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Oxygenic photosynthesis evolved with cyanobacteria, the ancestors of plant chloroplasts. The highly oxidizing chemistry of water
splitting required concomitant evolution of efficient photoprotection mechanisms to safeguard the photosynthetic machinery. The
role of flavodiiron proteins (FDPs), originally called A-type flavoproteins or Flvs, in this context has only recently been appreciated.
Cyanobacterial FDPs constitute a specific protein group that evolved to protect oxygenic photosynthesis. There are four FDPs in
Synechocystis sp. PCC 6803 (Flv1 to Flv4). Two of them, FIv2 and Flv4, are encoded by an operon together with a S110218 protein.
Their expression, tightly regulated by CO, levels, is also influenced by changes in light intensity. Here we describe the
overexpression of the flv4-2 operon in Synechocystis sp. PCC 6803 and demonstrate that it results in improved photochemistry
of PSIL. The flv4-2/OE mutant is more resistant to photoinhibition of PSII and exhibits a more oxidized state of the plastoquinone
pool and reduced production of singlet oxygen compared with control strains. Results of biophysical measurements indicate that
the flv4-2 operon functions in an alternative electron transfer pathway from PSII, and thus alleviates PSII excitation pressure by
channeling up to 30% of PSIl-originated electrons. Furthermore, intact phycobilisomes are required for stable expression of the
flv4-2 operon genes and for the Flv2/Flv4 heterodimer-mediated electron transfer mechanism. The latter operates in
photoprotection in a complementary way with the orange carotenoid protein-related nonphotochemical quenching.
Expression of the flv4-2 operon and exchange of the D1 forms in PSII centers upon light stress, on the contrary, are mutually

exclusive photoprotection strategies among cyanobacteria.

Photosynthetic light reactions are evolutionarily highly
conserved among oxygenic photosynthetic organisms
from cyanobacteria to higher plants. Because of dangerous
chemistry of the water splitting reactions, oxygenic pho-
tosynthesis produces reactive oxygen species (ROS) and
other radicals that potentially could destroy the pho-
tosynthetic machinery. To avoid permanent damage,
all oxygenic photosynthetic organisms are equipped
with an array of various photoprotective and regulatory
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mechanisms. Accumulating evidence on these regulatory
mechanisms has revealed vast evolutionary differences
between organisms performing oxygenic photosynthesis.

Photosynthetic organisms have a capacity to adjust to
different light intensities and to changes in the avail-
ability of electron sinks, which depends largely on met-
abolic cues. When light or metabolic conditions change,
photosystems can dissipate excess energy as heat in
nonphotochemical energy dissipation processes in
the light-harvesting antenna systems (for review, see
Horton et al., 1996; Miiller et al., 2001). Cyanobacteria
have phycobilisomes (PBs) as light-harvesting antenna,
which also participate in state transitions (for review, see
van Thor et al., 1998; Mullineaux and Emlyn-Jones,
2005) and nonphotochemical quenching (NPQ) of exci-
tation energy (for review, see Bailey and Grossman,
2008). Both of these processes are involved in short-term
regulation of light-harvesting processes and concomi-
tantly function as photoprotective mechanisms. These
nonphotochemical energy quenching mechanisms,
however, have only limited capacity, and it often occurs
that more electrons are excited than can be safely used in
photochemistry for reduction of natural metabolic
electron acceptors, particularly under stress conditions.

Plant Physiology®, February 2014, Vol. 164, pp. 805-818, www.plantphysiol.org © 2013 American Society of Plant Biologists. All Rights Reserved. 805


mailto:evaaro@utu.fi
http://www.plantphysiol.org
mailto:evaaro@utu.fi
http://www.plantphysiol.org/cgi/doi/10.1104/pp.113.231969

Bersanini et al.

In such situations, electrons can be directed, for example,
to molecular oxygen resulting in production of ROS. To
avoid harmful reactions by ROS that threaten the cell via-
bility, a repertoire of different photoprotection mechanisms
have evolved in cyanobacteria as well as in all other oxy-
genic photosynthetic organisms.

Flavodiiron proteins (FDPs), originally called A-type
flavoproteins or Flvs (Wasserfallen et al., 1998), were
recently demonstrated to have an important role in
photoprotection of the photosynthetic machinery (Zhang
et al, 2009, 2012; Allahverdiyeva et al., 2011, 2013;
Ermakova et al., 2013). FDPs in general are most wide-
spread among strict and facultative anaerobic bacteria.
Many of their FDPs have been characterized structurally
and functionally, showing homodimeric or homotetra-
meric forms (Vicente et al., 2008b, 2009). A typical FDP
consists of a core composed of a metallo-3-lactamase-like
domain and a C-terminal flavodoxin domain. The former
domain contains a nonheme diiron center, whereas the
latter harbors a FMN moiety. It has been shown that
FDPs in anaerobic bacteria are involved in O, and /or NO
detoxification (Vicente et al., 2008a). Completely unique
FDPs are, however, found in specific groups of oxygenic
photosynthetic organisms. FDPs found in cyanobacteria
and some photosynthetic eukaryotes possess an extra
C-terminal flavin reductase domain (Zhang et al., 2009).
This particular domain composition theoretically allows
NAD(P)H oxidation to be coupled with O, reduction in
the same enzyme.

Synechocystis sp. PCC 6803 (hereafter Synechocystis), a
widely used model organism among cyanobacteria in
photosynthesis research, contains four FDPs encoded
by the sll1521 (flvl), sll0219 (flv2), sll0550 (flv3), and
sll0217 (flu4) genes. In vivo, Flvl and Flv3 acquire elec-
trons after PSI and deliver them further to molecular
oxygen, reducing it to water. We have denominated this
process as a Mehler-like reaction (Allahverdiyeva et al.,
2013) because the excess of electrons is donated to O,,
similarly to the genuine plant-type Mehler reaction, but
there is no production of ROS in the FDP-mediated re-
action (Helman et al., 2003). Up to 60% of the electrons
produced by the oxygen splitting activity of PSII are
redirected to Flvl- and Flv3-mediated Mehler-like re-
actions in severe inorganic carbon starvation conditions
(Allahverdiyeva et al.,, 2011). Flvl and Flv3 proteins
form a very important electron sink that protects PSI against
oxidative damage under fluctuating light conditions
(Allahverdiyeva et al., 2013).

