Available online at www.sciencedirect.com

ScienceDirect

Biochimica et Biephysica Acta

ELSEVIER

Biochimica et Biophysica Acta 1777 (2008) 308 -316
www.elsevier.com/locate/bbabio

The PsaE subunit of photosystem I prevents light-induced formation of reduced
oxygen species in the cyanobacterium Synechocystis sp. PCC 6803

Robert Jeanjean ?, Amel Latifi ?, Hans C.P. Matthijs °, Michel Havaux ©*

& Laboratoire de Chimie Bactérienne, CNRS-UPR 9043, Institut de Biologie Structurale et Microbiologie,
31 chemin Joseph Aiguier, F-13402 Marseille cedex 20, France
® University of Amsterdam, Institute for Biodiversity and Ecosystem Dynamics, NL-1018WS Amsterdam, The Netherlands
¢ CEA/Cadarache, iBEB, SBVME, Laboratoire d'Ecophysiologie Moléculaire des Plantes,
UMR 6191 CNRS-CEA-Université Aix Marseille, F-13108 Saint-Paul-lez-Durance, France

Received 8 November 2007; received in revised form 28 November 2007; accepted 28 November 2007
Available online 5 December 2007

Abstract

The PsaE protein is located at the reducing side of photosystem I (PSI) and is involved in docking the soluble electron acceptors, particularly
ferredoxin. However, deletion of the psaFE gene in the cyanobacterium Synechocystis sp. strain PCC 6803 inhibited neither photoautotrophic growth,
nor in vivo linear and cyclic electron flows. Using photoacoustic spectroscopy, we detected an oxygen-dependent, PSI-mediated energy storage
activity in the ApsaE null mutant, which was not present in the wild type (WT). The expression of the genes encoding catalase (katG) and iron
superoxide dismutase (sodB) was upregulated in the ApsaE mutant, and the increase in katG expression was correlated with an increase in catalase
activity of the cells. When catalases were inhibited by sodium azide, the production of reactive oxygen species was enhanced in ApsaF relative to WT.
Moreover, sodium azide strongly impaired photoautotrophic growth of the ApsaE mutant cells while WT was much less sensitive to this inhibitor.
The katG gene was deleted in the ApsaE mutant, and the resulting double mutant was more photosensitive than the single mutants, showing cell
bleaching and lipid peroxidation in high light. Our results show that the presence of the PsaE polypeptide at the reducing side of PSI has a function in
avoidance of electron leakage to oxygen in the light (Mehler reaction) and the resulting formation of toxic oxygen species. PsaE-deficient

Synechocystis cells can counteract the chronic photoreduction of oxygen by increasing their capacity to detoxify reactive oxygen species.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In photosynthetic organisms, the concerted action of photo-
system II and photosystem I (PSII and PSI) in linear pho-
tosynthetic electron flow produces NADPH and ATP according
to the Z-scheme, and there is a large consensus about the role of
the photosystems and the electron carriers involved in this
pathway [1-3]. A balanced photosynthetic electron flow needs a
tight continuity between membrane-embedded electron carriers

Abbreviations: PS, photosystem; FNR, Ferredoxin:NADP+ oxidoreductase;
PFD, photon flux density; OD, optical density; P700, PSI reaction center
pigment; ES, energy storage; ROS, reactive oxygen species; WT, wild type;
SOD, superoxide dismutase; PTOX, plastid terminal oxidase
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and soluble carriers. For instance, electron transfer to ferredoxin
at the stromal side of PSl is favored by the docking of ferredoxin
to PSI subunits, as was concluded from cross-linking experi-
ments [4,5] and from evidence for the role of the PsaE subunit in
ferredoxin or flavodoxin binding to PSI [6—10]. Together with
PsaC and PsaD, PsaE is a stromal extrinsic PSI subunit that does
not contain cofactors [11]. While PsaC is essential for electron
transport via the binding of the terminal electron acceptors Fa
and Fy [12], PsaD and PsaE are thought to be involved in fer-
redoxin binding [13,14]. Additionally, PsaD is required for the
assembly of PsaC and PsaE into the PSI complex. The PsaC—E
subunits are located at a crucial branchpoint of PSI-mediated
electron transport where electrons can be dispatched into the
linear, cyclic and pseudocyclic electron pathways. The pseudo-
cyclic electron transport involves oxygen as terminal electron
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acceptor and is thus associated with generation of reduced forms
of oxygen, including highly toxic ones with potential to cause
oxidative stress [15].

