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Abstract

In this work, we investigated electron transport processes in the cyanobacterium Synechocystis sp. PCC 6803, with a special emphasis
focused on oxygen-dependent interrelations between photosynthetic and respiratory electron transport chains. Redox transients of the
photosystem I primary donor P700 and oxygen exchange processes were measured by the EPR method under the same experimental
conditions. To discriminate between the factors controlling electron flow through photosynthetic and respiratory electron transport chains, we
compared the P700 redox transients and oxygen exchange processes in wild type cells and mutants with impaired photosystem II and
terminal oxidases (Ctal, Cyd AB, CtaDEII). It was shown that the rates of electron flow through both photosynthetic and respiratory electron
transport chains strongly depended on the transmembrane proton gradient and oxygen concentration in cell suspension. Electron transport
through photosystem I was controlled by two main mechanisms: (i) oxygen-dependent acceleration of electron transfer from photosystem I to
NADP", and (ii) slowing down of electron flow between photosystem II and photosystem I governed by the intrathylakoid pH. Inhibitor
analysis of P700 redox transients led us to the conclusion that electron fluxes from dehydrogenases and from cyclic electron transport
pathway comprise 20-30% of the total electron flux from the intersystem electron transport chain to P700".
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The structural and functional organization of the photo-
synthetic systems of higher plant chloroplasts and cyano-

— bacteria is known sufficiently well. The main achievements
Abbreviations: PS 1 and PS II, Photosystem I and photosystem II,

respectively; P700, primary electron donor of photosystem I; PQ,
plastoquinone; PQH,, plastoquinol; NDH-1, type I NADPH dehydrogen-
ase; SDH, succinate dehydrogenase; Cyt, cytochrome; EPR, electron
paramagnetic resonance; DCMU, 3-(3,4-dichloro-phenyl)-1, 1-dimethy-
lurea; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; CCCP,
carbonylcyanide-3-chlorophenyl hydrazone; TCPO, 2,2,5,5-tetramethyl-3-
carboxy-pyrroline-1-oxyl; WT, wild type; Ox, oxidase-deficient mutant
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in this field include determination of the sequence of the
light and dark stages of photosynthesis and clarification of
molecular mechanisms of key reactions of electron and
proton transport in chloroplasts (see Ref. [1] for review).
Elucidation of regulatory mechanisms of electron transport
processes in native photosynthetic systems and their
adaptation to variable environmental conditions are central
problems in bioenergetics of photosynthesis [2—4]. There
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are different mechanisms of regulation of photosynthetic
processes, which may include: (i) electron transport
control on the donor side of photosystem I (PS I) due
to slowing down of plastoquinol (PQH,) oxidation caused
by acidification of the intrathylakoid lumen [5-8]; (ii)
acceleration of electron efflux from PS I due to the light-
induced activation of the Calvin cycle enzymes [9]; (iii)
state 1< state 2 transitions associated with redistribution of
light energy between PS I and PS II, which are controlled
by the redox state of electron carriers between PS I and PS
I [10]; (iv) redox-controlled switching of electron transport
pathways between noncyclic (PS INADP"), pseudocyclic
(H,O—H,O0 cycle) and cyclic electron flow around PS I
[11,12]; (v) oxygen-dependent switching between photo-
synthetic and respiratory pathways of plastoquinol oxida-
tion; (vi) energy-dependent regulation of carbon
concentrating mechanisms [13]; and (vii) regulation of
photosynthetic processes at the level of gene expression
[14].

Investigation of oxygen-dependent interrelations
between photosynthetic and respiratory electron transport
chains in oxygenic photosynthetic organisms is yet another
important and interesting field of research [15]. The
cyanobacterium Synechocystis sp. PCC 6803 is an excellent
model for in vivo studies of regulation of bioenergetic
processes in photosynthetic organism of oxygenic type
[16,17]. Cyanobacteria contain both oxygenic photosyn-
thetic and respiratory electron transfer chains incorporated
into the same membrane. Synechocystis sp. PCC 6803 is the
first photosynthetic organism with completely sequenced
genome [18]. The X-ray crystal structures of the PS I, PS 11
and cytochrome (cyt) bf-complex have been recently
resolved in Synechococcus elongatus and other thermo-
philic cyanobacteria [19-23].

In this work, in order to elucidate the role of oxygen-
dependent interrelations between photosynthetic and respi-
ratory electron transport chains in regulation of electron
transport in intact cyanobacteria cells, we studied the
influence of pre-illumination conditions on the kinetics of
light-induced redox transients of P700 in Synechocystis sp.
PCC 6803 (some preliminary results were published in
[24]). Kinetic behavior of PS I primary donor (P700) was
compared with the oxygen exchange processes measured
under similar conditions by the EPR method. Our attention
was focused on the regulatory processes in two check-
points of photosynthetic electron transport, on the donor
and acceptor sides of PS 1. It was shown that the rates of
electron flow through both photosynthetic and respiratory
electron transport chains in the intact cyanobacteria
Synechocystis sp. PCC 6803 depended on the membrane
energization and oxygen concentration in cell suspension.
We conclude that photosynthetic electron transport is
controlled by two main mechanisms: (i) oxygen-dependent
acceleration of electron transfer from PS I, and (ii) slowing
down of electron flow between PS II and PS I governed by
the intrathylakoid pH.

