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Abstract—The rate of PSI mediated cyclic electron transport was studied in wild type and mutant cells of Synechocystis sp.
PCC 6803 deficient in NDH-1 (M55) or succinate dehydrogenase (SDH™) that are responsible for the dark reduction of the
plastoquinone pool. Kinetics of P700 photooxidation and P700* dark reduction in the presence of 510> M 3-(3,4-
dichlorophenyl)-1,1-dimethylurea have been registered as light induced absorbance changes at 810 nm resulting from illu-
mination of cells with 730-nm actinic light for 1 sec. It is shown that in the absence of dehydrogenases the rate of dark reduc-
tion of P700" in both mutants did not decrease but even increased in NDH-1-less mutant cells as compared with the rate in
wild type cells. Dibromothymoquinone drastically reduced the rate of P700" dark reduction both in wild type and in mutant
cells. Thus, the cyclic electron transfer from ferredoxin through the plastoquinone pool to P700", which is independent from
dehydrogenases, takes place in all the types of cells. Preillumination of cells of wild type and both mutants for 30 min or
anaerobic conditions resulted in delay of P700 photooxidation and acceleration of P700* dark reduction, while the level of
photosynthesis and respiration terminal acceptors (NAD(P)* and oxygen) decreased. It appears that the rate of P700 pho-
tooxidation and P700* dark reduction in cyclic electron transport in Synechocystis wild type and mutant cells is determined
by the level of NADP™ and oxygen in stroma. A possible approach to evaluation of the levels of these acceptors in vivo is pro-

posed, based on kinetic curve parameters of P700 photoconversions induced by 730-nm light with 1-sec duration.
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Thylakoid membranes of Synechocystis sp. PCC
6803 (hereafter Synechocystis) include the photosynthetic
electron transport chain complexes (photosystem 1 and
photosystem 2) and respiratory chain components, such
as dehydrogenases NDH-1 (primarily NADPH-depend-

Abbreviations: Cyd, Ctal, and Ctall are terminal oxidases;
DBMIB, dibromothymoquinone; DCMU, 3-(3,4-dichloro-
phenyl)-1,1-dimethylurea; Fd, ferredoxin; FNR, ferred-
oxin:NADP-oxidoreductase; FQR, ferredoxin:plastoquinone-
oxidoreductase; F,, variable part of fluorescence; NDH-1 and
NDH-2 are dehydrogenases; P700 (P700%), primary electron
donor of PSI in reduced (oxidized) state; PQ, plastoquinone;
PSI (PSII), photosystem 1 (2); SDH, succinate dehydroge-
nase.

* To whom correspondence should be addressed.

ent) and NDH-2 (NADH-dependent), succinate dehy-
drogenase (SDH), and terminal oxidases (Cyd, Ctal,
Ctall) [1-5]. The respiratory and photosynthetic electron
transport chains have common electron carriers—
cytochrome b¢/f complex and the plastoquinone (PQ)
pool [2, 3]. Cytoplasmic membranes form the inner
boundary of the periplasmic space and contain complex-
es typical for the respiratory electron transport chain,
such as NDH-2 dehydrogenase, succinate dehydroge-
nase, and terminal oxidase (presumably plastoquinol oxi-
dase Cyd) [2, 4, 5]. The PQ pool in thylakoid membrane
can be reduced either by PSII, or by respiratory dehydro-
genases, and plastoquinol oxidation may be carried out
not only by PSI, but also by cytochrome- and quinol-
dependent oxidases. There are soluble proteins capable of
redox transformations in the cytoplasmic space, common

427



428

to the two types of membranes: ferredoxin and flavopro-
teins, pool of cofactors (pyridine nucleotides) common to
respiration and photosynthesis, as well as a pool of respi-
ratory substrates such as glucose and succinate.

Dark reduction of P700" after illumination of
cyanobacterial cells with far-red light or with white light
in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethyl-
urea (DCMU) is carried out by cyclic electron transport
through photosystem 1 (PSI) [6, 7]. At least two different
pathways of cyclic electron transport through PSI are
known: Fd-dependent and NDH-1-dependent. In the
Fd-dependent pathway, electrons from Fd are transported
to the donor part of PSI by a partially characterized com-
plex that supposedly includes FQR and perhaps FNR [8-
10]. In addition, electrons can be transferred from
NADPH, formed in the light, to the PQ pool via respira-
tory complex NDH-1 [11, 12]. The thylakoid NDH-1
dehydrogenase of cyanobacteria can use NADPH formed
either in noncyclic photosynthetic electron transport or
from glucose in the oxidative pentose phosphate pathway
to reduce the PQ pool [11, 13, 14]. In addition,
Synechocystis contains succinate:quinone-oxidoreductase
(SDH), which can also reduce the PQ pool [4], introduc-
ing additional electrons into the cyclic flow through PSI.

