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Abstract The kinetics of the light-induced redox changes of
the photosystem 1 (PS 1) primary donor P79 in whole cells
of the cyanobacteria Synechocystis sp. PCC 6803 were studied
by the electron paramagnetic resonance method. It was shown
that the linear photosynthetic electron transport in cyanobacte-
ria was controlled by two main mechanisms: (i) oxygen-depen-
dent acceleration of electron transfer from PS 1 to NADP" due
to activation of the Calvin cycle reactions and (ii) retardation of
electron flow between two photosystems governed by a trans-
membrane proton gradient. In addition to the linear photosyn-
thetic electron transport, cyanobacteria were capable of main-
taining alternative pathways involving cyclic electron transfer
around PS 1 and respiratory chains.
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lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Our knowledge of the primary photosynthetic processes has
been mainly obtained from studies of isolated thylakoids or
solubilized membrane complexes. However, the isolation pro-
cedure may impair both physiological function and regula-
tion. For in vivo studies, the functional analysis of unicellular
cyanobacteria is an easier task than that of plants. Cyanobac-
teria contain both oxygenic photosynthetic and respiratory
electron transfer chains incorporated in the same membrane.
The cyanobacterium Synechocystis sp. PCC 6803 is the first
photosynthetic organism with a completely sequenced genome
[1]. The X-ray crystal structures of the photosystem 1 (PS 1)
and PS 2 complexes were recently resolved in closely related
cyanobacterium Synechococcus elongatus [2,3].

The main biophysical techniques applied to in vivo studies
of the photosynthetic electron transfer and related processes
include: optical absorption spectroscopy, kinetic analysis of
the fluorescent yields of chlorophyll and indicator dyes, and
electron paramagnetic resonance (EPR) spectroscopy (see for

*Corresponding author. Fax: (7)-095-9393181.

**Also corresponding author.

E-mail addresses: semenov@genebee.msu.su (A.Y. Semenov),
an_tikhonov@newmail.ru (A.N. Tikhonov).

review [4-8]). The EPR method has the obvious advantages
for non-invasive monitoring the light-induced redox transients
of the PS 1 primary donor Pyy: (i) in contrast to optical
spectroscopy methods, the EPR method allows to avoid pos-
sible artifacts due to side effects of monitoring and actinic
light beams; (ii) high optical density of sample does not limit
the registration of the EPR signal from the photooxidized
centers PJ,; in native systems.

In this work, in order to elucidate the factors of regulation
of electron transport in Synechocystis sp. PCC 6803 cells, we
studied the influence of oxygen and the effects of cofactors
and inhibitors of electron transport on the kinetics of light-
induced redox transients of the PS 1 primary donor Pyq.

2. Materials and methods

Wild-type Synechocystis sp. PCC strain 6803 cells were grown in
BG-11 medium [9]. Liquid cultures (ca. 8 ) were grown at 30°C under
constant cool white fluorescent illumination (100 uE m™2 s™'); air
without supplemented CO, was bubbled through the cultures. Cell
growth was monitored by measuring absorbance at 730 nm using a
Shimadzu UV-1601 spectrophotometer. Cells from liquid cultures in
the late exponential phase of growth (4730 = 1-1.2) were harvested by
centrifugation and washed once with 50 mM HEPES-NaOH buffer,
pH 7.5. Cells were stored at —75°C with 20% (v/v) glycerol at a
chlorophyll concentration of 1 mg ml~'.

The EPR spectra were measured with a Varian E-4 X-band spec-
trometer. Samples were placed either in an oxygen-permeable plastic
tube [10] or standard flat quartz cuvette positioned in the resonator of
the EPR spectrometer. Cells were illuminated with a subsaturating
white light from a 100-W tungsten lamp; infrared light was cut off
with a 5-cm layer of water. Continuous illumination (~1 mE m~2 s~!
on the surface of a sample) was switched off with a mechanical shutter
(actuation time <1 ms). The EPR spectra were recorded at 23°C at
subsaturating microwave power 10 mW and modulation amplitude
4 G.