Flv2 and Flv4 can be found only in cyanobacteria and
they have been assigned a role in photoprotection of
PSII (Zhang et al., 2009, 2012). PSIl is historically known
to be extremely vulnerable to oxidative damage upon
illumination, with the severity of damage being depen-
dent on light intensity and on the availability of electron
acceptors. At air-level CO, concentrations (low CO, or
LC) and/or high light (HL) irradiances, terminal accep-
tors are consistently limiting the electron flow, making
PSII particularly sensitive to these conditions, widely
exceeding the repair capacity of damaged PSII centers
(Aro et al., 1993).
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Flv2 and Flv4 proteins are encoded in an operon in-
cluding a small S110218 protein. Importantly, the flv4-2
operon is strongly induced in LC and HL conditions
(Zhang et al., 2009). Flv4 and Flv2 proteins form a het-
erodimer that localizes in cytoplasm but also has a high
affinity to membrane in the presence of cations (Zhang
et al., 2012). S110218, the 19-kD protein encoded by the
flvd-2 operon, locates in the thylakoid membrane and
forms a high molecular mass complex in association
with unknown partners. In the model proposed by
Zhang et al. (2012), S110218 stabilizes PSII dimers and
facilitates the opening of a novel electron transfer
pathway through the Flv2/Flv4 heterodimer, which
associates with the thylakoid membrane in light. The
Flv2/Flv4 complex is also important for proper energy
transfer from PBs to PSII as evidenced by a high emis-
sion peak at 685 nm in the 77K fluorescence spectra. This
effect is caused by uncoupled PB terminal emitters, as
deduced from detailed examination of the deconvo-
luted emission spectra (Zhang et al., 2012). This strongly
suggested a distorted energy transfer from PB terminal
emitters to the PSII reaction centers in flv4-2 operon
deletion mutants. However, the photoprotection mech-
anism induced by the flv4-2 operon is not yet clearly
understood. Here, with an overexpression approach, we
provide evidence that FIv2/Flv4 acts as an important
electron sink at the PSII acceptor side, allowing the
maintenance of the plastoquinone (PQ) pool in an oxi-
dized state and preventing the production of singlet
oxygen in PSII. Furthermore, regular PBs are required for
the Flv2/Flv4-related mechanism to be expressed. Ge-
nome mining of sequenced cyanobacteria strains pro-
vided evidence for the loss of the flu4-2 operon in the
genomes of cyanobacteria that have acquired a stress-
inducible D1 copy.

RESULTS
Overexpression of the flv4-2 Operon in Synechocystis

The s110217-s110219 (flv4-flv2) operon was overexpressed
in Synechocystis in order to investigate and clarify its role in
photoprotection. The flv4-2 operon was placed under the
control of the psbA2 promoter and integrated into the
chromosome by replacement of the psbA2 gene (Fig. 1A).
The obtained flv4-2 overexpression mutant (flv4-2/OE)
contained the flv4-2 operon under control of the psbA2
promoter in addition to the native operon, and was devoid
of the psbA2 gene. Therefore, the ApsbA2 mutant con-
taining the spectinomycin resistance cassette instead of the
psbA2 gene (Zhang et al., 2012) was used as the control
strain together with the wild type in functional studies of
the overexpression mutant. In addition, the experiments
were also performed with the Aflv4 mutant, which does
not express the Flv4, S110218, and Flv2 proteins (Fig. 1B;
Zhang et al, 2012). The latter mutant contained the
kanamyecin cassette in sll0217 (flv4), the first gene of the
operon (Zhang et al., 2012).

Western-blot analyses revealed that the level of Flv2,
S110218, and Flv4 proteins in the flv4-2/OE mutant
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increased more than 2-fold compared with the wild type
when cells were grown in LC conditions (Fig. 1B),
whereas the ApsbA2 mutant showed the lowest con-
tent of flv4-2 operon-encoded proteins in LC conditions
(Fig. 1B). Importantly, the flv4-2/OE mutant also ex-
pressed the Flv4, S110218, and Flv2 proteins under the
high CO, (HC) condition (Fig. 1C), whereas these pro-
teins were strongly down-regulated by the excess of
CO, in the wild type and ApsbA2. The expression of the
Flv4, 5110218, and Flv2 proteins in the flv4-2 /OE mutant
in HC conditions was related to the light-inducible
psbA2 promoter.

Growth Phenotype of the flv4-2/OE Mutant in Different
Light Intensity Conditions

The above-described strains were tested for sensitivity
to strong light irradiances in LC conditions. When cells
were grown at 500 umol photons m 2s ! (500-HL), no
significant differences were observed in growth curves
(Fig. 2A). Increase of the light intensity to 1,500 umol
photons m %51 (1,500-HL) caused slower growth of the
wild type, ApsbA2, and Aflv4 (Fig. 2B), whereas the
growth of the flv4-2 / OE cells was not hampered (Fig. 2B).
Because alterations in thylakoid membrane content
might cause inconsistencies in the correlation of OD,5,
and cell number (Fuhrmann et al., 2009), we calculated
cells of all four strains grown in the different tested con-
ditions using a cell counting chamber. Only minor dif-
ferences in OD,5, per cell number between the strains
were observed (data not shown), confirming the results
presented in growth curves (Fig. 2, A and B).

After7 d of growth, clear differences in the color of the
cell cultures were observed. At 500-HL, the overexpression
mutant showed a darker green color than the wild-type
strain, whereas the ApsbA2 and Aflv4 strains had acquired
a clear yellow color (Fig. 2C). The dark green color of the
flv4-2/OE culture suggested that the increased expression

a-Flv2

o-ATPB

Figure 1. Construction and characterization of the flv4-2/OE mutant.
A, Schematic representation of the insertion of flv4-2 operon into the
Synechocystis chromosome under the control of the psbA2 gene pro-
moter. B and C, Western blots were performed with protein samples
isolated from cultures grown at air-level CO, (LC; B) and at 3% CO,
(HG Q). Twenty micrograms of total protein from the cell extracts were
loaded into each lane (= 100%), if not otherwise indicated. WT, wild
type. [See online article for color version of this figure.]
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Figure 2. Growth phenotype of wild-type and mutant strains. A and B,
Growth curves were obtained with cells cultivated at 500-HL (A) or at
1,500-HL (B). C, The difference in color of cells grown for 7 d at
corresponding light intensities. WT, wild type.
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of the flv4-2 operon-encoded proteins counteracted the
negative effect caused by the absence of psbA2. More-
over, the flv4-2 /OE mutant cells remained unbleached
after 7 d of growth at 1,500-HL in contrast with the other
three strains, including the wild type. Growth experi-
ments clearly showed that the overexpression mutant
tolerated HL stress better than the wild-type, ApsbA2,
and Aflv4 strains.

Whole-cell absorption spectra (Supplemental Fig. S1)
of cells grown in standard growth light (GL) and 500-HL
were recorded to analyze the content of carotenoids that
typically accumulate in photosynthetic organisms un-
der stressful conditions. When the strains were grown in
GL and 500-HL, the ApsbA2 and Aflv4 strains showed
the highest carotenoid/chlorophyll a ratio (Car/Chl a),
whereas the flv4-2/OE mutant had the lowest ratio
among all of the strains. The overexpression mutant in
particular had an approximately 22% lower Car/Chl g,
whereas Aflv4 had an approximately 10% higher Car/
Chl a compared with the respective control strains (Fig. 3).
These findings clearly indicated that the photoprotection
phenotype of the flv4-2/OE mutant is based on a specific
function of the flv4-2 operon but not on accumulation of
carotenoids.

Production of Singlet Oxygen in flv Mutants

One important role of carotenoids in photosynthetic
organisms is the protection that they offer against sin-
glet oxygen (‘O,; for review, see Frank and Cogdell,
1993), which is particularly harmful to the photosyn-
thetic apparatus. To test whether the production of
singlet oxygen is altered in the flv4-2/OE mutant, we
assessed singlet oxygen production by measuring a His-
mediated oxygen uptake in all four strains. The assay is
based on the interaction of the generated 'O, with the

. GL

WT ;
: % 1 500-HL

0,8 0,9 1,0 1.1 1,2 1,3 1,4
Carotenoids/Chl a

Figure 3. Car/Chl a ratio measured from cultures cultivated at standard
GL conditions (black bars) and at high light intensity of 500-HL (gray bars).
The cultures were adjusted to an OD,5, = 0.6 before the measurements.
Values are means = sp of three independent experiments. WT, wild type.
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aromatic side chain of His, leading to the formation of an
oxidation product of His that decreases the concentra-
tion of dissolved oxygen in the suspension. Thus, the
extent of O, uptake in the presence of His is proportional
to the amount of singlet oxygen (Rehman et al., 2013). To
demonstrate that the O, uptake signal indeed arises
from 'O,, we also apphed 10 mm of sodium azide, which
is a specific quencher of 'O,. Because sod1um azide inhibits
O, evolution (Rehman et al ,2013), its 'O, quenching effect
was tested in the presence of 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) in which the artifact that would
arise from the decrease in the O, evolution rate was
avoided.