Decrease in PSI electron acceptor levels (NADP™
and oxygen) in chloroplasts of higher plants increases the
fluorescence yield after turning off the light [15] and low-
ers the level of P700", which indicates the dependence of
cyclic electron transport through the PSI on redox state
of electron acceptor pools of PSI in the stroma [16-18].
The main pathway of PQ pool reduction by stromal
reductants during cyclic electron transport through the
PSI in Symechocystis cells remains unclear: whether
NAD(P)H, located in the cell stroma reduces the PQ
pool directly via the respiratory dehydrogenase, or the
absence of these enzymes changes the level of reduced
pyridine nucleotides in the cell stroma, which may indi-
rectly (via the Fd-dependent pathway of electron trans-
port) influence the speed of P700 redox transformations.
To address this issue, we investigated the changes in the
rates of P700 photooxidation and P700" dark reduction in
cyclic electron transport in cells of mutant Synechocystis
lacking NDH-1 dehydrogenase or succinate dehydroge-
nase (M55 or SDH™, respectively). We show in the pres-
ent study that the rate of P700 photooxidation and P700*
dark reduction in cyclic electron transport in wild type
and mutant cells of Synechocystis are determined not by
the direct action of dehydrogenases, but indirectly by the
level of NADP" and oxygen — the final PSI electron
acceptors in stroma.

MATERIALS AND METHODS

Cells of wild-type cyanobacterium Synechocystis sp.
PCC 6803 and mutants M55 (lacking NdhB-subunit of
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NDH-1 dehydrogenase) [19] and SDH™ (lacking succinate
dehydrogenase) [4] were grown photoautotrophically for
4-5 days at 30°C under constant illumination with
50 uE-m~*sec! daylight lamp and with continuous stirring
in liquid mineral medium BG-11 [20]. Cells were collect-
ed by soft filtration on filters (Nalgene; pore size 0.45 um,
volume 150 ml) with a hand vacuum pump (Nalgene) and
diluted with fresh medium to the desired density of the sus-
pension. Chlorophyll concentration was determined in
80% acetone extracts according to the method described in
[21]. The collected cells were kept for 30 min under light
from an incandescent lamp (25 uE'‘m~*sec™') or 2-2.5hin
darkness, while the oxygen content in the polarographic
cell during respiration in darkness decreased by 95% after
the first hour. Since NADPH level increases after the incu-
bation of photosynthetic cells in the light [17, 22] and
decreases after incubation in the dark [11], we assumed
that under these conditions the cells will vary in
NADP*/NADPH ratio in the stroma.

Fluorescence induction of PSII from Synechocystis
cells and photo-induced P700 absorption changes at
810 nm (compared to 870 nm) were measured at 27°C
with a PAM101 pulse fluorimeter [23]. We used an ED-
P700DW dual-wavelength accessory (Walz, Germany) to
the PAM101 to measure the changes in P700 absorption
[24]. A controlled high power LED-lamp (Walz) was used
as the light source (730 nm) of varying intensity (from
1300 to 8550 uE-m~*sec™'). Additional illumination for
1.5 min with 680-nm light (1300 uE-m~*sec™') was car-
ried out with a halogen lamp (KL 1500) with interference
filter BPF 680 (Fotooptik, Russia) and thermal filter
(Balzers, Liechtenstein). The intensity of the actinic light
(730 nm) and the additional light (680 nm) was measured
using an Optical Power Meter System (Thorlabs,
Germany). All measurements of P700 redox transforma-
tions were performed in the presence of 5-10° M DCMU
and chlorophyll concentration of 5-7 ug/ml in a 1-cm
pathlength cuvette. We added to the cell suspension glu-
cose (10 mM), glucose oxidase (24 units/ml), and catalase
(400 units/ml) to create anaerobiosis in the cuvette. Then
the cuvette was thermostatted (in darkness in the presence
of 510> M DCMU) at 27°C for 10 min with a US-T
accessory (Walz). Anaerobiosis was established after 5-
7 min and was maintained in the cuvette for 40 min under
illumination with actinic light, which was tested with a
Clark electrode (Oxygraph, Hansatech, Germany).
Concentrations of inhibitors (dibromothymoquinone
(DBMIB) and KCN) are shown in the figures legends.

