THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 27, pp. 24007-24014, July 8, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Interplay between Flavodiiron Proteins and Photorespiration

in Synechocystis sp. PCC 6803™

Received for publication, January 20,2011, and in revised form, May 17,2011 Published, JBC Papers in Press, May 20, 2011, DOI 10.1074/jbc.M111.223289

Yagut Allahverdiyeva*, Maria Ermakova‘, Marion Eisenhut’', Pengpeng Zhang®, Pierre Richaud®",
Martin Hagemann**, Laurent Cournac®"l, and Eva-Mari Aro*’

From the *Laboratory of Molecular Plant Biology, Department of Biochemistry and Food Chemistry, University of Turku, FI-20014 Turku,
Finland, *Commissariat & I'Energie Atomique (CEA), Direction des Sciences du Vivant, Institut de Biologie Environementale et
Biotechnologie, Laboratoire de Bioénergétique et Biotechnologie des Bactéries et Microalgues, CEA Cadarache, F-13108 Saint-Paul-
lez-Durance, France, "CNRS, UMR Biologie Végétale et Microbiologie Environnementales, F-13108 Saint-Paul-lez-Durance, France,
laix-Marseille Université, F-13108 Saint-Paul-lez-Durance, France, and the **Institut Biowissenschaften, Pflanzenphysiologie,
Universitdit Rostock, Albert-Einstein-strasse 3, D-18059 Rostock, Germany

Flavodiiron (Flv) proteins are involved in detoxification of O,
and NO in anaerobic bacteria and archaea. Cyanobacterial Flv
proteins, on the contrary, function in oxygenic environment and
possess an extra NAD(P)H:flavin oxidoreductase module. Syn-
echocystis sp. PCC 6803 has four genes (s/l1521, 5110219, 5110550,
and s/10217) encoding Flv proteins (Flvl, Flv2, Flv3, and Flv4).
Previous in vitro studies with recombinant Flv3 protein from
Synechocystis provided evidence that it functions asa NAD(P)H:
oxygen oxidoreductase, and subsequent in vivo studies with
Synechocystis confirmed the role of Flvl and Flv3 proteins in the
Mehler reaction (photoreduction of O, to H,0). Interestingly,
homologous proteins to Flvl and Flv3 can be found also in green
algae, mosses, and Selaginella. Here, we addressed the function
of Flvl and FIv3 in Synechocystis using the Aflvi, Aflv3, and
Aflv1/Aflv3 mutants and applying inorganic carbon (C;)-depri-
vation conditions. We propose that only the Flvl/Flv3 het-
erodimer form is functional in the Mehler reaction in vivo. %0,
labeling was used to discriminate between O, evolution in pho-
tosynthetic water splitting and O, consumption. In wild type,
~20% of electrons originated from water was targeted to O,
under air level CO, conditions but increased up to 60% in severe
limitation of C;. Gas exchange experiments with Aflvi, Aflv3,
and Aflvi/Aflv3 mutants demonstrated that a considerable
amount of electrons in these mutants is directed to photorespi-
ration under C; deprivation. This assumption is in line with
increased transcript abundance of photorespiratory genes and
accumulation of photorespiratory intermediates in the WT and
to a higher extent in mutant cells under C; deprivation.
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Flavodiiron proteins (or A-type flavoproteins, Flv)? are
involved in the detoxification of O, or NO in strict and faculta-
tive anaerobic prokaryotes (1). A similar type of Flv proteins,
however, with strict selectivity toward O,, was recently identi-
fied also in some eukaryotic pathogenic protozoa (2). All of
these Flv proteins contain two redox centers: a flavin mononu-
cleotide, functioning as an electron acceptor, and a non-heme
Fe-Fe center as an active site (1). Available crystal structures of
the Flv proteins from prokaryotic and eukaryotic organisms
contain two monomers in a “head-to-tail” arrangement, bring-
ing the flavin mononucleotide and Fe-Fe centers of opposing
monomers into close proximity (3, 4).

The genome sequence of the cyanobacterium Synechocystis
has revealed four genes (sll1521, 5110219, s/l0550, and s/10217)
encoding Flv proteins (Flvl, Flv2, Flv3, and Flv4, respectively).
Unlike the organisms mentioned above, cyanobacterial Flv pro-
teins possess an additional NAD(P)H:flavin oxidoreductase
module fused at the C terminus (1, 5). Two Flv proteins in
Synechocystis, Flv2 and Flv4, are unique for cyanobacteria.
Interestingly, homologous proteins to Flvl and Flv3 can be
found also in green algae, mosses, and Selaginella (6), whereas
only one protein with very low similarity to Flv proteins has
been found in plant genomes (7). We have recently demon-
strated an essential role of Flv2 and Flv4 in photoprotection of
the photosystem (PS) II complex under ambient CO, condi-
tions (6). Nevertheless, the exact mechanism underlying this
photoprotective effect and the localization of the Flv2 and Flv4
proteins still remain to be elucidated.