In the absence of the Flv4, 8110218 and Flv2 proteins
(Aflv4 strain), the extent of 'O, production increased
compared with the wild type, despite the somewhat
increased level of carotenoids, which confirmed that
the products of flv4-2 operon avoid generation of ROS
(Fig. 4). Th1s idea was further corroborated by a large
decrease in 'O, production in the flv4-2/OE mutant
compared with all other strains, even though it contains
fewer carotenoids than the wild type. The lack of psbA2
significantly increased the productlon of 'O, compared
with the wild type (Fig. 4). When 'O, productlon was
compared between the flv4-2 /OE strain and the ApsbA2
control strain, we found that overexpression of the flv4-2
operon decreased singlet oxygen production by ap-
proximately 60%. These data are consistent with relative
light sensitivities of the strains and provide strong
support for the idea that the flv4-2 operon has an im-
portant role in photoprotection via decreasing the pro-
duction of 'O,, which is a key factor of PSIT photodamage
(Vass et al., 1992).

Photochemistry of PSII in the flv4-2/OE Mutant

The performance of PSII in the flv4-2/OE, Aflv4, and
control strains grown in LC conditions was characterized
with various biochemical and biophysical methods. When
cells were grown under GL conditions, the flv4-2/OE
mutant cells demonstrated 10% to 20% higher maxi-
mum photochemical efficiency of PSIlin the dark-adapted
state (F,/F,) and 50% higher effective quantum yield of
PSII [Y(I)] compared with the wild-type and ApsbA2
strains (Supplemental Table S1). These results indicated an
improved photochemistry of PSII when the flv4-2 operon
was overexpressed. To note, both the Y(II) and the F, /F,,
values were especially low in the Aflv4 mutant
(Supplemental Table S1). The Y(II) of cells grown in the
500-HL condition (Supplemental Table S1) showed
trends that were similar to the Y(II) of cells grown in the
GL condition, but the differences between the strains
were larger. In the 500-HL condition, the ApsbA2 strain
also exhibited a very low Y(II) (Supplemental Table S1).
This is in line with earlier findings showing that under
GL conditions, the deletion of the psbA2 gene copy is
fully compensated by expression of the psbA3 gene,
whereas the expression of both genes is essential in HL
conditions (Mohamed et al., 1993).
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Figure 4. Production of singlet oxygen in wild-type, ApsbA2, flv4-2/OE,
and Aflv4 strains in the presence of 5 mm His upon illumination of the
cells at 2,300 umol photon m™2 s™'. The cultures were adjusted to a
chlorophyll concentration of 5 ug mL™". To demonstrate that the O,
uptake signal indeed arises from 'O,, 10 mm sodium azide, which is
specific quencher of '0,, was also applied. Because sodium azide in-
hibits O, evolution, its 'O, quenching effect was tested in the presence
of DCMU in which the artifact that would arise from the decreased of O,
evolution rate could be avoided. The results are a mean = sp of three
independent experiments. NaN,, sodium azide; WT, wild type.

To reveal the sensitivity of PSII to photoinhibition in
the flv4-2/OE mutant, the cells were exposed to HL in
the presence of lincomycin, an inhibitor of de novo
protein synthesis and thus the repair of damaged PSIL
The cells grown in the GL and LC conditions were il-
luminated by 500-HL for up to 60 min. The PSII activity
was measured during the course of illumination by
monitoring the oxygen-evolving activity of the cells
using 2 mm 2,6-dimethyl-p-benzoquinone (DMBQ) as
an artificial electron acceptor. The flv4-2/OE mutant
presented significantly higher PSII activity, showing
20% to 25% higher oxygen evolution rates compared
with the control ApsbA2 strain and approximately 10%
higher oxygen evolution rates compared with the wild
type (Fig. 5). These measures indicate a decisive role of
the flv4-2 operon in photoprotection of PSII.

PQ Pool Redox State in the flv4-2/OE Mutant

Fluorescence induction kinetics, using red actinic light
of 120 wmol photons m 2 s !, was recorded for all four
strains to gain information about the redox state of the PQ
pool (Fig. 6) in LC conditions. Comparison of the maxi-
mal fluorescence in the dark-adapted state (F ) with
the maximum PSII fluorescence in the light-adapted
state (F,") obtained during illumination with actinic light
(Fig. 6; Supplemental Fig. S2) revealed a much smaller dif-
ference in these fluorescence parameters in the flv4-2 /OE
mutant than in the other strains. This finding suggested
stronger PSII contribution to the fluorescence level after
darkness in the flv4-2/OE mutant, indicating a more
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oxidized state of the PQ pool during dark incubation of
the cells. The transient increase of fluorescence after ter-
mination of actinic light (F, rise) is considered to arise
from reduction of the PQ pool by NAD(P)H or other re-
ducing substances that accumulated in the light (Mietal.,
1995). As demonstrated in Supplemental Figure S3, the F,,
rise was lower in flv4-2/OE and much higher in Aflv4
compared with respective control strains, implying the
more oxidized PQ pool in darkness in the flv4-2/OE
mutant and the more reduced state in the Aflv4 mutant.

The flv4-2/OE mutant showed higher variable fluo-
rescence (F,) in the dark-adapted state as well as a
higher F_ value (F," — F) in the light-adapted state
(Fig. 6), indicating a higher fraction of open PSII centers
compared with the other strains. This is in line with the
Y(II) values (Supplemental Table S1). The lower F; and
steady state fluorescence level in the light-adapted
state (F,), in turn, indicated that the primary electron-
accepting plastoquinone of PSII (Q,) was less reduced
in flv4-2 /OE cells than in other strains. In contrast with
flv4-2/OE, the Aflv4 mutant had higher Fyand F, levels,
but no significant difference in F, compared with the
wild type. Because of altered energy transfer from PBs to
PSII reaction centers (Zhang et al., 2012), a strong con-
tribution of PBs to fluorescence cannot be directly ex-
cluded in the Aflv4 mutant. To exclude the contribution
of PBs to the fluorescence, an actinic blue light of
44 pmol photons m 2 s~ was used to record the fluores-
cence kinetics of the Aflv4 mutant (Supplemental Fig. S4).
The results clearly showed that the F, level was still
higher in the Aflv4 mutant compared with the wild type,
whereas the F_ level was lower. This indicates that the
mutant has fewer PSII centers open during the illumi-
nation compared with the control cells.