RESULTS
It was previously shown using the voltammetric
method with a special Q-electrode that Synechocystis
mutants lacking NDH-1 dehydrogenase (M55) or succi-
nate dehydrogenase (SDH™) have a PQ pool that is oxi-
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Fig. 1. Fluorescence induction of wild-type (/) and mutant M55 (2) and SDH™ (3) cells of Synechocystis preilluminated for 30 min
(25 nE-m~%sec™") (a) or kept in darkness for 2 h (b) in the presence of 510> M DCMU (620-nm actinic light (30 uE-m~2sec™"); up and down
arrows, turning on and off the actinic light). The insets show the variable part of fluorescence (F,); chlorophyll content in the samples was

5 pg/ml.

dized compared with that of wild-type cells [25]. We esti-
mated the PQ pool redox state of Synechocystis mutants
by the ratio of the area above the fluorescence induction
curve with DBMIB and ascorbate (Spgyip) to the area
above the fluorescence induction curve with DCMU
(Spemu) [26]. It should be noted that wild type and
mutants cells kept for 30 min under white light
(25 pE'm~2sec™!) in the presence of DCMU are charac-
terized by approximately the same variable fluorescence
kinetics (Fig. 1a), whereas cells kept in the darkness even
in the presence of DCMU differ in the variable fluores-
cence kinetics (Fig. 1b). Judging by the same variable flu-
orescence (F,) in the presence of DCMU (Fig. 1a, inset),
PSII content in the cells of wild type and mutants is not
altered. Lower value of the fluorescence variable after 2 h
dark incubation in wild-type cells and, especially, M55
mutant cells, in comparison with fluorescence induction
in cells kept in the light (inset in Figs. la and 1b) may be
caused by transformation of the cyanobacterial cells into
state 2 characterized by low PSII activity [27]. Therefore,
for comparison of PQ pool redox states in wild type cells
and the two mutants, area ratios were measured in
Synechocystis cultures kept in the light for 30 min,
because under these conditions the areas above the fluo-
rescence induction curve with DCMU (Spcyy) were the
same for all cell variants. Area ratio is approximately the
same for wild-type and SDH™ mutant, while mutant M55
ratio is much lower compared to the wild-type (Fig. 2).
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Fig. 2. Ratio of area above the fluorescence induction curve in the
presence of 60 uM DBMIB (Spgyp) to the area above the fluo-
rescence induction curve in the presence of 5-10~° M DCMU and
60 uM DBMIB (Spemy), calculated for Symechocystis cells of
wild-type (/) and mutants M55 (2) and SDH™ (3), illuminated for
30 min with white light (25 pE-m~%sec™); ratios represent aver-
ages of five independent experiments.
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Fig. 3. Kinetics of photoinduced changes in absorption at 810 nm in Synechocystis cells of wild-type (/) and mutants M55 (2) and SDH™ (3)
in the presence of 5:10~° M DCMU, as well as of the wild type in the presence of 510> M DCMU and 60 pM DBMIB (4), kept in the light
for 30 min (a) or in the dark for 2 h (b) (730-nm actinic light, 4200 pE-m~2sec™! for 1 sec, the chlorophyll content in the sample was 5 pg/ml).

These data are hardly explained by more reduced PQ
pool, since the PQ pool in the M55 mutant is more oxi-
dized than in wild-type [25]. Since DBMIB is an oxidized
analog of plastoquinones and affects only plastoquinol
oxidase- but not plastoquinone reductase activity of the
Q-cycle in low concentrations [28, 29], it is more likely
that the lower areas ratio for M55 mutant compared to
SDH™ and wild-type is associated with an accelerated
electron transfer from stroma to the PQ pool in the pres-
ence of DBMIB.

To test this hypothesis we studied P700 redox transfor-
mations in Synechocystis cells kept in the light or in dark-
ness, during the cyclic electron transport with 730-nm
actinic light. All measurements of P700 photooxidative
reactions in this and subsequent experiments were per-
formed in the presence of DCMU to eliminate the contri-
bution of PSII to reduction of terminal electron acceptor
NADP" on exposure to the actinic light. The rate of P700"
dark reduction in preilluminated cells of wild type and
mutants (Fig. 3a) was higher than in cells kept in darkness
(Fig. 3b). Mutant M55 was observed to have the highest
rate of P700" dark reduction both after illumination with
white light for 30 min and after 2-h incubation of cells in
darkness (see table), which may indicate a high rate of
cyclic electron transport through the PSI in this mutant.
Judging by the slow kinetics of P700 photooxidation in
M55 cells, we can assume that the intensity of 730-nm
actinic light (4200 pE-m~*sec™) is not sufficient for the
maximum oxidation of P700. To verify this, we measured

the light curves of P700 oxidation in wild-type and mutant
Synechocystis cells. Indeed, P700* content increased with
increasing intensity of 730-nm light significantly slower
for M55 mutant cells than for wild-type cells and SDH™
mutant cells, both after illumination with white light for
30 min and after 2 h of darkness (Fig. 4).