In vitro studies with recombinant Flv protein from Syn-
echocystis provided evidence that Flv3 functions as a NAD(P)H:
oxygen oxidoreductase (5), and subsequent in vivo studies with
Synechocystis confirmed the role of Flvl and FIv3 proteins in
photoreduction of O, (7). Photoreduction of O, to hydrogen
peroxide (H,O,) at the reducing side of PSI complex was dis-
covered 60 years ago by Mehler in spinach chloroplasts and
therefore is called a Mehler reaction (8). Subsequently, it has
been reported that the primary product of the Mehler reaction

3 The abbreviations used are: Flv, A-type flavodiiron proteins; C, inorganic
carbon; ROS, reactive oxygen species; RT-g-PCR, real-time quantitative RT-
PCR; Chl, chlorophyll; IAC, iodoacetamide; LHCII, light-harvesting complex;
PSI, photosystem [; PSII, photosystem II; 2PG, 2-phosphoglycolate; Rubisco,
ribulose-1,5-bisphosphate carboxylase/oxygenase.
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is superoxide anion (O, ), and its disproportionation produces
H,0, and O, (9). It is important to note that reactive oxygen
species (ROS) produced during photoreduction of O, do not
accumulate in intact chloroplasts due to efficient ROS-scaveng-
ing enzymes in near proximity to the photosynthetic electron
transport chain (10). Contrary to the Mehler reaction in plants,
the cyanobacterial Mehler reaction driven by Flvl and Flv3 does
not produce ROS (7).

In addition to the Mehler reaction and dark respiration, pho-
torespiration consumes O, in oxygenic photosynthetic organ-
isms (11) but, in this case, also liberates CO,. Photorespiration
is based on the dual function of Rubisco, the key enzyme of
photosynthetic carbon assimilation, which binds either CO, or
O, to the active site depending on the partial pressure of these
gases. Oxygenation of ribulose-1,5-bisphosphate by Rubisco
produces toxic 2-phosphoglycolate (2PG), which is metabo-
lized by the photorespiratory pathway. Photorespiration is
often described as one of the most wasteful reactions due to loss
of photosynthetically fixed carbon and energy (12). Cyanobac-
teria have evolved sophisticated CO,-concentrating mecha-
nisms that operate to increase the CO, concentration around
Rubisco, inside of the subcellular compartment called the car-
boxysome (13-16). The presence of efficient CO, concentrat-
ing mechanisms suggested that the photorespiratory pathway is
probably not essential in cyanobacteria (17). Nevertheless,
more recent studies on Synechocystis mutants defective in all
three predicted photorespiratory pathways, the plant-like C2
cycle and the bacterial-type glycerate and decarboxylation
pathways, demonstrated a high CO,-requiring phenotype com-
parable with plant photorespiratory mutants and thus sup-
ported the existence and essential function of photorespiratory
2PG metabolism in cyanobacteria (18, 19). In addition to 2PG
detoxification, the photorespiratory 2PG metabolism together
with the Mehler reaction supports the acclimation of cyanobac-
teria to high light stress because a double mutant Aflv3/AgevT
defective in both the Flv3 protein and the glycine decarboxylase
complex, which is involved in plant-like C2 photorespiratory
pathway, could not segregate completely, and the mutant dem-
onstrated a high light-sensitive phenotype (20).

However, despite the well defined routes for 2PG metabo-
lism, the experimental evidence for photorespiratory gas
exchange in cyanobacteria is still missing. Here, for the first
time to the knowledge of the authors, we report photorespira-
tory oxygen uptake by Rubisco under C; deprivation conditions
in Synechocystis mutant strains deficient in the fIvl and/or flv3
genes.

EXPERIMENTAL PROCEDURES

Strain and Culture Conditions—Synechocystis sp. PCC 6803
(WT) and mutant strains were grown in BG-11 medium buff-
ered with 20 mm N-[Tris(hydroxymethyl)methyl]-2-aminoeth-
anesulfonic acid-KOH, pH 8.2, with gentle agitation under con-
tinuous light (50 wmol photons m ™2 s~ ') at 30 °C and 3% CO.,,.
Three days before the experiments, the cells were shifted to air
level CO, atmosphere. For measurements, the cells were har-
vested and resuspended in a fresh BG-11 medium without
NaHCO, at chlorophyll (Chl) concentration of 10-20 wg ml ™.
Only when indicated, NaHCO, was added. For C; deprivation
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experiments, the cells were incubated under the light in an air-
tight Eppendorf tube for 4 h.

