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SUMMARY

Arabidopsis proton gradient regulation (pgr) mutants have high chlorophyll fluorescence and reduced non-
photochemical quenching (NPQ) caused by defects in photosynthetic electron transport. Here, we identify
PGR6 as the chloroplast lipid droplet (plastoglobule, PG) kinase ABC1K1 (activity of bcT complex kinase 1).
The members of the ABC1/ADCK/UbiB family of atypical kinases regulate ubiquinone synthesis in bacteria
and mitochondria, and impact various metabolic pathways in plant chloroplasts. Here, we demonstrate that
abc1k1 has a unique photosynthetic and metabolic phenotype that is distinct from that of the abc7k3 homo-
log. The abc1k1/pgr6 single mutant is specifically deficient in the electron carrier plastoquinone, as well as
in p-carotene and the xanthophyll lutein, and is defective in membrane antioxidant tocopherol metabolism.
After 2 days of continuous high light stress, abc1k1/pgr6 plants suffer extensive photosynthetic and meta-
bolic perturbations, strongly affecting carbohydrate metabolism. Remarkably, however, the mutant accli-
mates to high light after 7 days together with a recovery of carotenoid levels and a drastic alteration in the
starch-to-sucrose ratio. Moreover, ABC1K1 behaves as an active kinase and phosphorylates VTE1, a key
enzyme of tocopherol (vitamin E) metabolism in vitro. Our results indicate that the ABC1K1 kinase consti-
tutes a new type of regulatory link between photosynthetic activity and chloroplast metabolism.

Keywords: ABC1-like kinase, non-photochemical quenching, PGR6, photosynthesis, carotenoids, vitamin E,

Arabidopsis thaliana.

INTRODUCTION

Photosynthesis is the single entry point for CO, into the
biosphere and the food chain. To date, major questions
exist regarding the regulatory links and coordination
between photosynthetic light reactions and subsequent
carbon fixation, as well as the subsequent allocation of
fixed carbon to different pathways. Photosynthesis itself is
a highly dynamic process quickly reacting to the changing
light environment in nature. Non-photochemical quench-
ing (NPQ) of chlorophyll fluorescence is a key mechanism
for the thermal dissipation of excess light energy. The
genetic screening for Arabidopsis mutants with reduced
NPQ led to the discovery of Arabidopsis proton gradient
regulator (pgr) mutants, which are defective in the regula-
tion of photosynthetic electron transport and in the genera-
tion of the pH gradient across thylakoid membranes
(Shikanai et al., 1999). The molecular mechanisms affected

in these mutants are different, but they all reduce quench-
ing of chlorophyll fluorescence. Among these, the pgr1
mutant has a miss-sense mutation in the Rieske Fe-S sub-
unit of the cyt bsf complex, the activity of which is hyper-
sensitive to lumenal acidification at high light intensity
(Munekage et al., 2001; Jahns et al., 2002). The pgr5
mutant is defective in cyclic electron flow around photo-
system | (PSI), which leads to reduced NPQ and the over-
reduction of PSI (Munekage et al., 2002). The pgr6 mutant
was originally isolated as CE11-8-1 (Columbia g/7 acces-
sion 11-8-1; Shikanai et al., 1999). Here, we demonstrate
that PGR6 is identical to the chloroplast ABC1-like kinase
ABC1K1 (At4g31390). The family of ABC1/ADCK/UbiB
(activity of bc7 complex/ABC1 domain-containing kinase/
ubiquinone biosynthesis protein B) atypical kinases is
conserved from prokaryotes (Archaea and bacteria) to


mailto:felix.kessler@unine.ch

eukaryotes (Lundquist et al., 2012a). The biological roles of
these kinases have been investigated in bacteria, yeast and
human mitochondria, and in plant chloroplasts. The proto-
typical family member, Saccharomyces cerevisiae ABC1/
Cog8 (coenzyme Q biosynthesis) is required for aerobic
respiration at the level of the mitochondrial bc; complex
(Poon et al., 2000). abc1 mutants lack ubiquinone (a mem-
ber of the prenylquinone family) and are defective at the
first monooxygenase step in its biosynthesis. Nevertheless,
the data for ABC1 point to a regulatory role rather than an
enzymatic function in biosynthesis. In yeast, the phosphor-
ylation of Cog3, Cog5 and Coq7 of the ubiquinone pathway
depends on ABC1/Cog8. The yeast cog8 mutant is rescued
by the human homolog ADCK3/CABC1, which also rein-
states phosphorylation of several of the Coq proteins. This
provides evidence for multiple kinase targets in the ubiqui-
none biosynthesis pathway (Xie et al., 2011).

In Arabidopsis, six of eight ABC1-like kinases, including
ABC1K1, are enriched in the plastoglobule (PG) proteome
(Vidi et al.,, 2006; Ytterberg et al., 2006; Lundquist et al.,
2012b, 2013). PGs are lipid droplets inside plastids (Brehelin
and Kessler, 2008), and participate in prenylquinone (toc-
opherols, phylloquinone and plastoquinone) as well as
carotenoid metabolism and storage. PG hosts tocopherol
cyclase (VTE1), a key enyzme in vitamin E synthesis and
recycling (Kobayashi and DellaPenna, 2008; Szymanska and
Kruk, 2010). VTE1 may be regulated by phosphorylation, as
it has been identified in a large-scale comparative phospho-
proteomics screen (Nakagami et al., 2010). In conclusion,
current knowledge suggests that the chloroplast ABC1-like
homologs participate in the modulation of prenylquinone
metabolism, similar to mitochondrial ABC1-like kinases in
ubiquinone biosynthesis. In support of this hypothesis, evi-
dence for the involvement of the PG kinase ABC1K3 in the
regulation and phosphorylation of VTE1 activity has been
found (Martinis et al., 2013). Moreover, double-mutant
analysis suggested that ABC1K1 and ABC1K3 may act in
concerted fashion to phosphorylate and regulate VTE1
(Lundquist et al., 2013). Beyond prenylquinone metabo-
lism, a recent genome-wide co-expression analysis, in com-
bination with experimentation, showed that PG ABC1-like
kinases are involved in carotenoid biosynthesis, photoaccli-
mation, plastid biogenesis and senescence, suggesting the
existence of a much wider regulatory network affecting
multiple metabolic pathways (Lundquist et al., 2012b).

ABC1K1 is required to stabilize chlorophyll-binding pro-
teins in photosynthetic complexes, and knock-down plants
accumulate chlorophyll degradation products, have a
lower anthocyanin content and are more sensitive to pho-
tooxidative stress under high light conditions (Yang et al.,
2012; Lundquist et al., 2013). In addition to the unique pgr
phenotype, our findings indicate that the abclk1/pgré6
mutation specifically and severely affects sugar metabolism.
Prenylquinone and carotenoid metabolism may be

regulated pleiotropically by both the ABC1K1 and ABC1K3
homologs. Considering the range of photosynthetic and
metabolic alterations in the mutant abc7k1, ABC1K1 may
act to integrate photosynthetic activity with adjacent
metabolic pathways in chloroplasts.

