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The chloroplast thylakoid ATP/ADP carrier (TAAC) belongs to the mitochondrial carrier superfamily and supplies the
thylakoid lumen with stromal ATP in exchange for ADP. Here, we investigate the physiological consequences of TAAC
depletion in Arabidopsis (Arabidopsis thaliana). We show that the deficiency of TAAC in two T-DNA insertion lines does not
modify the chloroplast ultrastructure, the relative amounts of photosynthetic proteins, the pigment composition, and the
photosynthetic activity. Under growth light conditions, the mutants initially displayed similar shoot weight, but lower when
reaching full development, and were less tolerant to high light conditions in comparison with the wild type. These
observations prompted us to study in more detail the effects of TAAC depletion on photoinhibition and photoprotection of the
photosystem II (PSII) complex. The steady-state phosphorylation levels of PSII proteins were not affected, but the degradation
of the reaction center II D1 protein was blocked, and decreased amounts of CP43-less PSII monomers were detected in the
mutants. Besides this, the mutant leaves displayed a transiently higher nonphotochemical quenching of chlorophyll
fluorescence than the wild-type leaves, especially at low light. This may be attributed to the accumulation in the absence of
TAAC of a higher electrochemical H" gradient in the first minutes of illumination, which more efficiently activates
photoprotective xanthophyll cycle-dependent and independent mechanisms. Based on these results, we propose that TAAC
plays a critical role in the disassembly steps during PSII repair and in addition may balance the trans-thylakoid electrochemical
H* gradient storage.

In plants, the chloroplast thylakoid membrane is the
site of light-driven photosynthetic reactions coupled to
ATP synthesis. There are four major protein complexes
involved in these reactions, namely, PSI, PSII, the

! This work was supported by grants from the Swedish Research
Council, the Swedish Research Council for Environment, Agricul-
ture, and Space Planning (Formas), the Graduate Research School
in Genomics and Bioinformatics (C.S.), the Academy of Finland (to
E.-M.A.), the French Ministere de ’Education Nationale de 1’En-
seignement Supérieur et de la Recherche, and the Institut National
de la Recherche Agronomique, the Centre National de la Recherche
Scientifique (B.S.).

2 Present address: Graduate School of Natural Science and Tech-
nology, Okayama University, 700-8530 Okayama, Japan.

* Corresponding author; e-mail corsp@ifm liu.se.

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Cornelia Spetea (corsp@ifm.liu.se).

W1 The online version of this article contains Web-only data.

[OAT Open Access articles can be viewed online without a sub-
scription.

www.plantphysiol.org/cgi/doi/10.1104/pp.110.155804

cytochrome b, f, and the H'-translocating ATP synthase
(for review, see Nelson and Ben-Shem, 2004). The
photosystems and the cytochrome b;f complex also
contain redox components and pigments bound to
protein subunits. Their synthesis, assembly, optimal
function, and repair during normal development and
stress require a number of transport and regulatory
mechanisms. In this context, the water-oxidizing PSII
complex composed of more than 25 integral and
peripheral proteins attracts special attention since its
reaction center D1 subunit is degraded and replaced
much faster than the other subunits under excess and
even growth light conditions (for review, see Aroetal.,
2005). Thus, the D1 protein turnover is the major event
in the repair cycle of the PSII complex and occurs
subsequently to the inactivation of PSII electron trans-
port. D1 degradation is most likely performed by
thylakoid FtsH and Deg proteases, operating on both
sides of the thylakoid membrane (Lindahl et al., 2000;
Haussiihl et al., 2001; Silva et al., 2003; Kapri-Pardes
et al, 2007). The PSII repair cycle is regulated by
reversible phosphorylation of several core subunits
(Tikkanen et al., 2008).
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ATP is produced as a result of the light-driven
photosynthetic reactions in the thylakoid membrane
and mainly is utilized in the carbon fixation reactions
occurring in the soluble stroma. Besides this, ATP also
drives several energy-dependent processes occurring
on the stromal side of the thylakoid membrane, in-
cluding phosphorylation, folding, import, and deg-
radation of proteins. Furthermore, experimental
evidence for ATP transport across the thylakoid mem-
brane and nucleotide metabolism inside the lumenal
space has been reported (Spetea et al., 2004; for review,
see Spetea and Thuswaldner, 2008; Spetea and Schoefs,
2010). The protein responsible for the thylakoid ATP
transport activity has been identified in Arabidopsis
(Arabidopsis thaliana) as the product of the At5g01500
gene and functionally characterized in Escherichia coli
as an ATP/ADP exchanger (Thuswaldner et al., 2007).
This protein is homologous to the extensively studied
bovine mitochondrial ADP/ATP carrier and therefore
has been named thylakoid ATP/ADP carrier (TAAC).
In the same report, it has been demonstrated that
TAAC transports ATP from stroma to lumen in ex-
change for ADP, as based on radioactive assays us-
ing thylakoids isolated from Arabidopsis wild-type
plants and a T-DNA insertion knockout line (named
taac). Furthermore, TAAC was shown to be mainly
expressed in photosynthetic tissues with an up-
regulation during greening, senescence, and stress
(e.g. high light) conditions, implying a physiological
role during thylakoid biogenesis and turnover.

The ATP translocated by TAAC across the thylakoid
membrane is converted to GTP by the lumenal nucle-
oside diphosphate kinase III; GTP can then be bound
and hydrolyzed to GDP and inorganic phosphate by
the PsbO protein, a lumenal extrinsic subunit of the
PSII complex (Spetea et al., 2004; Lundin et al., 2007a).
The anion transporter 1 from Arabidopsis has been
proposed to export to the stroma the phosphate gen-
erated during nucleotide metabolism in the thylakoid
lumen (Ruiz Pavén et al., 2008). Between the two PsbO
isoforms in Arabidopsis, it has recently been reported
that PsbO2 plays an essential role in D1 protein
turnover during high light stress and that it has a
higher GTPase activity than PsbOl1 (Lundin et al,,
2007b, 2008; Allahverdiyeva et al., 2009). The precise
mechanism of PsbO2-mediated PSII repair is not
known. Nevertheless, the requirement of GTP for
efficient proteolytic removal of the D1 protein during
repair of photoinactivated PSII was previously re-
ported (Spetea et al., 1999). Furthermore, it has been
proposed that the PsbO2 type of PSII complexes un-
dergo more efficient repair. This has been attributed to
the PsbO2-mediated GTPase activity that induces
PsbO2 release from the complex, thus facilitating the
next steps in the repair process, namely, dissociation of
the CP43 subunit and proteolysis of the D1 subunit
(Lundin et al., 2007b, 2008).