Mutants—The construction of the single mutants Aflvi
(containing a chloramphenicol-resistant cassette) and Aflv3
(containing a spectinomycin-resistant cassette) was described
previously (7). The double mutant of Aflvi/Aflv3 was generated
by second transformation of the Aflv3 mutant with the mutated
flvI construct. The genotype of all mutants was verified by PCR
using total chromosomal DNA and gene-specific primers for
fivI and flv3 (20), respectively (supplemental Fig. S1).

Oxygen Evolution—Steady-state oxygen evolution rates were
measured with a Clark type oxygen electrode (DW1, Hansat-
ech) at a saturating light intensity. To measure the net photo-
synthesis, the cells were suspended in BG-11 medium supple-
mented with 10 mM NaHCO;, and for the PSII activity
measurements, 2 mMm 2,5-dimethyl-p-benzoquinone was added
to cell suspension as an artificial electron acceptor.

P700 Light Curve Measurements—P700 measurements were
performed by DUAL-PAM-100 (Walz, Germany). The yield of
non-photochemical energy dissipation in the PSI centers
occurring due to the acceptor side limitation of PSI, Y(NA),
were calculated as Y(NA) = (P,, — P,,')/P,,,. For determination
of P, , a saturating pulse (6000 umol photons m %5~ ', 300 ms)
was applied on cell samples preilluminated with far-red light
(75 wattsm ™~ 2,105s). Thus, P,, was defined as a maximal change
of the P700 signal upon transformation of P700 from the fully
reduced to the fully oxidized state. P,," represents the maximal
change of the P700 signal upon application of a saturating
pulses at different increasing light intensities duration of 30 s.

Membrane Inlet Mass Spectrometry—Measurements of '°O,
(mass 32), '®*0, (mass 36) and CO,, (mass 44) exchange were
performed by membrane inlet mass spectrometry directly on
culture suspensions. For analyses, 1.5-ml samples were intro-
duced into the measuring chamber that is connected to the
vacuum line of a mass spectrometer (model Prima-B, Thermo
Fisher Scientific) by a Teflon membrane located at the bottom
of the chamber. With this setup, gases dissolved in the liquid
above the membrane diffuse through the thin Teflon layer and
are directly introduced into the ion source of the mass spec-
trometer. The measuring chamber was thermostated (30 °C)
using a water jacket, and the suspension was continuously
mixed by a magnetic stirrer. Actinic light (500 wmol photons
m ™~ *s~ ') was applied by a LED-powered fiber optic illuminator
(PerkinElmer Life Sciences) when needed. Calculation of light-
induced oxygen uptake is based on the fact that by photosyn-
thetic activity the cells produce essentially '°O, from water,
whereas if the heavy isotope '#0, is present in the suspension,
its consumption reflects O, uptake. Using a mixture of isotopes,
photosynthetic and respiratory activity of cells can then be cal-
culated simultaneously upon illumination using simple isotope
ratio expressed either as exchange rates (uptake or production
flow rates) or as cumulative O, exchange (amounts that have
been produced or consumed as a function of time) as detailed in
Ref. 21. In our experiments, '*0, (99% '*0, isotope content,
Euriso-Top) was injected by bubbling at the top of the suspen-
sion just before vessel closure and gas exchange measurements.

Real-time Quantitative RT-PCR (RT-q-PCR)—Total RNA
was extracted by TRIsure (Bioline) treatment and purified with
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TABLE 1

Photosynthetic activities of Synechocystis WT and the mutant cells
The activity of PSII and the net photosynthetic rate were measured as the steady-
state oxygen evolution rate in the presence of 2 mm 2,5-dimethyl-p-benzoquinone
and 10 mm NaHCO,, respectively. Values are given as a mean * S.D. from three
independent experiments. Dark respiration was monitored by membrane inlet mass
spectrometry, and values are given as umol O, mg Chl"" h™".

Net photosynthetic
PSII activity activity Dark respiration
% %
WT 100 = 2.4 100 = 1.7 10.4 + 0.6
Aflvi 110 £ 3.2 92 =21 175 €12
Aflv3 105 = 1.8 92 *15 16.1 = 1.2
Aflvl/AMv3 95+ 2.4 89 £1.2 13.7 + 0.7

1 unit of DNase (Ambion Turbo DNase kit) to remove genomic
DNA. Purified RNA (1 pg) was used for cDNA synthesis.
Reverse transcription was performed with random hexamers
(Promega) and SuperScript III Reverse Transcriptase (Invitro-
gen) according to the manufacturer’s protocol. Synthesized
c¢DNA was diluted 5-fold and used as a template for RT-q-PCR.

The RT-q-PCR was performed on a Bio-Rad IQ5 system
using iQ SYBR Green Supermix (Bio-Rad) with 40 cycles of
amplification. Relative changes in gene expression were calcu-
lated as described previously (6) using the constitutively
expressed rnpB gene as a control. The primers used in this study
are summarized in supplemental Table S1.