RESULTS
Phenotype of the abc7k1/pgr6 mutant

Moderate light intensity (150 uE m~2 sec™") affected the
size and morphology of the abc7k1/pgr6 mutant in young
rosettes (up to 3 weeks old), but they later recovered to
wild-type Col-0 (abbreviated as WT), although abc1k1/pgr6
leaves were slightly thinner under all light conditions (Fig-
ure 1a,d). After a short exposure to continuous high light
(HL, 500 uE m 2 sec™") treatment, abclkl/pgr6 suffered
visible photodamage and had little or no anthocyanin as
well as reduced chlorophyll content (Figure 1b,c,e), in
agreement with previous observations (Yang et al., 2012;
Lundquist et al., 2013). However, abc1k1/pgré acclimated
to prolonged HL treatment concurrently with a slight recov-
ery of anthocyanin levels. Chloroplast ultrastructure was
also affected in the abc1k1/pgré mutant, expecially after HL
treatment. In particular, very few starch granules were
detected in chloroplasts from abc7k1/pgr6 leaves, and the
grana appeared less organized and puffy when compared
with the WT (Figure 1f,g).

Photosynthetic activity is impaired in the abc1k1/pgr6
mutant

In order to evaluate the photosensitivity of the abc1k1/pgré
mutant under light stress conditions, chlorophyll fluores-
cence measurements were carried out using a Mini-PAM
device to determine photosynthetic parameters. At the
same time, photosynthetic gas exchange was measured in
order to determine the CO, assimilation rate in both WT
and abc7k1/pgr6. A dramatic reduction in maximum PSII
quantum efficiency (F,/F,) was observed in the abclk1/
pgr6 mutant after a short exposure (1-2 days) to HL condi-
tions. F,/Fy, = maximum quantum vyield of Photosystem I,
calculated as (F,-Fo)/Fm, where Fq and F,,, are the minimal
and maximal fluorescence, respectively. Strikingly, how-
ever, maximum PSII activity recovered to almost normal
levels after prolonged HL treatment (Figure 2a). This was
confirmed by the analysis of photosynthetic gas exchange
in abclk1/pgr6, showing a strong initial decrease in CO,
assimilation and recovery to WT levels during 8 days of
exposure to HL (Figure 2d). Consistent with the pgré phe-
notype (Figure 2a-d), the electron transport rate (ETR) in
abc1k1/pgr6 was also affected in plants grown under mod-
erate light intensities, and saturated at half the level of the
WT (Figure 2b). NPQ was severely reduced, although
abc1k1/pgré6 still exhibited light intensity-dependent NPQ
induction when grown under moderate light conditions
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Figure 1. Phenotype of the abcTk1/pgr6 single mutant and comparison with the abc7k3 single mutant.

(a) Comparison of 3-week-old plants grown on soil under moderate light conditions (150 yE m~2 sec™").

(b) Total rosettes exposed to continuous high light (HL, 500 uE m~2 sec™") for the indicated number of days.

(c) Detail of leaves from plants exposed to continuous HL. Scale bars: 1 cm.

(d) Changes in leaf thickness. The leaf surface/fresh weight ratio (mm? mg~?) was determined in leaves (n = 8) from WT and abc Tk1/pgré mutant plants.
(e) Changes in chlorophyll content in leaves (n = 3).

(f, g) Changes in chloroplast ultrastructure observed under HL treatment.

(f) Transmission electron micrographs of leaves exposed to moderate light intensity (150 yE m~2 sec ™).

(g) Sections of leaves exposed to continuous HL (500 pE m~2 sec™") for 4 days. Scale bars: 1 um.



(Figure 2e). After a short HL exposure, a pronounced drop
in ETR (maximal after 48 h) and a lesser drop in NPQ was
observed in the mutant (Figure 2¢,f, respectively). How-
ever, ETR and NPQ in the mutant recovered to the original
levels after 7 days of HL treatment (168 h), but did not
reach those of the WT (Figure 2¢,f). No overall increase of
NPQ in abc1k1/pgr6 was detected after prolonged HL treat-
ment, as was the case in the WT (Figure 2e).

The abc1k3 single mutant was analyzed in parallel, but
did not show the pgr phenotype observed in the abclk1/
pgr6 single mutant. abc7k3 photosynthetic parameters and
CO, assimilation were similar to the WT or only slightly
lower (Figure 2), as previously reported (Martinis et al.,
2013). Moreover, the ETR defect was strongly enhanced in
the pgr1 pgr6 double mutant, which carries an additional
point mutation in the Rieske subunit of the Cyt bsf complex,

making it hypersensitive to lumenal acidification under HL
intensity in the pgr1 single mutant (Munekage et al., 2001;
Jahns et al., 2002). The pgr1 pgr6 mutant showed a drastic
reduction of ETR even at moderate light intensity, suggest-
ing that the activity of the Cyt bsf complex is disturbed,
even in the absence of high ApH (Figure S2).

Starch and sugar metabolism are affected in abc1k1/pgré

To determine whether the absence of starch granules
observed in abclk1/pgré chloroplasts (Figure 1f,g) was
caused by the reduction of photosynthetic activity, starch
content was first determined in total rosettes. Starch levels
in abc1k1/pgr6 were reduced compared with the WT, even
under moderate light conditions. After a short (32-h) HL
treatment starch accumulated in the WT, whereas a reduc-
tion in its content was observed in abc1k1/pgr6 (Figure 3a).
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Figure 2. Photosynthetic parameters of the abc7k1/pgré mutant.

(a) Photosystem Il (PSII) activity (F,/F,) under continuous high light (HL) treatment.

(b, e) Light dependance of electron transport rate (ETR) and non-photochemical quenching (NPQ) in plants grown under moderate light conditions, respectively.
(c, f) ETR and NPQ variations in response to continuous HL treatment, respectively. Leaves (n = 5) from plants exposed to moderate (150 pE m~2sec") or high
(500 uE m~2 sec™") light intensity were analyzed at intervals of 24 h.

(d) Photosynthetic gas exchange measurement. CO, assimilation was measured in three separate chambers for each plant line and the photosynthetic rate was
calculated based on the interpolated leaf area (per hour), to avoid fluctuations. Surfaces correspond to SE; EOD, end of day; EON, end of night.
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Figure 3. Sugar analysis of plants exposed to high light (HL) treatment: (a) starch; (b) glucose; (c) fructose; (d) maltose; (e) sucrose. Plants were exposed to
continuous high light (HL; 500 uE m~2 sec™"), and samples were collected at the indicated intervals. Data are from three biological replicates (+SE); EOD, end of

day; EON, end of night.