2. Materials and methods
2.1. Strains and growth conditions

Wild type Synechocystis sp. PCC 6803 cells were grown
in BG-11 medium [25] as described earlier [24]. Liquid
cultures were grown at 30 °C under continuous white
fluorescence illumination (~100 pE -m~%s~'); cultures were
bubbled with atmospheric air without supplemented CO,.
We used two mutant strains: terminal oxidase-less (Ox )
mutant (Ctal, CydAB, CtaDEII) [26] and PS II-less (PS 117)
mutant [27]. Strains of Synechocystis sp. PCC 6803 mutant
cells were a gift from Dr. W.F.J. Vermaas (USA). Mutant
cells were cultivated for 7-10 days in air at 30 °C in BG-11
medium under aerobic conditions in Erlenmeyer flasks,
either photoautotrophically (Ox™) or with 5 mM glucose
(PS II"). For growth on plates, 1.5% (w/v) agar was added,
and BG-11 was supplemented with antibiotics appropriate
for the particular strain (25 ug ml~ ' kanamycin, 25 pg ml ™!
erythromycin and 25 pug ml~ "' spectinomycin). Cells from
liquid cultures were harvested by centrifugation, washed
once with 10 mM Tris—HCI buffer (pH 7.5) at a Chl
concentration 0.6-1 mg ml~' and used directly for
measurements.

2.2. Preparations of PS I complex

PS I complexes were isolated from the wild type
Synechocystis sp. PCC strain 6803 cells as described
elsewhere [28].

2.3. EPR measurements of P700 turnover

EPR spectra were measured with a Varian E-4 X-band
spectrometer. Samples were placed either in an oxygen-
permeable plastic tube (TFE tubes from Zeus Inc.; internal
diameter, 0.635 mm; wall thickness, 0.051 mm) or in a
standard flat quartz cuvette (internal thickness, 0.1 mm)
positioned in the cavity of the EPR spectrometer. Cells
were illuminated with subsaturating white light from a 100
W tungsten lamp (~10 mE m~2s™ " at the sample surface);
infrared light was cut off with a 5-cm layer of water.
Usually, EPR signals from oxidized reaction centers P700"
were recorded at 22 °C at subsaturating microwave power
10 mW and modulation amplitude 4 G. For measuring the
kinetics of the light-induced redox transients of P700,
magnetic field was fixed, as a rule, at the low-field
extremum of the EPR signal from P700". In order to avoid
potential artifacts that might appear due to the EPR signals
from other species, we performed additional measure-
ments: (i) kinetic behavior of P700 was measured by
fixing magnetic field at the hight-field peak of the EPR
signal from P700", and (ii) EPR spectra were recorded at
relatively low modulation amplitude (0.4 G), at which the
superfine structure of organic radicals (e.g., semiquinone
radicals of 2,5-dibromo-3-methyl-6-isopropyl-p-benzoqui-
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none (DBMIB) or ascorbic acid) becomes well-resolved. In
most experiments, kinetic curves were recorded using the
time constant 0.3 s. To measure the post-illumination
kinetics of P700" reduction, the continuous light was
abruptly cut off with a mechanical shutter (actuation time,
<0.8 ms). To resolve relatively fast kinetics of P700"
reduction, the EPR signal decay was recorded with the
resolution time ~1 ms. In this case, the signal-to-noise ratio
was improved by averaging several kinetic curves (up to
70-90 light—dark cycles separated by 1 min dark intervals).
In order to bring the experimental conditions to a standard
level, we used either of the following two protocols.
According to the first protocol, an aerated aliquot from the
cell suspension was placed in an EPR cell and then
adapted to the dark for 10 min before switching-on the
light (so-called “dark-adapted” cells). According to the
second protocol, each sample was preliminarily illuminated
for 1 min with white light and then adapted to the dark for
a certain interval of time. Concentration of P700 in cell
suspensions used for EPR measurements was ~5-10 uM.

2.4. EPR oximetry

As a probe for oxygen evolution/uptake by cyanobac-
teria, we used a spin label 2,2,5,5-tetramethyl-3-carboxy-
pyrroline-1-oxyl (TCPO). By measuring the EPR spectra of
the oxygen-sensitive spin label TCPO dissolved in cell
suspension, we were able to monitor the uptake or evolution
of oxygen under virtually the similar experimental con-
ditions as those used to monitor the light-induced kinetics of
P700 redox transients. The concentration of TCPO in the
cell suspension was 0.1 mM. EPR spectra of TCPO were
measured at microwave power 10 mW and modulation
amplitude 0.05 G.

2.5. Reagents

All reagents used for preparing cell cultivation media and
buffer solutions were purchased from Sigma. Spin label
TCPO was synthesized as described earlier [29]. Stock
solutions of carbonylcyanide-3-chlorophenyl hydrazone
(CCCP), 3-(3,4-dichloro-phenyl)-1, 1-dimethylurea
(DCMU), and DBMIB from Sigma were prepared in
double-distilled ethanol. The concentrations of ethanol
added to samples never exceeded 1%. This amount of
ethanol did not influence the kinetics of P700 redox
transients or oxygen exchange.