TAAC may represent the missing link between ATP
synthesis on the stromal side of the thylakoid mem-
brane and nucleotide-dependent reactions in the lu-
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menal space. The faac mutant provides an interesting
tool to study whether there are any regulatory net-
works between the activity of TAAC and PSII repair.
Based on phenotypic characterization of two different
T-DNA insertion lines of the TAAC gene, we report in
this article that the PSII repair cycle is malfunctioning
in the absence of TAAC and that the thermal photo-
protection is faster activated during light stress.

RESULTS
PSII Activity under Growth Light Conditions

The taac knockout mutant, initially characterized by
Thuswaldner et al. (2007), was obtained from the
Institut National de la Recherche Agronomique Public-
Lines collection (FLAG_443D03, Wassilewskija [Ws]
ecotype) and is shown here to contain a single T-DNA
insertion (Supplemental Fig. S1). A second homozy-
gous faac mutant identified from Syngenta T-DNA
insertion lines collection (SAIL_209_A12, Columbia
ecotype) is described in Supplemental Figure S2.

At an irradiance of 120 umol photons m %s ' (GL),
the taac mutants grew initially with the same rate as
the wild-type plants of the respective ecotype, but then
slower and had significantly less (20%) leaf biomass
compared to the wild type (Fig. 1, A and B; Supple-
mental Fig. 53, A and B). When examined with elec-
tron microscopy, structurally normal chloroplasts
containing starch grains and thylakoid membranes
with typical stacked grana were found in all types of
plants (Fig. 1C; Supplemental Fig. S3C). Plastid length
and width ranged in all samples between 5 to 6 and
2 to 3 um, respectively. The studied plastid profiles
contained 58 to 61 grana on average, and there was no
large difference between taac and wild-type plants in
this respect. Similarly, no large difference was found in
height (number of appressed thylakoid lamellae per
granum) or length of the grana between the mutants
and their respective ecotypes. This indicates that de-
pletion of TAAC does not influence chloroplast and
thylakoid ultrastructure under average, nonstressful
conditions.

The chlorophyll (Chl) content of whole leaves (ex-
pressed per leaf fresh weight or per leaf surface unit)
and Chl a/b ratio were not significantly affected by the
deficiency of TAAC in the mutant compared to the
wild type (Table I; Supplemental Table S1). The max-
imum quantum yield of PSII photochemistry was the
same in wild-type and taac leaves (F /F,, = 0.8). Similar
steady-state rates of oxygen evolution were measured
in thylakoid membranes in the presence of the PSII
acceptor phenyl-p-benzoquinone. Nevertheless, addi-
tion of NH,Cl has resulted in significantly higher rates
of oxygen evolution in the mutant compared with the
wild type. The observed difference is consistent with
the existence in the mutant of an overall higher ca-
pacity for PSII electron transport per unit Chl. A
stimulatory effect of NH,Cl on the electron transport
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Figure 1. Comparison of the taac mutant with wild-type Arabidopsis
plants of the same Ws ecotype. A, The photographs of representative
plants were taken at an age of 42 d of growth using a hydroponic system
atan irradiance of 120 umol photons m~?s™". B, Plot of shoot weight =
sb as a function of plant age (n = 10). The difference in the weight is
significant at 6 and 8 weeks of growth (Student’s t test P < 0.05). C,
Transmission electron microscopy images, showing chloroplast ultra-
structure, were recorded at an age of 28 d of growth. Bar = 2 um.

in isolated thylakoid membranes has previously been
attributed to an increased dissipation of H" gradient
across thylakoids and uncoupled photophosphoryla-
tion (McCarty, 1980; Thomasset et al., 1984). Therefore,
our results may indicate a higher H" gradient existing
across the thylakoid membrane in the mutant com-
pared to the wild type. The activities of the whole

linear electron transport chain were indistinguishable,
based on the rates of oxygen consumption in the
presence of methyl viologen (and sodium azide; Table
I; Supplemental Table S1). Furthermore, no significant
differences were found in the rates of cyclic electron
transport based on the calculated halftime (¢, ,) for the
P,y re-reduction in darkness (Table I; Supplemental
Table S1). Finally, the rates of CO, fixation were similar
in taac and wild-type leaves (Supplemental Fig. S4)
and are therefore not able to explain the reduced
biomass of the mutant.

The leaves of wild-type and taac plants exhibited a
typical O-J-I-P fluorescence induction curve (Supple-
mental Fig. S5; Strasser et al., 1996; Tsimilli-Michael
et al, 2000). The shape of the curve, the values
obtained for the relative variable fluorescence at the
J-step (F)) between 0.36 and 0.47, and the initial slope
(M,) between 0.78 and 1.26 are typical for healthy
plants (Tsimilli-Michael et al., 2000). The analysis of
the O-J-I-P curves allows the determination of the fate
of the absorbed energy (parameter ABS): part of the
excitation energy is dissipated in the antenna of the
light-harvesting complex II (LHCII; parameter DI)) as
heat and/or fluorescence, and the remaining is chan-
neled to the reaction centers (parameter TR;). There,
the energy is converted to redox energy by reducing
the first stable quinone electron acceptor Q,, while the
reaction center (RC) Chl P, is oxidized, thus creating
an electron transport (parameter ET;) within the pho-
tosynthetic apparatus (Supplemental Fig. S6). Table II
compares the PSII behavior in wild-type and taac
leaves using energy fluxes expressed per RC of the
sample. The ABS/RC parameter was shown to be a
measure of the antenna size (Strasser et al., 1996). The
obtained similar values in taac and the wild type are
in line with the absence of significant difference in
the Chl a/b ratio (Table I) and the only slight modi-
fication in the Chl and xanthophyll levels (see be-
low). Furthermore, calculations of the flux of energy
reaching the RCII (TR,) and of the flux of energy
dissipated as heat and/or fluorescence in the an-
tenna, when the first excitons closed all the RCII (DI,
indicated no significant differences between the two
types of plants (Table II). Taken together, these data
indicate a similar distribution of energy fluxes at PSII
level.