After 7 days of HL treatment, starch accumulation in
abc1k1/pgr6 recovered only partially and in a delayed fash-
ion (Figure 3a), in contrast to the strong recovery in PSI|
efficiency and CO, assimilation rate observed in the same
plants (Figure 2a,d, respectively). No significant differences
between the abc1k3 single mutant and WT plants were
observed in starch levels (Figure 3a).

The effect on partitioning between starch and free sugars
was investigated (Figure 3b-e). Glucose, fructose and malt-
ose levels in abc7k1/pgr6 leaves were lower than in the WT
after a short HL exposure, but recovered after a prolonged
HL treatment (Figure 3b—d). Remarkably, the sucrose con-
tent in abc1k1/pgr6 was maximal at about half the level of
the WT after a short (56-h) HL treatment, but then accumu-
lated to 1.5-fold the level in the WT after prolonged (156 h)
exposure to continuous HL (Figure 3e). Conversely, the
abc1k3 single mutant was similar to the WT, but for a slight
accumulation of all the detected sugars after a short HL treat-
ment, in contrast with the abc 1k 1/pgré mutant (Figure 3b-d).

ABC1K1 affects membrane prenylquinone and carotenoid
composition

ABC1-like kinases are known to be implicated in prenylqui-
none metabolism in mitochondria and chloroplasts.

To investigate whether the abcTk1/pgr6 single mutant has
altered prenylquinone and carotenoid contents, lipids of
total rosette leaves were rapidly extracted and profiled by
ultra-high pressure liquid chromatography coupled with
atmospheric pressure chemical ionization-quadrupole
time-of-flight mass spectrometry (UHPLC-APCI-QTOFMS).
To highlight differences between WT and abc1k1/pgr6 after
HL treatment, untargeted principal component analysis
(PCA) was used. ldentified prenylquinones and carotenoids
are presented in Table S1. Under moderate light conditions
WT and abclkl/pgr6é samples clustered separately (Fig-
ure 4a), and the separation between them strongly
increased from day 1 to day 7 of HL exposure (Figure 4b—
d). PCA loadings were then investigated to identify com-
pounds responsible for the discrimination between WT
and abc1k1/pgr6. Under moderate light conditions as well
as short HL treatment, higher levels of tocopherols (a-, y-
and &-T), plastoquinone (PQ-9), plastochromanol (PC-8)
and of the xanthophyll lutein were present in WT samples.
In contrast, abclk1/pgr6 clustered with two oxidized
derivates of PQ-9 and PC-8 (PQ-OH and PC-OH),
respectively. After 7 days of continuous HL treatment,
compared with the WT, abc7k1/pgr6 accumulated higher
levels of a-tocopherol quinone (a-TQ) derived from o-T by



spontaneous oxidation at the thylakoid membranes, the
recycling of which depends on VTE1. However, the other
tocopherols were significantly increased in WT over
abc1k1/pgr6é (Figure 4d). Interestingly, abc1k1/pgr6 also
coincided with an increased lutein level after 7 days of HL
treatment (Figure 4d).

The abundances of other molecules were altered in
abc1kl1/pgr6, but identification was not possible based
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exclusively on their m/z ratio without the use of the correct
molecular standards. All detected peaks are listed in Table
S2.

The identified prenylquinones and carotenoids were
quantified to determine variations between WT and
abc1k1/pgr6 caused by HL exposure (Figure 5a-h). a-, -
and &-T levels were similar in WT and abc1k1/pgré6 under

moderate light conditions, but unlike the WT their
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Figure 4. Bi-plots derived from an untargeted principal component analysis (PCA), showing differences between lipid profiles of different plant lines and after

HL treatment.
(a) Plants grown under moderate light conditions (150 yE m~2 sec™").

(b-d) Plants exposed to continuous high light (500 pE m~2 sec™") for 1, 2 and 7 days, respectively. Colored symbols correspond to the observations (n = 4 for
each plant line) and black triangles represent the variables. PC1 and PC2 are first and second principal components, respectively, with their percentage of
explained variance. The identified prenylquinones and carotenoids are indicated (see Table S1). For abbreviations, see main text.
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Figure 5. Comparison of the prenylquinone and carotenoid total leaf content: (a) o-tocopherol; (b) y-tocopherol; (c) 3-tocopherol; (d) a-tocopherol quinone; (e)
plastochromanol-8; (f) plastoquinone-9, oxidized (PQ) and reduced (PQH,) forms (the reduction rate, PQH,/total PQ-9, is indicated); (g) p-carotene; (h) lutein.
Plants grown under moderate light conditions (day 0, 150 uE m~2 sec™") were exposed to continuous high light (500 uE m~2 sec™") for 1, 2 and 7 days, respec-

tively. Data are from four biological replicates (+SD).

content did not increase greatly in abc1k1/pgr6 under HL
treatment (Figure 5a-c). A significantly higher accumula-
tion of o-TQ was observed in abclkl/pgr6 under HL
treatment, whereas in the WT o-TQ was presumably
recycled to o-T (Figure 5d). Moreover, in abclk1/pgr6 the
level of the PQ-9-derived VTE1 product, plastochroma-
nol-8 (PC-8), was about half that of WT, both under

moderate light conditions and throughout the HL treat-
ment (Figure 5e). The total content of PQ-9 was also sig-
nificantly lower in abclkl/pgr6 than in WT under
moderate light conditions, as well as after prolonged HL
treatment, whereas PQ-9 levels in both genotypes were
similar after short exposure to HL (Figure 5f). Furthermore,
the redox state of the PQ-9 pool did not significantly




change in abclkl/pgré after HL exposure, whereas an
increased percentage of the reduced form (PQH,) was
detected in the WT, as previously reported (Szymanska
and Kruk, 2010; Martinis et al., 2011). Carotenoid content
was affected in abcTk1/pgré. In particular, f-carotene and
lutein levels were significantly reduced when compared
with the WT under both moderate light conditions and
after a short exposure to HL. Strikingly, a significant
increase of lutein (about 30% more than in the WT) was
observed in abclkl/pgré after prolonged HL treatment,
whereas the p-carotene content recovered to WT levels
(Figure 5g,h).

