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Plastoguinone homoeostasis bfrabidopsigroton
gradient regulation 6 is essential for photosynthetic
ef ciency

Thibaut Pralor® 1 Venkatasalam Shanmugabalgjil, Paolo Longor® 1 Gaetan Glausér? Brigitte Ksas,
Joy Collombat Saskia DesmeulésMichel Havaux, Giovanni Finazi 4 & Felix Kessle® 1

Photosynthesis produces organic carbon via a light-driven electraw from H,O to CGO,

that passes through a pool of plastoquinone molecules. These molecules are either present in
the photosynthetic thylakoid membranes, participating in photochemistry (photoactive pool),
or stored (non-photoactive pool) in thylakoid-attached lipid droplets, the plastoglobules.
The photoactive pool acts also as a signal of photosynthetic activity allowing the adaptation
to changes in light condition. Here we show that, ifrabidopsis thaliangroton gradient
regulation 6 (PGR6), a predicted atypical kinase located at plastoglobules, is required for
plastoquinone homoeostasis, i.e. to maintain the photoactive plastoquinone pool. pgré
mutant, the photoactive pool is depleted and becomes limiting under high light, affecting
short-term acclimation and photosynthetic e€iency. In the long termpgr6 seedlings fail

to adapt to high light and develop a conditional variegated leaf phenotype. Therefore,
PGR6 activity, by regulating plastoquinone homoeostasis, is required to cope with high light.
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xygenic photosynthesis exploits light energy to generat@loroplast developmental issue that became visible as a condi-
an electron ow from H,O to NADPH, which is used for tional variegation of young leaves (Fig). Conversely, the same
the production of organic molecules from @OThis mutant plants did not show any visible phenotype when grown
process requires the coordinated activity of several membrameler continuous low light intensity (80umol s 1). This
embedded complexes: photosystem Il (PSll), the cytochlgimevariegation is reminiscent of the phenotype previously reported in
and photosystem | (PSI), which are functionally connected biants affected in protein turnov& reoxidation of P& or
diffusible electron carriet8. A membrane-soluble prenyl qui- chloroplast to nucleus signallitgy Thus, this observation sug-
none, plastoquinone (PQ), ensures the electron transport betwgests that PGR6 is part of a mechanism essential for chloroplast
PSII and cytochrombgf}—3. High light intensities generate stresslevelopment under high light.
at the photosynthetic apparatus with PSIl being particularly To pinpoint the pgré primary defect, while limiting the
exposed to damage. By transferring electrons to cytochbgime secondary effects that may arise from this initial perturbafith
PQ releases the light excitation pressure on PSIlI and as a asa- grew wild type and mutant plants under moderate light
sequence, prevents light-induced damage on the photosynthetinditions (120umol m2s 1, 8 h light/16 h dark) for 5 weeks and
apparatus. However, only part of the total PQ participates then exposed them to a relatively short high light treatment (3 h,
electron ow. This portion (the photoactive PQ pool) can b&00pmolm2s 1). This did not cause lasting damage to the
guanti ed by measuring its reduction by PSllor its oxidation photosynthetic apparatus, as shown by the maximum PSII|
by PSP via the cytochromeyf complex upon light exposure. ef ciency ( .« = Fv/Fu), which remained similar in botipgré
The remaining portion of the total PQ is not directly involvedines and wild-type plants (Figlb). However, both the PSII
in photochemistry. This is d@ed as the non-photoactive PQquantum yield ( ps;) and the NPQ were clearly lower in bqtlyré
pool since it cannot be reduced by PSII or oxidised by PSI. Thisitant lines compared to wild type (Figc, d). The photosyn-
second pool of PQ is largely stored in lipid droplets associatibetic defects observed pyr6after 3-h high light were not due
with the thylakoid membranes: the plastogloblléEhe non- to alterations in the composition and/or abundance of photo-
photoactive pool is involved in biosynthetic pathways occurrirynthetic complexes that were present at comparable levels of
within the chloroplast (e.g. plastochromanol-8 biosyntiesisd  representative subunits of PSII (D1 (PsbA) and PsbO), PSI (PsaD