It was shown previously that the final acceptor pool
(NADP*) of the photosynthetic electron transport is
almost completely reduced in M55 mutant due to
changes in cell metabolism, whereas the pyridine
nucleotide phosphate pool is reduced by only 70 and 50%
in wild-type and SDH™ mutant cells, respectively [25].
Thus, both the highest rate of P700* dark reduction and a
somewhat slow oxidation of P700 in M55 cells in cyclic
transport may be caused by the lack of terminal electron
acceptor NADP*, which results in faster transfer of elec-
trons through reduced ferredoxin to plastoquinone
(acceleration of the Fd-dependent cycle). The increase in
the rate of P700" dark reduction, observed in all preillu-
minated cultures as compared to the cells kept in darkness
for 2 h (see table), may also be caused by the lack of
NADP™ and higher levels of NADPH, since this reducing
agent accumulates in the light in cells of photosynthetic
organisms [17, 22]. Some increase in T/, for the cells of
the SDH™ mutant compared with wild-type and M55
mutant cells (see table) may be associated with higher
NADP" levels in stroma of SDH™ mutant cells [25].

The rate of P700" dark reduction increased in all
investigated cases after addition of the respiration

BIOCHEMISTRY (Moscow) Vol. 76 No. 4 2011
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Fig. 4. Photoinduced changes in P700 absorption at 810 nm in Syrnechocystis cells of wild-type (1, square) and mutants lacking NDH-1 (2,
black circle) or succinate dehydrogenase (3, triangle), kept in the light for 30 min (a) or in darkness for 2 h (b) in the presence of 5:107° M
DCMU. The curves are plotted from average values of five independent experiments; chlorophyll content 5-7 pg/ml; 730-nm actinic light,

1-sec duration.

inhibitor KCN and glucose to Synechocystis cells (Fig. 5
and the table). Synechocystis is a photoheterotrophic
organism that can take up glucose and oxidize it in the
pentose phosphate pathway reactions, creating reducing
agent NADPH [14, 30], which supplies electrons to the
PQ pool via dehydrogenase NDH-1 [11, 13, 14].
Synechocystis cells accumulate plastoquinols and NADH
when incubated in the presence of KCN. In addition,
cyanide inhibits ribulose-bisphosphate carboxylase activ-
ity in cells kept in the light [31], which leads to decrease

in NADPH consumption in carbon cycle reactions.
Therefore, P700" reduction rate in the presence of KCN
and glucose in wild-type cells is expected to be the fastest,
and P700" dark reduction must be slower in mutants
lacking dehydrogenase than in the wild type. However,
according to the table and Fig. 5, P700" dark reduction
half-time is approximately the same for all the types of
cells in the used conditions of light treatment, and the
rate of P700" dark reduction is higher in cells that were
preilluminated for 30 min than in cells kept in darkness.

Time of 50% dark reduction of P700* (x, ,2) calculated from the kinetics of photoinduced changes in absorption at
810 nm of Synechocystis cells: wild-type (WT) and mutants M55 or SDH™

Ty/5, MSEC
Treatment
WT M55 SDH~
Light, 30 min 188 + 46 131+ 38 220 +£ 70
Darkness, 2 h
415+ 103 185+ 42 416 = 110
Light, 30 min 101 £21 107 £ 13 136 + 33
+KCN
+glucose
Darkness, 2 h 177 £ 19 152 £ 20 205 £ 31

