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Abstract—The electron paramagnetic resonance (EPR) method is widely used in the biophysics of photosyn-
thesis, because it serves as an effective tool for exploring the processes of electron and proton transport in var-
ious photosynthetic systems. This study on the regulation of electron transport in chloroplasts was performed
with the direct participation of the authors using the EPR method. The possibilities of the EPR method to
study the kinetics of electron transport in chloroplasts of higher plants in sifu (leaves of higher plants) at room
temperature were shown, and the EPR spectra of chloroplasts at cryogenic temperatures were considered.
The latter is of particular importance for substantiating the “kinetic” method of pH measurement inside

thylakoids, which was used.
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INTRODUCTION

The processes of oxygenic photosynthesis in higher
plants occur in chloroplasts, specialized energy-trans-
forming organelles of plant cells [1]. A schematic rep-
resentation of the chloroplast is shown in Fig. la.
Under the double envelope of the chloroplast, consist-
ing of the outer and inner membranes, there are
extended membrane structures that form closed vesi-
cles shaped like disks and called thylakoids. Thylakoid
membranes contain photosynthetic pigment-protein
complexes (Fig. 1b). In higher plants, thylakoids are
grouped into grana, stacks of flattened and closely
pressed together thylakoids. The intergrana (stromal)
thylakoids are the continuation of the individual thyla-
koids of the grana that protrude. The stroma (the
space between the chloroplast envelope and the thyla-
koids) contains RNA, DNA, ribosomes, starch grains,
and numerous enzymes that ensure the absorption of
CO, by plants. Thylakoid membranes contain pig-
ment-protein complexes involved in photosynthetic
electron transport, as well as ATP-synthase complexes
that catalyze the formation of ATP from ADP and
inorganic phosphate (P;).

Abbreviations: EPR, electronic paramagnetic resonance; PS I,
photosystem I; PS II, photosystem I1.

Biophysical research methods have played a crucial
role in elucidating the mechanisms of electron trans-
port in plants. The electron-transport chain carriers of
chloroplasts were identified and characterized using
high-time-resolution absorption spectroscopy; fluo-
rescence analysis of the pigments of the photosyn-
thetic apparatus underlies diagnosis of the functional
state of chloroplasts in vivo. A special role in the study
of oxygenic photosynthesis is played by the electron
paramagnetic resonance (EPR) method, with which
electron carriers, that are practically invisible to tradi-
tional optical methods since the relatively weak
absorption spectra of these molecules are masked by
the intense absorption spectra of the photosynthetic
pigments and cytochromes, were identified in chloro-
plasts. These carriers include electron transport cofac-
tors containing nonheme iron, proteins included in
the pigment-protein complex of photosystem I (PS I)
[2], the copper-containing protein plastocyanin [3],
and the iron-sulfur cluster (Fe,S,) of the Rieske pro-
tein [4] that is included in the cytochrome b4 f-com-
plex of chloroplasts [5—8].

L.A. Blumenfeld is a leader in the study of biologi-
cal systems using the EPR method. He was one of the
first who started this research in the late 1950s (see the
essay by S.E. Shnol in the book [9]). A significant part
of L.A. Blumenfeld’s research was devoted to the study
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Fig. 1. Schematic representation of the thylakoid system of chloroplasts (a) and the photosynthetic electron transport chain (b).

of photosynthetic systems using EPR [10—20]. These
studies have been carried out for many years at the
Department of Biophysics of the Faculty of Physics of
Lomonosov Moscow State University and at the Insti-
tute of Chemical Physics of the Academy of Sciences.
It is not possible to cover the wide variety of studies in
the field of photosynthesis biophysics carried out
under the leadership of L.A. Blumenfeld in a short
article. We will note only some of the most important
scientific achievements in this field. The kinetics of
photoinduced Py, transformations in chloroplasts of
higher plants in situ (leaves) was studied in detail using
the EPR method, and two sites of regulation of photo-
synthetic electron transfer were identified, the accep-
tor site of PS I and the stage of oxidation of plastoqui-
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nol (PQH,) by the cytochrome b4 f complex [21—24].
In the work of Blumenfeld with the staff of the Insti-
tute of Chemical Physics [20], the functioning of a
two-electron “gate” associated with the two-electron
reduction of plastoquinone (PQ) at the acceptor site of
photosystem II (PS II) to its fully reduced form, plas-
toquinol (PQH,) was shown. Plastoquinol is oxidized
by a cytochrome b, f~complex containing an iron-sul-
fur Fe,S, cluster of the Rieske protein. By analyzing
the relaxation characteristics of Fe,S, centers in the
electron transport chains of mitochondria and chloro-
plasts, Blumenfeld suggested that relatively slow con-
formational rearrangements of the protein globule
occur in the Rieske proteins of the bc, and bgf cyto-
chrome complexes. According to the relaxation con-
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cept of enzymatic catalysis put forward by Blumenfeld
[11—14], these rearrangements are initiated by rapid
electron transport reactions in the electron transport
chains of mitochondria and chloroplasts. Subse-
quently, the assumption of conformational changes in
the Rieske protein found convincing experimental evi-
dence [25] (see also review articles [5—8]).