Deletion of the psaFE gene in the cyanobacterium Synecho-
cystis increased the dissociation rate of the PSI/ferredoxin com-
plex, suggesting that PsaE controls the lifetime of this complex
[9]. The psaE mutation also introduces lowered rates of fer-
redoxin and NADP+ photoreduction as measured by in vitro
assays [7,8,16]. However, raising the concentration of ferre-
doxin allowed PsaE-deficient PSI complexes to reach similar
photoreduction rate as the WT complexes [9]. Van Thor et al.
[16] assumed that a ternary complex PSI—ferredoxin—ferredoxin:
NADP+ oxidoreductase (FNR) takes place in the WT, which is
mediated by the PsaE protein, and they showed using in vitro
assays that the PSI-NADP+ photoreduction rate at high FNR
concentrations in the ApsaFE mutant is close to the WT reduction
rate. This suggests that the loss of affinity of PSI for the different
carriers in the absence of PsaE could be partially compensated by
increasing the FNR concentration. Consistently, Synechocystis
cells responded to psaE gene deletion by increasing the amount of
FNR transcripts and proteins [16]. This may establish cellular
conditions allowing electron transfer reaction rates and photo-
synthetic activity close to the WT level and can explain why
ApsaE mutants of Synechococcus and Synechocystis are able to
grow under photoautotrophic conditions with rates comparable to
WT [8,17]. However, PsaE-mediated binding of ferredoxin and
FNR to PSI as a ternary complex has been recently criticized by
Cassan et al. [18] based on in vitro measurements of reoxidation
kinetics of reduced ferredoxin using flash-absorption spectro-
scopy. Alternatively, it has been suggested, based on P700 turn-
over measurements in Synechococcus, that the PsaE protein could
be involved in cyclic electron flow around PSI [13,19]. However,
this hypothesis was questioned in subsequent studies by Char-
lebois and Mauzerall [20] and Thomas et al. [21] who observed
no significant difference in PSI cyclic activity between WT and
ApsaE mutant cells of Synechococcus or Synechocystis. Because
of those contradictory results, the exact function of PsaE in
cyanobacteria is still elusive. Moreover, the possible regulatory
role of the stromal extrinsic subunits of PSI, PsaD and PsaE, in
electron transfer to oxygen has never been investigated.

Disruption of the psaFE genes has also been performed in the
vascular plant Arabidopsis thaliana [22,23]. Although PsaE-
deficient Arabidopsis mutants were able to grow photoautotro-
phically, they were greatly impaired in photosynthetic electron
flow, in growth rate, in leaf coloration, and they bleached during
exposure to high light. Such discrepancy between the growth
capacities of the cyanobacterial mutants and the plant mutants
raises questions about the requirement of the PsaE subunit in
photosynthesis.

In this study, we have reconsidered the involvement of PsaE
in the cycling of electrons around PSI. The cyclic electron ac-
tivity was measured in a ApsaFE null mutant of Synechocystis
sp. strain PCC 6803 using photoacoustic spectroscopy and ki-
netic spectrophotometry under different gas conditions. This
study includes also a double mutant deleted in psaE and ndhB.
Our results demonstrate that suppression of the PsaE sub-
unit does not inhibit cyclic electron transport activity of PSI.

Instead, we found an oxygen-dependent energy storage activity
that was not displayed by WT. The presented results support
the idea that this additional activity is oxygen photoreduction
by the Mehler reaction, suggesting a new physiological role for
PsaE in cyanobacteria.

2. Materials and methods
2.1. Material, culture conditions and treatments

Synechocystis sp. strain PCC 6803 was grown at 34 °C in modified Allen’s
medium (12 mM NaHCO;) [24], when WT was grown in parallel with the
AndhB and AndhB/ ApsaE mutants, or in BG11 medium at a photon flux density
(PFD) of about 40 umol photons m % s ' on a rotary shaker (170 rpm), as in
[25]. High light stress was imposed by transferring cell suspensions to a PFD of
500 umol m™ %5~ ! for 18 h. Cell growth was monitored by measuring the optical
density (OD) of the cell suspensions at 750 nm.

2.2. Genetic constructions

The plasmid pFBsKE2 was provided by Dr. B. Lagoutte (CEA/Saclay,
France). This plasmid is deleted of the psaE gene and contains the flanking
region of the gene which was replaced by a kanamycin resistance (Kmr) cassette
from transposon Tn903 (Pharmacia) [7]. The kanamycin resistance was removed
after digestion by Pstl and replaced with a streptomycin/spectinomycin resistance
cassette. The resulting plasmid pFBSA was used to transform the WT and the
AndhB mutant (MS55). The transformants were selected by their resistance to
streptomycin. Full segregation of the mutants was checked by PCR.