Note: Cells were kept in the light for 30 min or in darkness for 2 h in the presence of 510> M DCMU or 5:107° M DCMU, 3 mM KCN, and 10 mM
glucose (730-nm actinic light, 4200 pE-m~>sec™!, 1 sec); time values represent the average of five independent experiments.
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Fig. 5. Kinetics of photoinduced changes in absorption at §10 nm
of Synechocystis cells, kept in the light for 30 min: wild type (1),
mutants M55 (2) and SDH™ (3) in the presence of 5:10° M
DCMU, 3 mM KCN, and 10 mM glucose, and mutant M55 in
the presence of 5-10° M DCMU, 3 mM KCN, 10 mM glucose,
and 100 uM DBMIB (4); chlorophyll content 5 pg/ml, 730-nm
actinic light (4200 pE-m~>sec™') and 1-sec duration.
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Apparently, the rate of P700" dark reduction increases
significantly after 30 min of illumination in lack of termi-
nal electron acceptor NADP* and does not significantly
depend on the presence of the dehydrogenases. We should
note that the lowest rate of P700 photooxidation in the
presence of KCN and glucose is observed in M55 mutant
cells (Fig. 5, curve 2), which may also indicate a lack of
oxidized PSI electron acceptors. The rate of P700 pho-
tooxidation increases substantially in the presence of
100 uM DBMIB, and P700" dark reduction is slowed in
cells of the wild type and the two mutants of Synechocystis
treated with DCMU, KCN, and glucose (Fig. 5 repre-
sents the data for mutant M55 (curve 4)). The findings
indicate that cyclic transport through PSI goes through
the Fd and PQ pools in the presence of excess reducing
agent (in the presence of KCN and glucose) with little
dependence on the presence of the dehydrogenases.
Slowing of dark reduction of PSI reaction centers in
mutant M55, lacking dehydrogenase NDH-1, can still be
detected, if cells are additionally illuminated immediate-
ly before the measurement with 680-nm red light with
intensity of 1300 uE-m~2sec™ for 1.5 min in the presence
of DCMU (Fig. 6). Figure 6a shows a significant acceler-
ation of P700 oxidation and slowing of P700* dark reduc-
tion in mutant M55 after additional illumination, but
only after the first flash (730 nm, 4200 puE-m*sec’,
0.5 sec) (curves I and 2). P700 oxidation already slows

0 250 500 750 1000 1250 1500

msecC

Fig. 6. Kinetics of photoinduced changes in absorption at 810 nm in Synechocystis mutant cells M55 (a) and SDH™ (b) kept in the light for
30 min and preilluminated directly before the measurement with 680-nm light, 1300 pE-m~>sec”' for 1.5 min in the presence of 5-10° M
DCMU. The following kinetics are shown: /) before the additional illumination with 680-nm light; 2) immediately after illumination; 3) after
14 sec of darkness; the chlorophyll content was 5 pg/ml; 730-nm actinic light (4200 pE-m~2sec™") and 0.5-sec duration.
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and reduction accelerates after the second and all subse-
quent flashes of light, the interval between which was
14 sec (Fig. 6a, curve 3). Such changes in the kinetics of
P700 photoconversions are observed neither for wild type
nor for SDH™ mutant (Fig. 6b). As M55 mutant is char-
acterized by greater content of reduced terminal acceptor
NADPH in stroma of cells than wild-type and SDH™ cells
[25], it is possible that the excess NADPH in M55 cells
triggers a reverse reaction of Fd reduction (with participa-
tion of FNR) and subsequent Fd-dependent reduction of
the PQ pool during the period of darkness (14 sec) fol-
lowing the first flash. Then, we observe slowing of oxida-
tion and the acceleration of P700* dark reduction already
after the second flash. Thus, the Fd-dependent loop com-
pensates for the absence of NDH-1 dehydrogenase in the
mutant M55 cells, and the flash of 730-nm light for 1 sec
(in the presence of DCMU) is not enough to detect slow-
ing of P700" dark reduction caused by the absence of
NDH-1 dehydrogenase.

In addition to NADP™, oxygen is another final elec-
tron acceptor of PSI [32, 33]. Therefore, cyclic transport
through PSI can be activated by lowering the level of final
acceptors (NADP* and oxygen) in stroma of cells, given
that Synechocystis cells are kept in conditions of
NAD(P)* reduction (incubation of cells in the presence
of KCN and glucose, see above) or reduced oxygen con-
tent (incubation of cells in glucose—glucose oxidase—
catalase system). Figure 7 shows the kinetics of P700
redox reactions in Synechocystis wild-type cells (2 h in
darkness), measured under conditions of changed
donor/acceptor ratio in the stroma of the cells. The slow-
est oxidation of P700 and rapid reduction of P700* were
observed in the glucose—glucose oxidase—catalase system
in the presence of DCMU (Fig. 7, curve I). Under these
conditions part of the glucose is taken up by the cells and
then utilized in the first stage of the oxidative pentose
phosphate pathway forming NADPH, and the rest is oxi-
dized by added enzyme system while consuming the oxy-
gen present in the medium in the sealed cell. This creates
anaerobic conditions and blocks respiration. Faster kinet-
ics of P700 oxidation and slower kinetics of P700* dark
reduction are observed when keeping wild-type cells in
the presence of KCN, glucose, and DCMU (Fig. 7, curve
2). Glucose is also taken up under these conditions with
co-formation of NADPH, and respiration is lacking, but
the transfer of electrons from PSI to oxygen is not
blocked and may even increase at low levels of NADP™.
Therefore, the respiratory inhibitor KCN does not affect
cyclic electron transport through PSI as strongly as the
anaerobic conditions. Even more rapid P700 oxidation
and slower P700" reduction occur in the presence of
DCMU alone with donor/acceptor ratio typical for the
normal state of the cell stroma (Fig. 7, curve 3). The most
rapid oxidation and the slowest dark reduction of PSI
reaction center is observed in the presence of DCMU and
DBMIB, which inhibits the oxidation of the PQ pool,
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Fig. 7. Kinetics of photoinduced changes in absorption at 810 nm
of Synechocystis wild-type cells, kept in darkness for 2 h: /) under
anaerobic conditions (10 mM glucose, 24 units/ml glucose oxi-
dase, and 400 units/ml catalase) plus 5:10° M DCMU; 2) in the
presence of 510 M DCMU, 3 mM KCN, and 10 mM glucose;
3) in the presence of 510 M DCMU; 4) in the presence of
510> M DCMU and 60 uM DBMIB. The inset shows the kinet-
ics of P700 photoconversions in the presence of DCMU and
DBMIB; marked lines limit the area (S,,,,) of theoretically maxi-
mum possible content of P700" under conditions practically
eliminating the cyclic transport (see text). Chlorophyll content
was 5 pg/ml, 730-nm actinic light (4200 uE-m~*sec™!), and 1-sec
duration.