100
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~ 90 + —O— ApSbA2
S —h flv4-2/0E
c 80t
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Figure 5. PSlI photoinhibition kinetics in wild-type, ApsbA2, and flv4-2/OE
strains. The strains were illuminated with white light intensity of 500 uwmol
photons m~? s™'in the presence of lincomycin (300 ug mL™"). Oxygen
evolution rates were measured in the presence of 2 mm DMBQ as an
artificial electron acceptor. The cultures were adjusted to a chlorophyll
concentration of 5 ug mL™". Values are means = sp of three independent
experiments. WT, wild type.
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Although flv4-2/OE showed an oxidized state of the
PQ pool in darkness as well as in the light-adapted state,
the state transition kinetics of flv4-2 / OE, recorded during
illumination with PSII and PSI lights, were not modified
compared with the control strains (Supplemental Fig. 52).

Orange Carotenoid Protein-Related NPQ in the
flv4-2/OE Mutant

Because the energy absorbed by chlorophyll in the
photosynthetic apparatus decays via photochemistry,
NPQ, and fluorescence, which are in equilibrium with
each other (for review, see Bailey and Grossman 2008),
we tested how the stronger photochemistry of PSII ob-
served in the flv4-2/OE mutant compared with other
strains is reflected to the NPQ of the strains. To this end,
the orange carotenoid protein (OCP)-related NPQ
(Wilson et al., 2006) was measured, exposing the cells to
high intensities of blue-green light. The results revealed
approximately 20% lower amplitude of quenching of
maximal fluorescence in flv4-2/OE than the control
strains (Fig. 7). Inmunoblotting of the OCP protein did
not, however, reveal significant differences between the
wild type and the flv4-2/OE mutant (Fig. 8A). Interest-
ingly, the flv4-2 operon transcripts and encoded pro-
teins were more abundant in the AOCP strain compared
with the wild type (Fig. 8, B and C).

PSII Properties in flv Mutants

The flash-induced increase in fluorescence yield and its
subsequent decay in darkness provide important infor-
mation about functional modifications in PSII. The
method was applied here for comparison of the flv4-2/OE
strain, Aflv4 mutant, and control strains, all grown
in LC conditions. Measurements were performed in
the presence of 2,5-dibromo-3-methyl-6-isopropyl-p-
benzoquinone (DBMIB), which blocks the Q, site of the
cytochrome b.f complex and thus also the main reoxi-
dation route of plastoquinol (Trebst, 1980). The results
revealed that the absence of Flv2 and Flv4 causes
slower Q,  oxidation compared with the wild type
(Fig. 9; Zhang et al., 2012). In line with these results,
Q,  reoxidation was shown to be significantly faster in
the flv4-2/OE mutant compared with the wild type,
especially compared with ApsbA2 (Fig. 9). These data
provide strong support for the role of the Flv2/Flv4
heterodimer in electron transfer by facilitating the oxi-
dation of Q,  and maintaining the oxidized PQ pool.

To characterize this novel electron transfer route in
more detail, the oxygen evolution measurements were
performed using different electron acceptors (Table I). In
the absence of FIv2 and Flv4 proteins (the Aflv4 mutant),

were adjusted to a chlorophyll concentration of 10 ug mL™". AL, ac-
tinic light; WT, wild type. [See online article for color version of this
figure.]
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Figure 7. Decrease of maximal fluorescence induced by OCP-mediated
NPQ upon illumination of cells with strong blue light intensity (750 wmol
photons m~2 s™"). The cultures were adjusted to a chlorophyll con-
centration of 10 g mL™". The values shown are the mean * sp of three
independent experiments. WT, wild type. [See online article for color
version of this figure.]

the rate of oxygen evolution from water to the 2,6-
dichloro-p-benzoquinone (DCBQ) electron acceptor was
higher than the rates measured with DMBQ), whereas in
the presence of Flv2 and Flv4 (the wild type), the oxygen
evolution rates with DMBQ were higher than those with
DCBQ (Table I), in accordance with the results of Zhang
et al. (2012). The flv4-2/OE mutant revealed increased
DMBQ-mediated rates of O, evolution compared with
the wild type, whereas the rates with DCBQ were lower.
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These results indicated that the presence of DCBQ in-
hibits the electron transfer to the Flv2 /Flv4 heterodimer,
whereas DMBQ allows this electron transfer mechanism
to take place. To further characterize the electron transfer
rates to the FIv2 /Flv4 heterodimer, the oxygen evolution
measurements were performed in the presence of DBMIB
at low concentrations (2 um). When electron transfer to
cytochrome b, f was partially inhibited with DBMIB,
the Aflv4 mutant showed approximately 30% smaller
oxygen evolution rates than the wild type, whereas the
flv4-2/OE mutant had approximately 10% higher rates
than the control ApsbA2 strain and the wild type.

Relation of flv4-2 Operon with PBs

We next addressed the question of whether flv4-2/OE
has an influence on energy transfer from PBs to the PSII
reaction centers, which in the absence of the flv4-2 operon
was previously shown to be distorted in LC-grown cells
(Zhang et al., 2012). The 77K fluorescence spectra, using
excitation light of 580 nm, demonstrated a high peak at
685 nm in the Aflv4 mutant. This result was also shown by
Zhang et al. (2012), who concluded that because the in-
crease of the F685-nm band was not accompanied by
enhancement of the F695-nm band, the intensification of
the F685-nm band results from disturbed energy transfer
from terminal emitters of PBs to the PSII core. The flv4-2/OE
mutant revealed completely different 77K fluores-
cence spectra, demonstrating a lower peak at 685 nm
compared with the control strains or Aflv4 (Fig. 10),
which is a signal of enhanced efficiency of the energy
transfer from PBs to the PSII reaction centers. Impor-
tantly, no significant differences were observed in the
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Figure 9. Flash-induced chlorophyll fluorescence relaxation curves in
darkness from wild-type, ApsbA2, flv4-2/OE, and Aflv4 strains, grown
in LC conditions. The curves were recorded in the absence (closed
symbols) and in the presence of 20 uM DBMIB (open symbols). The
cultures were adjusted to a chlorophyll concentration of 5 ug mL™". To
facilitate the comparison of the curves, F, and F, values were nor-
malized to 0 and 1, respectively. The fluorescence traces are the mean
of three independent experiments. rel unit, relative unit; WT, wild
type. [See online article for color version of this figure.]

77K fluorescence spectra of the different strains when
chlorophyll was excited with 440 nm of light (Supplemental
Fig. 55). Furthermore, western blots made for evaluation of
the phycocyanin and allophycocyanin D contents in the
Aflv4, flv4-2 /OE, and control strains revealed no difference
in the protein amounts (Fig. 8A). Likewise, the evaluation of
the phycobilin/chlorophyll a ratios from whole-cell ab-
sorption spectra did not reveal any significant differences
between the strains (Supplemental Fig. S6). The ApshA2
strain, when grown in 500-HL conditions, was the only
exception showing a relevant increase in this ratio. There-
fore, changes in phycobilin amount cannot explain the in-
creased F, levels detected in the Aflv4 mutant (Fig. 6).
Instead, the high F, is an indication of reduced energy
transfer from PBs to PSII reaction centers (Campbell et al.,
1998a) in Aflv4, again confirming the results deduced from
the 77K fluorescence spectra.

