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Roles of oxidative stress and photoinhibition in high light acclimation were studied using a regulatory mutant of
the cyanobacterium Synechocystis sp. PCC 6803. The mutant strain AsigCDE contains the stress responsive SigB as
the only functional group 2 o factor. The AsigCDE strain grew more slowly than the control strain in methyl-
viologen-induced oxidative stress. Furthermore, a fluorescence dye detecting H,0,, hydroxyl and peroxyl
radicals and peroxynitrite, produced a stronger signal in AsigCDE than in the control strain, and immunological
detection of carbonylated residues showed more protein oxidation in AsigCDE than in the control strain. These
results indicate that AsigCDE suffers from oxidative stress in standard conditions. The oxidative stress may be
explained by the findings that AsigCDE had a low content of glutathione and low amount of Flv3 protein
functioning in the Mehler-like reaction. Although AsigCDE suffers from oxidative stress, up-regulation of
photoprotective carotenoids and Flv4, S112018, Flv2 proteins protected PSII against light induced damage by
quenching singlet oxygen more efficiently in AsigCDE than in the control strain in visible and in UV-A/B light.
However, in UV-C light singlet oxygen is not produced and PSII damage occurred similarly in the AsigCDE and
control strains. According to our results, resistance against the light-induced damage of PSII alone does not
lead to high light tolerance of the cells, but in addition efficient protection against oxidative stress would be
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1. Introduction

Cyanobacteria require light for photosynthesis and growth. In
natural conditions, light intensity and light quality vary, and multiple
acclimation responses protect cells against photodamage [1]. Imbalance
in functions of photosystems I and II (PSI and PSII) and carbon fixation
may lead to enhanced production of reactive oxygen species (ROS)
and up-regulation of ROS protective mechanisms in cyanobacteria [2].
In addition, light specifically damages PSII (for recent reviews, see [3,4]).

ROS in cyanobacteria include singlet oxygen (10,), superoxide (03)
and hydrogen peroxide (H,0,). Both respiration and photosynthesis are
possible sources of ROS,and in cyanobacteria especially the role of

Abbreviations: Chl, chlorophyll; CM-H,DCFDA, 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate; CS, glucose tolerant control strain of Synechocystis sp.
PCC 6803; DCBQ, 2,6-dichloro-p-benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-1,1-
dimethylurea Photosystems I, PSI; Photosystem II, PSII; ROS, reactive oxygen species; PPFD,
photosynthetic photon flux density; kp;, rate constant of photoinhibition
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photosynthetic electron transfer chain in ROS production has been stud-
ied [2]. 10, is mainly produced in photosystem II (PSII) when a triplet
chlorophyll (Chl) reacts with O,. Due to its short lifetime, '0, is believed
to damage proteins, pigments or lipids near its production site [5]. 10, is
detoxified non-enzymatically by carotenoids [6] and a-tocopherol [7].
One-electron reduction of O, by PSI, in turn, leads to production of O3
in Mehler's reaction [8], and H,0, is mainly produced by dismutation
of 05. H,0, and 03" are less reactive than '0, but may induce sustained
production of the extremely reactive hydroxyl radical via the Fenton re-
action. Conversion of O3 to H,0, is catalyzed by superoxide dismutase,
and H,0, is detoxified by catalases and peroxidases [2]. The cyanobac-
terium Synechocystis sp. PCC 6803 (hereafter Synechocystis) con-
tains a superoxide dismutase [9], a catalase-peroxidase [10], five
peroxiredoxins [11] and two glutathione peroxidases [12]. Glutathi-
one accumulates in the light, and a mutant strain lacking glutathi-
one was found to be very sensitive to oxidative stress [13].
Synechocystis does not contain ascorbate peroxidases which
function as the principal H,0, scavengers in chloroplasts [9].
Cyanobacteria also have a safe pathway for electron transfer from
PSI to O, [14]. This Mehler-like reaction uses the flavodiiron proteins
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Flv1 and Flv3 in Synechocystis [ 14,15]. The Mehler-like reaction does not
produce ROS and may protect PSI against production of O3 .

In the present paper, we use term “photoinhibition” in its narrow
definition, where photoinhibition means the loss of PSII activity due to
light induced damage from which recovery occurs only via the PSII
repair cycle [3]. The rate of damage to PSII is directly proportional to
light intensity [16], but due to efficient PSII repair mechanism, net
photoinhibition only occurs in strong light. In addition to visible light,
UV radiation causes photoinhibition [17-19]. Several hypotheses
about the mechanism of photoinhibition have been put forward,
and the role of ROS in PSII damaging reaction is still under debate
[3,4,20,21]. The repair of damaged PSII requires degradation of the
damaged reaction center protein D1 and synthesis of a new D1 protein
[22,23]. The PSII repair cycle is sensitive to ROS because translation is
vulnerable to oxidation [24].