Quantification of Gly and Ser—Free amino acids were
extracted from fresh cyanobacterial cell pellets of 2 ml of cul-
ture with 80% ethanol at 65 °C for 3 h. After centrifugation, the
supernatants were dried by lyophilization and redissolved in 8
mMm Na,HPO,, pH 6.8. The content of Gly and Ser were deter-
mined by HPLC as described in Ref. 22.

Protein Analysis—A soluble fraction of proteins was isolated
as described (6). Protein complexes were separated using
6—13% gradient blue native PAGE followed by immunoblotting
with the Flv3 protein-specific antibody.

RESULTS

Phenotype and Photosynthetic Properties of Synechocystis
Aflvl, Aflv3, and Aflvi/Aflvd Mutant Cells—Comparative
growth characteristics of the WT and the Aflvi, Aflv3, and
Aflvi/Aflv3 mutant strains were tested in BG11 medium at
ambient air. There was no difference between the WT and the
single Aflvl and Aflv3 or the double mutant Aflv1/Aflv3 strains
in their growth characteristics under the conditions described
above under “Experimental Procedures” (data not shown).

To compare the electron transfer capacities of the WT, Aflvi,
Aflv3, and Aflvi/Aflv3 strains, the whole chain photosynthetic
electron transfer activity and the PSII activity were monitored.
In line with our previous report (6), the AflvI and Aflv3 single
mutants demonstrated slightly higher PSII activity in the pres-
ence of an artificial electron acceptor, but the net photosynthe-
sis rate was 8% lower as compared with the WT (Table 1). The
Aflv1/Aflv3 double mutant demonstrated only 89% of the activ-
ity from water to NaHCO, measured for the WT (Table 1).
Furthermore, the PSII activity of the Aflvi/Aflv3 mutant was
slightly lower, 95% of that in the WT (Table 1).

Because Flvl and Flv3 proteins function in accepting elec-
trons beyond PSI, we next measured the yield of non-photo-
chemical energy dissipation in PSI reaction centers Y(NA)
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FIGURE 1. Light response of the acceptor side limitation of PSI, Y(NA). The
acceptor side limitation of PSI was recorded from the WT (l) and Aflv] (@)
mutant strain. 0.1 mm methyl viologen (O) was added to Aflv1 cell suspen-
sion before the measurement. Values are the mean = S.D. from three
independent experiments.

under high CO, conditions. Fig. 1 demonstrates a typical light
response curve for WT with a sharp increase in Y(NA) at very
low light intensities, indicating a high acceptor side limitation
of PSI due to an incomplete activation of Calvin-Benson cycle,
the main terminal electron acceptor. Activation of CO, fixation
with time and increasing light intensity is reflected in a decline
in Y(NA). The Aflvl (Fig. 1), Aflv3 and Aflvi/Aflv3 (data not
shown) mutants demonstrated significantly higher Y(NA)
parameter with increasing actinic light intensities compared
with the WT.

The results described above to demonstrate the acceptor side
limitation of PSI were verified by using methyl viologen as an
artificial acceptor of electrons. Addition of methyl viologen to
Synechocystis cell suspension before Y(NA) measurements
completely eliminated the acceptor side limitation of PSI in the
Aflvl mutant cells (Fig. 1).

Respiration, Photoreduction of O, and CO, Uptake in Fly
Mutants—Y(NA) measurements demonstrated an important
role for the Flvl and Flv3 proteins in alleviation of the acceptor
side electron pressure in PSI. This could be assigned to the
function of the Flvl and Flv3 proteins in donation of electrons
to molecular oxygen in the Mehler reaction. This process might
be strongly regulated also by other electron transfer routes. To
verify this, the WT and the Flv mutants were subjected to
detailed gas exchange measurements. The respiratory O,
uptake was monitored during the dark period, and the photo-
reduction of O, as well as the CO,, uptake were measured dur-
ing the dark-light transition by applying the membrane inlet
mass spectrometry gas exchange analysis system (21). All Flv
mutants, the Aflvi (17.5 umol O, mg Chl™"' h™') and Aflv3
(16.1 uwmol O, mg Chl™! h™!) single mutants as well as the
Aflvi/Aflv3 (13.7 umol O, mg Chl~* h™ ') double mutant dem-
onstrated increased dark respiration rate as compared with the
WT (10.4 pmol O, mg Chl™' h™%, Table 1). On the other hand,
the WT cells and all of the Flv mutants, Aflvi, Aflv3, and Aflvi/
Aflv3, showed very similar CO, uptake after switching on the
actinic light (Fig. 2).
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FIGURE 2. Mass spectrometric measurements of CO, uptake during dark-
light transition. During measurement, the cells were first kept in darkness for
5 min, and thereafter the white light of 500 wmol photons m~2 s~ ' was
turned on (upward arrow) and off again (downward arrow).
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FIGURE 3. Mass spectrometric measurements of O, consumption during
dark-light transition in the WT, Aflv1, Aflv3, and Aflv1/Aflv3 mutants of
Synechocystis. The cells were keptin darkness for 5 min and then illuminated
with white light of 500 umol photons m~2 s~ for 5 min to measure the
uptake of O,. The asterisk represents cells demonstrated only trace amount of
80, consumption. White bars, 5 mm NaHCO, was present in the medium.
Black bars, measurements were performed with the cells exposed to C; dep-
rivation. Values are the mean = S.D. from three independent experiments.