To understand the relevance of PBs to the mechanism
of the flv4-2 operon-mediated photoprotection, we in-
vestigated different PB mutants with respect to the ex-
pression of the Flv4, S110218, and Flv2 proteins in LC
conditions (Fig. 8B). In the PAL mutant in which PBs
are completely absent (Ajlani and Vernotte, 1998), no
flvd-2 operon-encoded proteins were detected. In the
CK mutant (AcpcC; constructed by Ughy and Ajlani
and described in Thomas et al., 2006) containing PBs
deprived of phycocyanin rods and composed of only
the allophycocyanin core, the amounts of Flv4, S110218,
and Flv2 proteins were reduced by approximately 75%
compared with those in the wild type. In the AApcDF
mutant (Jallet et al., 2012) that lacks the allophycocyanin
D and allophycocyanin F terminal emitters (emitting at
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680 nm), a severe reduction in energy transfer from
PBs to the PSII reaction centers has been demonstrated
(Ashby and Mullineaux, 1999; Jallet et al., 2012). The
AApcDF mutant was also nearly depleted of the Flv4,
Flv2, and Sl0218 proteins compared with the high
amounts present in the wild type (Fig. 8B). On the
contrary, the AOCP mutant that is incapable of quenching
the excitation energy absorbed by the PBs and funneled
to PSII reaction centers, demonstrated significant up-
regulation of the Flv2, Flv4, and Sll0218 proteins
compared with the control cells.

Finally, the strong correlation between the content
and composition of PBs with the accumulation of the
flvd-2 operon proteins prompted us to solve whether
the down-regulation of the flv4-2 operon expression in
PB mutants occurred at the transcript or protein level.
To this end, reverse transcription PCR (RT-PCR) ex-
periments were performed with RNA extracted from
wild-type, PAL, CK, AApcDF, and AOCP strains
grown in LC conditions for 24 h (after a shift from the
HC condition in which no transcripts were present).
The abundance of the flv4-2 operon transcripts was
significantly lower in the CK, AApcDF, and PAL mu-
tants compared with the wild type (more than 2-, 5-,
and 10-fold lower in the mutants, respectively; Figure
8C). On the contrary, the AOCP strain had an almost
2-fold higher amount of flv4-2 operon transcripts than
the wild type (Fig. 8C). The RT-PCR results are in line
with the western-blot experiments (Fig. 8B). Thus, a
down-regulation in the transcript level of the flv4-2 op-
eron occurred when dysfunctional PBs were present. In
the absence of the OCP photoprotective mechanism, an
up-regulation of flv4-2 operon transcripts was observed.

DISCUSSION

Overexpression of the flv4-2 Operon Maintains the PQ
Pool Oxidized Even in HL

The experiments conducted with the flv4-2/OE mutants
of Synechocystis clearly demonstrate that overexpression
of the flv4-2 operon results in a more photoprotected
phenotype in LC conditions. Cultures of flv4-2/OE
mutant grown under strong light were less photosen-
sitive and continued growth even at 1,500-HL, whereas
the other strains showed slower growth (Fig. 2). Strong

Table I. Oxygen evolution rates in wild-type, Aflv4, ApsbA2, and
flv4-2/OFE strains with different electron acceptors and inhibitors

Steady state oxygen evolution (in wmol O, mg™" chlorophyll h™")
was measured with an oxygen electrode under saturating light con-
ditions. The cultures were adjusted to a chlorophyll concentration of
5 ug mL~". Fach value is an average of at least three independent
experiments * sp.

Strains DMBQ (2 mm) DCBQ (0.5 mm) DBMIB (2 um)
wild type 600 + 11 493 + 18 124 + 2
Aflv4 540 = 9 565 * 17 90 + 4
ApsbA2 565 + 21 513 + 21 120 + 3
flv4-2/OF 641 * 8 421 =10 134 + 3
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Figure 10. The 77K fluorescence emission spectra of wild-type,
ApsbA2, flv4-2/OE, and Aflv4 strains excited at 580 nm. The spectra
were averaged from three independent experiments. Each spectrum
was normalized to PSI fluorescence peak at 723 nm (set as 1). The
cultures were adjusted to a chlorophyll concentration of 5 ug mL™".
WT, wild type. [See online article for color version of this figure.]

photoprotection was reflected in higher maximal pho-
tochemistry of PSII and Y(II) values in GL- and HL-
grown cells (Supplemental Table S1). Importantly, the
flv4-2/OE mutants kept the PQ pool more oxidized,
allowing PSII to function properly with a decreased risk
of photoinhibition. In fact, the PSII oxygen-evolving
activity was higher in the flv4-2/OE exposed to 500-HL
than in the control strains, showing a phenotype re-
sistant to photoinhibition (Fig. 5). By contrast, in the
Aflv4 strain, the PQ pool was more reduced (Fig. 6;
Supplemental Fig. S3) and the cells were previously
shown to be sensitive to photoinhibition of PSII
(Zhang et al., 2009). Generally, the mutations caus-
ing a change in the redox level of the PQ pool might
also modify the state transitions (Schreiber et al.,
1995). Therefore, it is noteworthy that in the case of
the flv4-2 /OE mutant, the higher oxidation level of the
PQ pool is not connected with modification in the state
transitions (Supplemental Fig. 52).

Resistance of the flv4-2/OE Mutant to Photodamage
Correlates with Reduced Production of Singlet Oxygen

Singlet oxygen is the main ROS produced in the re-
action center of PSII (Durrant et al., 1990; Macpherson
et al., 1993; Hideg et al., 1994; for review, see Krieger-
Liszkay, 2005; Kneger—L1szkay etal., 2008) in which the
chlorophyll trlplet state can react with °0, to produce
the very reactive 'O,, as a result of a Charge recombi-
nation reaction of the primary pair, Py, "Pheo™. This
occurs especially under stress conditions such as ex-
posure of the cells to HL intensities or drought (Hideg
et al.,, 2001, 2002; Trebst et al., 2002). In these conditions,
the PQ pool may become highly reduced, and the light-
induced loss of PSII activity occurs (for review, see Adir
et al., 2003). 'O, is a very reactive oxygen species that
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can attack proteins, pigments, nucleic acids, and lipids,
and is thought to be the most harmful ROS responsible
for light-induced loss of PSII activity (Vass et al., 1992),
degradation of the D1 protein (one of the PSII reaction
center proteins), and pigment bleaching (for review,
see Prasil et al.,, 1992; Aro et al., 1993; Nixon et al.,
2005; Vass and Aro, 2007; Tyystjarvi, 2008).

Clearly, the more oxidized state of the PQ pool in the
flv4-2/OE mutant correlates with decreased production
of singlet oxygen (Fig. 4) and the lowered extent of
photodamage to the PSII centers (Fig. 5), both being
indicative of better tolerance to photoinhibition by
overexpression of the flv4-2 operon. This protection was
not related to the enhanced carotenoid production. On
the contrary, the light-sensitive Aflv4 and especially the
ApsbA2 strains showed an increased level of carotenoid
production, whereas the carotenoid level was lower in
the phototolerant flv4-2/OE strain (Fig. 3). This indi-
cates that the Flv2 and Flv4 protelns and carotenoids
participate in protection against '0,-mediated damage
in a complementary fashion; therefore, when the Flv2-4
proteins provide sufficient photoprotection, the content
of carotenoids remains at a low level.