Plastoglobule protein composition is altered in the
abc1k1/pgr6 mutant

Considering the relevance of the enzymatic products of
the tocopherol cyclase (VTE1) on the observed perturba-
tions in the prenylquinone composition of abc1k1/pgr6
(Figures 4a-d and 5a-e) and their photoprotective activity
during HL acclimation, a possible alteration in VTE1 con-
centration and subcellular localization was tested by wes-
tern blotting. Equivalent protein quantities of chloroplast
membrane subfractions (PG; envelopes, ENV; thylakoids,
THY) were separated by SDS-PAGE, transferred to nitro-
cellulose and colored with Amido black (Figure 6a, top
panel). The identity of the subfractions were checked by
western blotting with antibodies towards the two PG
markers FBN1a and FBN2 as well as the envelope and
thylakoid markers Toc75 and LHCb2, respectively. To con-
firm the PG localization of ABC1K1, antibodies raised
against the kinase were used (Figure 6a). As expected,
ABC1K1 was detectable only in the PG fraction purified
from WT plants. VTET was detected in WT PGs but not
in those of the abclkl/pgr6é single mutant, comparable
with the mutant lacking the PG kinase ABC1K3 (Martinis
et al., 2013). To establish whether VTE1 was affected at
the level of gene expression or post-transcriptionally,
quantitative RT-PCR was performed on total RNA
extracted from fresh WT and abc7k1/pgré leaves. A sig-
nificant increase (2.5-fold) of VTET transcript was
detected in abcTk1/pgr6 when compared with WT plants
(Figure 6b), an observation similar to that for the abc7k3
single mutant (Martinis et al., 2013). Concerning the other
proteins investigated by immunoblotting (Figure 6a), the
oFBN1a serum detected two distinct proteins with an
apparent molecular mass just above 30 kDa, and likely to
be identical with the two fibrillins FBN1a and FBN1b, as
previously reported (Giacomelli et al., 2006). Interestingly,
the upper band (FBN1a) was not detectable and the
lower band (FBN1b) was significantly reduced in abc1k1/
pgr6 PGs when compared with WT plants. Also, the fi-
brillin FBN2 was much less abundant in abc1k1/pgré6 PGs
than in the WT. Finally, a reduction of chlorophyll binding
protein LHCb2 was observed in abc1k1/pgré thylakoids,
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Figure 6. (a) Western blot analysis on purified chloroplast subfractions.
Total proteins were extracted from: plastoglobules (PG), envelope (ENV)
and thylakoids (THY). Proteins were separated by SDS-PAGE, transferred to
nitrocellulose and immunoblotted using the indicated antibodies raised
against: the ABC1-like kinase, ABC1K1; the 75-kDa translocon at the outer
envelope membrane, Toc75; the tocopherol cyclase, VTE1; the two most
abundant plastoglobule fibrillins, FBN1a and FBN2; and the light-harvesting
antenna type-l chlorophyll a/b binding protein, LHCb2. The positions of the
detected proteins on the membrane are indicated by white triangles.

(b) Changes in VTET gene expression levels determined by real-time RT-
PCR. Total RNA extracted from untreated leaves was used for PCR assays.
ACTINZ2 expression levels were used for normalization. Significant differ-
ences between samples (n =3 for each plant line) were determined by a
one-way ANOVA.

whereas no apparent difference in the outer envelope
marker Toc75 was seen between WT and abclk1/pgr6
plants.



ABC1K1 phosphorylates the tocopherol cyclase

Based on sequence similarities, ABC1K1 is a predicted
member of the ABC1/ADCK/UbiB kinase family. Its targets
are currently unknown (Vidi et al., 2006; Lundquist et al.,
2012b); however, ABC1K1 has been shown to functionally
interact with its homolog ABC1K3 (Lundquist et al., 2013),
a PG kinase phosphorylating VTE1 in vitro, and possibly
affecting its recruitment to PGs (Martinis et al., 2013). The
quantitative effects of abcTk1/pgré on metabolic products
of VTE1 suggest that it is also a target of ABC1K1 kinase.
To test this, the mature kinase was produced in a cell-free
rabbit reticulocyte lysate and used in kinase assays in the
presence or absence of the purified VTE1 and [y->3PJATP.
The reticulocyte lysate is highly concentrated, containing a
large variety of proteins including kinases and their sub-
strates. Therefore, it was used as a negative control in the
absence of added substrates and ABC1K1 kinase. In this
reaction several weak bands were observed in the back-
ground (Figure 7a, IVTmix). In phosphorylation reactions
containing both the purified VTE1 and the ABC1K1 in vitro
product, a significant incorporation of 3P (Figure 7a,b)
was detected in a protein band at around 45 kDa that was
absent from the control reactions (Figure 7a, IVTmix,
ABC1K1 and VTE1). The mass of the phosphoprotein was
similar to the predicted mass of VTE1 (43.5 kDa).

In parallel, western blotting was performed using
aABC1K1 or aVTE1 antibodies. The 45-kDa phosphoprotein
co-migrated with the band detected by aVTE1, strongly
supporting that VTE1 was the phosphoprotein (Figure 7c).

DISCUSSION

ABC1K1 affects photosynthetic activity via the modulation
of chloroplast lipid metabolism

Recent research showed the mutual stabilization of
ABC1K1 and ABC1K3 kinases. In both cases, a reduced
level of one kinase was observed in the null mutant of the
other kinase. Therefore, the detailed analysis of the single
mutants at the time appeared unnecessary (Lundquist
et al., 2013). The present work, however, demonstrates that
the two mutants have separable phenotypes, suggesting
that the reduced kinase levels are sufficient to exert physio-
logical effects.

The results show that the abc7k7 mutants are allelic to
the photosynthetic mutant pgr6 (Shikanai et al., 1999), and
have phenotypes distinct from those of the abc7k3 mutant
(Martinis et al., 2013). This indicates that ABCK1 has spe-
cific functions independently of ABC1K3, and that it makes
sense to study these by single-mutant analysis. The
abc1k1 abc1k3 double mutant phenotype can be inter-
preted as a conditional light stress phenotype (Lundquist
et al., 2013), but the pgré single mutant phenotype indi-
cates an underlying photosynthetic defect. Based on the

increased photoinhibition caused by a short HL treatment
and the synergistic phenotype of the pgr? pgr6 double
mutant in electron transport (Figure S2), it is likely that
Cyt bgf activity is partly impaired in pgr6. But considering
the strong evidence for PG localization of ABC1K1, it does
not appear likely that the kinase is directly involved in
either the assembly of the Cyt bsf key complex or in regu-
lating its activity and hence the formation of the proton
gradient across thylakoid membranes, as is the case in the
pgr1 mutant (Munekage et al., 2001; Jahns et al., 2002).
For these reasons, the effects on cyt bgf activity are proba-
bly of indirect nature in abc1k1/pgré.

