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Abstract

In contrast to the thylakoid cyclic electron transport around photosystem |, cyclic electron transport around photosystem Il (CET-PSII) is
a little studied process. The functional mechanisms of CET-PSIl and methods of their study are discussed in the review. The position
occupied by this process in the ensemble of the pathways of electron sink from photosystem Il is discussed as well as the role of CET-PSII
in regulating the ATP/NADPH ratio and participation of cytochrome b-559 in CET-PSII. In green leaves of higher plants, CET-PSIl may be
underestimated because of the limited possibilities of the standard methods most frequently used in photosynthesis study. In stomata
guard cells of chlorophyll-deficient leaves, where the rate of non-cyclic electron transport is insufficient under blue light excitation,
CET-PSII is of separate interest. A special attention should be paid to the photoacoustic methods of CET-PSII studies.
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INTRODUCTION

Concurrent electron sink pathways in thylakoids: Under
standard conditions the light phase of photosynthesis of
higher plants is facilitated by the linear (non-cyclic) electron
transport (LET) in the thylakoid membrane. The LET enables
electron flow from H,0 to NADP*yielding the oxygen, NADPH
and building a difference of electrochemical potentials of
protons (ApH*) across the thylakoid membrane, which is
necessary for ATP synthesis. At a LET level, a set of the
photosynthetic light reactions is formed by the components
of PSII, cytochrome b6/f-complex and PSI, which operate in
series, thus providing electron flow through the single
Electron Transport Chain (ETC). In contrast, in the Cyclic
Electron Transport (CET),the ETCisa closed-loop'>. The LET
is referred to the oxygenic photosynthesis considering that
water is the electron donor for the ETCS. The ATP and NADPH
are produced in a constant ratio in the results of LET”. The
anoxygenic photosynthesis occurs in bacteria so that in the
narrow sense this term is traditionally used mainly in the
context of the bacterial photosynthesis. Evidently, in the broad
sense, once the CET in higher plants is established, it may be
referred as the anoxygenic photosynthesis because the
photolysis of water does not occur but it still stores light
energy in the phosphoanhydride bonds of ATP.

Inawide range of physiological conditions, plants require
a fairly high lability of ATP/NADPH ratio. For example, the
absolute and relative demands of cells of euhalophyte plants
in ATP are strongly increased under conditions of soil
salinization, when considerable ATP resources are necessary
to support high osmotic pressure and activity of cationic and
anionic antiporters®®, At the same time, the plant growth
under salinity is limited, the C O,-assimilation is decreased and
correspondingly plant cells have decreased requirements for
NADPH, which is the main acceptor of the electron sink of the
linear ETC. In regard to the utilization of the photoinduced
thylakoid electron flow overall, the basic idea here is the
hierarchical arrangement of a set of acceptors, cyclic and
pseudocyclic electron transport processes competing with
each other. All of them have different affinities to electrons'®.
These processes are: CO,-assimilation (LET), nitrate reduction,
malate (C4) cycle, photoreduction of O,, H,0,, water-water
cycle (WWCQ) in whole, activity of plastid terminal oxidase
(PTOX) and CET. The first three processes involve utilization of
NADPH and therefore, their activity causes a decrease in
ATP/NADPH ratio.

There are two processes among them, which allow to
avoid the excess of the photoinduced electron flow via
pseudocycling of electron transport: WWC and PTOX. The

WWOC (also known as a pseudocyclic electron transport)
supports electron flow from ferredoxin to oxygen, producing
water'". However, the contribution of WWC in the total
electron transport does not exceed 5% for C3-plants' The
PTOX-dependent reduction of O, is realized by the electron
transfer from plastoquinone' but the activity of this process
in C3-plants is even less significant'. Thus, WWC and PTOX
cannot substantially influence the ATP/NADPH balance by
competing with LET.

There are enzymatic and non-enzymatic components
related to WWC, both of them parcipitate in scavenging
of reduced oxygen. Particularly, O, can be reduced in
non-enzymatic reactions via the electron transfer from
ferredoxin that provides H,0O, in photosynthesis, especially
under conditions of oxidative stress'.