3. Results and discussion

3.1. Kinetics of light-induced oxidation of Py and the effects
of oxygen deprivation

Fig. 1 demonstrates typical patterns of the light-induced
changes in the height of the EPR signal from oxidized reac-
tion centers PJ in Synechocystis sp. PCC 6803. Suspension of
cyanobacteria cells was placed either in an oxygen-permeable
tube (Fig. 1A) or in an oxygen-impermeable quartz cell (Fig.
1B). Illumination of cells with white light initiated the appear-
ance of the EPR signal characterized by the linewidth
AH,,=8 G and g=2.0025 (Fig. 1C). This signal was typical
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Fig. 1. Light-induced changes in the EPR signal in cyanobacteria. Kinetics of the signal amplitude P changes were measured for cells placed ei-
ther in an oxygen-permeable plastic tube (A) or a quartz cuvette (B). C: EPR spectra recorded in the dark and during the illumination of cells.
D: Extended kinetics of the signal rise in response to switching on the light. E: Extended kinetics of the signal decay after ceasing the illumina-
tion. The concentration of photochemically active reaction centers Py determined from the intensity of the EPR signal was equal to 10 uM.
Incubation medium contained 50 mM HEPES (pH 7.5) and 20% glycerol.

of the EPR signal from Py, [1 1]'. For monitoring the kinetics
of the light-induced changes in the height of this signal, the
magnetic field was fixed at the low-field extreme of the signal.
In order to standardize the state of cells before kinetic mea-
surements, each sample was preliminary illuminated for 1 min
with white light and then adapted to the dark for 10 min.
Similarly to intact chloroplasts of higher plants in situ, the
kinetics of the light-induced oxidation of P79y depended on the
prehistory of illumination, i.e. dark adaptation time [12,13]
and the presence of oxygen in the cell suspension.

For cells placed in a gas-permeable tube (Fig. 1A), we ob-
served two distinct kinetic phases of Py oxidation induced by
continuous illumination (phases a and b). A relatively fast
initial phase a (ca. 60-65% of the total signal), was followed
by a certain lag period (At=10 s) and after that, by a rather
slow (7, =40 s) increase in the signal amplitude (phase b, ca.
35-40%) to a steady-state level (see Fig. 1D for definitions of
the kinetic parameters 7, and A7). The ratio between the am-
plitudes of phases ¢ and b was virtually independent of the
dark adaptation, whereas the kinetic parameter 7, character-
izing the light-induced rise of the signal shortened with the
decrease in the adaptation time. After ceasing the illumina-
tion, the EPR signal decayed to the initial level. The kinetics
of P4, dark reduction (Fig. 1E) were characterized by the fast
(t1/2=0.05 s) and the slow (¢;2=15-25 s) components. The
contribution of the fast component dominated (ca. 83-90%)
over the slow one (ca. 10-17%).

In case of dark-adapted cells in an oxygen-impermeable

I Additional argument in favor of PJ,, as a source of this EPR signal
comes from similarity between the kinetics of the light-induced
changes in the EPR signal and in the absorption changes observed
in a suspension of cyanobacteria cells at 703 nm (not shown).

quartz cuvette, we observed a different pattern of the light-
induced redox transients of P7y (Fig. 1B). The amplitude of
the initial rise of the EPR signal (phase a) was substantially
smaller (ca. 15%) than the amplitude of the second phase b
(ca. 85%). After sufficiently long (>2 min) dark adaptation,
we observed an extended lag phase (A7= 50 s) that preceded
the signal rise to a steady-state level (7, =70 s). Contrary to
cells placed in a gas-permeable tube, the ratio of the ampli-
tudes of phases a and b strongly depended on the dark adap-
tation time. Fig. 1B demonstrates that after a relatively short
dark adaptation (30 s), the amplitude of the fast phase «
significantly increased at the expense of the slower phase b.
The reduction of P, after switching the illumination off fol-
lowed two-exponential kinetics (Fig. 1E). The contribution of
the slow component (7;, =15 s) was negligible (ca. 8%).
There are good reasons to believe that the difference be-
tween the kinetic patterns presented in Fig. 1A,B was caused
by oxygen deprivation inside the quartz cuvette during the
dark adaptation of cells’>. The consumption of oxygen could
occur due to the functioning of terminal oxidases found in
both thylakoid and cytoplasmic membranes of Synechocystis
6803 (see [15,16] for review). The results of experiments pre-
sented in Fig. 2 clearly demonstrated that the limitation of
electron efflux from the acceptor side of PS 1 caused by oxy-

