ing the photoassembly of the Mn4CaO5 cluster. The effectiveness of osmolytes will depend
on their ability (i) to improve the photooxidation of Mn2+ by PSII RC; (ii) to reduce the
photoinhibition of PSII; (iii) to stabilize the WOC and the electron transport; and (iv) to be
inert towards the intermediates formed during the photoactivation.

Firstly, Mn2+ photooxidation improved due to the reaction centers of apo-WOC-PSII.
The reactivation of Fv in apo-WOC-PSII by added Mn2+ (which may indicate the ability of
apo-WOC-PSII to photooxidize Mn2+) significantly increases in the presence of osmolytes.
Maximum Fv restoration required 60 times less concentration of added Mn2+ in the presence
of trehalose or sucrose and about 30 times less in the presence of betaine, Ect-OH or D-
glucose (Figure 3). Thus, osmolytes, especially trehalose and sucrose, significantly stimulate
electron donation from exogenous Mn2+ to the apo-WOC-PSII reaction center. This may
indicate that structural changes in apo-WOC-PSII induced by osmolytes are important for
the redox interaction of Mn2+ with the donor-side PSII. When studying the effect of sucrose
on PSII, it was suggested that sucrose leads to structural alterations at the active site of the
WOC via changes in the hydration of the protein complex and induces shifts in the pKa
at the aspartic or glutamic acid side [65]. It is likely that these osmolyte-induced changes
increase the binding of Mn2+ to apo-WOC-PSII and the ability of PSII reaction centers to
photooxidize Mn2+.

Secondly, the photoactivation of apo-WOC-PSII will depend on the protection of
PSII from damage related to the donor side, since these preparations are very sensitive
to photoinhibition induced by the formation of long-lived forms of P680

+• or TyrZ• [31]
and so the addition of Mn2+ suppresses photoinhibition. In the absence of osmolytes, the
maximum protection of apo-WOC-PSII against photoinhibition was observed at 100 µM
MnCl2 (Figure 4). Osmolytes enhanced the protective effect of the added Mn2+, although
with varying efficiency. The maximum protection of apo-WOC-PSII against photoinhibition
required 500 times less Mn2+ in the presence of trehalose and 250 times less Mn2+ in the
presence of sucrose or D-glucose compared to that required in the absence of osmolytes.
Betaine and Ect-OH showed the weakest effect on the Mn-dependent protection of apo-
WOC-PSII against photoinhibition among the osmolytes: in the presence of betaine and
Ect-OH, only 20 and 10 times less Mn2+ was required, respectively, to achieve the maximum
protective effect. The results demonstrate that the protective effect of trehalose and sucrose
against the photoinhibition of apo-WOC-PSII is manifested at lower concentrations of
exogenous Mn2+ than the effect of betaine and Ect-OH that correlates with the effect of
osmolytes on the reactivation of Fv in apo-WOC-PSII by added Mn2+. This also may
explain why betaine remarkably stimulated the photoactivation of apo-WOC-PSII only at
high concentrations of added Mn2+. Some osmolytes (especially trehalose) also showed a
protective effect against the photoinhibition of apo-WOC-PSII preparations without added
Mn2+ (Figure 4) that is in agreement with previous data [64]. This is probably due to
the fact that apo-WOC-PSII can contain trace amounts of manganese. The influence of
osmolytes on the effects of manganese described in Sections 3.2 and 3.3. has been partially
investigated previously [64,68,75], and similar results were obtained. The use of apo-WOC-
PSII preparations obtained by a different method (hydroxylamine treatment) in this study,
which is slightly different from those used previously [15], makes it necessary to repeat
these experiments.

Thirdly, it is known that osmolytes protect the water-oxidizing complex of PSII from
termoinactivation [61,63]. This property of osmolytes can be responsible for the increase in
the yield of photoactivation of apo-WOC-PSII due to the long photoactivation procedure
(30 min, 25 ◦C) possibly being accompanied by the destruction of the photoassembled
Mn4CaO5 cluster. By using CaCl2-PSII preparations (as an analogue of the apo-WOC-
PSII with the photoassembled Mn4CaO5 cluster), it was revealed that the presence of
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trehalose and sucrose significantly slowed down the loss in the oxygen-evolving activity
of CaCl2-PSII during their incubation at 25 ◦C (Figure 5). The effect of other osmolytes
was not as striking as those of trehalose and sucrose. Thus, a significant enhancement
in the efficiency of the photoactivation of apo-WOC-PSII by trehalose and sucrose can
be associated with changes in apo-WOC-PSII that are important for manganese cluster
photoassembly: improvement in the photooxidation of Mn2+ to Mn3+ by reaction centers
of PSII, protection of PSII from damage induced by the formation of long-lived forms of
P680

+• or TyrZ•, and stabilization of either a metastable intermediate complex or the formed
functionally active Mn4CaO5 cluster. In addition, osmolytes stabilize the water-oxidizing
complex, preventing the dissociation of the extrinsic proteins of the complex (Figure 7).
This property of osmolytes may be manifested in the function and photoassembly of the
WOC during the photorecovery of PSII in vivo. In our experiments (Figure 8) and early
works [47,71], it was shown that osmolytes can prevent the aggregation of PSII preparations
during long-term storage. This property of osmolytes may in turn improve the efficiency of
Mn cluster photoassembly.