preventing the transfer of electrons from stroma to the
donor part of PSI (Fig. 7, curve 4). Therefore, the less the
content of PSI oxidized electron acceptors in the stroma
is and the greater NADPH content is, the slower is P700
oxidation in the cyclic electron transport under 730-nm
light, and the faster is dark reduction of P700™.

Change in the absorption of plant cells at 810 nm
versus 870 nm is due to the accumulation of oxidized
plastocyanin and P700" on the donor side and reduced Fd
in the acceptor side of PSI [34]. The change in absorption
at 810 nm under conditions of low content of reduced Fd,
for example, after far-red illumination, reflects the state
of the donor side of PSI, which is close to a state of redox
equilibrium between P700 and plastocyanin [34].
Apparently, the donor side of PSI in the presence of
DCMU and DBMIB, when the maximum increase in
absorption at 810 nm is observed, reflecting the maximum
P700" content in the cells, is in a state close to equilibri-
um, i.e. electrons do not come into and are not removed
from the equilibrium system plastocyanin—P700. It is
obvious that high levels of reduced Fd accumulate under
anaerobic conditions or in the presence of KCN and glu-
cose, since under these conditions there is little oxidized
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(S,pove) for Synechocystis wild-type cells to the area limited by the
theoretically maximal possible P700 oxidation line (S,,): 1)
under anaerobic conditions (+DCMU); 2) in the presence of
DCMU, KCN, and glucose; 3) in the presence of DCMU; 4) in
the presence of DCMU and DBMIB; area ratio S,yo./Smax for
cells of M55 and SDH™ mutants in the presence of DCMU. b)
The average time of 50% dark reduction of P700" (ty),) for
Synechocystis cells of wild-type and mutants M55 and SDH™,
measured under the same conditions as the area ratio. The inset
shows the difference of areas above and below the photooxidation
curve of P700 (S,,e — Sunger)s Calculated for the wild-type cells.
Gray background, cells after 30 min of illumination; dark back-
ground, cells after 2 h of darkness. Concentrations of inhibitor,
glucose, and enzymes for anaerobic conditions listed in the legend
to Fig. 7. The diagrams are based on average values of five inde-
pendent experiments.

PSI electron acceptors and, possibly, electron transport is
uncoupled. Therefore, the lower the magnitude of the cell
absorption change at 810 nm is and the greater the frac-
tion of electrons transferred to the donor side of PSI dur-
ing 1 sec of measurement with 730-nm actinic light is, the
more electrons are at the acceptor side on Fd in the
reduced state and the higher is the rate of P700" dark
reduction. In this connection, it can be assumed that the
area above the curve (S,,,,.) iS proportional to the fraction
of electrons received by the donor side of PSI through PQ
and Fd over 1 sec of illumination. The area below the
curve (S ..;) of P700 photooxidation is apparently pro-
portional to the fraction of electrons transported through
plastocyanin, P700, and Fd, including those that have
reduced PQ in cyclic (mainly Fd-dependent) transport
and re-passed through P700, and those that have not
returned to the donor side of PSI as a result of oxygen or
NADP" reduction. Then the difference of these areas will
correspond to electrons reducing NADP™ or oxygen, and
we may estimate the content of available terminal PSI
electron acceptor in the cells by this difference of areas.
The total area above and below the curve of P700 pho-
tooxidation apparently reflects the maximal theoretically
possible number of electrons that pass once through the
donor side of PSI under conditions that prevent cyclic
transport. This total area can be calculated theoretically if
we accept that electron transport is practically nonexist-
ent in the presence of DCMU and DBMIB. To calculate
this area we drew a line at the level of maximum cell
absorbance change at 810 nm in the presence of DCMU
and DBMIB over 1 sec of illumination with 730-nm
actinic light (Fig. 7, inset) and another line, denoting the
most rapid oxidation of P700; then the area, reflecting a
theoretical maximum content of P700", was calculated as
the area of the resulting rectangle (Fig. 7, inset).