The construction of the mutant katGi was identical to that reported in [26]. The
gene katG was amplified by PCR (Expand, Roche) with the following primers (5
KatGisyNotl: ATAAGAAT GCG GCC GC ACC ATC GTA AGG AAA AAC
CCA, 3'KatGisyel: CCG GAATTC TTG CTG AAA TGT TGC CTG AAT),
digested by Notl and EcoRI and ligated with the plasmid Blue Script. The cloned
fragment was digested by Hpal and ligated with the kanamycin resistance gene
released by a digestion Hincll from the plasmid puc4K. The derived plasmid
KatGiKm was used to transform our glucose-tolerant Synechocystis PCC 6803
strain. The transformants bearing the kanamycin resistance were checked by PCR
(primers SNkatgVer: GGC TTG CTT CCA GTG ACC ATC, 3katver TCC TGG
GGC ACATCG GGG C), which allowed to identify a fully segregated interruption
mutant (katGi). The double mutant ApsaE—katGi was selected by transformation of
the ApsaE mutant with the DNA extracted from the mutant karGi. The complete
segregation of the double mutant was also checked by PCR. The deletion of the psaE
gene was checked with the primers used formerly for cloning by Rousseau et al. [7].

2.3. Photoacoustic measurements

Energy storage in far-red light was measured in vivo using the photo-
acoustic technique, as described in detail elsewhere [27,28]. The cyanobacter-
ial suspension (40 pg) was filtered under pressure through a MF Millipore filter
of 1.2 cm diameter (mixed ester cellulose nitrate/acetate, 3 pm pore size). The
filter with an evenly distributed layer of cyanobacteria was placed in the pho-
toacoustic cell of laboratory-built photoacoustic spectrometer [28]. Photoacous-
tic measurements under nitrogen atmosphere were done by flushing nitrogen in
the cell for about 60 s and rapidly closing the cell. The samples were illuminated
with light filtered through a RG715 filter (Schott) to provide PSI-light and
modulated at 16 Hz. The fluence rate of the resulting far-red light was adjusted
with neutral density filters (Schott). Photochemistry was saturated by a strong
non-modulated white light (ca. 900 W m™?). Energy storage was calculated as the
difference between the maximal (light-saturated) photothermal signal and the
actual signal with far-red light only, and normalized to the maximal signal [27].

2.4. P700 redox state measurements

Changes in the redox state of the reaction center P700 of PSI were monitored
via cell absorbance changes at around 820 nm [29], using a modulated fluo-
rescence measurement system MKIT (P700" accessory kit) from Hansatech



310 R. Jeanjean et al. / Biochimica et Biophysica Acta 1777 (2008) 308-316

(Hansatech Instrument Ltd) coupled to a computer. The reaction center P700 of the
cyanobacterial sample (20 to 40 pg Chl), which were deposited on a Millipore
membrane placed in the leafclip system from Hansatech, was oxidized by illu-
mination with far-red light (730 nm, 8 W m ™ 2) supplied by a LS2 lamp (100 W
tungsten—halogen light source, Hansatech) and an interference filter (730FS10,
Corion). The kinetics of the P700" reduction in the dark after interrupting the far-
red light were recorded. The half-time of the P700" reduction in the dark was used
as a measure of the turnover of the P700 reaction center in the cyclic electron
transport pathway [30].

2.5. RNA manipulations (RT-PCR)

Harvested cells were treated by RLT+ mercaptoethanol buffer (Qiagen).
After several phenol-chloroform extractions, total RNA was loaded on RNA easy
column (Qiagen), followed by DNAse treatment (RNAse free DNAse, Qiagen).
After elution and estimation of RNA (at 260 nm), the absence of DNA was
checked by routine PCR and then RT-PCR was carried out as in Ardelean et al.
[25] with the Superscript one-step RT-PCR kit from Invitrogen. Semi-
quantitative RT-PCR was performed in order to estimate the amounts of
transcript of sodB (slr1516), katG (sll1987), ahpC (sll1621) and rnpA (slr1469)
with the following primers:

sodB: 5" primer GACTACACCGCTCTGGAACCC, 3’ primer
AACACCAACCAAGCCCAGCCG

KatG: 5" primer GCC CCG ATG TGC CCC AGG AA, 3’ primer ATC GCC
GCT CCC CCT CCT A

ahpC: 5" primer GGT TGT GCT TTT CTC CCT AC, 3’ primer CAC CGA
ACT CAG GCT CAATAA

rnpA: 5" primer GCAAGATTTCCAGACCGTTTA, 3’ primer TGGCTA
AATAACTGCTCTAAT

2.6. Oxygen exchange and determination of catalase activity

According to [26], the catalase activity in Synechocystis is strongly de-
pendent of the growth phase. For this reason the experiments were done when
cells of WT and mutants reached the same cell density. Cells were harvested by
centrifugation, rinsed, and suspended in 50 mM HEPES—NaOH (pH 7.5), 0.8 M
sorbitol, | mM benzamidine and | mM phenylmethylsulfonyl fluoride at 4 °C.
Cells were subsequently broken by shaking with glass beads in a cooled
Vibrogen-Zellmiihle (E. Biihler). Aliquots of the supernatant of cell homo-
genates, resulting from two successive centrifugations that eliminate the cell
debris at 5000 g, were diluted in a potassium phosphate buffer (25 mM, pH 8) as
described in [31]. The catalase activity was followed by the decrease of
absorbance at 240 nm by means of an Uvikon 930 spectrophotometer using a A§
of 35 mM ' ¢cm at room temperature. The oxygen exchange was measured on
whole cells suspended in growth medium (about 3 to 4 pg Chl) with an oxygen
electrode (Rank Bros.). The release of oxygen after adding hydrogen peroxide
(5 mM) was recorded under dark conditions.