The sigma (0) factor mutant AsigCDE contains the multifunctional,
stress responsive SigB as its only functional group 2 o factor [25]. Previ-
ous studies have shown that inactivation of SigB results in a salt [26,27]
and heat [28] sensitive phenotype. On the contrary, AsigCDE acclimates
slightly better to high salt than the control strain (CS) due to up-
regulation of the compatible solute producing enzyme glucosylglycerol
phosphate synthase, heat shock protein HspA and carotenoids, all of
which are known to increase high salt tolerance [27,29].

We have recently shown that high carotenoid content and up-
regulation of Flv4-SI10218-FIv2 proteins protect PSII against light
induced damage in AsigCDE [30]. Results of the present work show
that the resistance of AsigCDE against the light-induced damage does
not ensure rapid growth of mutant cells in moderately high light. PSII
repair cycle functioned efficiently in AsigCDE and PSII electron transfer
reactions appeared normal. Further analyses indicated that although
AsigCDE was resistant against PSII damage, it was vulnerable to
oxidative stress. Growth of AsigCDE was slow when cells were exposed
to methyl-viologen-induced oxidative stress (O3 stress). A fluorescent
dye, detecting H,0,, hydroxyl and peroxyl radicals, and the peroxynitrite
anion, showed a higher ROS level in AsigCDE than in CS in standard con-
ditions, and accordingly, more protein oxidation was detected in
AsigCDE than in CS. In addition, AsigCDE had a low glutathione content
and a low amount of the Flv3 protein that functions in the Mehler-like
reaction. The data suggest that moderate O5 stress, caused by a low
glutathione content and down-regulation of the Mehler-like reaction,
leads to up-regulation of carotenoids and Flv4, SI110218, Flv2 proteins
and low '0, singlet oxygen content that in turn offers protection against
light-induced damage of PSIL

2. Material and methods
2.1. Strains, culture conditions and determination of Chl a

The glucose tolerant control strain of Synechocystis sp. PCC 6803 (CS)
and the o factor inactivation strain AsigCDE [25] were grown in stan-
dard conditions (continuous illumination at the photosynthetic photon
flux density (PPFD) of 40 umol m~2 s~ !, 32 °C, ambient CO,, shaking at
90 rpm, BG-11 growth medium) as described earlier [27]. For physio-
logical measurements, OD3 of liquid cultures was set to 0.7 (60-mL
culture in a 250-mL Erlenmeyer flask, 2.5 pg Chl a/mL) and cells were
grown overnight (OD-39 was ~ 1) without antibiotics. For the high
light growth experiment OD730 was set to 0.1 (0.35 pug Chl a/mL), and
the cells were grown under the constant PPFD of 120 umol m—2 s~ 1,
For growth experiments, OD73q of cell cultures were set to 0.1, 4 M
methyl viologen was added, and growth was monitored for eight
days. When measuring growth curves, samples of dense cultures were
diluted so that OD;3q did not exceed 0.4, and the dilutions were taken
into account when the final results were calculated. Chl a was extracted
and measured as described previously from intact cells with methanol,
and from thylakoids or total protein samples with 80% acetone [27].

2.2. Cellular ROS content

Cells were grown in standard growth conditions overnight. The
membrane-permeant fluorescence indicator 5-(and-6)-chloromethyl-
2',7'-dichlorodihydrofluorescein diacetate, CM-H,DCFDA (Invitrogen),
was added to 1 mL of cell culture to the final concentration of 25 pM.
The protocol provided by the manufacturer was followed. Briefly, after
90 min loading time in darkness at 32 °C, cells were washed twice
with BG-11 and resuspended to the final volume of 0.5 mL. Then
200 pl of cell suspension were pipetted to a white 96-well microtitre
plate and fluorescence from CM-H,DCFDA and autofluorescence were
measured with a Wallac Victor? (Perkin Elmer) using 485 nm excitation
and detecting emission at 535 nm for CM-H,DCFDA and 680 nm for
autofluorescence. Then the samples were either incubated in
standard conditions for 45 min or treated with high light (PPFD
750 umol m~2 s~ 1) at 32 °C for 5, 15, 30 or 45 min. Autofluores-
cence was used to normalize samples, and changes in CM-H,DCFDA
fluorescence were calculated to detect general ROS content (H,0,,
hydroxyl and peroxyl radical, and peroxynitrite) of the cells.