Figure 8a shows the areas above the curve of P700
photooxidation in wild-type cells of Synechocystis in con-
ditions of altered donor/acceptor ratio in stroma, as well
as the corresponding areas for the cells of M55 and SDH™
mutants in the presence of DCMU. We should note that
these areas represent the average ratios of the area above
the P700 photooxidation curve to the area under the line,
which limits the theoretical maximum possible oxidation
of P700. Figure 8b shows the average time of 50% dark
reduction of P700" (t,,,) in Synechocystis wild-type cells
under different conditions, which alter the donor/accep-
tor ratio in stroma, as well as the corresponding values for
the cells of M55 and SDH™ mutants in the presence of
DCMU. Figure 8 display a clear correspondence between
the area above the kinetic curve of P700 photooxidation
over 1 sec with 730-nm actinic light and the time of 50%
dark reduction of P700": the larger is the area, the higher
is the rate of P700" reduction. It should be noted that the
area above the curve and the time of the 50% dark reduc-
tion of P700" for the M55 mutant in the presence of
DCMU is close to the corresponding value for the wild
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type in the presence of KCN and glucose (+DCMU).
This fact may indicate approximately the same level of
acceptor NADP™ in the stroma of these cells, since both
M55 mutant [25] and wild type in the presence of KCN
and glucose are characterized by low level of respiration
and CO, fixation. These numbers for the cells of SDH™
mutant and wild type in the presence of DCMU are also
roughly the same, which indicates similar levels of accep-
tor NADP™ in the stroma of these cells.

The data indicate that the kinetics of P700 redox
reactions in Synechocystis cells under 730-nm light in the
presence of DCMU depends on the level of NADP* and
oxygen in the stroma of the cells. The absence of respira-
tory dehydrogenases indirectly affects the rate of cyclic
electron transport through PSI, apparently changing the
donor/acceptor concentration ratio in the stroma, which
regulates the rate of the Fd-dependent cycle.

DISCUSSION

Removal of terminal PSI electron acceptor, oxygen,
from the suspension of cyanobacteria cells (Synechocystis
sp. or Arthrospira platensis) was previously shown to cause
severe slowing of P700 oxidation, decreasing the level of
P700" and accelerating its dark reduction in the presence
of DCMU [32, 35], while increase of NADP* content
during light activation of Calvin cycle reactions, on the
contrary, results in acceleration of P700 photooxidation
and deceleration of P700* dark reduction under anaero-
biosis even in the presence of DCMU [35]. These data
indicate the dependence of cyclic electron transport
through PSI on redox state of PSI electron acceptor pools
in stroma.

The findings also indicate that rate of cyclic electron
transport through PSI depends on the electron acceptor
levels (NADP* and oxygen) in all the variants of
Synechocystis cells when registering the kinetics of P700
photoconversion with 730-nm actinic light (4200 pE-m~>
sec”!) with 1-sec duration. Kinetics of P700 photocon-
versions, measured under these conditions, does not
reflect the lack of respiratory dehydrogenases in the
mutant cells, and the cyclic transport of electrons into the
donor part of PSI is carried out by an Fd-dependent path-
way.

As M55 mutant of Synechocystis was characterized
by the lowest level of NADP* acceptor compared with
wild-type and SDH™[25], it seems that it is precisely this
fact that explains the highest rate of P700* dark reduction
in cyclic electron transport through PSI (Fig. 3 and the
table). The slow rate of P700" reduction in the mutant
devoid of succinate dehydrogenase (SDH™) can be attrib-
uted to high levels of NADP™ and low content of succi-
nate in these cells [25]. Slowing of P700 oxidation in the
light and acceleration of P700* dark reduction can be
caused not only by decrease in the level of terminal PSI
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electron acceptor in the environment (oxygen), but also
by the action of an uncoupler [32]. It is very likely that the
donor/acceptor concentration ratio in stroma alters the
electrochemical potential on the thylakoid membrane by
regulating the rate of cyclic electron flow through the
PSI, which in turn regulates the rate of the Fd-dependent
cycle.