2.7. Estimation of ROS formation in the light

The quantification of ROS formation during illumination was done as in [32]
with a spectrofluorimeter (SAFAS) by using the fluorescent probe 5-(and-6)-
chloromethyl-2,7-dichlorodihydrodihydrofluorescein diacetate, acetyl ester
(CM-H,DCFH-DA, Molecular Probes, Invitrogen, C6827) at a final concentra-
tion of 25 uM. Fluorescence was excited at 488 nm and detected at 525 nm. The
fluorescent probe detects hydrogen peroxide, hydroxyradical and peroxyradical
anions.

2.8. Autoluminescence imaging

Cell suspensions were adapted for 2 h to darkness before recording spon-
taneous photon emission. Photon emission was recorded at room temperature with
a nitrogen-cooled CCD camera as previously described [33]. Integration time was
60 min.

3. Results
3.1. Cyclic electron transport around PSI

Cyanobacterial cells deposited on a filter were irradiated with
modulated far-red light in a small photoacoustic chamber. The
pulsed heat emission generates an acoustic signal within the
chamber, which can be measured by a sensitive microphone, and
Fig. 1A shows a representative photoacoustic signal emitted by
WT and AdpsaE mutant cells. Saturation of the photochemical
activity by addition of a strong non-modulated light to the mod-
ulated light beam increased thermal energy dissipation and
produced a rise in the photoacoustic signal. The difference
between the maximal heat emission thus obtained and the actual
level of the photoacoustic photothermal level corresponds to
the fraction of absorbed far-red light energy that was stored
into photochemical products [34]. When the photoacoustic
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Fig. 1. Cyclic electron flow around PSI in WT cells of Synechocystis sp. strain
PCC 6803 and in dpsaFE mutant cells. A) Photoacoustic signals generated by
filter-deposited WT and ApsaF cells. The wavelength of the measuring light was
specific for PSI (>715 nm, 15 W m™2). The thin (black) upward- and downward-
pointing arrows indicate that the modulated far-red light was switched on and
off, respectively. The grey upward- and downward-pointing arrows indicate that
saturating continuous light was switched on and off, respectively. B) Changes in
the redox state of P700 were monitored in whole cells via absorbance changes
around 820 nm. The upward- and downward-pointing arrows indicate that far-
red light (730 nm, 6 W m™ %) was switched on and off, respectively.
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Fig. 2. Dependence of the reciprocal of photochemical energy storage (1/ES) on
the modulated far-red light irradiance in WT and ApsaE Synechocystis cells
under aerobic and anaerobic conditions. Anaerobiosis was achieved by flushing
gaseous nitrogen in the photoacoustic cell. Open squares, ApsaE under aerobic
conditions; Closed squares, ApsaE under anaerobic conditions; Open circle, WT
under aerobic conditions; Closed circles, WT under anaerobic conditions. Data
are mean values of 3 separate experiments+ SD.

experiments are performed in far-red light absorbed almost ex-
clusively by PSI, the measured energy storage (ES) is related to the
PSI photochemical activity, mainly cyclic electron transport
[27,34]. ES by 4dpsaE mutant cells appeared to be increased
compared to ES by WT cells. We also measured the re-reduction of
oxidized P700 after a transition from far-red light to darkness
using kinetic spectrophotometry at 820 nm. This indicates the rate
of electron donation from the stroma to the P700 reaction center
[30]. The kinetics of P700 reduction did not show any significant
difference between WT and the ApsaE mutant (Fig. 1B). Thus, the
capacity of cyclic electron transport around PSI in far-red light
does not seem to be inhibited in the ApsaE mutant. The
experiments of Charlebois and Mauzerall [20] carried out on the
ApsaE mutant of Synechococcus led to a similar conclusion.

