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Redox properties of the acceptor side of Photosystem II were studied during H2 gas production in cells of
Chlamydomonas reinhardtii. Flash-induced variable fluorescence changes and thermoluminescence measure-
mentswere performed inwild type and Stm6mutant cells during different stages of sulfur (S)-deprivation. Anal-
ysis of the fluorescence decay kinetics indicated that the forward electron transfer on the acceptor side of
Photosystem II was dramatically slowed down during the O2 evolution and O2 consumption stages and was
completely blocked in the anaerobic stage of S-deprivation, thus, indicating a complete reduction of the PQ-
pool. During the H2 formation stage, the forward electron transfer kinetics in the μsec andmsec time scale re-ap-
peared indicating partially restored electron flow fromQA

− to QB and the PQ-pool. Thermoluminescese measure-
ments fully confirmed the fluorescence kinetic analysis. Activation of hydrogenase in the H2 formation stage is
responsible for re-oxidation of the PQ pool and reactivation of the electron flow which was found to be faster
and more efficient on the Stm6 mutant due to the higher amount of functionally preserved Photosystem II.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Sun and water are the most abundant natural resources available in
the biosphere. The only organisms which can utilize these two re-
sources are those possessing oxygenic photosynthesis. A variety of
green algae and cyanobacteria are able to use photosynthetic reactions
to produce hydrogen (H2) gas, one of themost promising future renew-
able energy carriers [1,2]. This means that electrons and protons
extracted from water by Photosystem II (PSII) 1 are utilized by hydrog-
enases for H2 synthesis [3,4]. H2 has the high energy content and clean
combustion back to water, making it the ideal solar fuel [5].

The hydrogenase enzyme of green algae belongs to the di-iron type
of hydrogenases and possesses the highest turnover rate (few thou-
sands per second) amongmany species [6,7]. However, its activation re-
quires the absence of oxygen, making the direct photosynthetic H2

formation very short lived. The reason is that the oxygen binds to the ac-
tive site of enzyme and irreversibly inhibits its activity [8,9]. Thus, sepa-
ration of PSII and hydrogenase activities either in space or time is
necessary for the sustained H2 evolution over the prolonged period of

time. The first option is not easy since algal hydrogenase is localized in
the stroma of chloroplast. Separation in time is more straightforward
and the two-stage process based on the sulfur (S)-deprivation was
shown to result in sustained, at least for several days, light-inducible
H2 evolution in Chlamydomonas reinhardtii [10].

Since sulfur is an essential component of the protein biosynthesis, S-
deprivation induces dramatic changes in the algal cell metabolism.
Upon application of the S-deprivation procedure, cell division is heavily
impaired and accumulation of endogenous protein and starch peaks in
the first few hours, resulting in significant morphological changes. Fur-
thermore, the assimilation of CO2 is ceased and the level of Rubisco be-
comes almost undetectable after 48 h [10,11].

Termination of CO2 fixation during S-deprivationwas shown to have
a significant effect on theprimary photosynthetic reactions. The amount
of all photosynthetic complexes involved in the electron transfer from
water to NADP+ is gradually decreased in the following order: Cyto-
chromeb6f complex NPSIN PSII. PSII is themost affected complex during
S-deprivation [10,11].

PSII is a multisubunit protein complex localized in the thylakoid
membranes of cyanobacteria, green algae and plants which uses light
energy to extract electrons from water and to reduce the PQ-pool [12].
The latest crystal structure reported from thermophile cyanobacteria
defines the PSII core complexwith 20 protein subunits and all redox co-
factors at 1.9 Å resolution [13]. After excitation of the primary electron
donor in PSII, a Chl tetramer, P680, charge separation takes place
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between P680 and pheophytin molecule within few picoseconds. After
this primary event electron is transferred to the first quinone acceptor,
QA in about 200 psec. Charge separated state is then stabilized by the re-
duction of P680+ by a redox active tyrosine residue on the D1-protein,
YZ in the nsec time range. The charge separation is further stabilized
when on the acceptor side of PSII electron is transferred from QA

− to
the secondary quinone acceptor QB (microseconds to milliseconds de-
pending on the occupancy of the QB-site). Double reduced and proton-
ated QB (after two consecutive charge separations) leaves PSII in the
plastoquinole form and is replaced by the oxidized PQ molecule [12].
On the donor side of PSII, YZ

● is reduced by the CaMn4O5-cluster, a cat-
alytic site where the water oxidation occurs. Four consecutive charge
separations are needed to oxidize two water molecules to molecular
O2 in the so-called S-cycle. Depending on the S-state, YZ

● re-reduction
occurs in μsec to msec time range [14].

During cultivation of C. reinhardtii under the S-deprivation condi-
tions, the amount of PSII in the thylakoid membrane is decreasing.
This was underlined by the decrease of the absorption changes associat-
ed with QA reduction, and the decrease of the D1-protein level [10]. The
loss of PSII centers was accompanied by the decrease in the overall rate
of O2 evolution. In sealed bioreactors this results in the anaerobic condi-
tions in the culture due to the unchanged or sometimes even enhanced
respiration which overtake the decreasing PSII activity. A few hours
after the establishments of anaerobic conditions, the H2 evolution
could be detected indicating that hydrogenase was expressed and acti-
vated. However the residual PSII activity was reported to be important
for this process indicating a direct link between water oxidation and
H2 formation [3,15].