Inturn, photoreduction of H,0, is carried out in two ways:

«  Via the thylakoid ascorbate peroxidase in the presence
of excess of ascorbate, which is oxidized to MDA
radical followed by reduction with thylakoid
monodehydroascorbate reductase (MDA reductase)®.
Ferredoxine is used as the electron donor for this
process'’

«  Via the water-soluble enzymes of chloroplast stroma. In
particular, dehydroascorbate reductase reduce H,0, in
the presence of excess of ascorbate, whichis regenerated
by accepting electron from glutathione™. In turn, the
oxidized glutathione is reduced by NADPH-dependent
glutathion reductase'

Both these enzymatic and non-enzymatic pathways
participate in the stabilization of ATP/NADPH ratio, providing
an“internal”sink for excess electrons but they cannot compete
with the assimilation processes’. In addition, it should be
noted that the H,0, concentration in non-stressed plants may
be low?®,

Considering the question as a whole, it is evident that
the capability of LET-dependent metabolic processes to
support the effective electron sink under conditions of the
limited CO,-assimilation (and correspondingly, under limited
requirements for NADPH) is low. In other words, ETC electron
output (sink) is limited by an external acceptor. However, the
increased requirements for the additional electron sink from
ETC most frequently occur under conditions which facilitate
anoxygenic photosynthesis (i.e., CET)'8® for instance at CO,
deficiency.

The CET can occur in two ways: Cyclic electron transport
around photosystem | (CET-PSI) and around photosystem I
(CET-PSII).
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The sequence of CET-PSI eventsincludes the excitation of
the valence electron of P700 which is then trapped by the
primary PSI| acceptor, transferred to the ferredoxin and
returned to P700 through the plastoquinone shuttle,
providing ApH*, ATP and leads to the increase in ATP/NADPH
ratio>?'. The CET-PSI can be selectively excited and regulated
by far-red light owing to that it can be detected by the
photoacoustic method?*?* independently of PSII activity.
The alternative way to reveal CET-PSI is the combining of
PAM-fluorometry with measurements of the redox state
of P700 using the IR kinetic absorption data in the range
of 830/875 nm?>%, In this case, a pronounced level of
CET-PSI is detected only in C4-plants under selective
excitation by far-red light or/and in the presence of
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), aninhibitor
of PSII#28, Thus, CET-PSI activity, as well as WWC and PTOX
could not be a significant factor, providing the sink of excess
photoinduced electron flow and the regulation of ATP/NADPH
ratio under natural conditions.

MECHANISMS OF CYCLIC ELECTRON TRANSPORT
AROUND PHOTOSYSTEMIII

In their studies, based on the pulse electrochemical
detection and computer mathematical modeling of the
amplitude and phase parameters of oxygen evolution in
Chlorella vulgaris culture, Sinclair et a/* have shown the
existence of the reversed electron flux in PSIl from the
acceptor to the donor side. The obtained data suggested the
existence of such a process only under low light and anaerobic
conditions. Heber et a/**have shown the occurrence CET-PSII
by analyzing the oxidation kinetics of cytochrome b-559 and
demonstrated that itis an electron carrier in a cyclic but notin
a linear chain.

The direct and forcible argument for the existence of
CET-PSII has been obtained by Falkowski et a/3'. Using
electrochemical methods, they detected pulse oxygen
evolution (YO,) and amplitude of fluorescence pulses (Ad)
(That is analogous to the variable fluorescence measured by
PAM-fluorometry) in parallel in response to the saturating
flashes. Amplitude of fluorescence pulses (Ad) was calculated
as:

Fp

Ao =
¢ Fs-1

where, Fp is a fluorescence yield under the saturating flash
and Fsis a fluorescence measured before the saturating flash.
The samples were simultaneously exposed under continuous

light of different intensities. In the range of moderate
illumination, the increase of the intensity of continuous light
led to the proportional increase of YO, and A¢. However, in
the range of high light illumination, the A¢ increased faster
than YO,.In these experiments the researchers have
proved the occurrence of CET-PSIl, considering that the
variable fluorescence is determined only by PSII*2 It should
be noted here, that a high level of CET-PSIl was detected
in this study despite the usage of the conditions which
strongly promote the LET activity. In particular, the Chlorella
pyrenoidosa cells were studied in a logarithmic phase of
growth under elevated CO, (1%). The researchers have also
proposed the following way of the electron transfer:
P680-Q,~>Qg>PQ— (Cyt b-559)~Z to account the cycle,
where, Z is a primary electron acceptor of the chain.

In the studies of the effects of the uncouplers of electron
transporton light-induced redox state of cytochrome b-559in
the presence of ferredoxin-NADP*, Arnon and Tang* have
demonstrated the ability of CET-PSII to provide AuH* and ATP.
In addition, the researchers have shown that the electron
transfer in this case follows in a pathway close to that
proposed by Falkowski et a/>! but describing the participation
of low-(LP) and high-potential (HP) forms of cytochrome
b-559. Calculations of the relative electron transfer rates, water
splitting and CO,-assimilation rates have enabled to establish3*
that CET-PSII can participate in the regulation of the ratio of
the photosynthetically generated ATP and NADPH. On the
other hand, some models have been proposed to
demonstrate the possibility of a CET-PSII functioning that is
unrelated to the AuH* and ATP generation, in these models
the electron transferis realized as: P680—Pheophytin—Q,—Q;
—ChIZ—>P680%% or P680—~Pheophytin—>Q,—>Qz—>ChIZ~>LP
b-559-+P680%, where, ChlZ is an accessory pigment.