The plot of the reciprocal of ES versus the far-red light ir-
radiance is linear [28,35]. The plots shown in Fig. 2 confirmed
that ES was substantially increased (or 1/E was substantially
decreased) in the ApsaE mutant relative to WT, particularly at
high light irradiances. However, this increase was cancelled when
oxygen was removed from the photoacoustic cell by flushing
gaseous nitrogen. This effect is summarized in Table 1. Compared

Table 1

to WT, ES was increased by 50% in ApsaFE in air, but not in
nitrogen. In contrast, the postillumination P700" reduction rate
was similar in WT and ApsaF in both gas conditions. In anaerobic
conditions, we observed a substantial increase in the P700 re-
duction half-time relative to aerobic conditions, and this could be
due to an over-reduction of the electron transfer chain and the
failure of the redox poise control. It is known that optimal electron
transport requires accurate redox poising of the cyclic system
[36], and it is likely that over-reduction of the intersystem electron
transport chain hampered electron flow through cytochrome b6/f.
One can conclude from the stimulatory effect of oxygen on ES
that, in the ApsaE mutant, an oxygen-dependent, energy-storing
reaction occurs in far-red light in addition of the normal PSI cyclic
activity. We speculate that this reaction is oxygen photoreduction
at the PSI stromal side through the Mehler reaction.

As shown previously [16,37], cyclic electron transport around
PSI, as monitored by ES and dark P700 reduction, was strongly
inhibited in a AndhB mutant lacking a functional NDH-1 com-
plex (Table 1). The remaining cyclic activity is attributable to the
antimycin-sensitive pathway [38]. We generated a double mutant
ApsaE/ AndhB deficient in both NDH-1 and PsaE. Removing PsaE
from the AndhB mutant had the same effect on ES than that ob-
served in WT. As for the single mutant, ES was stimulated in the
absence of PsaE, and this stimulation was suppressed by flushing
nitrogen in the photoacoustic chamber. It is clear from these results
that, contrary to a previous suggestion [ 19], PsaE is not involved in
the NDH1-independent cyclic electron pathway. Rather, lack of
PsaE induced, both in WT cells and AndhB cells, an additional
electron transfer activity relying on the presence of oxygen.

3.2. ROS-scavenging capacity

Donation of electrons from PSI to oxygen produces ROS,
such as superoxide and hydrogen peroxide, which are hazardous
for many biological processes [15,39]. Therefore, induction of
oxygen photoreduction in the ApsaE mutant should promote
ROS production in the light and photooxidative damage.
However, the dpsaFE mutant did not present any kind of strong
deficiencies compared to WT, and it grew very well under
regular conditions. The psaE mutation had no effect on cell
growth at 40 pmol photons m ™% s~ ! (Fig. 3A) or at a moderately
elevated PFD 0f 200 pmolm ™2 s~ ' (data not shown). Therefore,
it is possible that the mutant up-regulated its ROS-scavenging
activity to cope with the increased ROS production associated

Energy storage ES (in % of absorbed light) and P700 reduction half-time t;, (in ms) in WT, ApsaE mutant, AndhB mutant and double mutant AndhB/ApsaE

illuminated with far-red light under aerobic and anaerobic conditions

WT ApsaE AndhB AndhB/ ApsaE
Aerobic conditions Anaerobic conditions Aerobic conditions Anaerobic conditions Aerobic conditions Aerobic conditions Anaerobic conditions
ES 7.6+0.7 8+0.8 12+1.4 7.84+0.9 2.8+0.5 52+1 3.2+0.2
(%) 4 3) (3) (3) (5) “) 3)
i, 280+40 450+50 290+30 430+50 1400+140 160080 N.D.
Ms) (8) (3) (6) 4) (4) )

For the photoacoustic measurements of ES, the far-red light irradiance was 15 W m™ 2. The dark reduction of oxidized P700 was measured after illumination with far-
red light of 6 W m™ 2. Anaerobiosis was reached after 10 min in the presence of glucose (20 mM) and glucose oxidase and flushing nitrogen gas in the photoacoustic
cell. N.D. = not determined. Data are mean values+standard deviation. In parentheses, number of repetitions.
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Fig. 3. Growth curves of WT Synechocystis PCC6803 and the ApsaE mutant in BG-11 medium containing 0 or 2 mM sodium azide (A and B, respectively). PFD was

50 umol photons m™ 2

3 times with qualitatively similar results.

with oxygen photoreduction. Accordingly, when cells were
grown in the presence of sodium azide, a potent inhibitor of
catalases [40], growth of ApsaE was substantially more impaired
than that of WT (Fig. 3B). This differential sensitivity of WT and
ApsaE to azide prompted us to examine the catalase activity in
both strains (Fig. 4). Oxygen release by ApsaE mutant cells
incubated with hydrogen peroxide in the dark was about 30%
higher than in WT. This result was also obtained when the rate of
hydrogen peroxide decomposition was studied in cell homo-
genates: the catalase activity (in umol H,O, decomposed per
min and per mg proteins) was similar in WT and the AndhB
mutants (6.6+0.1 and 6.0+ 1.0, respectively) and was substan-
tially increased in the ApsaE and ApsaE/AndhB mutants (8.5+
0.1 and 9.0+1.0, respectively). As expected, the activity was
sensitive to sodium azide in both strains (Fig. 4). The increased
activity of catalase in ApsaE was correlated with an increase in
the transcript level of the katG gene encoding catalase (Fig. 5B).
Similarly, the sodB gene encoding iron superoxide dismutase
(SOD) was upregulated in the ApsaE mutant (Fig. 5B).