Weak stimulation of the photoactivation of apo-WOC-PSII by betaine and Ect-OH cor-
relates with their effects on the above-listed factors. However, D-glucose, which improved
the restoration of Fv by Mn2+, enhanced the protective effect of added Mn2+ against the
photoinhibition of apo-WOC-PSII and increased the stability of CaCl2-PSII preparations, at
the same time decreasing the efficiency of the photoassembly of the Mn4CaO5 cluster. It
was shown that Mn(III) is capable of oxidizing D-glucose [98]. Therefore, the negative effect
of D-glucose on the photoactivation of apo-WOC-PSII may be due to its redox interaction
with Mn(III), formed as a result of the oxidation of Mn2+ by the RC of apo-WOC-PSII. This
interaction may eliminate the formation of metastable products necessary for the formation
of a Mn4CaO5 cluster.

The effective electron transfer within reaction centers of apo-WOC-PSII is necessary
for the photoassembly of a Mn4CaO5 cluster, so blocking of the electron transfer from
QA to QB may reduce the yield of photoactivation of the apo-WOC-PSII. The incubation
of PSII preparations with an intact WOC for 40 min at 30 ◦C led to the appearance of
J-bands, which were detected after subtracting the double-normalized kinetics obtained
after and before incubation of the samples at 30 ◦C (Figure 6B). A J-band is believed to
appear as a result of the inhibition of electron transfer from QA to QB [86–88]. Trehalose and
sucrose, in comparison with other osmolytes (betaine and Ect-OH), significantly reduced
the amplitude of J-bands (Figure 6B). Recently, it was shown that the addition of trehalose
led to a significant increase in the rate of electron transfer between QA and QB as well as
to the almost complete disappearance of “closed RCs of PSII”, where the electron transfer
between QA and QB was blocked [75]. It seems that sucrose (like trehalose) may also
stabilize electron transport from QA to QB in apo-WOC-PSII preparations during the
photoactivation procedure. The stabilization of electron transport in QA – QB sites may
also be important for the increase in the yield of photoactivation of apo-WOC-PSII.

Thus, the stimulation of the photoassembly of Mn4CaO5 clusters in apo-WOC-PSII
by osmolytes will appear if, on the one hand, the osmolytes improve the photooxidation
of Mn2+ by RC, reduce the photoinhibition of PSII and stabilize the WOC after the pho-
toassembly of a functionally active Mn4CaO5 cluster as well as electron transport from
QA to QB and, on the other hand, they do not interact with intermediate products formed
during the photooxidation of bound Mn2+ in apo-WOC-PSII. The different influences of
osmolytes on the photoassembly of a Mn4CaO5 cluster apparently depends on their effect
on the protein structures of PSII in terms of the interactions with water molecules.

It is suggested that trehalose may change protein packing to the more optimal confor-
mation and/or cause protein–protein interactions in the WOC, which increase the rate of
turnover of S-state transitions and, consequently, the efficiency of water photooxidation and
oxygen evolution [99]. It seems that such changes induced by trehalose also may promote
the efficiency of Mn4CaO5 cluster photoassembly. So, the significant effect of trehalose
and sucrose may be due to the fact that trehalose and sucrose are classified as osmolytes,
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which stabilize proteins that increase the free energy of both native and denatured states,
and therefore, their role in PSII photoactivation can be compared to chaperones [100].
Betaine, which also stimulated the photoactivation of apo-WOC-PSII at high Mn2+ concen-
trations (but almost two times less than sucrose and trehalose), is attributed to the moderate
alteration of osmolyte proteins [100].

The stimulating effect of osmolytes (especially of disaccharides) on the photoactivation
of apo-WOC-PSII revealed in the present study may occur in vivo during the photo-driven
formation and reparation of PSII. These processes include the WOC photoformation step,
during which photosystem II is most susceptible to photodamage. The concentration of
disaccharides in plant chloroplasts is strongly dependent on the plant species. For example,
the amount of sucrose in chloroplasts can reach 15–30% of the amount of sucrose in pro-
toplasts [101–104]. Chloroplasts are able to import sugars (including sucrose) across their
membranes using specific transport proteins [104–107]. For example, plastidic sugar trans-
porter (pSuT) has been reported to transport sucrose across the chloroplast membrane [108].
It has also been proposed that the chloroplast might act as a sucrose reservoir [108].
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