In support of an indirect mode of action, the abc7k1/pgré
mutation affects the cellular content of molecules belong-
ing to carotenoid and prenylquinone classes that are
known to be involved either in the photosynthesis or in the
photoprotection of thylakoid membranes (Figures 4 and 5).
PQ-9 levels strongly decreased after 1 and 2 days of HL
treatment and then recovered to the initial levels in the
WT, but remained low in abc1k1/pgr6. The reasons for this
are unclear, but we speculate may be a consequence of
destructive oxidation under photoinhibitory conditions.
The much smaller pool of the electron carrier PQ-9 could
limit to some extent to the lower ETR in the abc1k1/pgr6
mutant after prolonged HL treatment. Also, the distribution
of PQ-9 between the photoactive and photoinactive pools
in abcTk1/pgré has not been studied so far, but may have
an effect on ETR. Lower electron flow rates and the dimin-
ished availability of the reduced form of PQ-9 at cyt bsf
potentially explain the pgr phenotype, and consequently
the reduced induction of NPQ after prolonged HL expo-
sure. Moreover, alterations in PQ-9 levels have previously
been associated with severe defects in chloroplast devel-
opment and chlorophyll accumulation (Motohashi et al.,
2003). Under moderate light conditions as well as short
exposure to HL intensity, abc1k1/pgr6 plants had f-caro-
tene and lutein levels lower than WT (Figure 5g,h). Carote-
noids have essential roles in protecting photosystems
from oxidative damage (Ramel et al., 2012). Defects in the
regulation of carotenoid metabolism may therefore also
contribute to photoinhibition as well as reduced NPQ.
Although zeaxanthin is mainly responsible for the energy-
dependent component of NPQ (gE), lutein contributes to
the residual gE in Arabidopsis thaliana (Muller et al., 2001;
Niyogi et al., 2001). Plants lacking zeaxanthin accumulate
lutein instead, which partially restores NPQ (Li et al., 2009).
The observed increase in lutein and p-carotene levels in
the abcTk1/pgr6 mutant may therefore reflect an adaptive
strategy to acclimate to HL intensity. Besides, lutein binds
to the L1 site of all Lhc proteins, the occupancy of which is
indispensable for protein folding and to successfully
quench the chlorophyll triplet state (Dall’Osto et al., 2006).
As a consequence, an initial reduction in lutein content in
abc1k1/pgr6 would also explain the observed reduction in
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(a) In vitro VTE1 phosphorylation assay by the recombinant ABC1K1. The recombinant kinase was synthesized in rabbit reticulocyte lysate (IVT mix) and used
for in vitro phosphorylation reactions in the absence or presence of the purified recombinant VTE1-Hisg. Because the IVT mix already contains multiple kinases
and their phosphorylation targets, a number of faint background bands can be observed in the lysate alone (negative control). Reactions were then supple-
mented with [y->3P]ATP, and *°P incorporation in the samples was determined by autoradiography.

(b) Phosphor Imager quantification of the relative intensity at the position of the white arrow (corresponding to VTE1-Hisg). Significant differences between sam-

ples (n = 4 biological replicates) were determined by a one-way AnovA.

(c) Independent determination of the positions of ABC1K1-Hisg and VTE1-Hisg on the gel by immunoblotting of separate SDS-PAGE gels. In order to validate the
presence of the two proteins in the samples, phosphorylation reactions not supplemented with [y->*PJATP were analyzed on separate SDS-PAGE gels, trans-
ferred on nitrocellulose and stained with Coomassie Blue (top-left panel). The apparent molecular weight and the presence of ABC1K1-Hisg and VTE1-Hisg in the
samples were then determined by immunoblotting (right and lower panels, respectively).

the numbers of chlorophyll-binding proteins of the photo-
synthetic complexes previously reported (Yang et al., 2012;
Lundquist et al., 2013). At the same time, ABC1KT is highly
predicted to co-express with the (-carotene desaturase
(ZDS; Figure S3A-C), a key enzyme in both o- and p-caro-
tene biosynthetic pathways that accumulates in PGs during
conversion from chloroplast to chromoplast (Ytterberg
et al., 2006), and requires PQ-9 as an electron acceptor
(Mayer et al., 1992; Norris et al., 1995; Carol and Kuntz,
2001). Plants lacking ZDS are also characterized by a two-
fold reduction in chlorophyll content, together with a
downregulation in the expression of Lhc components, a
lower maximum PSII efficiency and defects in chloroplast
development (Dong et al., 2007), similarly to abc1k1/pgré6
plants.

Unusually, in contrast to the pgr7 mutant (Munekage
et al., 2001), abc1k1/pgr6 recovered from rapid, HL-induced
photoinhibition, and both the F,/F,, and CO, fixation rate

were near normal levels after several days of HL treatment.
Notably, chlorophyll and Lhc levels as well as leaf thickness
were drastically reduced in abc1k1/pgr6 plants acclimating
to HL (Figures 1d-e and 7a), suggesting an acclimation
strategy based on absorbing less light energy (Neidhardt
et al., 1998; Melis, 2004). Moreover, the substantial differ-
ences in the levels of carotenoids observed between WT
and abc1k1/pgré6 plants after the acclimation to HL strongly
suggest a possible involvement of carotenoid metabolism.
It has previously been observed that npqg? lut2 double
mutants, lacking both zeaxanthin and lutein, and character-
ized by low NPQ, were able to acclimate to moderately HL
intensities (Niyogi et al, 2001). Moreover, the defect in
carotenoid metabolism in these plants resulted in lower
chlorophyll levels and visible photooxidative damage in the
older leaves after prolonged HL treatment, whereas youn-
ger ones were relatively unaffected, similar to what was
observed in the abcTk1/pgré mutant.
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Starch and sugar metabolism are affected in the abc1k1/
pgr6 mutant

Striking alterations in starch and sugar metabolism were
observed in the abclk1/pgr6 mutant after short (2 days)
and prolonged (7 days) exposure to HL intensity (Fig-
ure 3a). Reduced starch accumulation in abc7k1/pgré after
short HL exposure can be explained by photoinhibition of
PSIl and a reduced ETR that lead to lower photosynthetic
rates (Sharkey et al., 1985). Even under moderate light con-
ditions the abcTk1/pgré mutant had a slightly lower CO,
assimilation rate (Figure 2d), whereas the photosynthetic
efficiency is similar to the WT or is only mildly affected
(Figure 2b,e). This is consistent with the slightly lower
starch content under moderate light conditions. During HL
treatment, abc1k1/pgr6 plants assimilated significantly less
carbon but approached WT rates over time. This might not
be sufficient for the maintenance of normal carbon metab-
olism, resulting in the reduction of starch accumulation
and the channeling of assimilated carbon into sugars.