NS

el

WT ApsaE katGi  katGi/ApsaE WT+azide ApsaE+azide

Dark oxygen release (umoles.mg'Chl.min™)

Fig. 4. Oxygen release by WT, Apsak, katGi and ApsaE—katGi cells after
adding 5 mM H,0, in the dark. The effects of 2 mM sodium azide was examined
in WT and 4psaFE. Data are mean values of 4 separate experiments+SD.

s !, Cell densities were estimated from measurements of the optical density (OD) of cell suspension at 750 nm. These experiments were repeated

3.3. ROS production in the light

The formation of ROS during illumination with white light of
500 pmol photons m~ % s~ ! was monitored with the fluorescent
probe CM-H,DCFH-DA, as previously described [32,41]. This
ROS reporter dye diffuses passively into the cells and fluoresces

A: PCR

WT katGi ApsaE ApsaE/katGi AkatG ApsaE/katGi
primers psaE primers katG
B : RT-PCR WT ApsaE katGi ApsaE/katGi

Primers rnpA
Primers katG

Primers ahpC

Primers sodB

Fig. 5. PCR and RT-PCR carried out on DNA and total RNA. A) PCR carried out
on DNA from WT, ApsaFE, katGi and ApsaE—katGi with the primers psaE and
KatG. B) Level of transcription of the katGi, sodB and ahpC genes in WT Syne-
chocystis and the ApsaE, katGi and ApsaE—katGi mutants determined by semi-
quantitative RT-PCR. The rnpA gene (encoding a subunit of the ribonuclease P)
was used as internal control of equal RNA loading.
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Fig. 6. Detection of photooxidative stress in WT and ApsaE mutant cells of
Synechocystis sp. PCC 6803. Light-induced production of ROS was measured
by the fluorescence intensity of CM-H,DCFH-DA. Cells (10 pg Chl/ml) were
incubated with the fluorescent probe (25 uM final concentration) and exposed to
high light (500 pmol m 2 s~ ') for 20 min, without or with 1 mM sodium azide.
Fluorescence at 525 nm was excited with a light beam at 488 nm. Data are mean
values of 4 separate experiments. Because the intensity of the fluorescence
signal in azide-treated cells varied from one experiment to the other, we nor-
malized the signal of WT in the presence of azide to 100, and we calculated the
SD for the fluorescence values measured in the ApsaE mutant.

brightly when oxidized. ROS-induced fluorescence was similar
in WT and the dpsaE mutant (Fig. 6). When the same expe-
riment was done in the presence of 1 mM azide, ROS production
was strongly increased (x 10), as expected if catalase is inhibited.
Interestingly, under these conditions, the ROS-induced fluores-
cence in ApsaF cells was significantly higher than that measured

1.4
-—WT
—&— ApsaE
120 | o katGi
—©— Double mutant

0 s s s

0 20 40 60 80
Time (h)

Fig. 7. Growth curves of WT Synechocystis sp. PCC 6803 and the ApsakE, katGi
and ApsaE—katGi mutants at 25 pmol photons m % s~ '. This experiment was
repeated 3 times with similar results.

in WT cells. We conclude that the ApsaF mutant produces more
ROS during illumination than WT, but the increased activity of
antioxidant enzymes, such as catalase and possibly SOD,
efficiently scavenges the extra ROS formed in ApsaE.

3.4. Photosensitivity of a double mutant deficient in PsaE and
in catalase

The compensatory up-regulation of protective mechanisms,
e.g. catalase and SOD, could explain the low photosensitivity of
the ApsaE mutant reported in previous studies [21]. Therefore,
we generated a catalase deleted mutant karGi and a double
mutant ApsaE—katGi. PCR and RT-PCR experiments show that
they fully segregated (Fig. 5SA). Accordingly, they displayed
only a residual capacity to release oxygen from hydrogen per-
oxide (Fig. 4). This residual activity was previously reported in
the katGi mutant by Tichy and Vermaas [26] who suggested that
it could be due to peroxiredoxins. Several genes encoding those
detoxifying enzymes are present in cyanobacteria [42—45]. Con-
sidering the essential role of the thioredoxin-dependent alkyl
hydroperoxide-reductase AhpC, a member of the 2-Cys perox-
iredoxin family, in the response of cyanobacteria to oxidative
stress [44,46], we estimated the level of a/pC transcripts by RT-
PCR. The transcripts were present in the katGi and ApsaE—katGi
mutants, but they were virtually undetectable in WT and in the
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Fig. 8. Effects of high light stress (500 pmol m™ 2 s~ ' for 18 h) on Synechocystis

sp. PCC 6803 (WT, dpsaE single mutant, katGi single mutant and ApsaE—
katGi double mutant). A) Cell pigmentation. B) Intensity of lipid peroxidation
measured by autoluminescence imaging. Acquisition time: 60 min. Randomly
distributed white spots result from stray radiation in the range of gamma and
COSMIC rays.
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ApsaE mutant (Fig. 5B). This finding suggests that peroxiredox-
ins could participate in the protection against H,O, when cat-
alases are missing.