Table 1. Photosynthetic characteristics of wild-type Arabidopsis Ws ecotype and taac plants grown at an irradiance of 120 umol photons m < s

2 —1

The parameters measured on 42-d-old plants were expressed as means * sp. *, Significantly different from the wild type (Student’s t test P=0.001).

Leaf Chlorophyll Content

Oxygen Evolution®

Strain

wmol O, mg ChI”" h™! tiy Pt 5 (n=3)P°

pgmg ' (n=12-18) pgcm ?(n=12-18) a/b(n=12-18)

pPBQ (n=4-6) pPBQ + NH,Cl (n=2-4) MV (n=2-4)
Ws 2.85 *+0.18 42.26 = 4.14 3.84 £0.07 133.0 £6.9 145.0 £ 7.5 —123.6 = 14.8 1.8 =0.3
taac 2.79 £ 0.19 40.30 £ 1.94 391 £0.12 1320 £ 6.7 172.1 £ 14.8* —-121.1 £ 0.3 2.1 04

“Light-saturated rate of oxygen evolution measured in thylakoid membranes in the presence of 0.5 mm phenyl-p-benzoquinone (pPBQ) without or

with the addition of 10 mm NH,CI (uncoupler) or in the presence of 100 um methyl viologen (MV) and 5 mm sodium azide.

transport was measured as halftime (¢, ,) for P,,," rereduction.

PCyclic electron
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Table Il. Comparison of energy fluxes in the wild-type (Ws) and
taac plants

Fast kinetics of fluorescence induction were recorded, and various
energy fluxes were calculated per RC, as described in Supplemental
Materials and Methods S1. ABS, absorption; TR, trapping; DI,
dissipation; ET,, electron transport. Experiments are means = sp of
10 to 11 replicates. No significant differences were found between the
two types of plants (Student’s t test P = 0.07).

Energy Flux Ws taac

ABS/RC 2.815 %= 0.065 2.607 = 0.074
TRy/RC 2.198 = 0.270 2.125 = 0.520
Dl,/RC 0.624 = 0.192 0.483 = 0.024
ET,/RC 1.182 = 0.044 1.182 = 0.097

Nonphotochemical quenching of Chl fluorescence
(NPQ) is an important photoprotective mechanism
minimizing the photooxidative damage to the photo-
synthetic apparatus (for review, see Horton et al.,
2008). To test whether the deficiency of TAAC affects
photoprotection, the kinetics of NPQ formation were
recorded for 20 min at photosynthetic actlve radiation
(PAR) of 300, 600, and 1,250 gmol m 2 s~ ! in the two
taac mutants and the respective background plants
(Fig. 2; Supplemental Fig. S3C). The initial phase was
transient with NPQ reaching a maximum 120 to 200 s
after the first saturating pulse, as described by D’'Haese
et al. (2004). Nevertheless, the amplitude of this phase
and the rate of NPQ formation were higher in taac
mutants at the three tested light intensities. The second
phase during the remaining illumination period of 20
min was slow and displayed no significant differences
in the levels of NPQ between the mutants and the
respective wild-type ecotype. The induced NPQ com-
ponent was rapidly reversible and decayed during the
dark period with similar kinetics and extent in the
wild-type and taac plants (Fig. 2). Taken together, these
results indicate that the mutants are more efficient in
activating the formation of NPQ. Although of different
ecotypes, the SAIL_209_A12 mutant showed pheno-
types identical with FLAG_443D03 (Supplemental Fig.
53), chosen for detailed physiological and biochemical
characterization (see below).

PSII Activity under High Light Conditions

The wild-type Ws and FLAG 443D03 taac plants
were grown under GL conditions for 28 d and then
under high light (HL; 950 umol photons m > s~ ')
conditions for additional 28 d, maintaining the diurnal
cycle. Leaf samples were collected in the course of
their growth to measure the maximum quantum yield
of PSII photochemistry (F /F,). Similar values (0.8)
during day 0 of HL growth, followed by a slow
decrease until day 4 (0.72), were measured in both
types of plants (Fig. 3A). This parameter continued to
decrease until day 7 in the mutant (0.62), whereas at
the same time point the wild-type plants almost fully
restored their PSII activity (0.78). The mutant fully
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restored the activity only on day 14 (0.8). Taken to-
gether, the pattern observed for F /F, indicates an
enhanced susceptibility to high light for the mutant
compared to the wild type. The slower recovery of PSII
activity was at the expense of plant growth since the
mutant displayed poor health, as shown in Figure 3B
photos, taken after 28 d of HL conditions.

Leaf Pigment Analysis and Xanthophyll Cycle

The amplitude of the initial rapid phase of NPQ
formation depends on the accumulation of H' in the
thylakoid lumen and on the pigment and protein
composition of the antenna (Horton et al., 2008).
Acidification of the lumen leads to activation of
violaxanthin de-epoxidase, which converts violaxan-
thin to anteraxanthin and finally to zeaxanthin as part
of the xanthophyll cycle (for review, see Hieber et al.,
2000; Horton et al., 2008). To investigate the mecha-
nism behind the faster response of the mutant when it
comes to NPQ (Fig. 2), we analyzed the wild-type and
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0.0 & //-

201 600

NPQ
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201 1250
1.5 1
1.0 1
0.5 1

0.0

40 80 120 160 200 300 600 900 1200 1500 1800 2100
Time (s)

Figure 2. Kinetics of NPQ formation. Chlorophyll fluorescence of
leaves detached from 16-h dark-adapted wild-type (Ws) and taac plants
was recorded during a 20-min exposure to light (white bar) of 300, 600,
or 1,250 umol photons m~2 5™, followed by 15-min recovery in
darkness (black bar). Saturating pulses (1.0 s) of actinic light were
applied to determine the maximum fluorescence yield F,, or F,/. NPQ
was calculated from fluorescence data as (F,, — F,/)/F,’ and plotted +
sD as a function of illumination time (n = 7-10).
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Figure 3. Photosynthetic characteristics of taac and wild-type plants of
the same ecotype (Ws) grown under HL (950 umol photons m2sh
conditions. Seedlings were germinated and grown initially at an
irradiance of 120 umol photons m~2 s7'. After 28 d, the plants were
transferred in HL conditions for additional 28 d. A, The maximum
quantum yield of PSIl was measured as Chl fluorescence (F,/F,) after
the 8-h light period and following 15-min dark period and plotted as a
function of number of days in HL. The data plotted are means = sp (10-
12 leaves from two to three independent experiments). B, Appearance
of plant health during growth under HL conditions. Individual plants
were photographed after the additional 28 d of growth under HL
conditions.

taac plants in terms of pigment composition and
interconversion of the xanthophylls, measured as de-
epoxidation ratio.