Nevertheless, and despite the recovery in CO, assimilation
rate after prolonged HL treatment, starch levels did not signif-
icantly increase in abclkl/pgr6. However, a significant
increase in sucrose accumulation was detected in abclk1/
pgr6 plants after prolonged HL treatment when compared
with the WT (Figure 3e). This suggests that ABC1K1 plays a
role in modulating the sucrose:starch ratio. Interestingly,
three fructose-bisphosphate aldolase (FBPA) homologs,
although not exclusively localized in PGs (Lundquist et al.,
2012b), have been previously reported to significantly con-
tribute to the PG proteome (Ytterberg et al., 2006). It has been
demonstrated that changes in the levels of the chloroplast
FBPAs affect the carbon flux through the Calvin cycle, thus
influencing carbon fixation rate and plant growth indepen-
dently of the levels of Calvin cycle enzymes (Haake et al.,
1998, 1999; Uematsu et al., 2012). As a consequence, a possi-
ble variation in FBPA activity in the abclkl/pgr6 mutant
would contribute to explain the observed shift in the carbon
allocation towards sucrose synthesis. Consistent with this
hypothesis, no significant differences in the abundance of the
enzymes involved in the Calvin cycle were observed during
similar HL treatments in the abc7k1 abck3 double mutant
when compared with the WT (Lundquist et al., 2013). More-
over, genome-wide gene co-expression analysis showed that
ABC1KTtightly co-expresses with the sucrose phosphate syn-
thase SPS4F (Figure S3A-C), another key enzyme in the mod-
ulation of sucrose synthesis (Strand et al, 2000), the
overexpression of which in A. thaliana resulted in an increase
in the sucrose : starch ratio in leaves (Signora et al., 1998).

Indirect effect of primary metabolism on anthocyanin
content

Besides the defect in chlorophyll accumulation, abclk1/
pgr6 plants were characterized by a significant delay in
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anthocyanin synthesis under HL treatment (Figure 1b,c).
Anthocyanin synthesis modulation in response to changes
in light quality and intensity is tightly controlled in higher
plants. Apart from direct light sensing through photorecep-
tors, such as phytochrome and cryptochrome, plants use
other mechanisms to integrate this information. Sugars
are common regulators of several genes involved in photo-
synthesis and carbohydrate metabolism, as well as antho-
cyanin biosynthesis (Rolland et al., 2006; Solfanelli et al.,
2006; Das et al., 2011). In particular, it has been demon-
strated in A. thaliana that high sucrose levels induce
anthocyanin synthesis, and that light sensing alone is not
sufficient to trigger this adaptation if sucrose is absent
(Jeong et al., 2010). The partial recovery of anthocyanin
accumulation observed in abcTki/pgr6 plants after pro-
longed HL treatment could then be explained by the signif-
icant increase in leaf sucrose content detected after 3 days
of HL treatment (Figure 3e). Moreover, it has also been
suggested that the redox state of the PQ-9 pool could play
a role in sensing variations of the photosynthetic appara-
tus, being involved in the modulation of anthocyanin syn-
thesis, together with sugar and light signaling (Jeong
et al., 2010; Das et al., 2011).

ABC1K1 phosphorylates the tocopherol cyclase, possibly
regulating its stability

Chloroplast ABC1-like kinases have been suggested to
function in prenylquinone metabolism, because of their
similarity to bacterial, yeast and human proteins that have
been implicated in ubiquinone metabolism. However, the
chloroplast members of this atypical kinase family are
characterized by unconventional ATP-binding sites or cata-
lytic domains (Bayer et al., 2012). It is therefore important
to demonstrate their kinase function. We here provide evi-
dence that the mature form of ABC1K1 is an active kinase
able to phosphorylate the tocopherol cyclase VTE1 in vitro
in a cell-free reticulocyte extract (Figure 7a—c). The absence
of additional bands phosphorylated by ABC1K1 in the cell-
free extract suggests considerable specificity of the kinase
for VTE1. In vivo, VTE1 content is strongly reduced in
abc1k1/pgr6 (Figure 6a), despite an increase in transcript
levels (Figure 6b). This suggests that VTE1 activity is post-
transcriptionally downregulated in abc1k1/pgr6, in agree-
ment with what was previously observed for ABC1K3, a
homolog of ABC1K1 also in PG, and affecting VTE1-depen-
dent metabolism (Martinis etal, 2013). In the
abc1k1 abc1k3 double mutant, however, the levels of VTE1
in PGs were unchanged (Lundquist et al., 2013). Possible
explanations may be the different protein detection meth-
ods used (western blotting versus mass spectrometry) or
the different method used for sample normalization (total
protein quantity versus optical density of PG fractions).
Finally, different effects of the double mutant when com-
pared with the respective single mutants cannot be



excluded. In this study as well as in Martinis et al. (2013),
single mutants were analyzed in which VTE1 may be differ-
ently affected. Interestingly, it has recently been demon-
strated that the two PG kinases physically interact in vivo,
thus suggesting that they could share common targets
(Lundquist et al., 2013). Indeed, VTE1 may be one of these.
We hypothesize that phosphorylation by ABC1K1, possibly
in cooperation with ABC1K3, is required to stabilize VTE1
at PGs in vivo, and that without the kinase VTE1 is destabi-
lized, lowering its concentration in abclk1/pgr6 PGs (Fig-
ure 6a). As a consequence, lower concentrations of the
enzymatic products of the tocopherol cyclase (a-, y-, 6-T
and PC-8) were detected in abc1k1/pgr6 and the activity of
the recently discovered tocopherol redox cycle may also
be diminished. This would account for the accumulation of
o-TQ, a spontaneous oxidation product of o-T that is
regenerated via the activity of the tocopherol cyclase VTE1
(Kobayashi and DellaPenna, 2008; Szymanska and Kruk,
2010). Both tocopherols and PC-8, a PQ-9 chromanol
derivative with a structure similar to y-T, are cited for their
antioxidant activity and their role together with xantho-
phylls in preventing PSIlI photoinhibition and protecting
thylakoid membrane lipids from peroxidation (Havaux
et al., 2005; Maeda and DellaPenna, 2007; Zbierzak et al.,
2010). The defect in tocopherol accumulation under pro-
longed HL treatment, together with reduced o-TQ recy-
cling, would then further explain the rapid PSll
photoinhibition after short HL stress, as well as the higher
degree of photooxidative damage observed in abc1k1/pgr6
plants exposed for several days to continuous HL.

EXPERIMENTAL PROCEDURES
Chemicals

Solvents for plant lipid profiling were tetrahydrofuran (THF, ana-
lytical grade, Normapur; VWR, http://be.vwr.com) and ethylacetate
(EtAc, analytical grade; Acros Organics, http://www.acros.com).
ULC/MS-grade MeOH and water from Biosolve (http://www.bio-
solve-chemicals.com) were used for the UHPLC-APCI-QTOFMS
analyses. Unless indicated, all other chemicals were obtained
from Sigma-Aldrich (http://www.sigmaaldrich.com).