As previously shown [26], mutational suppression of catalase
does not significantly affect cell growth (Fig. 7). Similarly, growth
of the ApsaE—katGi double mutant in low light (~25 umol m™ 2
s~ ") was close to that of WT and the single mutants. However, the
double mutant behaved very differently from the other strains
when PFD was increased. This is illustrated by the experiment
shown in Fig. 8 where the WT, the double mutant ApsaE—katGi
and the single mutants grown in low light were exposed to a high
light treatment (500 pmol m™* s~ ' for 18 h). Lipid peroxidation
and oxidative stress were analyzed after light stress with a new
imaging method based on spontaneous photon emission. This
technique measures the faint light emitted spontaneously by
living organisms and originating from 'O, and excited triplet state
carbonyl groups [33,47], the byproducts of the slow spontaneous
decomposition of lipid peroxides and endoperoxides [48,49]. In
plants, the intensity of the imaged autoluminescence is well
correlated with lipid peroxidation measured by biochemical
assays [50,51]. The ApsaE—katGi double mutant bleached in high
light (Fig. 7A) and exhibited a strong increase in autolumines-
cence (Fig. 7B), indicating oxidative stress and extensive lipid
peroxidation. In contrast, WT and the single mutants remained
green and showed a very low spontaneous luminescence, indi-
cating that they are tolerant to photooxidative stress. The ApsaE
mutant showed, however, a small increase in luminescence
compared to WT and katGi, indicating that ApsaFE has decreased
capacity to tolerate photooxidative stress conditions than the latter
strains. Clearly, the ApsaE mutant is sensitive to photooxidative
stress and lipid peroxidation, especially when the catalase activity
was inhibited by deletion of the katG gene.

4. Discussion

As previously reported [8,17], the absence of the PsaE subunit
of PSI had no significant impact on photoautotrophic growth of
Synechocystis cells. However, Thomas et al. [21] reported
differences in the carotenoid composition between WT Syne-
chocystis and the ApsaE mutant, which could be interpreted as a
shift towards more oxidative growth conditions. From our pho-
toacoustic and P700 redox state measurements, we can conclude
that the change in carotenoid content was not due to a decrease in
energy dissipation via cyclic electron flow. Actually, photo-
chemical ES in far-red light in the 4psaE mutant was increased,
rather than decreased, relative to WT. The extra ES was strictly
dependent on the presence of oxygen, suggesting the occurrence
of an electron transfer to oxygen in the mutant. It is possible that
the absence of PsaE reduced the efficiency of electron flux to the
PSI acceptors, favoring leakage of electrons to oxygen. Since
photoacoustic measurements were performed at a low modulation
frequency (16 Hz), the measured ES reflects photochemical pro-
ducts with a rather long lifetime, in the ms time range [34]. We do
not know exactly the photochemical products responsible for the
increased ES in dpsaF, but possible candidates could be long-
lived molecules, such as e.g. ATP or H,O,. The latter is the likely
product of direct reduction of oxygen. For alternative pathways

involving sequential biochemical reactions, like photorespiration,
detection by photoacoustic spectroscopy is hampered by strong
damping of the modulation [34].

Oxygen photoreduction by the photosynthetic electron chain,
also called Mehler reaction or water—water cycle, is present in all
photosynthetic organisms [15], suggesting a physiological role
for this reaction [52,53]. The Mehler reaction has been assumed to
be a mechanism that dissipates excess light energy [54—56] and
modulates state transitions [57]. A chronic oxygen-photoreduc-
tion activity in Synechocystis cells that lack the PsaE protein is
further supported by the up-regulation of enzymatic systems that
are involved in the detoxification of the byproducts of oxygen
photoreduction, namely catalase and SOD. Furthermore, the
increased activity of catalase was crucial for the survival of PsaE-
deficient Synechocystis cells since blockage of this activity by
sodium azide led to a stimulated production of ROS relative to
WT and to growth impairment. When catalase was suppressed in
ApsaE by mutation (double mutant katGi—ApsaFE), a photo-
sensitive phenotype was obtained. Consequently, our study in-
dicates that one of the physiological functions of PsaE is to avoid
unwanted leakage of electrons to oxygen which could lead to
oxidative stress. It can be assumed that this function results from
the optimization by PsaE of the interactions and electron transfers
between PSI, ferredoxin and FNR. The main effect of psaE gene
deletion in Synechocystis was reported to be on the dissociation of
the PSI/ferredoxin complex [9]. Therefore, our results suggest
that the decreased lifetime of this complex favors electron flow
towards oxygen at the expense of NADP. Alternatively, PsaE
could act as a shield limiting oxygen diffusion to and interaction
with the PSI electron acceptors.