3. Results
3.1. EPR spectra
Fig. 1A demonstrates EPR signals from wild type

Synechocystis sp. PCC 6803 cells. In the dark, cyanobacte-
rial cells showed the EPR signal with the following spectral
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Fig. 1. (A) EPR spectra of wild type Synechocystis sp. PCC 6803 cells in
the dark and during illumination. (B) Dependence of the normalized
amplitude P of the light-induced EPR signal from P700" in isolated PS I
complex and intact cells on the microwave power.

parameters AH,,=16 G and g=2.0045, which could be
attributed to tyrosine radicals in PS II complex [30].
Mlumination of cells with continuous white light induced
the EPR signal that was typical of oxidized centers P700"
[31]. The spectral parameters of this signal (AH,,=8 G,
2=2.0025) were the same as those given by isolated PS I
complex (not shown). Fig. 1B shows that the light-induced
EPR signals in intact cells and in isolated PS I complexes
have virtually the same dependencies of the signal
amplitude on the microwave power, indicating that relaxa-
tion characteristics of these signals are the same. These
observations (the coincidence of spectral and relaxation
characteristics of the EPR signals) are evidence of the
identity of the light-induced EPR signal observed in intact
cells with the EPR signal from P700".

3.2. Kinetics of light-induced oxidation of P700

Fig. 2 shows the typical patterns of the light-induced
changes in the height of the EPR signal from P700" in
suspension of dark-adapted cells Synechocystis sp. PCC
6803 (wild type). Switching continuous light on caused
oxidation of P700. Kinetics of this process strongly
depended on the illumination prehistory (duration of dark
interval before illumination) and conditions of cell incuba-
tion, i.e., either a suspension of cells was placed in a gas-
impermeable quartz cuvette (Fig. 2A) or in a gas-permeable
plastic TFE tube (Fig. 2B).



B.V. Trubitsin et al. / Biochimica et Biophysica Acta 1708 (2005) 238-249

(A) Quartz cuvette I

241

(B) TFE tube

P
(a.u.)| 100
L 100
200 + =
0 0
100 -
\(1) dark adapted
0
$ 4
il BT Loy aay | IR // 1 1 1
0 30 60 120 240 0 30 60 120 240

Illumination time (s)

Fig. 2. Kinetics of the light-induced changes in the amplitude of the EPR signal from P700" in wild type Synechocystis sp. PCC 6803 cells incubated in quartz
cuvette (A) or plastic TFE tube (B). Before switching the light on, cells were adapted to the dark either for 10 min (curves 1, adaptation of cells without pre-
illumination) or for 1 min (curves 2, adaptation of cells after illumination for 4 min). Note different time scales in top and bottom panels. Here and below,

upward and downward arrows indicate switching the light on and off.

For dark-adapted cells placed in a gas-impermeable
quartz cuvette (protocol 1, cells without pre-illumination,
dark adaptation for 10 min inside cuvette), we observed a
multiphase kinetics of the P700 redox transients (Fig. 2A,
curve 1). Immediately after the light had been switched on,
there was a relatively fast initial jump of the EPR signal
(phase a, =15-20% of the total signal) followed by a
certain decay (phase b) and subsequent relatively slow rise
of the EPR signal up to a steady-state level (phases ¢ and d,
see top panel in Fig. 2A, curve 1). After turning off the light,
the EPR signal decayed to the initial level (bottom panels in
Fig. 2). Another pattern of P700 oxidation was observed
after relatively short (1 min) adaptation of illuminated cells
to the dark (Fig. 2A, curve 2). In this case, the light-induced
oxidation of P700 was faster than in dark adapted cells. The
retardation of P700 oxidation after sufficiently long dark
adaptation (7, = 10 min) can be explained by oxygen
deprivation inside a quartz cuvette due to efficient respira-
tion of cells [24]. Indeed, the light-induced oxidation of
P700 in cells incubated inside a gas-permeable TFE tube
(Fig. 2B) was much faster than in cells confined to a quartz
cuvette (Fig. 2A).

For cells incubated under aerobic conditions, the kinetics
of P700 oxidation also depended on the dark adaptation
time (Fig. 2B). It should be noted, however, that the
difference between the time-courses of P700 oxidation in
aerated cyanobacteria (curves 1 and 2 in Fig. 2B) was not as
dramatic as that observed in cells incubated in a quartz
cuvette (curves 1 and 2 in Fig. 2A). Illumination of dark-
adapted cells (¢#,g=10 min) caused non-monotonous redox
transients of P700. After initial relatively fast rise of the
EPR signal from P700°(= 40-60% of the total signal,

depending on cyanobacteria preparation), we observed a
small dip followed by a rapid elevation of the signal to a
steady-state level (Fig. 2B, top panel, curve 1). After
relatively short adaptation (=1 min of darkness after
illumination), we observed the monotonous kinetics of
P700 oxidation (Fig. 2B, top panel, curve 2). The depend-
ence of P700 redox transients on the duration of dark
adaptation before illumination can be associated with
changes in the redox state of electron transport chain and
related regulatory phenomena (so-called “state 1< state 2”
transitions [4,10]).