180, labeling of the cells was then used to separately analyze
the evolution and uptake of O, during illumination of the cells.
In the WT cells, illumination strongly stimulated O, uptake (28
wmol O, mg Chl™* h™ ') in the presence of 5 mm NaHCO, (Fig.
3). Under the same conditions, the Aflvl and Aflv3 single
mutant cells did not show any photoreduction of O,, which is in
line with previous studies (Fig. 3) (7). Likewise, the double
mutant Aflv/Aflv3 was not able to consume O, during illumi-
nation in the presence of NaHCO,.

The above experiments confirmed the involvement of both
the Flvl and Flv3 proteins in the Mehler reaction of Synechocys-
tis. The next question to be addressed was whether there is a
competition between electrons from water oxidation to the
Mehler reaction, photorespiration, and CO, fixation. To this
end, the cell culture was depleted of CO,, the main terminal
electron acceptor of the photosynthetic electron transfer chain.
For this purpose, the cells were kept in tightly closed Eppendorf
tubes for 4 h. In the absence of dissolved CO, and without
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FIGURE 4. Effect of KCN on dark respiration and photoreduction of O,.
Dark respiration (A) and O, photoreduction (B) were monitored after addition
of KCN (final concentration, 1 mwm) (dashed line in B) to C-deprived Aflv1/Aflv3
cells. Arrays indicate the addition of inhibitor (A) and switching on the actinic
light (B). In B, the cumulative O, uptake curve is calculated from '80,/'°0,
exchange measurements and is presented here after subtraction of the dark
O, uptake rate for better legibility.

exogenously added bicarbonate (C; deprivation), the WT cells
demonstrated enhanced light-induced O, uptake compared
with that measured in control conditions in the presence of
bicarbonate (Fig. 3). Surprisingly, such severe C; deprivation
conditions were found to stimulate the photoreduction of O,
also in the AflvI and Aflv3 single mutants. These data were first
understood to indicate that the Flvl or Flv3 protein can func-
tion in the Mehler reaction as a homodimer under specific con-
ditions such as C, deprivation. To test this assumption, we gen-
erated the double mutant Aflvi/Aflv3. Intriguingly, the Aflvi/
Aflv3 double mutant also demonstrated a similar O,
photoreduction rate under C; deprivation conditions as the sin-
gle mutants (Fig. 3), thus excluding the possibility of functional
FIv1 or Flv3 homodimers. The similar behavior of both the Flv
mutants as well as the WT provided evidence that the O, pho-
toreduction under C; deprivation conditions could have an
origin different from the Flvl- and Flv3-mediated Mehler
reaction.

Because the enhancement of O, photoreduction upon C;
deprivation can, in principle, originate from enhanced function
of respiratory terminal oxidases, photorespiration, or electron
flux from PSI or stromal components directly to O, (classical
plant-type Mehler reaction), the origin of the O, photoreduc-
tion was further studied by applying specific inhibitors. The
addition of KCN, an inhibitor of terminal oxidases, completely
abolished dark respiration (Fig. 44) but did not significantly
affect the photoreduction of O, in the Aflvi/Aflv3 mutant cells
(Fig. 4B).

Photoreduction of O, was next measured in the presence of
iodoacetamide (IAC), a widely used inhibitor of CO, fixation
and photorespiration (7, 23). Measurements with cell suspen-
sions supplemented with IAC were first performed in the pres-
ence of bicarbonate. In such conditions, the addition of IAC
strongly stimulated the rate of O, photoreduction in WT (Fig.
5A), whereas in the AflvI (supplemental Fig. S24) and Aflv3
(supplemental Fig. S2B) single mutants as well as in the Aflvi/
Aflv3 double mutant (Fig. 5B) the stimulation of O, photore-
duction was only modest.