In the vascular plant Arabidopsis thaliana, elimination of the
PsaE protein by disruption of the two psaE genes strongly affected
growth rate, plant size and fertility [23]. In spite of this strong
phenotype, the PsaE protein was regarded as dispensable due the
possibility of photoautotrophic growth, although the mutant exhi-
bited a high chlorophyll fluorescence and a high photosensitivity,
suggesting that the photosynthetic electron transfer chain was
perturbed. However, it is difficult to determine whether the pho-
tosynthetic changes in the Arabidopsis psaEl psaE2 double mu-
tant are a direct consequence of the loss of the PsaE protein on
photosynthesis or a secondary consequence due e.g. to chronic
photooxidative stress. It is unfortunate that oxidative stress was
not analyzed in the PsaE-deficient Arabidopsis plants. Never-
theless, the growth capacity of the cyanobacterial ApsaF mutant,
close to that of WT, compared to the severe growth phenotype of
the corresponding Arabidopsis mutant is puzzling.

Like cyanobacteria, plant chloroplasts contain ROS-scaven-
ging enzymes (SOD, ascorbate peroxidase) which should have
rescued the Arabidopsis psaE mutant, allowing normal growth
rates and photosynthetic electron transport. A possible explana-
tion for this difference between cyanobacteria and vascular
plants might be that the intracellular oxygen concentration is
probably higher in terrestrial organisms than in aquatic ones,
according to the low solubility of oxygen in water (21% of
oxygen in the atmosphere compared to ~ 1% of oxygen dissolved
in water). Moreover, a true respiratory chain is present in the
thylakoids of cyanobacteria [58,59] bearing a cytochrome ¢
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oxidase whereas chlororespiration in chloroplasts is mediated
by the plastid terminal oxidase PTOX [60]. The chlororespira-
tory electron flow catalyzed by PTOX is supposed to proceed
at a very low rate [61]. Therefore, it is likely that the cyanobac-
terial cytochrome ¢ oxidase and the plant PTOX do not have the
same efficiency to maintain a relatively low oxygen concentra-
tion in the vicinity of the photosystems. It should also be men-
tioned that the genome of Anabaena contains not less than three
genes encoding cytochrome ¢ oxidase, two of them being trans-
cribed depending of the nitrogen availability. Deletion of these
two genes prevents cell growth in molecular nitrogen due to an
excessive oxygen level in heterocysts leading to nitrogenase
inactivation [62]. Therefore, because of this multiplicity of cy-
anobacterial oxidases and their marked effect on the cellular
concentration of oxygen, limitation of electron transfer to ox-
ygen at the PSI reducing side could be more crucial in vascular
plants than in cyanobacteria.

According to Helman et al. [63], at least two flavoproteins
would be involved in a Mehler-type reaction in Synechocystis,
constituting a means of eliminating excess electrons in a con-
trolled manner through a water—water cycle. Those flavopro-
teins have been identified in cyanobacteria and in primitive
eukaryotic green algae, but similar sequences have not been
found in the Arabidopsis genome. It is thus possible that electron
transfer to oxygen mediated by these special flavoproteins will
compete with the electron leakage to oxygen associated with the
PsaE loss, and this could reduce the negative impact of the latter
reaction in cyanobacteria compared to vascular plants. Con-
sidering the results reported here, it would be interesting to
determine whether oxygen photoreduction is induced in the
Arabidopsis psaEl psaE2 mutant.

To sum up, the presented results shed new light on the
physiological and regulatory role of a PSI subunit. Although
deletion of PsaE had little visible effect on photosynthesis of
Synechocystis cells, a part of the photosynthetic electron flow
was diverted towards oxygen causing a chronic formation of
ROS at the PSI reducing side. In moderate light, Synechocystis
cells are able to face this phenomenon by upregulating a range
of detoxification systems including carotenoids [21], catalase
and SOD (this study). However, when those systems are over-
whelmed, e.g. in high light or when catalase activity is in-
hibited, PsaE-deficient cells can suffer ROS toxicity. Thus,
although PsaE is not essential for in vivo linear and cyclic elec-
tron fluxes mediated by PSI, the presence of this PSI protein is
required to limit oxygen reduction in the light and hence to
prevent photooxidative damage.
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