A substantial difference between the kinetic patterns of
P700 oxidation in cells incubated in a quartz cuvette (Fig.
2A) or placed in a TFE tube (Fig. 2B) is accounted for by
oxygen deprivation inside a quartz cuvette due to terminal
oxidases found in both thylakoid and cytoplasm membranes
of Synechocystis sp. PCC 6803 (see Refs. [16,17] for
review). According to Ref. [24], the efflux of electrons from
the acceptor side of PS I is decelerated under the oxygen
deficit, whereas electron flow from plastoquinol (PQH,) to
P700" (via the cyt bf-complex and cyt c¢) is maintained at a
high level due to over-reduction of the plastoquinone pool.
For this reason, cells incubated in a gas-impermeable quartz
cuvette show a relatively low level of P700" during first few
seconds after switching the light on. With the light-induced
regeneration of oxygen by the water splitting complex, the
efflux of electrons from PS I becomes more efficient,
thereby promoting the rise of the EPR signal from P700"
(Fig. 2A). A correlation between the rate of P700 oxidation
and the light-induced evolution of oxygen was confirmed in
our experiments with the oxygen-sensitive spin label TCPO
(results of these experiments are described below).
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It should be noted that the adaptation effects outlined
above cannot be explained by mere depletion of NADP" or
CO,. Actually, the slowing down of the light-induced
oxidation of P700 was observed after adaptation of cells
to the dark, provided that O, (but not CO,) molecules were
consumed by the respiratory chains. In the meantime, the
illumination of dark-adapted cells for several minutes (when
the concentration of CO, in cell suspension decreased and,
therefore, the ratio NADPH/NADP" increased) did not
cause any significant decrease in the steady-state level of
P700" (Fig. 2). Moreover, the addition of excess amounts of
inorganic carbon (HCOj3) to suspension medium (up to 50
mM) did not affect the light-induced signal from P700"
(data not shown).

3.3. Effects of DCMU and DBMIB

There are several sources of electrons available for P700"
reduction. In addition to PS II, electrons injected into the
intersystem chain of electron transfer can be derived from
dehydrogenases (type I NADPH dehydrogenase (NDH-1)
and succinate dehydrogenase (SDH)) and from the acceptor
side of PS I (via cyclic pathway of electron flow around PS
I). To evaluate the contribution of these pathways to P700"
reduction, we compared the kinetic behavior of P700 in
cells treated with DBMIB and DCMU (Fig. 3). DBMIB is
an inhibitor of the electron flow via cyt bf-complex; in the
presence of DCMU, which inhibits PS II, electrons available
for P700" reduction (via cyt hf-complex, cyt c¢/or plasto-
cyanin) can be derived from dehydrogenases (NDH-1 and
SDH) and/or from cyclic electron pathway around PS 1.

In the presence of sufficient amounts of DBMIB (100
uM), which prevented electron flow from the plastoquinone
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pool to the cyt bf-complex, we observed monotonous
kinetics of P700 oxidation (half-time = 0.2 s), which were
independent of cell incubation conditions, i.e. either in a
quartz cuvette (Fig. 3A) or a plastic TFE tube (Fig. 3B). In
contrast to DBMIB-treated cells, kinetics of P700 oxidation
in DCMU-treated cells was sensitive to the incubation
conditions. Under anaerobic conditions (Fig. 3A), the light-
induced oxidation of P700 in DCMU-treated cells occurred
significantly slower than in DBMIB-treated cells. This
observation clearly demonstrates that during dark adaptation
of cyanobacteria electron equivalents available for P700"
reduction were accumulated in the intersystem electron
transport chain. On the other hand, in DCMU-treated cells
incubated under aerobic conditions (Fig. 3B), kinetics of
P700 oxidation was similar to that observed in DBMIB-
treated cells. This result shows that under aerobic conditions
the plastoquinone pool in dark-adapted cells is maintained
predominantly in the oxidized state. Thus, it is safe to
conclude that under aerobic conditions, the plastoquinone
pool reduced by dehydrogenases becomes re-oxidized by
molecular oxygen through efficiently operating terminal
oxidases.

Note that a steady state level of P700" established during
illumination of DCMU-treated cells was somewhat smaller
than in DBMIB-treated cells (Fig. 3). This difference is
explained by P700" reduction by electrons available from
dehydrogenases and from cyclic electron transport pathways
(via the plastoquinone pool, cyt bf-complex, cyt cg/or
plastocyanin). It is easy to demonstrate that a steady state
influx of electrons to P700" during cell illumination can be
evaluated as J;,=k4(1 —p), where k; is the coefficient of
proportionality determined by the intensity of light quanta
delivered to P700, 4 is the steady state concentration of
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Fig. 3. Effects of inhibitors of electron transfer DCMU (100 pM) and DBMIB (100 uM) on the kinetics of the light-induced oxidation of P700 in wild type
cells. Before EPR measurements, cells were adapted to the dark for 10 min (without pre-illumination) in quartz cuvette (A) or plastic TFE tube (B). Note that
the effects caused by 100 uM DCMU or 100 uM DBMIB were complete, because the patterns of P700 redox transients remained unchanged with a further rise

of the inhibitor concentrations.
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oxidized electron acceptors on the acceptor side of PS I, and
p is the relative number of oxidized centers P700".
Assuming that under aerobic conditions the rates of electron
outflow from the acceptor side of PS I are the same in
DCMU-treated and in control cells (in this case the
corresponding products k14 should be the same), we can
evaluate a relative contribution of dehydrogenases and
cyclic electron transport chain to the overall electron donor
pool available for P700" reduction. According to our data
presented in Fig. 3B, these electron fluxes comprise 20—
30% of the total electron flux from the intersystem electron
transport chain to P700".