The Flv2/Flv4 Heterodimer Functions as an Important
Electron Sink at the PSII Acceptor Side

As stated above, the flv4-2 operon clearly modulates
the PQ pool redox state in LC conditions. In the presence
of DBMIB, which blocks the main reoxidation route of
plastoquinol, the decay of the flash-induced fluorescence
in darkness slowed down in Aflv4 but became faster in
flv4-2/OE compared with respective control strains
(Fig. 9). These results imply that Q, ~ reoxidation is faster
when the flv4-2 operon is overexpressed and slower
when the operon proteins are absent, indicating that
Flv2 and Flv4 are dissipating excess electrons and
thereby preventing over-reduction of the PQ pool.
Similar conclusions can be drawn from oxygen evo-
lution measurements, which in the presence of DMBQ
that accepts electrons from the PQ pool, revealed low
activity in the Aflv4 mutant and the highest activity in
the flv4-2/OE mutant (Table I). Furthermore, the mea-
surements performed with DCBQ, which mainly accepts
the electron at the secondary electron-accepting PQ (Qg)
pocket of PSII (Graan and Ort, 1986), showed results
opposite of those with DMBQ. The oxygen evolution
rate in the presence of DCBQ is strikingly lower in the
flv4-2/OE strain in particular compared with that with
DMBQ (Table I). These data provide strong evidence
for the involvement of FIv2 and Flv4 in an alternative
electron transfer process that intercepts electrons at the
Qg pocket of PSII, and in this way maintains the PQ
pool oxidized in LC conditions. The expression of the
flv4-2 operon is, in fact, induced only at LC and/or HL
conditions, when cyanobacterial cells show a chronically
sensitive phenotype to photoinhibition. In addition, the
operon is induced in the absence of oxygen (Summerfield
et al., 2011), a condition in which the function of terminal
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oxidases and the Flvl/Flv3-mediated Mehler-like re-
actions are inhibited, leading to an increased reduction
level of the PQ pool. This effect can be compensated by
the induction of Flv2/Flv4 that helps to relieve the
over-reduction of the PQ pool.

In the HC condition, which actually relates to the
original atmospheric CO, condition at the time of evo-
lution of oxygenic photosynthesis, the photosynthetic
processes in Synechocystis are working optimally because
of the high amount of CO, that provides an unlimited
sink for electrons originating from the water splitting
PSIIL In those conditions, the function of the flv4-2 op-
eron does not provide benefit for the cells and indeed
the fluorescence phenotype of the flv4-2/OE mutant does
not differ from that of the control strains in HC growth
conditions, as can be deduced from the flash fluores-
cence decay curve in Supplemental Figure S7. Interest-
ingly, the antisense RNA As1_flv4 prevents unfavorable
synthesis of the proteins from the flv4-2 operon in the
early phase after a change from HC to LC conditions
(Eisenhut et al., 2012). Thus, the tight control on the
expression of the flv4-2 operon is necessary to optimize
the efficiency of photosynthesis in unstressed cells in HC
conditions, whereas it ensures photoprotection upon
stressful conditions in LC conditions.

In the present-day LC condition, the terminal electron
acceptor CO, is present in a limited amount and carbon
concentration mechanisms are highly expressed in cy-
anobacteria in order to concentrate as much CO, as
possible around Rubisco and at the same time induce
cyclic electron flow to generate more ATP (for review,
see Kaplan and Reinhold, 1999; Badger and Price, 2003;
Giordano et al., 2005; Price et al., 2008). In this way,
photosynthesis can be functional but the acceptors are
present in a more reduced form than in HC conditions,
causing a higher risk of photoinhibition. The expression
of the flv4-2 operon provides PSII with a higher amount
of electron acceptors (having a Flv2/Flv4 heterodimer
and a more oxidized state of the PQ pool), thus pre-
venting the over-reduction of the PQ pool. The addition
of a low concentration of DBMIB to the cells mimics the
conditions of high excitation pressure on PSII (e.g. oc-
curring in LC and HL conditions). Oxygen evolution
measurements performed in these conditions revealed
that the Flv2/Flv4d-mediated electron transfer mecha-
nism can absorb up to 30% of the electrons originating
from PSII, making it an important electron sink at the
PSII acceptor side.

PBs Are Necessary for Flv2/Flv4d-Mediated
Photoprotection Mechanisms

The 77K fluorescence emission spectra suggested a
distorted energy transfer from PB terminal emitters to
the PSII reaction centers in Aflv4, whereas the lower
685-nm peak of the flv4-2/OE mutant indicated an
improved energy transfer to PSII reaction centers com-
pared with the control strains (Fig. 10). We discovered
that the expression of the flv4-2 operon is dependent on
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the presence of PBs. In their absence (PAL mutant),
none of the flv4-2 operon-encoded proteins are found
in the cell. Moreover, the amounts of Flv4, S110218, and
Flv2 are low in mutants containing truncated PBs such
as the CK and AApcDF mutants (Fig. 8B). The reduced
amount of Flv4, S1I0218, and FIv2 proteins in the differ-
ent PB mutants is a consequence of the down-regulation
of the flv4-2 operon at transcript level (Fig. 8C). On the
contrary, an increased accumulation of Flv4, S110218, and
Flv2 proteins is observed in the AOCP mutant, which
lacks the ability to dissipate the excess of energy collected
by the PBs. These results provide evidence for the crucial
importance of Flv2, Flv4, and SI110218 in efficient allocation
of the energy collected by the PB antenna to PSII in LC
conditions.

Furthermore, these data support the idea that a certain
level of excitation pressure on PSII, reflected in the redox
state of the PQ pool, is essential for efficient transcription
of the flv4-2 operon. In fact, the operon is most actively
transcribed under the combined HL and LC conditions
when the PQ pool is over-reduced (Zhang et al., 2009),
whereas the transcription of the flv4-2 operon is down-
regulated when the PQ pool remains more oxidized (e.g.
in the presence of DCMU; Hihara et al., 2003). Indeed,
the regulation of the flv4-2 operon has turned out to be
extremely complicated and is, in addition to a putative
redox regulation by the PQ pool, under strict control of
the NdhR transcription factor and several noncoding
RNAs (Eisenhut et al., 2012).

Flv2/Flv4-Mediated Electron Transfer Mechanism
Competes with OCP-Mediated NPQ for Excess
Energy Dissipation

The overexpression of the flv4-2 operon resulted in
an enhanced photochemistry of PSIL. Because photo-
chemistry competes with NPQ processes that dissipate
the absorbed light energy as heat, we found that the
flv4-2/OE mutant, exposed to high blue light levels, has
approximately 20% lower amplitude of quenching of
maximal fluorescence than the control strains (Fig. 7).
The fact that the Flv2/Flv4-mediated electron transfer
mechanism is part of the photochemical processes,
whereas OCP-mediated fluorescence quenching rep-
resents the nonphotochemical processes, puts these
photoprotective mechanisms theoretically in competi-
tion for energy dissipation. However, in natural envi-
ronmental conditions, they are likely to be active in
different situations. OCP-mediated NPQ is more active
in HL conditions (El Bissati et al., 2000), whereas we
have shown that the Flv2/Flv4-mediated electron
transfer mechanism is active in LC conditions already at
GL. Moreover, upon exposition of cells to 350 wmol
photons m ™2 s~ " of blue light for 1 h, only about 29% of
the PBs were quenched by the OCP mechanism in vivo
(Tian et al., 2011). This observation implies that the
FIv2/Flv4 heterodimer might be important at the ac-
ceptor side of those PSII complexes that received a cor-
rect energy transfer from PBs. Furthermore, we showed
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that a very high amount of Flv4, SlI0218, and Flv2
proteins were produced in the AOCP mutant com-
pared with the wild type (Fig. 8B), again confirming
the important role of the flv4-2 operon proteins in
photoprotection, especially when the OCP photo-
protective mechanism is absent.