Singlet oxygen production in intact cells was detected by His-
induced chemical trapping, which is based on the removal of oxygen
from the suspension due to oxidation of His by '0,. This effect can be
detected and quantified by His-mediated oxygen uptake as previously
described [31]. Briefly, cells were washed once and resuspended into
the final concentration of 5 ug Chl/mL in fresh BG-11 medium. The
light induced (PPFD of 2300 umol m™2 s~ ') oxygen production rate
was measured with and without 5 mM His using DW2 O, electrode
(Hansatech) and the difference between the rates of light induced
oxygen production with and without His was used to calculate the
rate of His-induced oxygen uptake as an indication of singlet oxygen
production.

2.3. Protein oxidation and glutathione measurements

Cells (30 mL; OD739 = 1) were harvested from growth conditions, or
after a 30-min high-light treatment at the PPFD of 750 umol m~2 s~ .
Total protein samples were isolated as previously described [25] except
that the lysis buffer was supplemented with 50 mM dithiothreitol.
Samples containing 0.1 pg Chl a were prepared according to Oxyblot™
Protein Oxidation Detection Kit (Millipore). Total proteins were separat-
ed by 10% NEXT GEL™ SDS-PAGE (Amresco) and the chemiluminescent
HRP substrate (Immobilon™ Western, Millipore) was used for detection
of carbonylated proteins.

Total glutathione concentration was measured using a colorimetric
assay [32]. The glutathione concentrations of the samples were
calculated from 10 min reactions using a glutathione standard.

24. Carotenoid and o-tocopherol measurements

Membranes were isolated as described earlier [33]. Carotenoids
were extracted with methanol from membrane samples containing
9 pg Chl a and a-tocopherol from intact cells as described earlier [27].
After extraction, pigments and o-tocopherol were separated by HPLC.
Myxoxanthophyll, zeaxanthin, echinenone, and [(-carotene were
detected at 490 nm, Chl a at 663 nm and a-tocopherol by fluorescence
(Nex = 295 nm, Ny, = 340 nm). The relative amounts of carotenoids
and a-tocopherol were calculated on Chl a basis.

2.5. Lipid analysis

Lipids were extracted from cells (30 mL; OD;3¢ = 1) according to
the method of Bligh and Dyer [34]. Lipid classes were separated with
thin-layer chromatography and quantified by gas chromatography as
described previously [35].
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2.6. Photoinhibition measurements in vivo

For visible-light photoinhibition treatments, cells (30 mL in 250 mL
beaker, 3.2 pg Chl a/mL) were illuminated with a slide projector at PPFD
of 1500 pmol m~2 s~ ! (saturating light) for 0, 15, 30 and 45 min at
32 °C with and without lincomycin (400 pg/mL). Addition of lincomy-
cin prevents the function of PSII repair cycle by inhibiting translation.
To test the effect of high-light pretreatment, the cells were first illumi-
nated at PPFD of 750 pmol m~2 s~ for 10 min, then lincomycin was
added and samples were withdrawn after 0, 10 and 20 min of illumina-
tion. For UV-A/B photoinhibition treatments, cells (25 mL in 100 mL
beaker, 3.2 pg Chl a/mL) were illuminated through a UG-11 filter
(Schott) with a high-pressure Xenon lamp at 32 °C in the presence
of lincomycin. The resulting light was UV light peaking at 340 nm,
containing 82% of UV-A and 18% of UV-B. For UV-C photoinhibition
treatments cells (25 mLin 100 mL beaker, 3.2 pg Chl a/mL) were illumi-
nated at 254 nm (Vilber Lourmat VL-8-LC) in the presence of lincomy-
cin. Aliquots of 1 mL were withdrawn and PSII activity was measured
under saturating light (2000 umol photons m~2 s~ ') with a Clark
type oxygen electrode at 32 °C in the presence of an electron acceptor,
0.5 mM 2,6-dichloro-p-benzoquinone (DCBQ). To keep DCBQ in an
oxidized form, 0.5 mM ferricyanide was added. The rate constant of
photoinhibition (kp;) was obtained by fitting the loss of PSII activity,
measured in the presence of lincomycin, to a first-order equation.