3.4. Effect of uncoupler CCCP on P700 redox transients

As shown in our previous work [24], the photosynthetic
electron transport in Synechocystis sp. PCC 6803 was
affected by uncouplers. By analogy with higher plant
chloroplasts [5-8], we suggested that the light-induced
acidification of the thylakoid lumen in cyanobacterium cell
should cause the slowing down of PQH, oxidation by the
cyt bf-complex (effect of photosynthetic control). This
reaction is known to be the rate-liming step in the chain
of electron transfer between two photosystems [1]. The
results of our experiments with the uncoupler CCCP, which
eliminates the transmembrane proton gradient (Ayuy;+) across
the thylakoid membrane, substantiated this suggestion (Fig.
4). When cells were incubated inside a quartz cuvette in the
presence of CCCP (Fig. 4A), the light-induced oxidation of
P700 was markedly slower than in control samples. Under
aerobic conditions (Fig. 4B, cells inside a plastic TFE tube),
the rise of the EPR signal after dark adaptation was also
affected by CCCP. In the presence of CCCP, kinetics of
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E
'% 50 Control
¢ AN
5, +CCCP

T n 1 n 1 L /I/I n 1
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P700 oxidation displayed two phases—the fast one (similar
to untreated cells) and the slower one—elevation of P700"
to the steady state level.

The influence of CCCP on the kinetics of P700 oxidation
can be explained, at least partially, by the release of electron
transport control due to dissipation of Auy. by CCCP, i.e.,
due to acceleration of photosynthetic and respiratory
electron transfer. Similarly to higher plant chloroplasts [5—
8], the acidification of the thylakoid lumen in cyanobacteria
should lead to the slowing down of the rate of PQH,
oxidation by the cyt hf-complex. The rate of this process can
be determined from the kinetics of P700" reduction after
turning the light off [5-7]. Fig. 4C shows that in aerated
sample the post-illumination reduction of P700" obeys the
exponential law with the half-time 7,, =55 ms. In the
presence of CCCP, the reduction of P700" was found to be
almost two times faster (7;, =25 ms), indicating that
dissipation of Auy: by CCCP was accompanied by
acceleration of electron flow to P700". This result clearly
demonstrates that the rate of electron transfer between two
photosystems depends on the membrane energization. In
addition, CCCP may affect the kinetics of P700 oxidation,
because it is an inhibitor of the oxygen-evolving activity of
PS II complex [32]. The loss of PS II activity, which should
cause slowing down of oxygen evolution and electron
donation to the PQ pool, may affect the rates of the electron
flow on the acceptor and donor sides of PS 1.

3.5. Spin label oximetry
The necessity of oxygen for normal functioning of

cyanobacteria was confirmed in experiments with a spin
label TCPO used as an oxygen sensor. Fig. 5A shows the
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Fig. 4. Effects of CCCP (80 uM) on the kinetics of the light-induced changes in the amplitude of the EPR signal from P700" in dark-adapted cells in quartz
cuvette (A) or plastic TFE tube (B). Before EPR measurements, cells were pre-illuminated for 4 min and then adapted to the dark for 10 minutes. (C)
Semilogarithmic plot of the kinetics of P700" reduction in the dark after 1-min illumination of cells incubated in plastic TFE tube.
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Fig. 5. The low-field components of the EPR signals from TCPO in water
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low-field components of the EPR signals from TCPO
dissolved in aerated or deoxygenated water solutions, as
indicated. In deoxygenated water (TCPO solution bubbled
with Ar for 20 min), the spectral line had a well resolved
superhyperfine structure (multiplet) arising due to interac-
tion of the unpaired electron with the protons of the TCPO
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molecule. In aerated water solution, the multiplet was
unresolved. The disappearance of the well resolved super-
hyperfine structure is explained by line broadening due to
TCPO collisions with paramagnetic O, molecules. Follow-
ing the previous works [33-35], we took the spectral
parameter o=h/h, (see definitions in Fig. 5A), which
could be used as a measure for monitoring the oxygen
consumption in water solutions of TCPO.

Fig. 5B demonstrates that after incubation of cyanobac-
teria in the dark in a quartz cuvette for 10 min, the EPR
signal of TCPO acquired a well resolved superhyperfine
structure, indicating a depletion of oxygen in a cell
suspension. The illumination of cells caused a smoothing
of the multiplet structure due to the light-induced recovery
of oxygen. After sufficiently high oxygenation of cell
suspension, when collisions of spin labels with O,
molecules became more frequent, the multiplet transformed
into a single line without the superhyperfine structure (Fig.
5B, illumination for 1 min). According to our calibration
curve (parameter o vs. [O,], data not shown), in aerated
suspension ([O,]>150—240 pM) parameter ¢ cannot any-
more be used as a measure of oxygen concentration. In this
case, however, a spectral line can be characterized by the
peak-to-peak linewidth AH,, (Fig. 5B), which increases
with the rise of oxygen concentration (compare spectral
lines corresponding to 1 and 4 min of cell illumination).