Evolutionary Trends in PSII Photoprotective Mechanisms
in Cyanobacteria

We have demonstrated that the flv4-2 operon is
important for PSII photoprotection in Synechocystis.
Considering the evolution of the flv4-2 operon (Zhang
et al., 2012), it is remarkable to note that it is present in
the genomes of nearly all 8-cyanobacteria (containing
B-carboxysomes and the form 1B of Rubisco), with
only a few exceptions (Synechococcus sp. PCC 7002,
Synechococcus elongatus PCC 7942, Thermosynechococcis
elongatus BP-1, and Trychodesmium IMS 101). These
flvd-2 operon-less cyanobacteria, which nevertheless
use a PB antenna system, are distinct from the other
cyanobacteria with regard to the diversity of the psbA
gene family products, encoding the D1 protein of the
PSII reaction center (for review, see Mulo et al., 2009).
In fact, they possess a further D1 copy, called D1:2, in
addition to the standard D1:1 copy. The main differ-
ence of D1:2 from the other D1 proteins is a substitu-
tion of GIn to Glu at position 130 (Q130E). D1:2
expression is induced by HL conditions, where it
reaches 70% of the total D1 proteins in T. elongatus
BP-1 (Kos et al., 2008; Sander et al., 2010). Deletion
mutants of the D1:2 copy show impaired growth in
HL (Kulkarni and Golden, 1995; Sander et al., 2010).
In fact, the exchange of D1 protein forms with a
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preference for D1:2 in HL provides increased photo-
tolerance to the cells (Krupa et al., 1991; Clarke et al.,
1993), which is accompanied by accelerated nonradiative
charge recombination, with a consequent reduced pro-
duction of singlet oxygen (Tichy et al., 2003; Cser and
Vass, 2007; Sander et al., 2010).

It is conceivable that the flv4-2 operon has played a
pivotal role in the maintenance of oxygenic photo-
synthesis at its early emergence during evolution;
however, it was subsequently lost because of its ap-
parently high metabolic cost for the cell, compared
with other effective and less expensive photopro-
tection mechanisms. The appearance of the D1:2 copy
might have contributed to the elimination of the flv4-2
operon relatively early during evolution (Table II). The
D1 protein from algae and plants, which is encoded by
a single psbA gene, shares more common residues
with the D1:2 cyanobacterial D1 copy, including the
130E residue (Svensson et al., 1991; Winhauer et al.,
1991; Campbell et al., 1998b; Takishita and Uchida,
1999). These observations suggest that the Q130E
D1 form was a successful strategy for the photo-
synthetic organisms, becoming ubiquitous among
them.

In conclusion, the flv4-2 operon encodes for an
electron sink mechanism at the PSII acceptor side,
which allows the PQ pool to be in oxidized state,
prevents PSII from photodamage, and concomitantly
reduces the production of singlet oxygen. Flv2, S110218,
and Flv4 protein accumulation is related to the pres-
ence of functional PBs. These results provide evidence
that the Flv2/Flv4 electron transfer mechanism re-
quires an efficient energy transfer from PBs to PSII. It is
also demonstrated that the OCP-mediated NPQ func-
tions in competition for energy dissipation with the

Table Il. Occurrence of different photoprotection mechanism in the genomes of representative strains of cyanobacteria and photosynthetic

eukaryotes

The D1:2 copy homology analysis was performed with BLASTP (http://blast.ncbi.nlm.nih.gov). Part of the data were imported from Zhang et al.
(2012). LHCII/I, Light-harvesting complex 1I/1; Pcb, chlorophyll a/b binding light-harvesting protein; LL, low light ecotype; HL, high light ecotype.

Organism Type

Ecological Niche

Antenna System flv4-2 Operon D1:2 Copy (Q130E)

Cyanobacteria

Synechocystis sp. PCC 6803 B Freshwater PBs + -
Microcystis aeruginosa NIES-843 B Marine PBs + -
Microcystis aeruginosa sp. PCC 7806 B Freshwater PBs + -
Cyanothece sp. PCC 8801 B Freshwater PBs + -
Cyanothece sp. ATCC 51142 B Marine PBs + +
Anabaena sp. PCC 7120 B Freshwater PBs + +
Trychodesmium IMS 101 B Marine PBs - +
Synechococcus sp. PCC 7002 B Marine PBs - +
Synechococcus elongatus PCC 7942 B Freshwater PBs - +
Thermosynechococcus elongatus BP-1 B Freshwater-thermophile PBs - +
Synechococcus sp. WH7803 «a Marine PBs - +
Synechococcus sp. WH8102 a Marine PBs - +
Prochlorococcus marinus str. MIT9211 a Marine (LL) Pcb - -
Prochlorococcus marinus MED4 «a Marine (HL) Pch - -
Photosynthetic eukaryote
Chlamydomonas reinhardtii Freshwater LHCII/ - +
Arabidopsis Land LHCII/ - +
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photochemical protection mechanism provided by the
Flv2/Flv4 heterodimer. The flv4-2 operon has, how-
ever, disappeared in the course of evolution of higher
plants and is also missing from many cyanobacteria
strains. Protection of PSII by the Flv2/Flv4 heterodimer
is energetically expensive and was, therefore, replaced
by evolution of a more efficient and stress tolerant form
of the D1 protein.

MATERIALS AND METHODS
Synechocystis Strains and Growth Conditions

The Synechocystis sp. PCC 6803 Glc-tolerant strain (Williams, 1988) was
used as the wild type. The Aflv4 strain was described by Zhang et al. (2012). To
obtain flv4-2/OE, the operon fragment was amplified by PCR with the 1Fw
primer (5'-AATACCATATGGTTACCCTAATTGATTCTCC-3') and the 2Rv
primer (5'-AGTTCGCTAGCCTAATATTGTCCCCCCGATTTG-3'), and then
inserted in the Ndel-Nhel sites of the modified pPSBA2KS plasmid (Lagarde
et al., 2000) containing both spectinomycin- and kanamycin-resistance cas-
settes. Insertion of the flv4-2 operon at the Ndel-Nhel sites resulted in placing of
the operon under control of the psbA2 promoter and deletion of the kanamycin-
resistance cassette. The operon was integrated into the chromosome by replace-
ment of the native pshA2 gene of Synechocystis (Fig. 1A). Positive transformants
were selected with spectinomycin (25 ug mL™Y). Segregation of the strain was
confirmed by PCR using the 3Fw primer (5'-GCCCCAAAATACATCCCCCTAA-3)
and the 4Rv primer (5'-AACCTGCCTCCAATCCACACTG-3").

Wild-type and mutant strains were grown at 30°C in BG-11 (Allen, 1968)
buffered with 20 mm HEPES-NaOH (pH 7.5). White light was used for illu-
mination, with intensity of 50 pmol photons m™2 s™! (GL); in some cases
higher light intensities were used (500, 1,500 umol photons m ™2 s™%). The
cultures were grown in flasks shaking at 120 rpm. For HC conditions, air was
enriched with 3% CO,. For LC conditions, normal air was used, and sodium
carbonate was omitted from the culture ingredients.

For physiological experiments, the cells were harvested at the logarithmic
phase (OD,5, between 0.6 and 1.1), resuspended in fresh BG-11 medium, and
adjusted to chlorophyll concentrations of 5 to 10 ug mL ™.