2.7. Western blotting and pulse labeling with >°[S|Met

Cells (25 mL; OD739 = 1; Chl a 3.5 pg/mL) were harvested from
growth light conditions. Total protein samples were isolated as pre-
viously described [25]. Protein samples containing 0.15 pg
(allophycocyanin, phycocyanin, PsaB) or 0.5 nug (CP43, Flv3) Chl a
were solubilized for 10 min at 75 °C and separated by 10% NEXT
GEL™ SDS-PAGE (Amresco) according to the manufacturer's
instructions. Proteins were transferred to Immobilon-P membrane
(Millipore). Antibodies against allophycocyanin (AS08277), phycocyanin
(AS08278), PsaB (AS10695) and IsiA/CP43 (AS06111) were purchased
from Agrisera; antibody against Flv3 was a generous gift from professor
E-M. Aro. The Goat Anti-Rabbit IgG (H + L) alkaline phosphatase conju-
gate (Zymed) and the CDP star chemiluminescence kit (New England
Biolabs) were used for detection of primary antibodies (and thus specific
proteins) in Western blotting. The immunoblots were quantified with a
FluorChem image analyzer (Alpha Innotech Corp.).

Cells (25 mL; OD739 = 1) were pulse-labeled for 10 min at the PPFD
of 1500 umol m~2 s~ ! with and without 30-min pre-illumination at
the same PPFD. Labeling was initiated by adding 2.5 pL of 3[S] L-Met
(185 MBq, Perkin Elmer). After the labeling, cold L-Met (0.4 mg/mL)
was added, the samples were rapidly cooled and cells were collected
by centrifugation at 4000 g for 5 min at 4 °C. Thylakoids were isolated
as described earlier [25]. Proteins were solubilized for 10 min at 75 °C
and samples containing 5 pg of Chl a were separated by 10% NEXT
GEL™ SDS-PAGE. Proteins were transferred to Immobilon-P membrane
and visualized with autoradiography. After the autoradiography, the
membranes were immunodetected with a D1 antibody (Agrisera,
AS06124A).

2.8. Northern blotting

For Northern blot analysis, the cells (25 mL; OD;3 = 1) were har-
vested from growth conditions or after 15-min or 45-min illumination
at the PPFD of 1500 umol m~—2 s~ . Total RNA isolation and Northern
hybridizations were performed as described earlier [36]. Four pg of
total RNA was loaded in each well. Equal loading of the gels was con-
firmed by methylene blue staining. The psbA probe was amplified by
PCR using primers 5’-TGCCTTCATCGCCGCTCCC-3’ and 5’-AGGTGCCG
ATTACCCGGCCT-3'. The probes were labeled using the Prime-a-gene

kit (Promega) and a->2[P]dCTP 10 mCi/mL (Perkin Elmer) according
to the manufacturer's instructions.

2.9. 77 K fluorescence spectroscopy

Cells were grown in standard growth conditions. The cultures were
concentrated to 40 pug Chl a/mL and 50 pL samples were used for the
measurements. Fluorescence emission spectra were measured at 77 K
with an Ocean Optics S2000 spectrometer by exciting the sample with
blue light obtained by filtering light from a slide projector through a
440 nm line filter (Corion, Dunedin FL, USA). The spectra were
corrected by subtracting the background at 615 nm, smoothened by a
moving median with a 2 nm window, and normalized by dividing by
the peak value of PSI emission at 723 nm.

2.10. Decay of Chl a fluorescence yield after a single turnover flash

The F3000 fluorometer (Photon Systems Instruments, Brno, Czech
Republic) was used. Before each measurement, cyanobacterial cells
(1 mL samples with 20 pg Chl/mL) were incubated at 32 °C in the
dark for 3 min. In some experiments, as indicated, 20 uM 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU) was added at the beginning
of the dark incubation. A saturating single turnover flash was fired and
thereafter the fluorescence yield was measured with a series of weak
probe flashes for 60 s.

2.11. Thermoluminescence measurements

Cells from 9 mL of culture (OD;30 = 1) were collected on a glass
microfiber filter 693 (VWR International). To measure the Q-band,
10 uM DCMU was added before the cells were collected. Cells on filters
were dark incubated for 4 min at 32 °C before thermoluminescence was
measured with a homemade luminometer [37]. The temperature was
lowered to — 10 °C, a 4 ps, 0.5 ] Xenon flash was fired and the sample
was heated at the rate of 0.5 °C/s.

3. Results and discussion

3.1. Photoinhibition resistance of AsigCDE does not support rapid growth in
moderately high light

We have recently shown that AsigCDE is resistant against the
damaging reaction of photoinhibition [30]. The PSII of AsigCDE remained
more resistant against the light-induced damage than that of CS when
PSII damage was measured after the cells were first pre-illuminated in
high-light (Fig. 1A). However, AsigCDE grew slighly more slowly than
CS in moderately high light, PPFD 120 pmol m~2 s~ !, (Fig. 1B) although
the growth rates of AsigCDE and CS were similar in standard condi-
tions [25]. These results indicate that AsigCDE is not generally more
tolerant against high light than CS, suggesting that the advantage due
to resistance of PSII against light-induced damage is lost because
something else in AsigCDE does not properly acclimate to high light.