L.A. Blumenfeld was very interested in biophysical
studies of photosynthesis, which were conducted at
the Department of Biophysics of the Faculty of Phys-
ics of Lomonosov Moscow State University. It is not
possible to write about about all the directions of these
studies in a single short article. We will focus on the
works devoted to the study of the regulation of electron
transport in chloroplasts using the EPR method,
which were carried out under the guidance and with
the direct participation of the authors of this article.
We will illustrate the possibilities of the EPR method
in the study of the kinetics of electron transport in
chloroplasts of higher plants in situ (leaves of higher
plants) at room temperatures, and consider the EPR
spectra of chloroplasts at cryogenic temperatures. The
latter is of particular importance for substantiating the
“kinetic” method of pH measurement inside thyla-
koids, which we used.

MATERIALS AND METHODS

The objects of the study were the leaves of a Chi-
nese rose houseplant (Hibiscus rosa-sinensis), bean
leaves (Vicia faba) and chloroplasts isolated from
them. The method of isolation of class B chloroplasts
from the seedlings of the “Russian Black” bean variety
was described in [18, 26]. Chloroplasts were sus-
pended in an incubation medium containing 10 mM
tricin buffer (pH 7.5). A 10 uM solution of methylvio-
gen was used as an artificial electron acceptor in PS 1.
EPR spectra were recorded at room temperature (22—
24 °C) at a microwave power of 10 mW and an HF
modulation amplitude equal to 0.4 mT. To record the
kinetics of redox transformations of the photoreaction
center of photosystem I (P,,), the magnetic field was
fixed at the low-field extremum of the EPR signal

from the oxidized centers of P;y,. The samples were
illuminated with white light from an incandescent
lamp (300 W), exciting both photosystems, or with a
far-red light (A,,,, = 707 nm, 8 W), obtained with an
IF707 interference filter (Karl Zeiss Jena, Germany),
which excited mainly PS 1.

Measurements of the EPR spectra of the studied
objects were carried out using E-4 and E-9E EPR
spectrometers (Varian, United States), equipped with
prefixes for varying the temperature of samples in a
wide range. Measurements of EPR spectra at cryo-
genic temperatures were carried out using the ESR-9
installation (Oxford Instruments, United Kingdom).
Preparations of isolated chloroplasts were placed in
quartz ampoules and adapted to the dark or illumina-
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tion with white light for 1 min. The ampoules with the
samples were quickly frozen by cooling in liquid
butane to 77 K and placed in the resonator of the E-
109E spectrometer. The temperature of the measured
samples was varied in the range of 6—30 K, microwave
power was in the range of 0.01—10 mW. The tempera-
ture of the samples in the resonator of the spectrome-
ter was measured using a calibrated thermocouple.
Particular attention was paid to the careful selection of
quartz ampoules that did not give parasitic EPR sig-
nals at cryogenic temperatures.

RESULTS AND DISCUSSION

Kinetics of Photoinduced Redox Transformations
of Py in Chloroplasts

Figure 2 shows the EPR spectra of bean chloro-
plasts and the kinetics of photoinduced changes in the

magnitude of the EPR signal from oxidized Py, cen-
ters in the leaves and isolated bean chloroplasts. It is
seen from Fig. 2a that the illumination of chloroplasts
with a far-red light (A, = 707 nm) caused oxidation
of P,,. This was clearly evidenced by the parameters
of the EPR signal induced by the far-red light (the
value of the g-factor was 2.0025 and the half-width of
the signal AH,;, = 0.9 mT) [27]. In response to flashes
of white light of various durations delivered under far

red-light illumination, Py, was first reduced followed
by the oxidation of P;,, due to the action of light with
Amax = 707 nm. Nonmonotonic photoinduced changes

in the EPR signal from Py, occurred after switching
on the continuous white light. Multiphase kinetics
that included several stages of signal magnitude
changes (curve A—B—K—L—C was observed in bean
leaves) (Fig. 2b). A simpler kinetic curve (the so-called
A—B—C “overlap”) was observed in the case of iso-
lated Class B chloroplasts (Fig. 2c).