An exclusive role of cytochrome b-559 in CET-PSll activity
was proved in a number of studies®®. Being an essential part of
PSII, cytochrome b-559 does not exhibit photodependent
redox reactions at that and weakly interact with linear electron
transport chain under optimal physiological conditions, when
LET is dominant33?. Most probably the function of b-559 as
electron donor in PSIl occurs by an electron transfer from
b-559 to P680 through ChlZ**4! with possible participation of
B-carotene*%,

Along this, it was proposed* that, at least a part of
cytochrome b-559-dependent PSII activity does not involve
the electron transport through Q, and Q. Particularly, a
noticeable residual Energy Storage (ES) was detected in
photoacoustics experiments, even when the electron transfer
from Q, to Qg was fully blocked by DCMU and the variable
fluorescence was absent.
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Lapointe et a/* have supposed CET-PSII occurs in the
PSlI-B-centers, i.e., PSIl centers with a smaller antenna* due to
which they might be resistant to photoinhibition.

The possibility of the direct electron transfer from
pheophytin to cytochrome b-559 and further to P680* was
shown by Lazar et a/* using mathematical modeling. The
proposed model demonstrated influence of the CET-PSII on
Fm u F,, fluorescence levels and correspondingly on maximal
PSIl quantum yield, which is determined by the Fv/Fm ratio.

Contrary to Lazar et a/* an older model proposed by
Eichelmann et a/* assumes a somewhat different way
for the electron transfer: from pheophytin to Q, b-559 and
further to the primary electron donor (P680) to close the
cycle. In addition, Lazar et a/* conclusions are not entirely
consistent with our data*, according to which there is a
DCMU-dependent CET-PSII in stomata guard cells. However,
these contradictions may be explained by the simultaneous
functioning of two types of CET-PSII, with and without Q, and
Qg participation.

The fluorescence kinetics of DCMU-dependent CET-PSII
was obtained and studied*®in the "pure" form, in the absence
of LET that was being possible under excitation of stomata
guard cells by blue light. In the case of CET-PSII the Fm level is
reached faster than in the case of LET, probably because the
cyclic path is shorter than linear. Under the simultaneous
excitation by blue and red light, when both LET and CET-PSII
were revealed, the fluorescence induction curves had two
maxima*. Another characteristic feature of the fluorescence
induction curve of stomata guard cells is the absence of the
slow M-peake, the origin of which is referred to the kinetics of
CO, exchange®.

METHODS FOR THE DETECTION OF
CYCLIC ELECTRON TRANSPORT

Direct methods for the quantitative evaluation of
non-cyclic (linear) electron transport in the thylakoid
membrane are based on the measurements of oxygen
evolution and carbon dioxide consumption rates. The
difficulties in revealing the cyclic electron transport (CET-PSI
and CET-PSII) are determined by its anoxygenic character
which does not participate in exchange of these gases.
Photophosphorylation is the only result of CET-PSI and
CET-PSII but even the qualitative evaluations based on
measurements of ATP synthesis rate are collided with the
evident difficulties of their interpretation. Thus, it couldn’t be
excluded that the time course of ATP release can be related to
the photoinduced shifts in respiratory rates or (and) in
photoinduced changes in ATP utilization.

Nevertheless, there is a direct, fairly simple and reliable
way to quantify the CET-PSI which is based on the
photoacoustic spectrometry. The CET-PSI can be selectively
excited by far-red (FR) light (>710 nm), which drives PSIbut
not PSII. Passing through the photoacoustic cell, the pulsed
FR-lightinduces the thermal oscillation of sample surface and
the generated acoustic signal can be detected by the
microphone. In the case, when there are no photochemical
processes in the sample, almost 100% of the absorbed light is
dissipated to heat. Otherwise, if oxygenic or anoxygenic
photosynthesis occursin the sample, some part of light energy
is converted into photochemical products thus decreasing the
photoacoustic signal. Switching on the background saturated
light (which actually “Turn off” the photosynthesis) leads to
theincreased PA-signal (at 200-400 Hz) by the value of Energy
Storage (ES), reflecting a portion of absorbed light energy
which is consumed in the photosynthesis>®>3,

The optimal light pulse frequency of the photothermal
signal in such studies (measuring ES) is in the range of about
200-400 Hz. At a lower frequency (<100 Hz) the photobaric
component (pulse O, evolution) begin to contribute
noticeably in the total PA-signal and at <40 Hz the photobaric
signal is strongly dominant>®**, However, the detection of
CET-PSllis hampered by the fact that the PSII, in contrast to PSI
cannot be excited selectively, using a specific spectral range.
Indirect methods of quantitative evaluation of CET-PSll activity
are based mainly on matching of PSIl activity and oxygen
evolution rate.