3.2. Carotenoid and lipid composition of AsigCDE

Lipids are known to play roles in photosynthetic efficiency of the
cells [38], and the high carotenoid content of AsigCDE [30] prompted
us to study the membrane composition of AsigCDE. The carotenoid
profile of the membranes of AsigCDE (Fig. 2A) resembles that of the
whole cells [30] indicating that extra carotenoids of AsigCDE are mem-
brane bound. Analyses of membrane lipids indicated that AsigCDE and
CS contain similar amounts of sulfoquinovosyldiacylglycerol (SQDG)
and phosphatidylglycerol (PG), monogalactosyldiacylglycerol (MGDG)
and digalactosyldiacylglycerol (DGDG) (Fig. 2B). Lipid analysis showed
that 16:0, the main saturated fatty acid of Synechocystis, was 2-3%
more abundant in AsigCDE than in CS (Fig. 2C-F), and the unsaturated
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fatty acid 18:3 (6,9,12) was less abundant in MGDG and DGDG in
AsigCDE than in CS (Fig. 2C,D). Furthermore, SQDG contained 20% less
18:2 (9,12) in AsigCDE than in CS, but MGDG contained 8% more 18:2
(9,12) in AsigCDE than in CS.

3.3. Electron transfer properties of PSII are similar in CS and AsigCDE

Next we analyzed the electron transfer properties of AsigCDE. The
Chl a content of a culture with OD739 = 1 was 3.5 pug/mL in both strains.
Fluorescence emission spectra measured at 77 K indicated a slightly
higher PSII peak in AsigCDE than in CS (Fig. 3A). However, the small dif-
ference observed at 680 to 695 nm between the strains found no confir-
mation when the amounts of the PsaB protein (PSI reaction center) and
CP43 (a PSII protein) were compared by Western blotting (Fig. 3B). The
amounts of allophycocyanin and phycocyanin were similar in both
strains (Fig. 3B).

The decay of Chl a fluorescence yield after a single turnover flash
showed that electron transfer from Q4 to Qg followed similar kinetics
in both strains (Fig. 3C). The B and Q bands of thermoluminescence
(Fig. 3D) were similar in both strains, and the decay of Chl a fluores-
cence yield, measured in the presence of DCMU was essentially iden-
tical in both strains (Fig. 3C), indicating that charge recombination
reactions of PSII occurred similarly in both strains. These measure-
ments showed that PSII electron transfer reactions function normally
in AsigCDE.

3.4. PSII repair cycle functions normally in AsigCDE

We have previously shown that the efficiency of the PSII repair cycle
is reduced in the AsigBD strain because psbA genes encoding the D1
protein are not up-regulated as efficiently as in CS [39]. The PSII repair
cycle in AsigCDE was studied at the PPFD of 1500 umol m~=2 s~
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When cells of CS and AsigCDE were illuminated with white light, the
PSII activity of AsigCDE remained slightly higher than that of the control
strain (Fig. 4A) and in accordance with our previous results the PSII
damaging reaction, measured in presence of a translation inhibitor,
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Fig. 4. PSII photoinhibition and repair cycle in the control and AsigCDE strains. A, Loss of
oxygen evolution when cells were illuminated at the PPFD of 1500 umol m~2 s~ ! with
(solid lines) and without (dashed lines) lincomycin. Light-saturated PSII activity was
measured using DCBQ as an electron acceptor. Each data point represents the mean of at
least three independent biological replicates, and the error bars denote SE. B, Translational
activity in high light. Cells were pre-illuminated for 0 and 30 min at the PPFD of
1500 pumol m~2 s, and then pulse labeled with L-[>**S]Met for 10 min at the PPFD of
1500 pumol m~2 s~ . Proteins of isolated thylakoid membranes containing 5 pg of Chl a
were separated by SDS-PAGE and visualized with autoradiography. C, The amount of D1
protein detected by Western blotting. D, The psbA transcripts detected by Northern
blotting after 0, 15 and 45 min treatments at the PPFD of 1500 umol m~2 s~ . Equal
loading and even transfer of RNAs were verified by methylene blue staining of the
membrane. Representative blots of three independent measurements are shown in B-D.

occurred circa 30% more slowly in AsigCDE than in CS, as the rate
constant of photoinhibition was 0.052 4+ 0.002 min~' in CS and
0.035 + 0.001 min~ " in AsigCDE (Fig. 4A).