Pigment analysis (neoxanthin, violaxanthin, lutein-
5,6-epoxide, antheraxanthin, lutein, zeaxanthin, Chl b,
Chl ', Chl a, Chl a’, pheophytin a, and B-carotene) was
performed from the leaves of the two types of plants,
and the composition was found typical for healthy
green leaves (Schoefs et al., 1996). The most abundant
pigments were lutein, Chl a, and Chl b (Fig. 4A).
Lutein-5,6-epoxide and Chl epimers were only present
in traces and therefore were not quantified. Generally,
the pigments were slightly but less abundant in the
taac than in the wild-type leaves. Ata PAR of 120 umol
photons m™? s7!, the xanthophyll cycle was only
weakly activated in both the wild type and mutant,
as indicated by the low values of the de-epoxidation
ratio (Fig. 4B). As PAR intensity increased, the xan-
thophyll cycle was progressively activated, and nota-
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bly, to a much higher extent in the mutant than in the
wild type. The de-epoxidation reaction saturated at
approximately 1,250 wmol photons m s " in the wild
type but not in the taac leaves.

NPQ induction results from an excess of light at the
level of PSII. It involves a response to the trans-
thylakoid pH gradient, the xanthophyll cycle, the
PsbS protein, and other, yet undefined aspects of
photoinhibition. It has been postulated that the struc-
tural unit of NPQ consists of LHCII proteins and the
PsbS protein and is formed upon protonation and
binding of xanthophyll cycle carotenoids (Horton
et al., 2008). Therefore, it was of great interest to ex-
amine the effect of nigericin and dithiothreitol (DTT),
the well-known inhibitors of the trans-thylakoid
pH gradient and of violaxanthin de-epoxidation, re-
spectively. As shown in Figure 4C, in nigericin-treated
leaves, the NPQ no longer displayed two phases but a
continuous and weak increase with the increase of
light intensity. The kinetics between the taac and wild-
type plants were undistinguishable. Notably, DTT-
treated leaves still display an initial rapid phase of
NPQ formation. Like in control-treated leaves, both
the amplitude and the rate of induction of this phase
are higher in the taac mutant, whereas the steady-state
NPQ levels are similar to the wild type. Since the
relative amounts of PsbS and LHCII proteins were
similar in the two types of plants (see below), these
results collectively suggest that the trans-thylakoid pH
gradient is the major factor responsible for the higher
efficiency of NPQ formation observed in taac plants
(Fig. 2).

Levels of Thylakoid Photosynthetic Proteins and
PSII Phosphoproteins

Reduced weight was observed for fully developed
taac plants grown under GL conditions. It was there-
fore tested whether the deficiency of TAAC changes
the protein content in isolated thylakoid membranes.
Western-blot analysis was performed using antibodies
directed against various proteins of the PSII complex
(CP43, D1, D2, PsbO, PsbP, Lhcb1, Lhcb2, and PsbS) as
well as representative proteins in the ATP synthase (8-
subunit of CF1) and the PSI complex (PsaA/B). Based
on visual inspection of the western blots, no differ-
ences in the levels of analyzed proteins were apparent
in taac compared to the wild-type thylakoids (Fig. 5A).

Phosphorylation of PSII proteins is an important
step in the repair cycle of the complex (Tikkanen et al.,
2008). To test whether the steady-state phosphoryla-
tion levels of PSII proteins were affected in the taac
mutant, we isolated thylakoids from plants, which
were dark adapted for 16 h or illuminated for 3 h either
with GL or HL, and performed western blotting using
an antiphosphothreonine antibody (Lundin et al,
2007b, and refs. therein). Under all three tested condi-
tions, the levels of immunodetected phosphorylation
of the PSII core proteins and the LHCII proteins were
similar between the taac and wild-type thylakoids (Fig.
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Figure 4. Pigment composition and xanthophyll cycle in Ws ecotype plants and the taac mutant. A, Leaves from plants grown at

an irradiance of 120 umol photons m~2 s

were detached at the end of the dark period, and the pigment composition was

determined by HPLC. Amounts of main pigments are expressed relative to Chl a = sp (n = 17). B, Leaves were illuminated with
PAR of intensities ranging between 53 and 1,952 umol photons m™?s™". The time of illumination was 20 min for PAR intensities
<1,000 pmol photons m™? s™" and reduced to 10 min for higher PAR intensities. Following illumination, pigments were
extracted and analyzed by HPLC. Activity of the xanthophyll cycle was determined as de-epoxidation ratio (DR) * sb (n=3-4 for
each point). DR = (antheraxanthin + zeaxanthin)/(antheraxanthin + zeaxanthin + violaxanthin). C, Effect of nigericin and DTTon
the kinetics of NPQ formation. Prior recording kinetics as described in Figure 2, plants were vacuum infiltrated with 50 um
nigericin (NGC) or 5 mm DTT. The curves for control leaves (infiltrated with water) were similar to those presented in Figure 2 and

therefore are not shown here.

5B). These results indicate that depletion of TAAC
does not influence the activity of thylakoid-associated
PSII kinases and phosphatases.