Purified standards for lipidomics

The o— and y-tocopherol (o-T and y-T, respectively) and phylloqui-
none (K) standards of HPLC grade (>99.5%) were obtained from
Sigma-Aldrich. The 6-tocopherol (3-T) standard was from Supelco
(now Sigma-Aldrich). The o-TQ, PQ-9 and PC-8 standards were
kind gifts from Dr Jerzy Kruk (Jagiellonian University, Krakow,
Poland). The oxidized and reduced PQ-9 standards were prepared
as reported in Suhara et al. (2005), with slight modifications (Marti-
nis et al., 2011). Lutein (Lut) and B-carotene (p-Car) standards were
obtained from Extrasynthese (http://www.extrasynthese.com).

Plant material and treatments

Wild type (WT) always refers to A. thaliana (L.) Heynh. var. Colum-
bia 0. pgr6-1was obtained by ethyl methanesulfonate mutagenesis

of A. thaliana Columbia g/7 plants, and is characterized by a
single point mutation in the second exon of the gene (5'-ATT-
GTTTGGACT-3' mutated to 5~-ATTGTTTGAACT-3'), which gener-
ates a stop codon. In addition, ABC1K1 disruption was analyzed
in three T-DNA insertion lines (SALK_109079, SALK_068628 and
SALK_057147) from the Nottingham Arabidopsis Stock Centre
(NASC, http://arabidopsis.info; Alonso et al., 2003). Homozygous
plants were selected by PCR genotyping (Appendix S1; Figure
S1A-D). The visual phenotype, protein patterns, photosynthetic
parameters and lipid composition of the mutants were identical
(Figure S1E-G). Therefore, only abc1k1-2 was used for further
experimentation. The absence of ABC1K1 in western blot analysis
confirmed that abc1k1-2 is a null allele (Figure 6a).

Plants were grown on soil under standard growth conditions
(150 uE m~2 sec™", 8-h light/16-h dark, at 21/18°C, with 55% rela-
tive air humidity) according to the protocol described in Hiltbrun-
ner et al. (2001), with slight modifications (Martinis et al., 2013). In
particular, HL treatment was carried out with 1- or 2-month-old
rosettes under continuous HL (500 uE m 2 sec™ ", 21°C and 55%
relative air humidity). Higher light intensities were avoided to rule
out the appearance of pleiotropic phenotypes caused by the rapid
induction of cellular damage.

Determination of the photosynthetic parameters

Maximum quantum efficiency of photosystem Il (F,/F), ETR and
non-photochemical quenching (NPQ) were fluorometrically deter-
mined using a MINI-PAM Photosynthesis Yield Analyzer (Walz,
http://www.walz.com).

Photosynthetic gas exchange was measured using a custom-
built multichamber system connected in parallel with an infrared
gas analyzer (Licor7000; LI-COR, http://www.licor.com). Arabidop-
sis plants were grown under short-day conditions until both geno-
types reached the same developmental stage, then gas exchange
was measured for 7 days. After the first 24 h, growth conditions
were switched to continuous HL. During the measurement, air
with a CO, content pf 736 mgm 2 and a relative humidity of 65%
was channeled through the system at a flow rate of 200 umol
sec” . Each chamber was measured consecutively for 6 min, and
the average value was taken for the light and the dark periods. At
the end of the light period, a picture was taken to calculate the
projected leaf area for each plant. Based on the projected leaf
area, photosynthetic and respiration rates were calculated with
the ACO, and AH,0 values gained from the gas exchange system.

Analysis of starch and sugar metabolism

For the measurement of starch in total rosettes, the perchloric acid
extraction method described by Delatte et al. (2006) was used,
with slight modifications. Briefly, samples comprising entire indi-
vidual rosettes were frozen in Eppendorf tubes and pulverized
while still frozen using a Mixer Mill (Retsch, http://www.rets-
ch.com). The frozen powder was extracted in 800 pl of ice-cold 1 m
perchloric acid for 5 min with intermittent mixing. All the subse-
quent steps were carried out between 0 and 4°C. After centrifuga-
tion (3000 g for 10 min at 4°C), the insoluble material in the pellet
was washed once with water and three times with 80% (v/v) etha-
nol. Starch content in the insoluble material was then measured
by determining the glucose released by treatment with a—amylase
and amyloglucosidase, as described by Smith and Zeeman (2006).
Briefly, starch granules were extracted in EtOH to remove free glu-
cose, solubilized by heating, and digested to glucose with a prepa-
ration of s—amyloglucosidase and a-amylase. Glucose content
was then enzymatically assayed using hexokinase and glucose
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6-phosphate dehydrogenase to convert glucose to 6-phosphog-
luconate, with a concomitant reduction of NAD to NADH (Kunst
et al., 1988).

For the measurement of sugars, the same perchloric acid
extraction method was used. After centrifugation, the supernatant
(soluble fraction) was adjusted to pH 5 by adding 2 m KOH and
0.4 m 2-(N-morpholine)-ethanesulphonic acid (MES). Precipitated
potassium perchlorate was removed by centrifugation (2000 g for
15 min at 4°C), and sugars (glucose, fructose, sucrose and malt-
ose) in the supernatant were measured using HPAEC-PAD, as
described in Fulton et al. (2008), with minor modifications. Sam-
ples of the neutralized soluble fraction (100 ml) were applied to
sequential 1.5-ml columns of Dowex-50-Hydrogen (acidic) and
Dowex-1-Chloride (basic) (Sigma-Aldrich). The neutral compounds
were eluted with 4 ml of water, lyophilized and redissolved in
100 ml of water. The sugars were separated on a Dionex PA-20
column according to the following conditions: eluent A, 100 mm
NaOH; eluent B, 150 mm NaOH and 500 mm sodium acetate. The
gradients were as follows: 0.0-7.0 min, 100% A; 7.1-26.5 min, a
concave gradient to 20% A and 80% B (elution of sugars); 26.6—
32.0 min, 20% A and 80% B (column wash step); 32.1-40.0 min,
100% A (column re-equilibration). Peaks were identified by co-elu-
tion with known sugar standards. Peak areas were determined
using the cHrRomELEON software (Dionex, http://www.dionex.com).

Arabidopsis membrane prenylquinone profiling

Liquid chromatography-mass spectrometry analyses of leaf
extracts were performed as described in Martinis et al. (2011),
with slight modifications allowing the simultaneous separation
and detection of prenylquinones and carotenoids in the range
between 235 and 1200 Da (Martinis et al., 2013).