Protein Isolation, Electrophoresis, and Immunodetection

Total cell extracts and the soluble fractions of Synechocystis cells were iso-
lated as described by Zhang et al. (2009). Proteins were separated by
12% (w/v) SDS/PAGE containing 6 M urea. The proteins were transferred to a
polyvinylidene fluoride membrane (Immobilon-P; Millipore) and analyzed
with protein-specific antibodies.

Oxygen Evolution Measurements

Steady state oxygen evolution was measured with a Clark-type oxygen electrode
(Hansatech) at 30°C under saturating white light with intensity of 1,000 wmol
photons m 2 s ™", Before measurements, the cells were harvested and resuspended
in fresh growth medium at a chlorophyll concentration of 5 g mL ™. The PSII
electron transfer rates (water to quinone) were measured in the presence of the
artificial electron acceptor, either 0.5 mm DCBQ or 2 mm DMBQ. These measure-
ments were performed also in the presence of 10 mm sodium bicarbonate. To es-
timate PSII electron transfer rates when the PQ pool was over-reduced, oxygen
evolution measurements were performed in the presence of 2 uM DBMIB.

Fluorescence

A pulse amplitude modulated fluorometer Dual-PAM-100 (Walz) was used
to monitor chlorophyll a fluorescence in intact cells adjusted to a chlorophyll
concentration of 10 ug mL~". Measurements were performed in stirred 1 cm X
1 cm cuvettes at 30°C. Red (620 nm) or blue (460 nm) actinic lights were used
depending on the experiment. Saturating pulses (5,000 umol photons m s ™",
300 ms) were applied to transiently close all PSII centers in order to measure
F.p and F_’. The maximal photochemical efficiency of PSII (F,/F,) was
measured in the presence of DCMU. Y(II) was measured in cells exposed to an
actinic light of 120 pmol photons m 2 s for 2 min.
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Low-temperature fluorescence emission spectra at 77K of whole cells were
measured by a USB4000-FL-450 (Ocean Optics) spectrofluorometer. The cells were
harvested at OD,;, = 0.6 to 0.8 and resuspended in fresh BG-11 (sodium
carbonate-free) medium at a chlorophyll concentration of 5 ug mL™%. The
resuspended cultures were acclimated under the same growth conditions for 1 h.
The cells were frozen in liquid nitrogen directly from the GL. The cells were
excited by 580 nm or 440 nm light obtained via interference filters 10 nm in width.

The flash-induced increase and the subsequent decay of chlorophyll fluo-
rescence yield was measured using a fluorometer FL 3500 (PSI Instruments)
according to the method of Vass et al. (1999). The cells were resuspended in
fresh BG-11 medium at a chlorophyll concentration of 5 ug mL ™", and dark
adapted for 5 min before the excitation with a single 10-us saturation flash in
the absence and presence of 20 um DBMIB.

In Vivo Absorption Spectra

Absorption spectra were measured in vivo with a UV-3000 spectropho-
tometer (Shimadzu) from 400 to 800 nm. Carotenoid content (in relation to
chlorophyll a content, 678 nm peak) was determined measuring the absorption
spectra at room temperature at 485 nm.

Singlet Oxygen Production

His-mediated oxygen uptake measurements were applied, which were based
on the oxidation of His by 'O,, for quantification of singlet oxygen production.
This process leads to removal of dissolved oxygen in aqueous media that can be
detected by a standard oxygen electrode. This method, which was originally
applied for isolated PSII reaction center complexes (Telfer et al., 1994), has re-
cently been extended for intact cyanobacterial cells (Rehman et al., 2013). The
rate of singlet oxygen-induced oxygen uptake was measured by using a Han-
satech DW2 O, electrode. Measurements were performed in the presence
of 5 mm His, at 2,300 wmol photon m 257", at a chlorophyll concentration of
5ug mL ™, and in the absence of artificial electron acceptors (Rehman et al., 2013).
Before the O, uptake measurements, Synechocystis cells were centrifuged and
resuspended in fresh BG-11 medium.

Bioinformatics

A BLAST search was performed with the Synechococcus elongatus PCC 7942
psbA3 gene sequence using a genome database of cyanobacteria and other
photosynthetic organisms listed in the National Center for Biotechnology In-
formation database. The presence of a conserved 130E residue was used to
discriminate the D1:2 form among other D1 protein sequences.

RNA Isolation and Real-Time Quantitative
RT-PCR Analysis

Total RNA was extracted using TRIsure (Bioline) reagent at 65°C. The RNA
was further purified by extraction with phenol:chloroform:isoamylalcohol
(25:24:1) and precipitated by isopropanol. Traces of genomic DNA were re-
moved with 1 unit of DNase (Ambion Turbo DNase kit). The first-strand
complementary DNA was synthesized from 1 ug of purified RNA. Reverse
transcription was performed with random hexamer primers and SuperScript
III Reverse Transcriptase (Invitrogen) according to the manufacturer’s proto-
col. Synthesized complementary DNA was diluted 5-fold and used as a
template for quantitative RT-PCR.

To perform the flv4, sll0218, and flv2 gene transcript analysis, the following
primers were designed with Primer3 Plus software (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi): 5'-GATCGCCGTTTTTACTTTGA-3" and
5'-GGTTGCTGTATTGCCATAGG-3' for flv2; 5'-CTGGCAGCTTGTTCATTTCT-3’
and 5-ATGGGGACTCCTTACCAGAC-3' for sll0218; and 5'-GCGATACTT-
TCGTGCTCAAT-3'and 5'-GCGACTCGTCCAGTTTGTAT-3' for flu4. The primers
were designed for generating a similar length (approximately 200 bp) of amplicons.
The primers for the reference gene r1pB were the same as in Zhang et al. (2009).
The real-time quantitative RT-PCR was carried out on an IQ5 system (Bio-Rad) at
the optimized annealing temperature. The melting curve analysis was performed
to ensure the specificity of the products. The efficiency of these reactions was es-
timated for each triplicate using the LineReg program (Ramakers et al., 2003), and
an average of the three was used in the subsequent estimation of the expression
levels. Relative changes in gene expression were calculated using the gbase™™
(Biogazelle) program. For all genes, expression was normalized to rnpB.
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The following materials are available in the online version of this article.

Supplemental Figure S1. Absorption spectra of wild-type, ApsbA2, flv4-2/OE,
and Aflv4 strains grown at standard GL conditions and at HL intensity
of 500 pmol photons m 25",

Supplemental Figure S2. State transitions kinetics in wild-type, ApsbA2,
flvd-2/OE, and Aflv4 strains.

Supplemental Figure S3. Transient increase of fluorescence after termination
of illumination (F, rise) in wild-type, ApsbA2, flv4-2/OE, and Aflv4 strains.

Supplemental Figure S4. Fluorescence induction curves from wild-type
and Aflv4 strains.

Supplemental Figure S5. The 77K fluorescence emission spectra of wild-
type, ApsbA2, flv4-2/OE, and Aflv4 strains excited at 440 nm.

Supplemental Figure S6. Phycobilin/chlorophyll a ratios from cultures
cultivated at standard GL conditions and at HL intensity of 500 wmol
photons m ™2 s,

Supplemental Figure S7. Flash-induced chlorophyll fluorescence relaxa-
tion curves in darkness from wild-type, ApsbA2, flv4-2/OE, and Aflv4
strains, grown in HC conditions.

Supplemental Table S1. F,/F_, and Y(II) measured from dark-acclimated
wild-type, ApsbA2, flv4-2/OE, and Aflv4 mutants.
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