Susceptibility to Photoinhibition of PSII

The reduced tolerance of the taac mutant during
growth under HL conditions (Fig. 3) prompted us to
test whether TAAC depletion influences the D1 pro-
tein degradation step during repair of PSII complex. To
this end, the leaves detached from the taac and wild-
type plants were illuminated for 1 and 3 h in the
absence and presence of lincomycin, which blocks the
synthesis of chloroplast-encoded proteins, including
D1. The F /F,, parameter, used to monitor the maximal
PSII activity, was recorded from intact leaves, whereas
western blotting of isolated thylakoids with anti-D1
antibodies was performed to follow the D1 protein
levels. When the wild-type and taac leaves were illu-
minated with GL in the absence or presence of linco-
mycin, no dramatic difference in the decay of F /F,,
was observed (Fig. 6A). As expected, when protein
synthesis was inhibited with lincomycin during the
HL treatment, the PSII RCs of the wild type turned out

Plant Physiol. Vol. 153, 2010

to be more prone to photodamage, as revealed by a
faster decrease in the F /F,, parameter. Notably, under
the HL conditions, the PSII RCs of taac were inacti-
vated with similar rates in the absence and presence of
lincomycin and to a similar extent (50%) as in the wild
type in the presence of lincomycin. The D1 protein
degradation was found blocked in all studied condi-
tions in the mutant compared to the wild type where a
clear loss of the protein was observed during both GL
and HL in the presence of lincomycin (Fig. 6B). When
PSII activity was measured in 3 h HL-treated leaves in
the absence of lincomycin during subsequent 80 min
of incubation in darkness, F,/F,, was partially restored
in the wild type (0.73), but slower and to a much lower
extent in the mutant (0.59; Fig. 6C), supporting the
malfunction in the PSII repair. Next, we preillumi-
nated leaves for various periods of time at HL, allowed
5 min dark adaptation, and subsequently recorded
NPQ induction curves at 1,250 umol photons m Zs’!
(Supplemental Fig. S7). The steady-state levels of NPQ
were reached within 60 s of illumination in both wild-
type and the mutant leaves (data not shown) and
similarly decreased with the duration of the preillu-
mination time (Supplemental Fig. S7). Taken together,
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Figure 5. Analysis of photosynthetic proteins in wild-type (Ws) and
taac plants. A, Thylakoid membranes were isolated from plants grown
at an irradiance of 120 umol photons m™2 s~'. Representative blots
with antibodies against various photosynthetic proteins are shown. The
loaded amount of Chl (ug) is indicated above each lane. B, Phosphor-
ylation of PSII proteins was assessed in thylakoid membranes isolated in
the presence of 10 mm NaF. Dark samples represent thylakoid mem-
branes isolated from plants after 16 h in darkness. GL and HL samples
are thylakoids isolated from plants exposed for 3 h to light of 120 and
950 wmol photons m™? 5™, respectively. Representative western blot
with antiphosphothreonine antibody from Cell Signaling is shown. The
gels were loaded with 0.25 ug of Chl in each well. The positions of the
major phosphorylated PSII proteins are indicated.

these data indicate that the taac plants are more
susceptible than the wild type to high light, since the
repair of PSII is malfunctioning in taac plants, while
the photoprotection capacity does not differ between
the two types of plants.

Leaves from plants exposed for 3 h to HL also have
been studied in terms of chloroplast ultrastructure
using electron microscopy (Fig. 6D). The dynamic
structure of the grana can be dismantled and re-

672

formed, during the processes known as destacking
and restacking, on a timescale of minutes (for re-
view, see Anderson et al., 2008). Notably, the mutant
retained slightly, but significantly, higher grana than
their respective ecotype plants (i.e. approximately 6
versus 5 appressed thylakoid lamellae per granum
on average). The granum length was also slightly,
but significantly, longer in the mutant than in its
respective ecotype (0.54 = 0.15 and 0.51 = 0.15 um,
respectively). When compared with the electron
microscopy data obtained at GL conditions (Fig.
1C), it is obvious that HL treatment has induced
destacking of grana and a decrease in granum length,
but this process appeared to be partially inhibited in
the mutant. The higher stacking in the mutant could
be a protective mechanism against the effects of
excess light and could also prevent access of prote-
ases to the damaged D1 protein in PSII complexes
unable to repair, as recently reported (Fristedt et al.,
2009).

Organization of PSII Complexes

To explain the inability to degrade D1 in photo-
inactivated PSII, we tested whether the deficiency of
TAAC has an impact on the organization of PSII
complexes in plants grown under GL and HL condi-
tions. Thylakoids were isolated and solubilized mildly
with detergent (dodecyl B-p-maltoside), and the var-
ious types of Chl protein complexes were separated by
Blue-Native gel electrophoresis (BN-PAGE; Supple-
mental Fig. S8A). Western blotting with anti-D1 an-
tibody identified four types of PSII subcomplexes:
PSII-LHCII supercomplexes, PSII core dimers, PSII
core monomers, and CP43-less monomers (Supple-
mental Fig. S8B). As revealed by quantification data
presented in Table III, approximately 50% and 65%
of the PSII complexes were found as monomers (sum
of PSII core and CP43-less monomers) in wild-type
and taac plants grown under GL conditions, respec-
tively. Notably, the PSII supercomplexes were clearly
less abundant in taac plants, indicating that PSII is
already inhibited under GL conditions and requires
repair. CP43-less PSII monomers represent the form
that accumulates under conditions of intensive PSII
repair, including D1 degradation (Rokka et al., 2005).
Indeed, the mutant forms more CP43-less monomers
with respect to the wild type, but the ratio to PSII
core monomers is quite similar in the two types of
plants (6:2 and 5:1, respectively). When grown under
HL conditions, the PSII monomers dominated over
the dimers in both types of plants, i.e. approximately
85% monomers were detected. Despite this, the wild-
type plants accumulated the largest amounts of
CP43-less monomers (20%) compared to the mutant
(6%). The calculated ratio of 13:1 for PSII core mono-
mers to CP43-less monomers in faac compared to
3:1 in the wild type indicates a poor dissociation of
CP43 from the PSII monomer in taac plants during
repair.
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Figure 6. Susceptibility of wild-type (Ws) and taac plants to photoinhibition of PSII. Leaves detached from plants grown at an
irradiance of GL (120 umol photons m~2s™ ") were exposed to GL or HL (950 umol photons m~2 s~ ") treatments in the presence
(+) or absence (—) of lincomycin (LN) for 1 and 3 h. A, Chl fluorescence was measured in leaves after 5 min dark adaptation, and
the F,/F,, parameter was calculated. The relative levels of F,/F,, were plotted = sp as a function of illumination time (n = two to
three independent experiments). B, Representative western blots with anti-D1 of thylakoids from the 3-h light treatment (0.25 ug
Chl/lane). C, Chl fluorescence was measured in leaves following 3 h of HL treatment in the absence of lincomycin and incubated
in darkness for the indicated periods of time. The values obtained for the F, /F,, parameter were plotted = sp (n = two independent
experiments). D, Transmission electron microscopy images of chloroplast ultrastructure from 3-h HL-treated plants. Bar = 2 um.