To measure de novo synthesis of the D1 protein, cells were pulse
labeled with radioactive methionine. Exposure to high light for 10 min
was either performed immediately after transfer of the cells to high
light or after a 30-min pre-illumination with the same high light. The
D1 protein was the most efficiently produced protein already at the
beginning of the high-light treatment, and enhancement of D1 synthe-
sis after pre-illumination was similar in CS and AsigCDE (Fig. 4B).
Western blot analysis indicated that the total amount of the D1 protein
remained constant throughout the high-light treatment in both strains
(Fig. 4C), and Northern blot analysis showed that high-light induction
of pshA mRNAs occurred similarly in both strains (Fig. 4D). These results
demonstrate that SigB as the only remaining group 2 o factor is
sufficient to maintain an efficient PSII repair cycle.

3.5. The AsigCDE strain is sensitive to oxidative stress

In addition to PSII damage, illumination with high light enhances
ROS production and oxidative stress. The sensitivity of AsigCDE to O3
and to H,0, originating from O3 was tested by growing cells in the
presence of methyl viologen, a PSI electron acceptor that produces Oz
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upon oxidation [40]. In the presence of 4 UM methyl viologen, AsigCDE
grew more slowly than CS (Fig. 5A), indicating that AsigCDE is sensitive
to methyl-viologen-induced O3 stress.

To estimate the cellular ROS content of the strains, cells were first
loaded in darkness with the fluorescence dye CM-H,DCFDA (detects
H,0,, hydroxyl and peroxyl radicals, and the peroxynitrite) and then ac-
cumulation of ROS was followed in standard growth conditions
(40 umol photons m~2 s~ 1) for 45 min or in high light (750 pmol pho-
tons m~2 s ) for 5,15,30 or 45 min. In standard conditions, AsigCDE
had a 33% higher ROS content than CS (Fig. 5B). High-light treatment in-
duced increase of ROS content in both strains, but the ROS content in-
creased more rapidly and ended up to a higher level in AsigCDE than
in CS (Fig. 5B). In accordance with a higher ROS level in the AsigCDE
strain, an immunological test for carbonylated proteins detected more
oxidized proteins in AsigCDE than in CS in standard growth conditions
(Fig. 5C) and a 30-min high-light treatment increased protein oxidation
in both strains (Fig. 5C). The '0, content of cells was measured by
histidine-mediated chemical trapping [31]. In this method, a good 10,
acceptor, His, reacts with 10, and removes dissolved O, from cell sus-
pension in '0,-concentration dependent manner [31]. The extent of
0, uptake, which is induced by the presence of His is proportional
with the amount of produced '0.. In contrast to the other ROS species,
the 10, content of AsigCDE cells was 65% lower than that of CS
(Fig. 5D). Taken together, the results show that AsigCDE suffers from
mild oxidative stress in our standard growth conditions, and higher
accumulation of some ROS species and protein damage were detected
in AsigCDE than in CS while the amount of '0, was low in AsigCDE.

A 3.0

25{ *CS
20 —— AsigCDE

1.5
1.0
0.5
0.0

w

CS
==AsigCDE

ODy3
ROS content

0 2 4 6 8 " 45 5 15 30 45
Growth time, days Treatment time, min

Growth light High light

LT

)
S

g 0
w w ®
[m] [m] =3
. & 8| 8
o= a= 8 oo
az 8 3 83| o= 5
(]
/ go
6 ©
T E 45
G
Q2
©
o

CS AsigCDE

Fig. 5. Sensitivity of AsigCDE to reactive oxygen species. A, Growth of the control (CS) and
AsigCDE strains in BG-11 medium supplemented with 4 {M methyl viologen at 32 °Cin con-
tinuous light, PPFD 40 umol m~2 s~ . B, Relative amounts of ROS in CS and AsigCDE strains
after 45 min in standard growth light (GL) conditions (at the PPFD of 40 pmol m~2 s~ ') and
after illumination for 5, 15, 30 and 45 min at the PPFD of ~750 pmol m~2 s~ (HL) using the
membrane-permeant fluorescence indicator CM-H,DCFDA. C, Protein oxidation levels in CS
and AsigCDE strains were detected using Oxyblot™ Kit. Proteins were isolated from cells
grown in growth light and after a 30 min high light treatment at the PPFD of
750 umol m~2 s~ . A representative plot of three independent measurements is shown.
D, Singlet oxygen production in AsigCDE and CS. '0, production was measured by His-
mediated oxygen uptake in BG-11 medium. The extent of O, uptake, which is induced
by the presence of His is proportional with the amount of produced '0,. Each bar and
data point represents the mean of three independent experiments, and the error bars
denote SE.