We next proceeded to compare the effect of IAC on photo-
reduction of O, at C; deprivation conditions. As demonstrated
previously in Fig. 3, the WT as well as all the Flv mutant cells
showed strong O, photoreduction at C; deprivation (Fig. 5, C
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and D, for WT and Aflvi/Aflv3, respectively). It is conceivable
that the C, deprivation favors the oxygenation of RuBP and thus
photorespiratory 2PG metabolism. The addition of IAC to the
C;-deprived WT cell suspension to inhibit the CO, fixation and
photorespiration did not significantly change O, photoreduc-
tion (Fig. 5C). In sharp contrast to the WT, addition of IAC to
the Aflvi, Aflv3 (supplemental Fig. S2, C and D, respectively),
and Aflvi/Aflv3 double mutant cells abolished ~75% of O,
photoreduction (Fig. 5D). High sensitivity of O, photoreduc-
tion to IAC, the Calvin-Benson cycle inhibitor, during C; dep-
rivation, led us to conclude that the C;-sensitive O, photore-
duction in the Aflv] and Aflv3 mutants as well as in the Aflvi/
Aflv3 double mutant is mainly due to photorespiration, i.e.
oxygenase function of Rubisco. Similar results were obtained
when cell suspension was supplemented with glycolaldehyde
(supplemental Fig. S4), another effective inhibitor of the pho-
tosynthetic carbon reduction cycle (24). About 25% of O, pho-
toreduction in the Aflvi, Aflv3, and Aflvi/Aflv3 mutant cells

WT Aflv1/Aflv3
A v B NaHCO ;
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FIGURE 5. Effect of IAC on photoreduction of O, in the WT and Aflv1/Aflv3
cells. O, photoreduction was monitored in the presence of 5 mm NaHCO,
(solid line) and in the presence of both 5 mm NaHCO; and 8 mm IAC (dashed
line) from the WT (A) and Aflv1/Aflv3 mutant cells (B). Similar measurements
were performed from the WT (C) and Aflv1/Aflv3 (D) cells after C; deprivation.
Arrays indicate switching on the light. Cumulative O, uptake curve was cal-
culated from '80,/'°0, exchange measurements and is presented here after
subtraction of dark O, uptake rate for better legibility.
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was insensitive to IAC (Fig. 5D), and this might originate from
the electron flux from the PSI complex directly to O, or from a
fraction of Rubisco that was not fully inhibited by the inhibitor.
It was also tested that IAC has no effect on the function of
terminal oxidases in the dark (Fig. S3).

Photorespiratory Pathway—To support the assumption of an
activated photorespiratory 2PG cycle in C;-limited WT and Flv
mutant cells, the relative expression level of two genes, gevT
(s10171) and ilvB (sll1981), encoding the Gly decarboxylase
complex T protein and glyoxylate carboligase, involved in the
plant-like C2 cycle and bacterial-type glycerate photorespira-
tory pathways, respectively, were analyzed by RT-q-PCR. The
relative transcript abundance of these genes was studied in
the WT and Aflvi/Aflv3 mutant cells from three different
conditions: (i) high CO, grown cells where the occurrence of
photorespiratory pathway is minimal, (ii) after C; depriva-
tion treatment where enhanced photorespiratory metabolism
is expected, and (iii) after addition of IAC to C;-deprived cells.
Under C; deprivation conditions, the transcript levels of the
gevT and ilvB genes were ~2-3-fold higher in both the WT and
Aflvi/Aflv3 mutant cells as compared with high CO, grown
cells (Fig. 6A4). On the contrary, addition of IAC significantly
decreased the transcript level of both genes. It is important to
note that even in high CO, grown cells, the transcripts of gcvT
and especially of ilvB genes were much more abundant in the
Aflvi/Aflv3 mutant cells as compared with the WT.

Gly and Ser, the photorespiratory intermediates, were also
monitored in the WT and mutant cells. After 12 h of incubation
under C; deprivation conditions, all cells showed a clear accu-
mulation of Gly and Ser, indicating an enhanced flux into the
plant-like C2 photorespiratory cycle. Although WT cells accli-
mate after longer times, resulting in a decrease in Gly content,
the AflvI and Aflv3 mutant cells still demonstrated a high accu-
mulation of both amino acids (Fig. 6B). Obviously, severe C;
deprivation does lead to the accumulation of intermediates of
the plant-like 2PG pathway despite the slight increase in tran-
script level of some photorespiratory genes during the active
photorespiration.

Dimerization of Flv Proteins—Because the Flv proteins from
different organisms have demonstrated a homodimer or homo-
tetramer organization in vitro (3—5), we addressed the question
about dimerization of Synechocystis Flv proteins. Both Flvl and
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FIGURE 6. Effect of C; deprivation on photorespiratory markers. A, transcript abundance of the gcvT and ilvB genes in the WT (black bars) and Aflv1/Aflv3
(white bars) cells. Samples were taken from the cells grown in the presence of 3% CO, (HC), after 12 h shift from HC to C; deprivation conditions (C-dep) and after
4 h treatment with IAC of the samples incubated at C; deprivation for 8 h (+1AQ). r.u., relative units. B, accumulation of Gly and Ser in the WT, Aflv1, and Afiv3
cells. Samples were taken from the cells grown in the presence of 3% CO,, after a 12- and 36-h shift from HC to C; deprivation conditions.
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FIGURE 7. Dimerization of the Flv1l and Flv3 proteins in the WT and
mutant cells. Soluble fraction of cellular proteins was isolated as described
(6). Protein complexes were separated using 6-13% gradient blue native
PAGE electrophoresis (A) and immunodetected with Flv3 antibody (B). The
arrow indicates the location of the Flv3 protein where it is present as a dimer
with molecular mass of ~140 kDa. The molecular mass of the Flv monomer is
70 kDa. Gels were loaded on a protein basis.