2 This conclusion has been supported by the results of our measure-
ments of oxygen concentration in a suspension of cyanobacteria cells
with the oxygen-sensitive spin probe CTPO (3-carbamoyl-2,2,5,5-tet-
ramethyl-3-pyrroline-1-yloxyl [14]). We found that after 2-4 min of
dark adaptation the oxygen concentration in a cell suspension in a
quartz cuvette decreased by a factor of 3-4, whereas the concentration
of oxygen inside a gas-permeable tube did not decrease (to be pub-
lished elsewhere).
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Fig. 2. Effects of MV, PMS and nitrogen blowing (10 min) on the light-induced changes in the intensity of the EPR signal. A: Cells in an oxy-
gen-permeable plastic tube; B: cells in a quartz cuvette. Cells were incubated in the presence of 100 uM MYV for 40 min before the EPR mea-
surements. Concentration of PMS — 50 uM. Cell concentration and incubation medium were as in Fig. 1.

gen deficit was one of the main reasons for a relatively low
level of oxidized centers P, on the initial stage of illumina-
tion (phase @) of dark-adapted cells in a quartz cuvette. The
subsequent rise of the EPR signal from P5,, (phase b) is likely
to be associated with the light-induced regeneration of oxygen
by the water splitting complex of PS 2. Note that the adap-
tation-dependent effect described above cannot be explained
by the trivial disappearance of NADP* or CO, depletion.
Actually, we observed retardation of the light-induced oxida-
tion of P7y after dark adaptation of cells in a quartz cuvette
(Fig. 1B), when O, (but not CO,) was consumed by the res-
piratory chains. Meanwhile, illumination of dark-adapted
cells for a rather long period (up to 6 min), when CO, mol-
ecules could be consumed (and therefore the NADPH/
NADPT ratio should be increased), did not cause the decrease
in the steady-state level of P4, (Fig. 1B).

The level of the EPR signal, as well as its kinetic character-
istics, can be modulated by replacement of oxygen with gas-
eous nitrogen (Fig. 2A). Similarly to dark-adapted cells in a
quartz cuvette (Fig. 2B), blowing a plastic tube with nitrogen
was found to cause a decrease in the amplitude of phase ¢ and
the appearance of a distinct lag phase followed by the signal
rise (Fig. 2A). After a maximal level had been reached, the
concentration of oxidized centers Py, gradually decreased.
The effect of nitrogen treatment was reversible: further aera-
tion of the sample resulted in recovery of the initial kinetic
pattern (not shown). In contrast to the effect caused by blow-
ing with N, the addition of methyl viologen (MV), an artifi-
cial electron acceptor of PS 1, stimulated the light-induced
oxidation of Pygy. In aerated cells (Fig. 2A) in the presence
of 0.1 mM MYV, the amplitude of the fast phase ¢ markedly
increased at the expense of the slow phase b. In cells adapted
to the dark in a quartz cuvette (Fig. 2B), the addition of MV
also induced a pronounced increase in the phase ¢ amplitude
at the expense of the slower phase b. The remaining slow
phase b of the EPR signal rise could be explained by oxygen
deficiency that prevents reoxidation of MV and/or by insuffi-
cient concentration of MV inside cells due to poor permeabil-

ity of cell membranes to MV. Results of experiments pre-
sented in Fig. 2 support the notion that the oxygen-
dependent efflux of electrons from PS 1 controls the rate of
photosynthetic electron transfer in cyanobacteria.

If the efflux of electrons from PS 1 is restricted, the linear
(non-cyclic) electron flow might switch to a cyclic pathway
around PS 1 (for review see [17,18]). We suggested that in
oxygen-deficient cells cyclic electron transport could sustain
the ATP synthesis, providing thereby the functioning of the
Calvin cycle. Cyclic electron transport can be simulated by the
addition of phenazine methosulfate (PMS), an artificial medi-
ator of cyclic electron transport. In the presence of PMS, the
phase a amplitude decreased, compared to control samples, in
both aerated (Fig. 2A) and oxygen-deficient (Fig. 2B) samples.
In the two cases, the appearance of phase b was reduced by
PMS. Less efficient action of PMS in an aerated suspension of
cells (Fig. 2A), compared to oxygen-deficient cells (Fig. 2B),
can be explained by the competition between PMS and oxy-
gen for electrons on the acceptor side of PS 1. The effect of
PMS was also observed in the presence of 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea (DCMU), an inhibitor of PS 2
(data not shown), demonstrating that PMS mediated a cyclic
electron transport around PS 1.