3.6. Kinetics of oxygen exchange

Fig. 6 compares the typical patterns of the time-courses
of oxygen-sensitive parameters o (top boxes) and AH,,
(bottom boxes) for spin probe TCPO in suspensions of wild
type (WT) and oxidase-deficient (Ox ™) mutant of Synecho-
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Fig. 6. Effects of CCCP (80 pM) on the kinetics of the light-induced changes in spectral parameters « and AH | of the low-field components of the EPR signals
from TCPO in wild type (WT) and oxidase deficient (Ox ™) mutant of Synechocystis sp. PCC 6803. Before the EPR measurements, each sample was aerated by
stirring and then placed in quartz cuvette. Upward and downward arrows indicate switching the light on and off.
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Fig. 7. Effect of KCN on the time-courses of the spectral parameter o of the
low-field components of the EPR signals from TCPO in glycerol-treated
wild type (WT) cells and in PS II deficient (PS II ) mutant of Synechocystis
sp. PCC 6803. Before the EPR measurements, each sample was aerated by
stirring and then placed in quartz cuvette.

cystis sp. PCC 6803. In these experiments, aerated samples
were placed into a gas-impermeable quartz cuvette and then
EPR spectra of TCPO were recorded step-by-step. For WT
cells, we observed a relatively fast increase in the spectral
parameter o up to the steady-state level of = 0.12 (Fig. 6,
left top box), which reflected the oxygen consumption by
cells in the dark (up to [O,] <20-25 uM). In the presence of
CCCEP, the rate of oxygen uptake in the dark accelerated by a
factor of 2-3, demonstrating that electron transport through
respiratory chain from dehydrogenases to molecular oxygen
was controlled by the proton electrochemical potential.
After the light had been switched on, parameter o rapidly
decreased due to the light-induced regeneration of oxygen
by PS II. The decrease in o was observed in parallel with the
light-induced rise of the linewidth AH,, (Fig. 6, left bottom
box). According to our calibration curve (AH,, vs. [O2],
data not shown), a substantial increase in AHp,, observed
after sufficiently long illumination of cells demonstrates that
the concentration of oxygen inside quartz cuvette goes
above 400 pM. In the presence of CCCP, the rate of the
light-induced evolution of oxygen declined. This could be
explained, at least partly, by a certain suppression of water-
splitting processes by CCCP, which is known as an ADRY-
agent impairing the PS II activity [32]. In case of the Ox™
mutant, the rate of respiration in darkness (Fig. 6, right top
box) was negligible as compared to the WT cells. Although
illumination of Ox™ cells caused evolution of oxygen, the
rate of this process (Fig. 6, right bottom box) was markedly
slower than in the WT cells. It is noteworthy that CCCP
completely suppressed the light-induced production of

oxygen by mutant cells. One of explanations of this result
is that in the Ox™ mutant the PSII complex is less resistant
to the action of CCCP than in WT cells.

Fig. 7 compares the kinetic behavior of the oxygen-
sensitive parameter o measured in suspensions of WT and
PS Il-deficient (PS II") mutant cells placed in quartz
cuvettes. In both cases, we observed relatively fast
consumption of oxygen in the dark (Fig. 7A). However, in
contrast to WT cells, PS II” mutant cells were unable to
evolve oxygen during illumination. The addition of DCMU,
an inhibitor of PS II, also suppressed the light-induced
evolution of oxygen by WT cells (data not shown). In the
presence of 20 mM KCN, which should completely inhibit
cyanide-sensitive terminal oxidases, the rates of oxygen
consumption by both WT and PS II"™ cells (Fig. 7B) were
slowed down by a factor of 6. Remaining respiration could
be assigned to KCN—resistant oxidases and/or to so-called
chlororespiration process [36].