3.6. Protectants against oxidative stress in the AsigCDE strain

The Mehler-like reaction in which flavodiiron proteins reduce O, to
water without producing ROS can be an important protection mecha-
nism against formation of O3 in cyanobacteria [14,15]. In Synechocystis,
the Flv3/FIv1 heterodimer functions in the Mehler-like reaction [14].
Western blot analysis showed that the amount of the Flv3 protein was
reduced by one third in AsigCDE compared to CS (Fig. 6A). Down-
regulation of the Flv3 protein in AsigCDE was due to a low level of flv3
mRNA (Supplementary Table S1). It has been estimated that up to 20%
of electrons might pass from PSI to O, via the Flv1/Flv3 dimer [15].
Since normal PSII and PSI contents and electron transfer reactions
were detected in AsigCDE, it might be that a low Flv3 content
slows down the Mehler-like reaction in AsigCDE causing a consider-
able flow of electrons to true Mehler's reaction and therefore leading
to high production of O3 . A slow Mehler-like reaction may be one of
the reasons behind the low methyl viologen tolerance of AsigCDE
(Fig. 5A).

Enzymes detoxifying O and its reaction product H,0,, includ-
ing superoxide dismutase, catalase, glutathione peroxidases and
peroxiredoxins, were expressed similarly in AsigCDE and CS at the
mRNA level (Supplementary Table S1) suggesting that the higher
ROS content of AsigCDE does not induce mechanisms known to
detoxify Oz and its derivatives. Cyanobacteria contain millimolar
levels of glutathione that functions as an antioxidant and maintains
cellular redox balance [41]. AsigCDE contained approximately 20%
less glutathione than CS (Fig. 6B). A Synechocystis mutant lacking
glutathione synthase (gshB, slr1238) has been shown to be extreme-
ly sensitive to H,0,, methyl viologen and to the '0, sensitizing dye
Rose Bengal [13], indicating that glutathione protects against all
major ROS in cyanobacteria. Thus, the symptoms of oxidative stress
in AsigCDE may partially depend on the low glutathione content of
AsigCDE.

Glutaredoxin and thioredoxins are involved in glutathione-
dependent mechanisms that maintain cellular redox balance in
cyanobacteria [42,43]. The STXQ mutant of Synechocystis, lacking
thioredoxin Q, is sensitive to H,0, [44] and a deletion mutant lacking
NADPH thioredoxin reductase (NTR) is sensitive to methyl viologen
[45]. The mRNA levels of trxQ (slr0233) and NTR (slr0600) were down
regulated in the AsigCDE (Supplemental Table S1), suggesting that
low glutathione content is not the only defect in cellular redox
balancing systems in AsigCDE. Defects in cellular redox balancing may
contribute to the slow growth in the presence of methyl viologen
(Fig. 5A), the high content of O3 and related ROS species (Fig. 5B) and
the high protein oxidation in AsigCDE (Fig. 5C).
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3.7. Role of 10, in photoinhibition

10, is mainly quenched and scavenged non-enzymatically by carot-
enoids and a-tocopherol. The carotenoid content of AsigCDE was high
(Fig. 2A) but the amount of a-tocopherol in AsigCDE was only half of
that measured from the control strain (Fig. 6C). This was most probably
due to low expression of genes slr1736, slr1737 and slr0089, encoding
homogentisate phytyltransferase, tocopherol cyclase and y-tocopherol
methyltransferase, respectively, all involved in the synthesis of a-
tocopherol (Supplementary Table S1).

Synechocystis and plant mutants lacking a-tocopherol have similar
rates of the damaging reaction of photoinhibition as the respective
wild types, but the mutants have deficiencies in the PSII repair cycle
[7]. Although the a-tocopherol content of AsigCDE was lower than in
CS (Fig. 6C), the PSII repair cycle remained fully functional (Fig. 4).
Obviously, both carotenoids and a-tocopherol can protect the PSII
repair cycle against oxidative damage. Carotenoids and a-tocopherol
have been suggested to play overlapping roles in the protection against
lipid peroxidation [46] and photo-oxidative stress [47].