DISCUSSION

Arabidopsis contains an ATP/ADP carrier in the
chloroplast thylakoid membrane, named TAAC. Its
high expression levels under high light stress condi-
tions (Thuswaldner et al., 2007), which primarily in-
duce an inactivation of the PSII complex in the
thylakoid membrane, pointed to a role of TAAC in
the turnover of this complex. In this study, we em-
ployed a combination of biochemical, physiological,
and electron microscopy approaches to investigate
two taac mutant lines. Although the mutants were
from two different collections and ecotypes, their
phenotype was similar, emphasizing the specific effect
of the mutation. We show that depletion of TAAC
results in reduced plant growth. The mutants display

wild-type levels of photosynthetic pigments, proteins,
and activities. Therefore, the reduced growth must be
a physiological consequence of TAAC depletion and
its impact on the PSII repair cycle, more specifically
impairment of CP43 dissociation from the complex, a
step preceding the proteolytic degradation of the D1
protein. We also show that in the absence of TAAC, a
higher trans-thylakoid electrochemical H" gradient is
used in the first minutes of illumination to induce
transiently higher NPQ levels, which relaxes when
reaching steady state levels.

The distinct response of PSII complexes to high light
stress in the wild type and taac plants is likely to
provide information about the physiological role of the
TAAC protein by supplying nucleotides in the thyla-
koid lumen. The deficiency of TAAC increases the

Table 1I. Organization of PSIl complexes in wild-type (Ws) and taac plants

Plants were grown for 21 d in GL (120 umol photons m~2 s7") and then transferred for additional 14 d to
GL or HL (950 umol photons m~? s™"). The proportional amount (%) of each type of PSIl subcomplex in
each type of plant and condition was determined from D1 protein western blots of Blue Native gels as in
Supplemental Figure S8. Based on these levels, the ratio of PSIl core monomer to CP43-less monomer was
calculated. The presented values are average of three independent experiments. nd, Not detected.

GL HL
Type of PSIl Subcomplex U —— —_————
Ws taac Ws taac
PSII-LHCII supercomplex 26 11 nd nd
PSII core dimer 24 23 17 15
PSIl core monomer 43 55 63 79
PSII core CP43-less monomer 7 12 20 6
PSIl core monomer: CP43-less monomer 6:1 5:1 3:1 13:1
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susceptibility of PSII to photoinhibition (Figs. 3 and 6).
The inhibition of D1 protein degradation results in the
malfunctioning of the repair cycle. The site of mal-
function was localized at the step when CP43 disso-
ciates from damaged PSII, since a relatively low
proportion of CP43-less monomers were detected in
the mutant compared with the wild type, and most
complexes were found as intact core monomers (Table
IIL; Supplemental Fig. S8).

Interestingly, the phenotype of a T-DNA insertion
line lacking the PsbO2 protein (psbo2) resembles taac
with respect to PSII repair during HL stress. The psbo2
mutant displays smaller size and reduced HL stress
tolerance, impaired D1 protein degradation, and pre-
dominance of the core monomer over the CP43-less
monomer (Lundin et al., 2007b, 2008). This raises the
question whether the poor dissociation of the CP43
subunit from the PSII core monomer observed in taac
and psbo2 plants is due to a cross talk between TAAC
and PsbO2 in performing ATP transport and GTPase-
mediated signaling, resulting in efficient turnover of
the D1 protein. The following lines of experimental
evidence support this hypothesis. (1) D1 protein deg-
radation following PSII photoinactivation is a GTP-
dependent process (Spetea et al., 1999). (2) PsbO is a
GTPase and dissociates from PSII complex in a light-
and GTP-dependent manner (Lundin et al.,, 2007a).
PsbO is present in PSII core monomers but not in
CP43-less monomers (Rokka et al., 2005), indicating
that its dissociation preceeds that of CP43. (3) Arabi-
dopsis PsbO2 is a better GTPase than PsbO1. Its
elimination leads to accumulation of PSII core mono-
mers and impaired repair cycle (Lundin et al., 2007b,
2008). (4) TAAC depletion leads to a reduced trans-
thylakoid ATP transport and conversion to GTP in the
lumen (Thuswaldner et al., 2007) as well as to accu-
mulation of PSII core monomers and impaired repair
cycle (this study). Interaction of TAAC with PSII
proteins is not documented, and its function is most
likely to supply nucleotides to the lumen for PsbO2-
mediated signaling of PSII disassembly.

Generally, the short-term photosynthetic acclima-
tion of plants to high light includes reversible phos-
phorylation of thylakoid membrane proteins and the
dissipation of excess excitation energy as heat. Based
on our results, it appears that the former is functioning
optimally in taac mutants, whereas the latter is more
efficiently activated compared to the wild type. The
PSII proteins were found similarly phosphorylated in
taac and the wild type in both dark- and light-adapted
plants (Fig. 5B). A similar phosphorylation pattern
was observed in the previously characterized psbo2
mutant (Lundin et al., 2007b). This would imply that
the responsible protein kinases and/or phosphatases
require neither lumenal nucleotides supplied by
TAAC nor GTPase-mediated signaling.

Regarding NPQ, the faac mutants were distinguish-
able from the respective wild-type ecotypes partic-
ularly in terms of rate and amplitude of the initial
rapid phase of NPQ formation and also in terms of
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activation of violaxanthin de-epoxidase (Figs. 2 and 4;
Supplemental Fig. S3D). Notably, psbo2 plants display
similar NPQ induction and capacity as the wild type
(Allahverdiyeva et al., 2009). This implies that the
NPQ pattern observed in taac plants is not related to
the impaired GTP-mediated PSII repair cycle during
photoinhibition, but rather a physiological conse-
quence of TAAC depletion.