3.2. Effects of electron transport inhibitors on the light-induced
redox transients of Py

3.2.1. KCN. The effect of KCN on the light-induced re-
dox transients of Py strongly depended on experimental con-
ditions. In aerated samples (Fig. 3A), the addition of KCN
facilitated the oxidation of Pyy. In the presence of KCN, we
observed only the fast phase a. Its amplitude was substantially
higher than the amplitude of the total signal (phase a plus
phase b) in control samples. It is noteworthy that in the
KCN-inhibited cells, the rate of Pj,, decay after switching
off the illumination slowed down dramatically (Fig. 3A,C).
The contribution of the slow component (¢;/,=15 s) gradu-
ally increased with the concentration of KCN. This compo-
nent accounted for about 70% of the signal decay at 8 mM
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Fig. 3. Effects of KCN and DCMU on the light-induced changes in the intensity of the EPR signal. A, C: Cells in an oxygen-permeable plastic
tube; B, D: cells in a quartz cuvette. C and D: Extended decay kinetics of the EPR signal corresponding to (A) and (B), respectively. Concen-
tration of KCN — 8 mM, DCMU - 0.1 mM. Cell concentration and incubation medium were as in Fig. 1.

KCN (Fig. 3C). The fast decay component was completely
suppressed at higher concentrations (data not shown). The
inhibitory effect of KCN can be explained by the influence
of KCN on plastocyanin (Pc) [19] and/or cytochrome c¢g (cyt
¢6) [20], which serve as the immediate electron donors to P,
in cyanobacteria.

If cells were incubated in an oxygen-impermeable quartz
cuvette (Fig. 3B), the addition of KCN promoted the increase
in the amplitude of the fast phase a, whereas the slow phase b
was completely inhibited. Note that the steady-state level of
the signal was lower than in control sample. Similarly to cells
placed in a plastic tube, the addition of KCN dramatically
slowed down the kinetics of P, decay after switching off
illumination (Fig. 3B). The two effects, i.e. stimulation of
P00 oxidation and slowing down the signal decay, can be
attributed to the effect of KCN on the donor side of PS 1.
The elimination of phase » by KCN in dark-adapted cells in a
quartz cuvette (Fig. 3B) indicates the retardation of electron
efflux from PS 1. This effect of KCN can be explained by two
reasons: (i) inhibition of NADP" recovery in the Calvin cycle
[21], and (ii) inhibition of NADPH oxidation by the respira-
tory chain. Actually, under conditions of oxygen deficiency,
NADP™ is the only terminal electron acceptor for PS 1.
Therefore, if the utilization of NADPH is inhibited by
KCN, the low rate of electron efflux from PS 1 should limit
the light-induced oxidation of P7p. Another possible reason
for restriction of electron flow by KCN is the inhibition of
catalase, which provides regeneration of oxygen in a cell sus-
pension to support pseudo-cyclic electron transport [22].

Comparison of the KCN effects in aerated and oxygen-de-
ficient cells leads to the following conclusions: (a) in the pres-
ence of oxygen, inhibition of the Calvin cycle reactions by
KCN does not preclude the efflux of electrons from PS 1;
(b) in oxygen-deficient cell suspension, electron transfer to
the terminal electron acceptor (NADP™) can be the rate-limit-
ing step of the linear electron transport chain.

3.2.2. DCMU. In the presence of DCMU, both in aerated
(Fig. 3A) and in oxygen-depleted cell suspensions (Fig. 3B),
we observed an increase in the steady-state levels of P4, com-
pared to relevant control samples. This effect can be ex-
plained, in general, by decreasing the electron flow to Py,
from PS 2. During the illumination of aerated suspension
(Fig. 3A), the EPR signal rapidly reached the steady-state
level, while the slow phase b was completely inhibited. The
effect of DCMU on the signal amplitude was somewhat lower
than that of KCN. The rate of Py, reduction after switching
the illumination off (Fig. 3C) was substantially slower
(t1/2=2.5-3 s) than in control sample (¢, = 0.05 s), but faster
than in KCN-treated cells (¢, =15 s).

For cells adapted to the dark in a quartz cuvette, in the
presence of DCMU we observed two-phase kinetics of the
light-induced oxidation of Py (Fig. 3B). The amplitude of
phase a was almost the same as in control cells, whereas the
amplitude of phase » was markedly higher. In DCMU-treated
cells we also observed a short but distinct lag period that
preceded the signal rise (phase b). It should be noted that in
oxygen-deficient cells, the rate of P3,, reduction after switch-
ing the illumination off was faster (¢;, =1 s, Fig. 3D) than in
aerated sample (¢1,=~2.5-3 s, Fig. 3C). This result can be
explained by oxygen-controlled redistribution of electron
fluxes between photosynthetic and respiratory chains. In an
aerated suspension of cells, the terminal oxidases compete
with P, for electrons from plastoquinol (PQH,—>cyt
bd— O3) and cyt ¢ (cyt c¢ —cyt aas — O,) pools, thus de-
creasing the contribution of a fast component of PJ,, reduc-
tion (PQH, — bf— Pcleyt cg — Piy).