We have studied the dependence of the kinetics of
redox transformations of P,y, on the prehistory of the
illumination of samples (the duration of adaptation to
darkness or light of a certain spectral composition)
and on the action of inhibitors or mediators of electron
transport, as well as uncouplers affecting the trans-
membrane difference of electrochemical potential in
chloroplasts (see more in [22—24, 28—32]). It was
found out which factors of regulation of electron
transport determine the nonmonotonic kinetics of

changes in the EPR signal from Py, in leaf chloro-
plasts adapted to darkness. The main contribution to
the observed phenomena was made by 1) the photoin-
duced increase in the activity of the enzymes of the
Calvin-Benson cycle, which caused an acceleration of
the outflow of electrons from PS I; and 2) a decrease

in the rate of electron influx to P;BO [18, 23, 24, 32].
The reduction of the electron flow from PS IT to PS 1
can occur for various reasons, including a decrease in
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Fig. 2. EPR spectra of bean chloroplasts. The first derivative of the absorption spectrum (a), and the kinetics of photoinduced
changes in the magnitude of the EPR signal from P7+00 in leaves (b) and isolated bean chloroplasts (c). Zigzag arrows show the
moments of white light flashes with a duration of #; , = 7 s (1) and #| Nn= 750 us (2).

the photochemical activity of PS II due to increased
non-photochemical quenching of chlorophyll exci-
tation in the light-harvesting antenna of PS II and a
slowdown in the rate of oxidation of plastoquinol
(PQH,) by the cytochrome b f complex as a result of
photoinduced acidification of the intra-thylakoid
space (pH;,) [33—37].

The latter was of particular interest, since the
“kinetic” method of noninvasive pH;, measurement
in chloroplasts in situ and in vitro is based on this phe-
nomenon. The method is based on measurements of

the rate of electron transport to P;OO, depending on

BIOPHYSICS Vol.67 No.3 2022

pH;, [18, 29, 34]. The “kinetic” method of pH;, mea-
surement was used in our work to measure the trans-
thylakoid pH difference (ApH) in various metabolic
states of chloroplasts (see the review [37] for more
detail). One of the conditions for the adequate use of
this method is that the state of electron carriers in both
coupled and uncoupled chloroplasts used to construct
the calibration dependence of the electron transportin
rate between PS II and PS I on pH;, should be the
same. To substantiate this method, we carried out the
measurements of the low-temperature EPR spectra of
chloroplasts described below.
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Fig. 3. EPR spectrum of bean chloroplasts frozen in light
in the presence of 20 mM sodium dithionite. The tempera-
ture of the sample when the spectra were recorded was 20 K.

Redox State of Electron Transport Chain Carriers
(According to Low-Temperature EPR Spectroscopy)

Figure 3 shows the EPR spectra of bean chloro-
plasts reduced by dithionite and frozen during their
illumination with white light. Intense lines belonging
to the reduced acceptors of PS I, iron-sulfur centers
FA and FB, were visible in the EPR spectrum. Com-
parison of the g-factors of these signals with the litera-
ture data indicated that both interacting and non-
interacting with each other FA and FB centers (signals
with g = 1.94 and g = 1.92) could contribute to the
observed spectrum (for identification of EPR lines in
chloroplasts at cryogenic temperatures, see review
papers [38—40]). As expected, there was no signal in
the EPR spectrum that could belong to the fraction of
water-soluble ferredoxin washed out during the isola-
tion of Class B chloroplasts. The most intense signal
line with g, = 1.89—1.90 was close to the band with g, =
1.89 belonging to the acceptor FB and/or FA (pro-
vided that it interacted with the reduced acceptor FB).

To unambiguously attribute the signal with g, =
1.90 to the reduced Fe,S, cluster of the Rieske protein,
we needed to prove that it differed in its characteristics
from the component of the signal with g. = 1.89
belonging to the reduced FB center. We were able to
verify this by measuring the dependences of the line
intensities with different values of the g-tensor
depending on the microwave power and temperature
of the sample (data not presented).