Two relevant questions are whether and by which
mechanism the deficiency of TAAC leads to a transient
acidification of the lumen in the first minutes of
illumination. In vivo measurements in wild-type and
taac plants did not reveal significant differences in the
electrochemical H" gradient (A. Kanazawa, D.M.
Kramer, and C. Spetea, unpublished data). The cellular
homeostasis, similar to that of the wild type, is most
likely reached in the mutant in order to maintain
steady and balanced electrochemical gradient across
the thylakoid membrane. Nevertheless, there are sev-
eral lines of evidence to support the establishment of a
transiently higher transthylakoid H" gradient in the
mutant: (1) an enhanced stimulatory effect of NH,Cl
on the rate of oxygen evolution from isolated thyla-
koids; (2) faster and higher amplitude of the initial
rapid phase of NPQ formation in dark-adapted leaves,
but not in preilluminated leaves (this pattern is pre-
served in DTT-treated, but not in nigericin-treated,
leaves); (3) a higher de-epoxidation ratio and, thus, a
more active violaxanthin de-epoxidase. The steady-
state NPQ levels are indistinguishable between the
wild type and mutants and are lowered drastically
by nigericin and to a lower extent by treatment with
DTT. Therefore, we cannot exclude that an important
fraction of the observed NPQ is zeaxanthin indepen-
dent. This will support previous and recent observa-
tions about zeaxanthin-independent NPQ mechanisms
(Finazzi et al., 2004; Li et al., 2009; Lambrev et al.,
2010). Thus, the transient accumulation of higher
electrochemical H" gradient in the mutants more effi-
ciently activates photoprotective xanthophyll cycle-
dependent and -independent mechanisms compared
to the wild type.

We do not understand at present stage the mecha-
nism by which absence of TAAC leads to the above-
discussed effects on H" gradient and photoprotection.
An attractive possibility would be that trans-thylakoid
adenine nucleotide exchange by TAAC is electrogenic
(ATP*” /ADP®"), as demonstrated for the mitochon-
drial AAC-catalyzed transport (Gropp et al.,, 1999).
Although AAC and TAAC share a similar structure
and antiport mechanism (Thuswaldner et al., 2007),
the electrogenic properties of TAAC activity dissipat-
ing a fraction of the H' gradient in the wild-type
plants, while accumulating it in the faac mutants,
remain to be investigated.

The results presented and discussed here support
the previously proposed significant role of the thyla-
koid lumen in metabolism and cellular signaling. The
thylakoid lumen is a multifunctional cellular compart-
ment, as based on the large variety of proteins iden-
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tified biochemically and by large-scale proteomics
(Spetea and Thuswaldner, 2008). The TAAC protein
and activity renders this view even more complex with
respect to the regulation of PSII repair and photo-
protection during light stress.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The taac mutant is a T-DNA insertion knockout Arabidopsis (Arabidopsis
thaliana) mutant for the TAAC gene (At5g01500; FLAG_443D03, Ws ecotype)
obtained from PublicLines at Institut National de la Recherche Agronomique
(http:/ /dbsgap.versailles.inra.fr/publiclines/). PCR analysis was performed
to confirm the homozygosity of the mutant, whereas the absence of the TAAC
protein was verified by western blotting, as described (Thuswaldner et al.,
2007). The Southern-blot analysis of HindIll-digested mutant performed with
a T-DNA-specific probe demonstrated that the FLAG line contained only one
T-DNA insert (Supplemental Fig. S1). The details of the Southern blotting are
given in Supplemental Materials and Methods S1.

Arabidopsis seeds for the SAIL_209_A12 T-DNA insertion line for the
TAAC gene (Columbia ecotype; Supplemental Fig. S2A) were produced by
Syngenta (McElver et al., 2001) and ordered at the Salk SIGnAL T-DNA
express Arabidopsis Gene mapping tool (http:/ /www.signal.salk.edu/cgi-bin/
tdnaexpress). PCR and RT-PCR analyses of this mutant are given in Sup-
plemental Materials and Methods S1. Although of different ecotypes, the
SAIL_209_A12 mutant showed visible phenotypes identical with FLAG_
443D03, chosen for detailed physiological and biochemical characterization.
Characterization of SAIL_209_A12 is presented in Supplemental Table S1 and
Supplemental Figure S4.

The two mutants and wild-type Arabidopsis of respective ecotype were
grown hydroponically at an irradiance of 120 umol photons m™?s™* (GL) at
22°C with 8-h-light/16-h-dark cycles and relative humidity 70% for 42 d
unless otherwise indicated. For HL stress experiments, 28-d-old GL plants
were grown at an irradiance of 950 umol photons m2s' (HL) for an
additional 28 d. For pigment analysis, plants were grown on soil under GL
conditions for 15 to 17 d before use. For analysis of PSII subcomplexes, plants
were grown on soil for 21 d under GL conditions and then grown for
additional 14 d under either GL or HL conditions.

Chlorophyll Fluorescence, Oxygen Evolution,
P,,, Oxidoreduction, and CO, Fixation

Chl fluorescence at room temperature was measured using a pulsed-
amplitude fluorometer either dual PAM-100 (for the data presented in Table II
and Supplemental Fig. S5) or model PAM-210 (Walz; for the data presented in
Figs. 2, 3, and 6 and Supplemental Fig. S3). The maximum quantum yield of
PSII photochemistry (F,/F,) was determined as a ratio of variable fluores-
cence (F,) to maximal fluorescence (F,,) measured from attached leaves dark
adapted for 15 min.

Fast kinetics of Chl fluorescence induction were recorded, and the obtained
O-J-I-P transient was analyzed according to the JIP-test (Strasser et al., 1996).
Using the fluorescence parameters, the energy fluxes per RC were calculated.
For details and equations, see Supplemental Materials and Methods S1. All the
measurements were performed on attached leaves dark adapted for 15 min.

During HL growth, the maximum quantum yield of PSII photochemistry
was determined as Chl fluorescence (F,/F,) in leaves harvested after the 8-h
light period followed by 15 min of dark adaptation. For determination of NPQ,
slow kinetics of Chl fluorescence induction were recorded in leaves detached
from 16 h dark-adapted plants, exposed for 20 min to PAR of 300, 600, and
1,250 umol photons m 25~ followed by 15 min in darkness. Saturating pulses
(1.0 s) of actinic light were applied to determine F,, or F'. Where indicated,
16-mm leaf discs were vacuum infiltrated with 5 mm DTT or 50 uM nigericin
(Ruban and Horton, 1995; Johnson et al., 2008). The NPQ parameter was
calculated using the equation NPQ = (F,, — F,)/F. .