FIv3 are soluble proteins in the cytoplasm (6). To determine
whether the Flvl and Flv3 proteins are dimerized in vivo, the
soluble protein fraction was isolated from the WT and Aflvi
mutant cells, subjected to blue native PAGE, and immuno-
blotted with the Flv3 antibody. As shown in Fig. 7B, the Flv3
antibody in the WT cells recognized a major band above the
140-kDa marker, suggesting that most of the Flv3 proteins are
present as a homo- or heterodimer. However, the Flvl antibody
did not recognize the protein in Synechocystis cell extracts but
only when overexpressed in Synechocystis or Escherichia coli,
thus being in accordance with a very low transcript level of the
flvl gene in the cells (6). Accordingly, this antibody could not be
used to analyze the 140-kDa band. The presence of a protein
band with similar molecular mass also in the Aflv] mutant cells
indicated that the FIv3 protein is capable of forming
homodimers as well. However, the similar behavior of the
Aflvi/Aflv3 double mutant and both of the Flv single mutants in
the photoreduction of O, in the presence of bicarbonate and in
C, deprivation, suggested that the FIv3 or Flvl homodimers are
not active in the Mehler reaction in vivo. In line with functional
significance of the heterodimer, the accumulation of the Flv3
protein was dependent on the presence of the Flvl protein, as
the amount of the Flv3 protein was significantly down-regu-
lated in the Aflvl mutant cells (Fig 7B).

DISCUSSION

Mehler Reaction Is a Strong Sink of Electrons in Cyano-
bacteria—In plant chloroplasts, the Mehler reaction plays a
protective role acting as a sink for excess electrons under severe
stress conditions, for example when CO,, fixation is impaired
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(25). This reaction leads to the production of ROS. As a conse-
quence, plants have during the evolution developed a strong
ROS-scavenging system (26). It is intriguing to note that cyano-
bacteria, the progenitors of chloroplasts, employ a completely
different strategy for performing Mehler reactions. The Flvl
and Flv3 proteins, performing the Mehler reaction in cyanobac-
teria (Fig. 3), can reduce O, to water without generation any
ROS. It has been proposed that the Mehler reaction in cyano-
bacteria is evolutionarily related to the response of anaerobic
bacteria to O, (7).

Assuming that the O, photoreduction in the WT Syn-
echocystis cells in the presence of saturated amount of C, is
mainly due to the Mehler reaction operated via Flvl and Flv3,
the cells pass ~20% of electrons originating from PSI to O, via
the FIv1/Flv3 heterodimer. At C; deprivation conditions, the O,
photoreduction rate was 50—60% of gross photosynthetic O,
evolution in the WT Symechocystis cells. Because IAC, the
inhibitor of CO, fixation and photorespiration, was found to
have a stimulatory effect on photoreduction of O,, to a larger
extent in the presence of C; than in C; deprivation, the capacity
of the Mehler reaction is likely to be very high. This is deduced
from the fact that IAC, by inhibiting the CO, uptake in the
presence of C; and suppressing possible electron flux via pho-
torespiration under the C, deprivation, stimulates Mehler reac-
tion to a larger extent in the WT. Thus, the Mehler reaction
seems to function as an efficient sink of electrons and thereby
dissipates excess energy in the photosynthetic apparatus of Syn-
echocystis. Nevertheless, it is likely that cyanobacteria with effi-
cient CO, concentrating mechanism only seldom use their
Mehler reaction in its full capacity.

Even though dimerization is a general feature of Synechocys-
tis Flv proteins, only the Flv1/Flv3 heterodimer was found to be
a physiologically functional form in the Mehler reaction in vivo.
A significant decrease in the amount of Flv3 in the Aflv mutant
also suggests that the stability of the Flvl and Flv3 proteins is
co-regulated. We do not, however, exclude the possibility that
homodimers of Flvl and Flv3 might be formed at least in the
mutant background that could have another, still unknown
function in cells.

Evidence for Functional Photorespiratory Gas Exchange in
Cyanobacteria—In addition to the Mehler reaction in WT cells,
it was intriguing to note that the Flv mutants are also capable to
direct 40—60% of electrons from the photosynthetic electron
transfer chain to photoreduction of O,. At first glance, these
results are striking and even contradictory. It should be noted,
however, that such strong photoreduction of O, was recorded
only at severe limitation of C; under conditions where the WT
efficiently directs electrons mainly to the Mehler reaction.
Indeed, there is compelling evidence that the mutant strains
with inactivated flvl and/or flv3 gene do not perform light-
induced O, uptake when C; is present as a terminal electron
acceptor (Fig. 3) (7). Therefore, significant O, photoreduction
under severe C; deprivation in both the AflvI and Aflv3 mutant
cells as well as in the double mutant must have a different
origin.