3.7. Correlation between the light-induced evolution of
oxygen and P700 oxidation

For convincing demonstration of a close relationship
between the oxygen evolution and kinetics of P700 redox
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Fig. 8. Effects of dark adaptation on the light-induced oxidation of P700 in
glycerol-treated wild type cells incubated in quartz cuvette (A) or plastic TFE
tube (B, C). Before switching the light on, cells were pre-illuminated for 4
min and then adapted to the dark either for ,4=0.5, 1 or 10 min, as indicated.
(C) Dependence of the slow phase b parameters 7 and f=b/(a+b) on the
dark adaptation time ,4.
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transients, we consider below these processes in glycerol-
treated cells. Glycerol-treated cells are characterized by
much lower rates of oxygen evolution and P700 oxidation
as compared to untreated cells. This circumstance allows
comparing the kinetics of P700 redox transients and oxygen
exchange measured under similar experimental conditions
by the EPR method. Fig. 8 demonstrates the typical patterns
of P700 redox transients in the samples that were stored
frozen (at 77 K in the presence of 20% glycerol used as a
cryoprotector) before EPR measurements. Nevertheless, the
influence of pre-illumination history on the kinetic behavior
of P700 in glycerol-treated cells (Fig. 8) was similar, in
general, to that observed in untreated samples (Fig. 2). For
cells placed in a gas-impermeable quartz cuvette (Fig. 8A),
the time-course of P700 oxidation slowed down substan-
tially with increasing dark adaptation time. Under aerobic
conditions (Fig. 8B), the ratio between the amplitudes of
fast (a) and slow (b) phases of P700 oxidation was virtually
independent of dark adaptation, whereas the half-time 74 of
the slow phase (see Fig. 8B for definition) increased with
the adaptation time (Fig. 8C). Characteristic times of
approaching the steady state level of P700" in glycerol-
treated cells (Fig. 8A) were significantly longer than in
“intact” samples (Fig. 2A). It should be noted that this effect
was caused by the addition of glycerol rather than due to the
freezing/thawing procedure (data not shown). The effect of
glycerol could be explained, for instance, by its influence on
the structural organization of the light-harvesting antenna
[37] and electron transport protein complexes.
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Fig. 9. Time-courses of the spectral parameter o of the low-field
components of the EPR signals from TCPO in glycerol-treated wild type
cells placed either in quartz cuvette or plastic TFE tube, as indicated. The
insert box shows a correlation between the kinetics of the light-induced
oxidation of P700 (parameter P) and oxygen evolution (parameter o).

Fig. 9 compares the time-courses of the oxygen-sensitive
parameter o and P700 redox transients in glycerol-treated
cells. For cells placed in a plastic TFE tube, the concen-
tration of oxygen remained constant (within experimental
error) both in the dark and during illumination, demonstrat-
ing a fairly good air-conditioning of the cell suspension
through thin wall of plastic tube. In case of an oxygen-
impermeable quartz cuvette, we observed the consumption
of oxygen in the dark and its transient recovery during
illumination (Fig. 9). A characteristic delay in the kinetics of
P700 oxidation in response to switching-on the light after a
dark pause correlates with an explicit lag-phase in the
kinetics of the oxygen evolution (see inset in Fig. 9). Such a
correlation between the light-induced evolution of oxygen
and oxidation of P700 clearly demonstrates that photo-
synthetic electron transport is controlled by oxygen con-
centration in cell suspension. Note that the oxygen
concentration in the WT sample first increased with
illumination and then decreased. We think that this effect
might be caused by photoinhibition of PS II (after 10-min
illumination with white light).

4. Discussion

In this work, by using the EPR spectroscopy technique
we investigated the light-induced redox transients of P700
and oxygen exchange processes under similar experimental
conditions in intact cells of the cyanobacterium Synecho-
cystis sp. PCC 6803. The rates of electron transfer through
photosynthetic and respiratory electron transport chains
depend on energization of the thylakoid membrane and
oxygenation of cell suspension. The kinetic behavior of the
EPR signal from oxidized centers P700" depends on the
time of dark adaptation prior to illumination and conditions
of cell incubation (gas permeable tube or quartz cuvette).
The multiphase kinetics of P700 photo-oxidation in dark-
adapted cells reflects the light-induced changes in the rates
of electron transport on the donor and acceptor sides of PS I
and may be conditioned by the following mechanisms:

(1) Acceleration of electron efflux from PS I due to
regeneration of oxygen in de-aerated cell suspension,
which promotes pseudocyclic electron flow, and/or
activation of the Calvin cycle reactions;

(i1) Redistribution of electron fluxes between different
pathways of electron transport, which may include
switching between photosynthetic (noncyclic and
cyclic) and respiratory electron transport chains;

(iii) Slowing down of electron donation from PQH, to
P700" (via cyt bf-complex and plastocyanin) caused
by acidification of the intrathylakoid lumen.

Oxygenation of cell suspension was shown to be an
essential factor of electron transport control in Synechocystis
sp. PCC 6803. Significant influence of oxygen on the light-
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induced redox transients of P700 (Figs. 2 and 3) can be
explained by several reasons. First, relatively low level of
P700" observed during illumination of de-aerated cells
(<10-20% of normal oxygen concentration) may indicate
that the efflux of electrons from PS I is the rate-limiting step
in the linear electron transport chain. According to Ref. [24],
the addition of an artificial electron acceptor for PS I, methyl
viologen, stimulates the rate of P700 photo-oxidation in de-
aerated cells. Second, in line with the data obtained in
[38,39], we suggest that at low concentrations of oxygen,
when pseudocyclic “water—water” electron flow (H,O—PS
II—PS I-0,—H,0) [40,41] is diminished, electrons from
PS I are re-directed, at least partly, to cyclic pathway around
PS I. Therefore, in de-aerated cells concentration of P700" is
maintained at a rather low level. Thus, under conditions of
oxygen deficiency, cyanobacteria might retain their photo-
synthetic activity due to cyclic electron transport. Note that
cyclic pathways may include the ‘long’ and ‘short’ routes.
The ‘long pathway’ involves the NDH-1 complex: PS
[—Fd—NADPH—NDH-1—PQH,—cyt bf-complex—cyt
cs/Pc—P700" [42-45]. The ‘short pathway’ does not
depend on NDH-1 activity: PS I—Fd—PQH,—cyt bf-
complex—cyt c¢s/Pc—P700" [11,12]. In higher plant
chloroplasts, the ‘short pathway’ is mediated by the PGRS5
(proton gradient regulating) protein [46,47]. Under the
oxygen deficiency conditions, cyclic electron transport can
sustain the ATP synthesis, providing thereby the normal
functioning of the Calvin cycle [10] and ATP-dependent
carbon concentrating mechanisms [13].