Thus, for example, in extreme case when the PSll is active
but the photosynthetic O, evolutionis absent, PSIl functioning
should be attributed mainly to the cyclic mode®. In this
connection, the PAM-fluorometry is the most frequently
applied method that allows to evaluate the maximal quantum
yield of photosystem Il in the dark-adapted state as Fv/Fm,
where, Fm is a maximum fluorescence yield under the
saturation pulse and Fv is variable fluorescence’*>. It
should be noted that PSII gives the major contribution in Fv
(only slightly affected by PSI)*® independently from whether
the PSIl works in linear or cyclic mode®s~7,

When the level of CET-PSII is evaluated, the oxygen
evolution rateis most frequently measured by electrochemical
methods®'375860 that is coupled with en error raised from the
impossibility of differentiating the contribution of respiration
and photorespiration in the total O, exchange. This error is not
attributable to the photoacoustic method where the only
photosynthetic oxygen is detected under pulse light
excitation. At the frequencies of 10-30 Hz the photobaric
component of the PA-signal is dominant>0°2346063 whereas the
photothermal component only weakly contribute in total
PA-signal. Both these components are in antiphase.
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A remarkable feature of this approach is in that the
determination of photosynthetic O, evolution via the
photobaric signal is independent of respiration,
photorespiration and pseudocyclic electron transport. The
oxygen uptake during all these three processes is continuous
under modulated light and thus cannot be detected by
photoacoustics; relatively long chains of these biochemical
reactions dump the pulsations.

The phase sensitivity of the traditional PA-method is its
disadvantage arising from the application of lock-in amplifiers.
There is an obvious risk of error in measurements of oxygen
evolution rate under conditions when the phase responses of
the photobaric signals could be different at different
illumination®. At that time the phase insensitive detection is
possible when applying real time Fast Fourier Transforms (FFT)
of PA-signal, the capability of that was recently
demonstrated*®%4, In this case the microphone signal passes
into the usual low noise operational amplifier and then to the
PC sound card with the subsequent FFT-processing by
standard software. The intriguing perspective of FFT
application for PA-spectrometry is in that this method allows
the selection of two or more frequencies. It means, for
example, that it is possible to detect simultaneously the
photobaric (PAy,) and photothermal (PA) signals. Obviously,
the PAo,/PAgsdecreased ratio can evidence for domination of
the anoxygenic photosynthesis. Matching of PAy,/PAgs value
with maximal quantum efficiency of photosystem Il (Fv/Fm)
may be a next step to detect CET-PSII quantitatively.

An attempt to detect the photobaric and photothermal
signals simultaneously was performed by Han® in
experiments with two lock-in operational amplifiers
connected in parallel. However, the problem of phase
sensitivity still remains in the given case. Besides, the
application of this method for CET-PSIl studies was not
reported until now.

Areliable (at least semi-quantitative) detection of CET-PSII
is possible using indirect methods. Thus, for example,
detection of CET-PSI and CET-PSIl in simultaneous
photoacoustic (ES determination) and electrochemical
(O, determination) was performed by varying the time
intervals between saturating flashes along with the parallel
application of specific inhibitors of ETC. It was assumed in
these experiments that the CET, although it does not produce
oxygen itself, influence on the phase characteristics of the
signal which is generated by the oxygen electrode®®.

A major contribution in our understanding of qualitative
and quantitative characteristics of CET-PSII can be made in
studies on redox states of specific CET-PSII electron carriers,
b-559, ChlZ. In tissues which intensively produce oxygen,
where there are no significant CET-PSll activity, LP and IP forms

of cytochrome b-559 are in a reduced state*®%8, je, the
electron transfer through the corresponding ETC segment is
blocked.Photoreduction of these carriers, however, isinduced
by photooxidation of chlorophyll, when (as assumed) CET-PSII
is active*.