Steady-state oxygen evolution was measured with a Clark-type electrode
(Chlorolab 2 system; Hansatech) in isolated thylakoid membranes using high-
intensity red LED light (LH11/2R, 1,250 umol photons m?s~") at 22°C and in
the presence of 0.5 mm phenyl-p-benzoquinone as electron acceptor from PSIT
or 100 um methyl viologen and 5 mm NaNj to measure the whole electron
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transport chain. To uncouple the thylakoids, 10 mm NH,Cl was added to the
reaction mixture prior the measurement of oxygen evolution.

P,y redox changes were measured from intact leaves with JTS-10 (Bio-
logic). P, was oxidized by a far-red LED (720 nm) and computed as AI/1700 =
AI/1820nm — 0.8xAI/1880nm. The kinetics of Py, rereduction in the dark was
fitted by a single exponential term and the half-lifetimes calculated via t,,, =
n2T.

CO, fixation was measured from intact leaves using an open gas portable
photosynthesis system (LI-6400; LI-COR) as described in Supplemental Ma-
terials and Methods S1.

Electron Microscopy

The plants used for ultrastructural investigations were 28 d old. The leaves
were directly fixed atleast 3 h after the start of the light phase and prepared for
electron microscopy as described by Abdelkader et al. (2007). The ultrathin (70
nm) sections of the leaf CSs were investigated by a Hitachi 7100 transmission
electron microscope at 75-kV accelerating voltage. From all samples at least 35
different plastids were studied (chosen randomly from at least 100 plastids),
and representative pictures are shown. Calculations of plastid size and
number of grana per plastid profile were done on 35 representative plastids.
The granum height (number of appressed thylakoid lamellae) and length were
calculated from analyzing 230 to 330 grana in each strain. Granum length was
defined and measured at the middle of the granum.

Pigment Analysis

Chl content of whole leaves was determined by extraction in 96% ethanol
and spectrophotometry according to Lichtenthaler and Wellburn, (1983). For
determination of the xanthophyll cycle activity, the leaves were illuminated
for 20 min with PAR of various intensities ranging between 53 and 1,952 umol
photons m ™2 s™". Because long and intense illumination triggers pigment
photodestruction, the time of illumination was reduced to 10 min for PAR
intensity higher than 1,000 umol m ™2 s, as recommended by Niyogi et al.
(1998). When the illumination period was completed, Chl and carotenoids
were extracted from detached leaves (Schoefs, 2002) and analyzed by HPLC
(Darko et al., 2000). Details are provided in Supplemental Materials and
Methods S1. The xanthophyll cycle or de-epoxidation ratio was measured as
(antheraxanthin + zeaxanthin)/(antheraxanthin + zeaxanthin + violaxanthin).

Thylakoid Preparation

Thylakoid membranes were isolated from 16-h dark-adapted plants and
purified as described (Norén et al., 1999). In some experiments aimed at
studying the steady-state level of phosphorylation of PSII proteins, thylakoid
membranes were isolated in the presence of 10 mm NaF (a general inhibitor of
protein phosphatases) from plants that were dark adapted and exposed for 3 h
to GL or HL. Chl concentration was determined spectrophotometrically in
80% acetone according to Porra et al. (1989).

Short-Term Light Treatment

In experiments aimed to study the effect of inhibition of chloroplast protein
synthesis, detached leaves were treated with 2 mm lincomycin in darkness
overnight. The leaves together with the media were then transferred to petri
dishes and exposed to GL or HL for 1 and 3 h at 22°C. Chl fluorescence was
measured in control and lincomycin-treated leaves after 5 min of dark
adaptation. For quantification of D1 protein levels, the leaves were frozen in
liquid nitrogen and stored at —80°C until isolation of thylakoid membranes.
Where indicated, Chl fluorescence was recorded in 3 h HL-treated leaves
during a subsequent period of recovery in darkness.

SDS-PAGE, BN-PAGE, and Western Blotting

Thylakoid proteins were separated by SDS-PAGE using 14% (w/v) acryl-
amide gels with 6 M urea. Following electrophoresis and electroblotting,
various photosynthetic proteins were immunodetected using specific anti-
bodies and the ECL-Plus detection system (GE Healthcare). Antibodies were
raised in rabbit against PsaA /B, CP43, D2, D1, PsbO, and PsbP proteins from
spinach (Spinacia oleracea). Antibodies against the CF1 B-subunit of ATP-
synthase, Lhcb1, Lhcb2, and PsbS proteins were purchased from Agrisera.
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Where indicated, rabbit anti-phosphothreonine antibodies from Cell Signaling
were used.

For determination of PSII subcomplex distribution, thylakoid membranes
were isolated and solubilized as described (Lundin et al., 2008). The Chl
protein complexes were separated by BN-PAGE, and the PSII complexes
immunodetected with the anti-D1 antibody.

Statistical Analysis

The mean and sp were calculated for each data set, where appropriate.
Standard error bars were plotted except where smaller than the symbol size.
Where appropriate, the Student’s t test was used to identify the difference
between the wild type and the mutant.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Southern blot of the EcoRI-digested
FLAG_443D03 taac mutant DNA probed with a radiolabeled T-DNA
fragment.

Supplemental Figure S2. Screening for homozygous Arabidopsis SAIL_
209_A12 taac mutant.

Supplemental Figure S3. Characterization of the SAIL_209_A12 taac
knockout mutant.

Supplemental Figure S4. CO, fixation of the taac mutant and wild-type
Arabidopsis Ws ecotype.

Supplemental Figure S5. Fast fluorescence kinetics of taac mutant and
wild-type Arabidopsis Ws ecotype.

Supplemental Figure S6. A highly simplified model presenting the energy
fluxes per RC in photosystem II.

Supplemental Figure S7. Steady-state levels of nonphotochemical quench-
ing in high-light stressed leaves.

Supplemental Figure S8. Analysis by Blue Native gel electrophoresis (BN-
PAGE) of protein complexes from wild-type and taac plants.

Supplemental Table S1. Photosynthetic characteristics of wild-type Arab-
idopsis of Columbia ecotype (Col) and SAIL_209_A12 taac plants.

Supplemental Materials and Methods S1.
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