The upper part of Fig. 4 shows the EPR spectra in
chloroplasts frozen in the dark after preliminary illu-
mination of chloroplasts with white light in the pres-
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Fig. 4. EPR spectra of bean chloroplasts recorded at 17 K:
spectrum /, chloroplasts frozen in the dark after prelimi-
nary illumination with white light for 30 s; spectrum 2,
chloroplasts adapted to the dark for 40 min in the presence
of 10 mM sodium ascorbate.

ence of gramicidin D. The signals belonging to the
oxidized plastocyanin (g = 2.05), the reduced Fe-S
center of FA (g = 1.94) and the reduced Rieske center
(g = 1.90) were clearly visible. That the signal with g =
1.90 belonged to the Rieske center was proven by the
fact that this signal was observed in chloroplasts incu-
bated in the dark in the presence of 10 mM ascorbate.
In this case, the EPR signal lines withg=1.94 and g =
1.92 related to the reduced centers FA and FB were
missing. At the same time, along with the line at g =
1.90, a component with g = 2.02 was observed,
belonging to the low-field component of the EPR sig-
nal from the reduced iron-sulfur cluster of the Rieske
protein.

Figure 5 shows fragments of EPR spectra of chlo-
roplast samples for signal components with g = 2.05
(oxidized plastocyanin) and with g = 1.90 (the reduced
Fe,S, center of the Rieske protein). The samples were
obtained by rapidly freezing chloroplasts in different
metabolic states in the light or in the dark (30 s after
the light was turned off). It can be seen from these data
that during the illumination of chloroplasts with con-
tinuous white light, most of the plasticyanin and Fe,S,
molecules in the Rieske center were in an oxidized
state. After the light was turned off, these carriers were
reduced due to the plastoquinone pool, which was
maintained, at least partially, in a reduced state. We
can assess the state of the plastoquinone pool under
illumination conditions by the kinetics of redox trans-
formations of P-,, shown in Fig. 2c. The rapid reduc-

tion of P;,, immediately after switching off the white
light indicated that there were reduced plastoquinol

BIOPHYSICS  Vol. 67 No.3 2022
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Fig. 5. EPR spectra of bean chloroplasts measured at 20 K. The samples were obtained by rapidly freezing suspensions of chloro-
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plasts without additives; chloroplasts under conditions of ATP synthesis (in the presence of 4 mM Mg-ADP); uncoupled chloro-

plasts (in the presence of 10 uM of gramicidin D).

molecules in the electron transport chain between
PSITand PS 1.

The data shown in Fig. 5 indicate that in all three
metabolic states, in the control (without additives),
under conditions of photophosphorylation (in the
presence of 4 mM Mg-ADP) and in uncoupled chlo-
roplasts (with the addition of 10 UM of gramicidin D),
the state of the donor section of the electron transport
chain between the cytochrome b,f complex and the
P, was almost the same. Based on this, we can assert
that one of the basic requirements necessary for the
correct measurement of intra-thylakoid pH (pH;,) by
the “kinetic” method was fulfilled in our experiments.

The difference in the reduction rates of Pyy,, which we
observed in different metabolic states of chloroplasts
[18, 29], was due to different values of the intra-thyla-
koid pH,,, and not to different states of the electron
transport chain in the region between the cytochrome
bsf~complex and P,y It should be noted that the
“kinetic” method of pH;, measurement we have
developed has one indisputable advantage, namely, it
can be used to carry out non-invasive (in situ) pH;,
measurements in chloroplasts located in leaves.

CONCLUSIONS

It should be noted that the EPR method has found
wide application in the biophysics of photosynthesis,

BIOPHYSICS Vol.67 No.3 2022

since it serves as an effective tool for studying the pro-
cesses of electron and proton transport in various pho-
tosynthetic systems. Above, we have considered only
some directions in the research of bioenergetic pro-
cesses in photosynthetic systems using the EPR
method to record electron transport processes in chlo-
roplasts and the leaves of higher plants. Other possibil-
ities for the EPR method in the study of photosynthe-
sis are related to using stable radicals (spin probes).
With the help of stable radicals serving as paramag-
netic probes sensitive to their local environment, it is
possible to monitor structural rearrangements in pig-
ment-protein complexes, as well as to measure the
trans-thylakoid difference in the electrochemical
potentials of hydrogen ions [37, 41].
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