PHYSIOLOGICAL FUNCTIONS OF CYCLIC ELECTRON
TRANSPORT AROUND PHOTOSYSTEM I

The most studied function of CET-PSII is the protection
from photoinhibition. As is known, photoinhibition relates to
the utilization of excess quanta in photodestructive reactions,
when the electron sink from ETC is restricted, for example, by
low requirements of NADPH®, Under such conditions, the pool
of primary acceptors of electrons is almost fully reduced that
provide conditions for generation of reactive oxygen species
related to the functioning of reactive centers'®. Supporting
electron transfer from acceptor to donor side of PSIl, cyclic
electron transport provides a sink-independent reoxidation of
Q, and Qg. Fast electron turnover inside PSIl, which is no
longer limited by the electron sink (only by the throughput
capacity of ETC), results in the thermal dissipation of energy of
excess quanta. Its role in the wide spectrum of
thermodissipative processes’ an interesting subject for the
future studies.

A number of studies argue in favor of photoprotection
function of CET-PSII. Thus, it was shown in studies involving
exogenic electron acceptors (silicomolybdate, DBMIB) that
CET-PSII protects carotenoids of isolated pea chloroplasts
from irreversible photobleaching under photoinhibitory
conditions”'. Photoprotection function of CET-PSIl has
been shown”? with the wuse of artificial electron
acceptor K15 (4-[methoxybis(trifluoromethyl) methyl]-2,
6-dinitrophenylhydrazine methyl ketone), which is able to
accepts electrons from Pheo~ thereby reducing the donor
side of PSll and therefore, stimulating CET”3. The K15-induced
CET-PSII activity can protect PSII submembrane fractions
from photoinhibitory impairment under anaerobic and
aerobic conditions¥. It was demonstrated that the cytochrome
b-559 contentincreases simultaneously with the reduction of
LHC antenna size that can evidence the adaptational role
of CET-PSII in protection from photoinhibition’. These
photoprotection functions also have been demonstrated in
other studies®*37>,

In the framework of the theoretical model by
Lazar et al*®, where CET-PSIl was assumed as the electron
transport from the pheophytin through cytochrome b-559 to
P680, the researchers suggested that increased amount of
initially induced cytochrome b-559 might protect PSIl against
photoinhibition.
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Role of CET-PSII can be supposed easily but CET-PSII has
been little studied as an electron acceptor process regulating
ATP/NADPH ratio. In achangeable environment plants require
different ATP/NADPH values for maintaining homeostasis and
hydrocarbons synthesis®. The ATP/NADPH ratio increases
under stress conditions that is partially provided in studies on
the pseudocyclic electron transport and CET-PSIP7877_ It is
unclear, whether the CET-PSII fulfills an analogous regulatory
role. This question is of interest in regard of the fact that the
CET-PSI and WWC cannot provide an electron transport rate
comparable with LET.

Cyclic electron transport simultaneously occurs in guard
cell thylakoids around photosystems | and Il under blue light,
whereas linear electron transport is absent or insufficient®,
This fact is in a good agrreement with the data obtained by
Shimazaki and Zeiger’® who have demonstrated that the
exposure of Vicia faba chloroplasts by blue light, in contrast to
red light, does not lead to the oxygen evolution. The CO,
has been shown to be incorporated into malate in guard
cells” but in a non-photosynthetic way from starch with
participation of PEP carboxylase and NAD-malate
dehydrogenase®’. Moreover, stomata guard cell chloroplasts
accumulates starch in the dark which disappears in the light®'.
Therefore, malate-dependent CO,-assimilation in guard cells
wouldn't be a process that utilize electrons come from ETC.
Thus the dominance of the cyclic electron transportin stomata
guard cells is not surprising in the absence of a powerful
external (beyond ETC) acceptor.

CONCLUSION

The known data on CET-PSII allow to conclude that the
existence of this cycle is reliably proved but it remains
relatively (in comparison to LET and CET-PSI) little studied and
probably underestimated. To summarize the above, the
following reasons for the difficulties in studying CET-PSII
should be noted:

«  Impossibility of a selective excitation of PSll and therefore,
impossibility to observe “pure” CET-PSII activity, without
background LET activity (except stomata guard cells)

+ Absence of reliable fluorescence kinetic methods
allowing to determining whether the fluorescence
kinetics originated from the PSII functioning in linear or
cyclic mode

+ A small number of studies carried out on mathematical
modeling in combination with the experimental
measurements, which might be helpfulin understanding
of CET-PSII

e  Theonly direct method for evaluating CET-PSIl activity is
a photoacoustic method which, however is not widely
used because of absence of commercially available
equipment suitable for the photosynthesis researches

The researchers hope that this study would be a stimulus
for the further studies on CET-PSII and related processes
including the use of novel photoacoustic methods which,
undoubtedly would overcome the discussed here difficulties
and problems.
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