Taking all of these findings into account, we assume that in
the presence of DCMU cyanobacteria retain the electron flow
to P4, associated with cyclic electron transfer around PS 1, as
well as the functioning of respiratory electron transport chains
donating electrons to the plastoquinone pool, e.g. through the
NAD(P)H-dehydrogenase (NDH-1) complex (NADPH —
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Fig. 4. Effects of valinomycin and nigericin on the light-induced changes in the intensity of the EPR signal. A: Cells in an oxygen-permeable
plastic tube; B: cells in a quartz cuvette. 100 uM valinomycin or 100 uM nigericin in the presence of 30 mM KCI were added as indicated.
The upper trace on Fig. 4A corresponds to the addition of MV (100 uM) in the presence of 100 uM nigericin. Cell concentration and incuba-

tion medium were as in Fig. 1.

NDH-1—PQ— bf—Pclcyt ¢ —PJ)). According to [15,16],
the electron transfer capacities of oxidases were shown to be
about 10% relative to photosynthetic electron transfer.

3.3. Uncouplers

For aerated cells (Fig. 4A), the addition of nigericin or
valinomycin caused a decrease in the steady-state level of
PJ,, at the expense of phase b, whereas the amplitude of the
initial phase a was not affected. It is noteworthy that the effect
of nigericin was more pronounced than that of valinomycin.
This result means that the transmembrane pH difference
(ApH) rather than the transmembrane electric potential differ-
ence (Ay) is a dominant factor that influences photosynthetic
electron transport in cyanobacteria.

We suppose that a relatively slow oxidation of P7yy during
the phase b was caused mainly by acceleration of electron
efflux from PS 1 to NADP' due to the light-induced activa-
tion of the Calvin cycle reactions. This could occur due to:
(1) Aup+-dependent activation of ATP synthase [23], and (ii)
thioredoxin-mediated activation of the Calvin cycle enzymes
[24]. Actually, in the presence of MV the EPR signal of Pj,
rapidly reached a steady-state level, which was higher than
that in the control sample (Fig. 2A). Suppression of phase b
by uncouplers (Fig. 4A) can be explained by inhibition of
ATP synthesis that is necessary for the NADPH recycling in
the Calvin cycle. It is notable that the addition of MV stimu-
lated the oxidation of Py not only in the absence but also in
the presence of nigericin (Fig. 4A).

We also suppose that the feedback control of electron
transport between two photosystems governed by Auy+ can
contribute to a relatively slow oxidation of Py (phase b). The
suppression of phase b by uncouplers (Fig. 4A) could be ex-
plained, at least partially, by the release of the photosynthetic
control. In higher plant chloroplasts, the ApH-dependent de-
crease in the electron flow rate between two photosystems was
revealed as slowing down of PJ,, reduction after sudden
switching the illumination off [4,12,25,26]. In chloroplasts,
we observed that the addition of nigericin decreased the char-

acteristic time of dark reduction of P, by approximately
one-half (data not shown). This result substantiated the sug-
gestion that in cyanobacteria the rate of electron transport
between two photosystems was also controlled by ApH.

The effects of uncouplers under the oxygen-deficiency con-
ditions were more pronounced than in aerated samples (Fig.
4B). The substantial decrease in the steady-state levels of the
signal can be explained by acceleration of oxygen depletion in
a quartz cuvette due to the release of the photosynthetic and
respiratory control.

4. Concluding remarks

The EPR study of the light-induced redox transients of the
P00 has demonstrated that photosynthetic electron transport
in Synechocystis sp. PCC 6803 is controlled both at the donor
and at the acceptor sides of PS 1. The light-induced energiza-
tion of thylakoid membranes leads to stimulation of electron
efflux from PS 1 to NADPH™, which is most probably due to
activation of the Calvin cycle reactions, and causes the retar-
dation of electron transport between two photosystems gov-
erned by Aup+. The efficiency of linear electron transport
strongly depends on the presence of oxygen in cell suspension:
under oxygen-deficient conditions, the efflux of electrons from
PS 1 becomes the rate-limiting step. In line with the data
obtained in [27,28], we conclude that under certain conditions
(oxygen deficiency, inhibition of PS 2), cyanobacteria retain
photosynthetic electron transport associated with cyclic elec-
tron flow around PS 1 and reduction of the plastoquinone
pool by the respiratory electron transport chains.
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