Preparation of aABC1K1 polyclonal antibodies

The coding sequence of ABC1K1 was subcloned by Gateway® LR
recombination in pOGWA, a derivate of pET22d (Merck, http:/
www.merck.com), described in Busso et al. (2005), and encoding
for a C-terminal Hisg tag. The full-length Hisg-tagged precursor
protein was then expressed in Escherichia coli BL21 (DE3) cells
(Novagen, now EMD Millipore, http:/www.emdmillipore.com),
purified under denaturing conditions by Ni-NTA affinity chroma-
tography (Qiagen, http://www.giagen.com), according to the sup-
plier's recommendations, and then used to produce rabbit
polyclonal antibodies (Eurogentec, http://www.eurogentec.com).
aABC1K1 antibodies were then purified from serum by affinity
chromatography, using the recombinant ABC1K1-Hisg coupled to
Affi-Gel 15 (Bio-Rad, http://www.bio-rad.com) as stationary phase,
according to the manufacturer’s instructions.

Chloroplast fractionation and protein analysis

Chloroplast membranes were prepared and fractionated as
described by Vidi et al. (2006), with slight modifications. To pre-
vent proteolysis, 0.5% (v/v) protease inhibitor cocktail for plant cell
extracts (P9599; Sigma-Aldrich) was added. To inhibit dephos-
phorylation, 1% (v/v) phosphatase inhibitor cocktail 2 (P5726;
Sigma-Aldrich) was included. Total proteins were precipitated by
chloroform-methanol (Wessel and Flugge, 1984), dissolved in an
appropriate volume of SDS-PAGE sample buffer [50 mm Tris/HCI,
pH 6.8, 0.1 M DTT, 2% (w/v) SDS, 0.1% (w/v) bromophenol blue,
10% (v/v) glycerol], and separated by SDS-PAGE. After transfer to
nitrocellulose, the blots were probed with sera raised against
ABC1K1 (this paper), the Toc75 outer membrane marker (Hiltbrun-
ner et al., 2001), the light-harvesting antenna type-ll chlorophyll

13

a/b binding protein (LHCb2, a kind gift from Dr K. Apel, Cornell
University, Ithaca, NY, USA), the tocopherol cyclase (VTE1;
Kanwischer et al., 2005), and the two fibrillins FBN1a and FBN2
(Vidi et al., 2006).

Phosphorylation assays

In order to test VTE1 as a possible target of ABC1K1, the coding
sequence for the kinase was cloned in the previously decribed
pOGWA expression vector, removing the predicted chloroplast
transit peptide (prediction by TArGeTP 1.1; Emanuelsson et al.,
2007). The mature ABC1K1 was produced in vitro using the TNT®
Quick Coupled Transcription/Translation System (Promega, http:/
www.promega.com), following the manufacturer's recommenda-
tions. The expression vector VTE1-pQE31, coding the mature
VTE1 (no transit peptide), was kindly provided by Dr P. Dormann
(University of Bonn, Germany). Protein expression and purifica-
tion were carried out as previously described (Porfirova et al.,
2002; Martinis et al., 2013). In vitro phosphorylation reactions
were performed as previously described (Martinis et al., 2013).
The nature of the radioactive phosphoprotein was confirmed in a
parallel western blot using antibodies against VTE1 (see section
Chloroplast fractionation and protein analysis).

Gene expression

Total RNA were purified from A. thaliana leaves using the RNeasy
Plant Mini Kit (Qiagen), following the supplier’s protocol. DNase
treatment was performed on column using the RNase-free DNase
set (Qiagen). cDNAs were prepared by the GoScript™ Reverse
Transcriptase kit (Promega) in the presence of RNasin RNase
inhibitors (Promega), and stored at —20°C. For the analysis of
VTE1 expression, quantitative PCR reactions (n=3) were per-
formed using the primers previously described (Martinis et al.,
2013), using the ABsolute™ gPCR SYBR® Green mix (ABgene,
Epsom, UK (http://www.thermoscientificbio.com/abgene/)). SYBR®
Green emission was detected in real-time in an iQ5 Optical Sys-
tem (Bio-Rad) and data were analyzed with the included software.
A one-way analysis of variance (anova) was performed on the data
obtained. In the case of significant differences, Tukey’'s honestly
significant difference (HSD) test was applied at a significance level
of P < 0.05 to separate the means. Gene co-expression was deter-
mined in silico using the ATTED-II 6.0 database (Obayashi et al.,
2011).

Chlorophyll quantification

Leaves (n = 3) were exactly weighted and extracted in 80% ace-
tone. Total chlorophyll levels were then spectrophotometrically
determined, as previously described (Wintermans and Demots,
1965).

Chloroplast ultrastructure analysis

Ultrathin leaf sections for electron microscopy analysis were pre-
pared as previously described (Martinis et al., 2013).

Accession Numbers

Sequence data are from the EMBL/GenBank data libraries, and
have the following accession numbers AEE85904.1 (ABCI1K1,
At4g31390.1), AEE36271.1 (ABC1K3, At1g79600.1), AEE86116.1 (VTET,
At4g32770.1), AEE74149.1 (ZDS, At3g04870.1), AEC07161.1 (FBPAT,
At2921330.1), AEE87003.1 (FBPA2, At4g38970.1), AEC05406.1 (FBPA3,
At2g01140.1), AEE82845.1 (SPS4F, At4g10120.1) AEE82363.1 (FBN 13,
At4g04020.1), AEC09113.1 (FBN2, At2g35490.1), AEC05893.1


http://www.dionex.com
http://www.merck.com
http://www.merck.com
http://www.emdmillipore.com
http://www.qiagen.com
http://www.eurogentec.com
http://www.bio-rad.com
http://www.promega.com
http://www.promega.com
http://www.thermoscientificbio.com/abgene/
http://www.ncbi.nlm.nih.gov/nuccore/AEE85904.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE36271.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE86116.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE74149.1
http://www.ncbi.nlm.nih.gov/nuccore/AEC07161.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE87003.1
http://www.ncbi.nlm.nih.gov/nuccore/AEC05406.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE82845.1
http://www.ncbi.nlm.nih.gov/nuccore/AEE82363.1
http://www.ncbi.nlm.nih.gov/nuccore/AEC09113.1
http://www.ncbi.nlm.nih.gov/nuccore/AEC05893.1

(LHCB2, At2905070.1), AEE31832.1
AEE76147.1 (ACTINZ, At3g18780.1).
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Figure S1. Isolation of ABC1K1/PGR6 mutant alleles.

Figure S2. Enhancement of the photosynthetic phenotype in the
pgr1 pgr6 double mutant.

Figure S3. Predicted ABC1K1 co-expressed gene network.

Table S1. List of the molecules identified from UHPLC-APCI-
QTOFMS data acquired in negative ionization mode.

Table S2. List of all the molecular markers detected by UHPLC-
APCI-QTOFMS lipid profiling and relative abundance in samples
analyzed.

Appendix S1. Genotyping of the abc7k7/pgr6 mutant.
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