In all cyanobacteria, two partially overlapping photorespira-
tory pathways, one similar to plant photorespiratory metabo-
lism and the other similar to bacterial glycerate pathway, have
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been predicted from in silico analyses (19). A third metabolic
route, the decarboxylation pathway, was suggested recently by
Eisenhut et al. (18). It was hypothesized that the photorespira-
tory 2PG metabolism is important for distribution of the crucial
intermediate glyoxylate for the synthesis of metabolic precur-
sors and biomass. Recent computational simulations of the
Synechocystis primary metabolism demonstrated that the
majority of Gly and Ser originate from photorespiratory 2PG
metabolism at photoautotrophic growth. Only under dark con-
ditions, the much lower glyoxylate demand may be alternatively
fulfilled by proline catabolism (27).

Cyanobacteria are evolutionarily the first prokaryotes per-
forming water oxidation, which resulted in high intracellular
O, level. A strong focus during evolution of oxygenic photosyn-
thetic organisms has been on preventing the damages of self-
generated oxidative environment. Additionally, in nature cya-
nobacteria are often exposed to C; limitation (28) conditions
(for instance, acidic water, low mixing, cyanobacterial mats,
etc.), and this would favor the cells to perform photorespiration
at higher rates. It is conceivable that the efficient function of the
Flv1 and FIv3 proteins in the Mehler reaction in cyanobacteria
reduces but does not eliminate the importance of photorespi-
ration in dissipation of excess energy under low C; conditions.
The application of '*0, labeling and the C; deprivation condi-
tions to the mutant cells without Mehler background clearly
demonstrated that the Flv-based Mehler reaction is not the
only sink for electrons in C; deprivation. Indeed, a considerable
amount of electrons under such conditions are directed to pho-
torespiratory 2PG metabolism in the Aflvi, Aflv3, and Aflvi/
Aflv3 mutants. Moreover, our results do not exclude but rather
also support a possibility that in WT Synechocystis cells, a cer-
tain amount of electrons is directed to the detoxification of the
oxygenation product 2PG of Rubisco under specific conditions,
such as C; deprivation. In line with our present results, an inter-
action of the FIv3 protein with photorespiration was suggested
to be crucial based on the high light-sensitive phenotype of the
double mutant Aflv3/AgevT (20).

Evolutionary Implications on Elimination of Cyanobacterial-
type and Development of Plant-type Mehler Reaction—Genes
encoding the Flvl and Flv3 type proteins have been found in
sequenced genomes of all cyanobacteria as well as in green algae
and mosses (6). During evolution of higher plants, the Flv-based
Mehler reaction, with water as a direct end product, was lost
and became replaced with the plant-type, classical Mehler reac-
tion, which produces ROS, and evolved in concert with an effi-
cient ROS-scavenging system. The plant-type Mehler is
unlikely to support significant electron flow, with the estimated
values being less than 10% (11), and its function is clearly lim-
ited as an electron sink under severe stress conditions. In
eukaryotic photosynthetic organisms, the excess energy dissi-
pation and adjustment of the NADPH/ATP ratio is in close
communication with mitochondria, which might in some cases
divert excess reducing power into (distant) O, consumption
(29). It is also likely that the elimination of Flv proteins in higher
plant chloroplasts was closely related to the movement of life
from water to the land. Life in the atmosphere affords intensive
gas diffusion, thus avoiding overaccumulation of O, in photo-
synthetic cells and probably making the Flv proteins dispensa-
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ble. It is conceivable that in higher plants, the regulation of the
redox poise in chloroplasts by cyclic electron flow around PSI
together with efficient non-photochemical quenching and
light-harvesting complex II phosphorylation is enough to pro-
vide sufficient photoprotection (30). In aquatic or humid envi-
ronments, gas diffusion is slower; therefore, a direct scavenging
of O, via the Flv proteins and without formation of ROS is
probably more important for efficient carboxylation of Rubisco.
Green algae and mosses represent evolutionary intermediates.
Their dissipation of excess energy, for instance by the non-
photochemical quenching system, resembles that of higher
plants (31-33), but they still harbor the genes involved in the
Flv-type Mehler reaction (6). Photorespiratory pathway also
functions as an efficient electron sink for dissipation of excess
energy in C3 plants, particularly under limiting CO, conditions,
and accordingly plays a crucial role also in high light acclima-
tion of C3 plants (34, 35). In cyanobacteria, on the contrary, the
concerted function of the Flv proteins has the most decisive role
in dissipation of excess energy in C; deprivation and apparently
also during dark-light transitions.
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