Our results suggest that the resistance of AsigCDE against the light-
induced damage to PSII might be related to low '0, level of the strain.
To further test this hypothesis, we measured the damage of PSII in
two different UV ranges. The UV-A/B light (82% of UV-A and 18% of
UV-B) is supposed to induce some formation of 10, while short wave-
length UV-C is not [48]. The AsigCDE strain lost PSII activity more slowly
than CS when cells were illuminated in UV-A/B light in the presence of
lincomycin (Fig. 7A) while the PSIl damage rates of the strains were
identical under UV-C light (Fig. 7B). These results support the idea
that efficient protection against '0, in AsigCDE is the main reason for
the PSII damage resistant phenotype of this strain in visible light. It is
possible that high carotenoid content contributes to the photoinhibition
resistance of AsigCDE also in UV-A/B light, but involvement of other
protective mechanisms, like up-regulation of the flv4-sll0218-flv2
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Fig. 7. Loss of PSII activity after UV light illumination in the presence of lincomycin. Cells
were illuminated either with UV-A/B (peaking at 340 nm, 82% UV-A and 18% UV-B) or
UV-C (254 nm) light. Each data point is the mean of three independent biological
replicates, and the error bars denote SE.

operon [30], is possible as well. In accordance with our results, a
zeaxanthin-overproducing strain of a green alga has been shown to be
resistant to the damaging reaction of photoinhibition [49]. Chlorophyll
fluorescence measurements (Fig. 3) excluded differences in charge re-
combination between the electron acceptor Qa and S,/Ss states of the
oxygen-evolving complex, implying that the rate of '0, production by
the slow charge recombination mechanism was similar in AsigCDE
and CS. Differences in other '0, production mechanisms are unlikely,
as PSII is equally active in AsigCDE and CS. The manganese mechanism
of photoinhibition [3] suggests that charge recombination reactions
lead to production of 0, when the oxygen-evolving manganese com-
plex does not provide electrons, whereas in the acceptor side mecha-
nism [4,50] charge recombination reactions are caused by inhibition of
electron transfer at the acceptor side of PSIL The recent finding that
the rate of '0, production in cyanobacteria is directly proportional to
light intensity [31] may suggest a direct link between !0, production
and the light-induced damage of PSII, as also the rate of photoinhibition
is directly proportional to light intensity [16]. The present data do not
allow judgment between the different mechanisms that trigger 10,
production.

4. Conclusions

The group 2 o factor mutant AsigCDE strain having SigB as an only
group 2 o factor, shows an interesting phenotype, being more sensitive
to oxidative stress (Fig. 5) but more resistant to photoinhibition of PSII
(Figs. 1,4 and 7). Fig. 8 shows a summary of mechanisms that are in-
volved in ROS metabolism and are up or down-regulated in AsigCDE.
Down-regulation of the Mehler-like reaction (Flv3 protein) and redox
balancing systems (low amount of glutathione and trxQ and NTR) lead
to oxidative stress in AsigCDE which up-regulates production of
photoprotective carotenoids and Flv4, sl10218, Flv2 proteins. Efficient
quenching of singlet oxygen in AsigCDE protects PSII against light
induced damage. Carotenoids and a-tocopherol show redundant
functions in protecting the PSII repair cycle against oxidative damage.

The high resistance of AsigCDE against the damaging reaction
of photoinhibition indicates that photoinhibition tolerance can be
achieved by up-regulating protective mechanisms by genetic modifica-
tions. In AsigCDE inactivation of the three other group 2 o factors
enhances the probability that the stress responsive SigB gets recruited
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Fig. 8. Differently regulated protective mechanisms in AsigCDE results photoinhibition
resistant, but ROS sensitive, phenotype. Red indicates up regulated and blue down regulat-
ed mechanisms in AsigCDE. Blue boxes with dashed line show down regulation of the
gene expression in mMRNA level. Green color indicates similar function in AsigCDE and CS.
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by the RNA polymerase core and induces a photoinhibition resistant
phenotype by reducing the '0, content of the cells. However,
inactivated SigC, SigD and/or SigE factors were found to be important
for normal functioning of redox balancing mechanisms and protection
against other ROS than !0, The high light sensitivity of AsigD [26,39]
suggests that SigD might have a central role controlling ROS protection
and redox balancing mechanisms.

According to our results, resistance against the light induced damage
to PSII alone does not lead to high light tolerance of cyanobacteria.
To obtain a high capacity for biomass production in high light,
cyanobacteria need to have efficient protection against O, related
oxidative stress. Our results demonstrate that tolerance against light
induced damage of PSII and overall tolerance to oxidative stress
can be separated in cyanobacteria, and that the main protective
mechanisms are different.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2013.11.011.
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