Effects of oxygen depletion on the kinetics of P700 redox
transients (Figs. 2 and 3) can also be explained by oxygen-
dependent redistribution of electron fluxes between photo-
synthetic and respiratory chains. In cyanobacteria, these
chains share common electron carriers, including the
plastoquinone pool and the cyt bf-complex. In aerated
suspension of cells, the terminal oxidases compete with
P700" for electrons from plastoquinol (PQH,—cyt bd—0,)
and cyt c¢ (cyt cg—cyt aaz;—0,), thus decreasing the
electron flux to P700° (PQH,—cyt bf—plastocyanin/cyt
c6—P700"). When oxygen concentration goes down, the
pool of electron carriers between two photosystems
becomes over-reduced, leading to a decrease in the level
of P700".

Oxygenation of cells facilitates the efflux of electrons
from PS 1, promoting the elevation of P700" level during
illumination. This is because oxygen acts as the electron
acceptor, which prevents the over-reduction of electron
carriers on the acceptor side of PS I [41]. We demonstrated a
correlation between the light-induced evolution of oxygen
by PS II and photo-oxidation of P700 (Fig. 9). Under
aerobic conditions, when the acceptor side of PS I imposes
no limitation on the efflux of electrons from PS I, we
evaluated the relative contribution of PS II to the electron
flux to P700" as 70-80%, whereas remaining 20-30% of
electrons available for P700" came from the dehydrogenases
of the respiratory chains and cyclic electron transport.

According to Refs. [16,17,48], the electron transfer capaci-
ties of oxidases in cyanobacteria are about 10% relative to
photosynthetic electron transfer.

Another factor of the light-induced regulation of electron
transport in cyanobacteria is the feedback control of electron
flow governed by the intrathylakoid pH (pHj,). In chlor-
oplasts, the rate-limiting step in the chain of electron transfer
between two photosystems is the oxidation of PQH, by cyt
bf-complex, which is controlled by pH;, [5-8]. Photo-
synthetic and respiratory electron transport chains in
cyanobacteria share common electron carriers, including
the plastoquinone pool and the cyt bf-complex. Similarly to
higher plant chloroplasts [5-8], acidification of the intra-
thylakoid lumen in cyanobacteria can also cause the slowing
down of PQH, oxidation by cyt bf-complex. Indeed, the
protonophore uncoupler CCCP, which dissipates the trans-
membrane proton gradient, accelerates both the rate of
electron flow to P700" and the rate of respiration (Fig. 4).
Earlier [24], comparing the influence of nigericin and
valinomycin on the kinetics of P700 redox transients, we
came to the conclusion that generation of the transmem-
brane pH difference, which is associated with accumulation
of protons in the intrathylakoid lumen, rather than gen-
eration of the transmembrane electric potential difference
(Ay) was a dominant factor of slowing down the photo-
synthetic electron transport in Synechocystis sp. PCC 6803.
Comparative study of the effects of nigericin and valino-
mycin on the respiration rate, carried out using the oxygen
sensitive spin label TCPO (data not shown), demonstrated
that respiration was controlled predominantly by the
concentration component of Apy:.. Other possible mecha-
nisms of the light-induced stimulation of electron transport
in cyanobacteria may include: (i) Apy--dependent and/or
ATP-dependent activation of CO, concentrating systems
[13], (i) Ap-dependent activation of ATP synthase [49],
and (iii) thioredoxin-mediated activation of the Calvin cycle
enzymes [9].

5. Conclusions

By using EPR spectroscopy to investigate electron
transport through the PS I reaction center and oxygen
exchange processes, we demonstrated that photosynthetic
electron transport in Synechocystis sp. PCC 6803 was
regulated both on the donor and on the acceptor sides of PS
I. We conclude that photosynthetic electron transport
through PS I is controlled by two main mechanisms: (i)
oxygen-dependent acceleration of electron efflux from PS I,
and (ii) modulation of the rate of electron transfer to PS 1.
Photosynthetic electron transport strongly depends on the
presence of oxygen in cell suspension; in de-aerated cells
the efflux of electrons from PS I becomes the rate-limiting
step. We assume, however, that de-acrated cyanobacteria
could retain high photosynthetic activity by directing
electrons from PS I to the cyclic electron transport chains.
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Electron fluxes from dehydrogenases and from cyclic
electron transport pathway constitute 20-30% of the total
electron flux from the intersystem electron transport chain to
P700". The light-induced energization of thylakoid mem-
branes leads to stimulation of electron efflux from PS I
(likely due to activation of the Calvin cycle enzymes) and
causes the slowing down of the electron transport between
two photosystems. Further research will be focused on the
quantitative determination of the proton gradient across the
thylakoid membrane with pH-sensitive spin probes [35,50]
in cyanobacteria functioning under different metabolic
conditions.
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