The rate of P700" dark reduction in Synechocystis
cells is significantly slower in M55 mutant as compared
with wild-type after illumination with actinic light
(>710 nm) for 45 sec [11]. We also detected slowing of
P700* dark reduction in M55 mutant after additional illu-
mination of cells with 680-nm light, 1300 uE-m~*sec™!
for 1.5 min in the presence of DCMU (Fig. 6). In this
study, 730-nm actinic light (1 sec) from an LED lamp was
used for registration of the kinetics of P700 photoconver-
sion, the light being absorbed only by the chlorophyll
molecules of PSI, whereas 680-nm light is absorbed both
by chlorophylls and phycobilisomes and should therefore
be more efficient to induce photosynthetic electron trans-
port. Therefore, we can assume that the additional illumi-
nation of M55 mutant cells with 680-nm light in the pres-
ence of DCMU mainly reduced not NADP™, the content
of which is extremely low [25], but oxygen, and electrons
are removed from cyclic transport. This leads to an oxida-
tion of the PQ pool and possibly of the Fd pool, which is
detected by acceleration of P700 photooxidation and
slowing of P700" dark reduction during the kinetics regis-
tration under 730-nm light after additional illumination
(Fig. 6a). Since the reduction of oxygen by PSI, in par-
ticular, by ferredoxin, depends on the content of NADP™
[33], it is likely that not oxygen, but preferably NADP™ is
reduced in the wild type and SDH™ mutant cells contain-
ing more NADP™* acceptor as compared with M55 [25],
and then the electrons from NADPH return to the PQ
pool via Fd-dependent and partially NDH-1-dependent
pathways [8-11] at higher rates than in the cells of the
M55 mutant. This is indicated by the absence of differ-
ences in the kinetics of P700 photoconversions before and
after additional illumination with 680-nm light between
the cells of wild type and SDH™ mutant (Fig. 6b).

The difference of areas (S ,ge — Sunder) above and
below the kinetics curve of P700 photooxidation (Fig. 8a,
inset) may represent the fraction of electrons that are not
returned in the cycle because of DBMIB, due to oxygen
reduction or NADPH consumption in the carbon cycle
reactions. Therefore, the difference of areas has a nega-
tive value in case of DBMIB treatment (+DCMU), in the
presence of DCMU alone, and even in the presence of
DCMU, cyanide, and glucose. Thus, the more electrons
do not return to the cycle, the less is the value of the area
difference, and the slower is the dark reduction. Under
anaerobic conditions (with DCMU) the area difference
has a positive value, since under these conditions elec-
trons do not leave the cycle, but, on the contrary, enter
the cycle, perhaps due to a reverse ferredoxin reduction
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Paths of electron in cyclic transport through the PSI. The dotted
line encircled the reactions that presumably determine the kinet-
ics of P700 redox transformations when measured in the presence
of DCMU during 1-sec actinic illumination with 730-nm light.
Dotted arrows indicate the reactions of plastoquinone reduction
that are impaired in the mutant cells. The sites of action of photo-
synthesis inhibitors (DCMU and DBMIB) and terminal oxidase
inhibitor (KCN) are shown; electron transfer to oxygen (including
that through the PSI and in the process of respiration) is blocked
by anaerobiosis; cyt b¢/f, cytochrome by/f complex. Gray arrows
indicate the competing pathways of oxidation of reduced Fd,
which depend on the NADP* and oxygen content in the cells

reaction with Fd-NADP*-reductase with an excess
reduced terminal acceptor NADPH, and significantly
accelerate all reactions through PSI.

Thus, the data indicate that the kinetics of redox
reactions of P700 in the cells of Synechocystis, measured
during 1 sec of 730-nm actinic light in the presence of
DCMU, mainly reflect the cyclic flow of electrons
through PSI from PQ pool to Fd and back to the PQ pool.
Reduction of the PQ pool in the Fd-dependent cycle
competes with the reactions of NADPH consumption for
electrons from Fd, and the level of reduced Fd depends
on the availability of terminal PSI electron acceptors —
NADP™ and oxygen (see Scheme). Therefore, the kinet-
ics of redox transformations of P700 in cells of
Synechocystis under short-term illumination with 730-nm
light in the presence of DCMU allow us to estimate the
levels of terminal PSI acceptors and the donor/acceptor
ratio in the stroma of the cells, i.e. the physiological state
of wild-type or mutant cell cultures.
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