We recently quantified changes in the PSII amount during different
stages of the S-deprivation procedure in the wild type (WT) and the
State Transition Mutant 6 (Stm6) of C. reinhardtii [4]. The Stm6 mutant
with a perturbed cyclic electron flow was first described in [16]. The
mutant is lacking the Moc1 gene involved in the assembly of the mito-
chondrial respiratory chain and has been shown to have elevated H2

production under the S-deprived conditions [17]. In this work we pres-
ent the detailed analysis of the flash-induced fluorescence decay kinet-
ics and thermoluminescence measurements in both strains and we
show that decrease in the PSII amount during S-deprivation andH2 evo-
lution is accompaniedwith regulation of the electron transfer on the ac-
ceptor side of PSII [4].

2. Materials and methods

2.1. Cell growth conditions and sulfur depletion

C. reinhardtii WT cc406 and Stm6 mutant strains [17] were grown
photoheterotrophically in TAP medium, pH 7.0, in Erlenmeyer flasks at
25 °C under continuous illumination (70 μE m−2 × s−1) and constant
shaking. After reaching themid-logarithmic phase (25–30 μg Chlml−1),
the cells were pelleted by centrifugation (3000 ×g for 2min). The pellet
was washed three times in S-depleted medium (pH 7.7) and re-
suspended in the same medium (TAP–sulfur) to a final concentration
of Chl about 15–17 μg Chl ml−1. The samples at this time point are de-
fined as the control samples in all experiments. This was followed by
130 h of incubation in sealed bioreactors at 25 °C under the same light
and mixing conditions. Aliquots of the suspension were taken from
the bioreactors at the defined time points and dark adapted for 5 min
at 20 °C before any measurements were performed as described in [4].

2.2. Measurement of O2 exchange and H2 production

Respiration in the dark and light induced O2 evolution were mea-
sured at 25 °Cwith a Clark type O2 electrode as described in [4]. The dis-
solved O2 concentration in the algal suspension was measured with an
oxygen analyzer MAPK-302T, Russia, which was placed aseptically in
the bioreactor.

H2 concentration was determined using a Clarus 500 gas chromato-
graph (Perkin Elmer, Shelton, CT, USA) complete with Molecular Sieve
5A 60/80 Mesh column, Perkin Elmer, and Ar as a carrier gas.

2.3. Fluorescence and thermoluminescence measurements

Flash-induced changes in the chlorophyll fluorescence yield (vari-
able fluorescence decay kinetics) were measured as with the FL3300
dual-modulation fluorometer (Photon System Instruments, Czech Re-
public) in the 150 μs–100 s time range. Actinic flash duration was
30 μs [4]. The measurements were done in the absence or presence of
20 μM DCMU.

Thermoluminescence signal was detected with TL200/PMT thermo-
luminescence system(Photon System Instruments). Aliquots of cell sus-
pension were cooled down to −10 °C and were excited by the actinic
flash of 50 μs duration. The sample then was then heated to 60 °C at
the heating rate of 1 °C/s. The measurements were done in the absence
or presence of 20 μM DCMU.

Measurements of samples, taken from the anaerobic and H2 produc-
tion stages were performed under anaerobic conditions. All presented
numerical data are mean values of experiments done at least in tripli-
cate. Error bars represent standard deviation.

3. Results

3.1. Characterization of the S-deprived cultures

Fig. 1A shows that under photoheterotrophic conditions the growth
rates of the WT and Stm6 mutant strains were almost identical. After
three and a half days the concentration of cells in both cultures reached
ca 12 × 106 cells/ml (arrow in Fig. 1A). The total Chl content (a+ b) per
cell was also similar at this time point (Table 1, control). However, the
Chl a/b ratio value was slightly lower in the Stm6 mutant if compared
to theWT, 2.41 and 2.62 respectively (Table 1, control) suggesting a rel-
ative increase of the LHCII antenna in the Stm6 mutant.

When photoheterotrophic cell growth in TAP medium has reached
themid log phase (ca 12× 106 cells/ml, arrow in Fig. 1A), cells were col-
lected, washed 3 times, resuspended in the TAP–sulfur medium and
placed in the sealed bioreactors to induce anaerobiosis. During first
72 h of S-deprivation under these conditions cell concentrationwas un-
affected in both WT and Stm6 mutant (Table 1). The total Chl amount
was also not changed in the WT cells but somewhat decreased in the
Stm6 mutant (by 9%, Table 1). The Chl a/b ratio, however, slightly in-
creased in both WT and Stm6 cells, which indicates some rearrange-
ment in the antenna complexes and relative decrease of the LHCII
during S-deprivation. These data agree in general with the results ob-
tained earlier [11].

Changes in the rates of dark respiration and light-induced O2 evo-
lution during S-deprivation in both strains are shown in Fig. 1B and
C. In the WT culture the rate of O2 evolution significantly decreased
from 266 μmol O2 (mg Chl)−1 × h−1 in the control sample to
49 μmol O2 (mg Chl)−1 × h−1 after 72 h of S-deprivation. In the
meantime, the rate of O2 consumption increased from 33 to
39 μmol O2 (mg Chl)−1 × h−1 (Fig. 1B). Thus, both rates became
quite similar by the end of the experiment.

In the Stm6mutant the initial rate of O2 evolutionwas lower than in
theWT and it decreased from 160 to 21 μmol O2 (mg Chl)−1 × h−1 dur-
ing 72 h of S-deprivation. The O2 consumption first quickly increased
from 51 to 73 μmol O2 (mg Chl)−1 × h−1 during the first 24 h of S-dep-
rivation and then stayed on about the same level until the end of exper-
iment (Fig. 1C). It is also important to notice that after 24 h of S-
deprivation the rate of O2 consumption became higher than the rate
of O2 evolution in the Stm6mutant (Fig. 1C) explaining themuch faster
activation of hydrogenase activity as described earlier [15].

Differences in the initial respiration and O2 evolution rates between
the WT and Stm6 mutant resulted in fact that in the Stm6 mutant the
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