at the same time acts as an indispensable reservoir of PQatol PsaC), light harvesting complex (LHCII) (Lhcb2), cytochrome
re Il the photoactive pool. In fact, when a plant experiences lighdf (cytb6) (PetC) and the ATPase (AtpC) (Supplementary Fig. 1).
intensities exceeding its electron transport capacity (high light),
the photoactive PQ pool is damadél By replenishing it, the
presence of a sufient non-photoactive PQ pool reservoilLoss of PGR6 affects state transition kinases activityhen
ensures photosynthetic efency under prolonged stressful lighshifted to high light plants acclimate via changes in the phos-
conditiong-1112 phorylation patterns of their photosynthetic protein complexes.
The proton gradient regulation (PGR) family comprisekligh light leads to the inactivation of state transition kinase 7
mutants displaying a perturbation of photosynthetic electrogf8TN7) that phosphorylates the PSIl antenna and a concomitant
transport3, which in turn compromises the formation of a pro-increase in the phosphorylation of the PSII core proteins by state
ton gradient across the thylakoid membranes. The proton gtaansition kinase 8 (STN83. Since PGR6 is a predicted atypical
dient not only aliments ATP synthesis but also induces nokinase that may phosphorylate chloroplast protetris, we
photochemical quenching (NPQ) of chlorophyluiorescence investigated whether the observed maadtions in the pg;and
upon high light exposure?GR6codes for a predicted atypicalNPQ parameters reect a modication in the phosphorylation of
activity of bcl complex kinase 1 that is localised inside théhe photosynthetic complexes. We analysed the phosphorylation
chloroplast and associated with plastogloddté& The pgré patterns of major thylakoid proteins in wild typpgré-1and
mutant is defective in NPQ and maximal photosynthetic electrgrgr6-2by anti-phosphothreonine immunoblotting and discovered
transport raté317. Moreover, loss of PGR6 leads to develophat phosphorylation of both LHCII and PSII was clearly lower in
mental defects such as impaired cotyledon greening and hypoth pgr6 lines after 3-h high light compared to wild type
cotyl elongation under pure red light, which were reported t@-ig. 2a), while there was no visible difference under moderate
be independent from phytochrome-dependent light signallidght. We found that the phosphorylation of the two major LHCII
pathway$8 Upon several days of high light exposure, pge6 subunits (Lhcbl and Lhcb2), as assessed by phosphorylation-
mutant is characterised by growth and speanetabolic defects, dependent band shift using Phostégels, was severely decreased
such as low carotenoid accumulation and impaired sugar meiapgréupon high light exposure. This result suggests thagig
bolism, which have been reported for adult plafts. the activity of the STN7 kinase is more severely downregulated
In this study, we show that thegréprimary defect consists in compared to wild type (Figb). Indeed, STN7 is the principal
the misregulation of the homoeostatic relationship between thesponsible for the phosphorylation of the trimeric LHCII, trig-
photoactive PQ pool and the non-photoactive PQ pool. Byering the migration of mobile LHCII trimers between the two
relating photophysiological measurements to the analysis R8s in a process known as state trans#nSTN7 activity
photochemically active and non-active PQ pools in wild typdepends on the reduction of photoactive PQ abgy®®27 and
pgr6and a mutant of PQ biosynthesis, we conclude that PGREA&R6 is associated with plastoglobules (thylakoid-attached lipid
required to maintain the balance between the two pools alreattpplets) that are believed to function as PQ resef¥6it6 We
during a short (3 h) exposure to high light. This primgpgré therefore reasoned that the observed changes in the phosphor-
phenotype brings on the downstream defects in chloroplagation patterns might reect a perturbation in PQ redox state
physiology and plant development, which result in leaf variegaad/or availability in this mutant rather than a direct effect of
tion in high light exposed seedlings. PGR®6 kinase activity.
We thus investigated the impact of thgrémutation on state
transitions. To follow the antenna movement in vivo, we
Results measured the chlorophylluorescence at room temperature in
Short-term photosynthetic defects impgré Phenotypic obser- plants while switching from red supplemented with far-red (FAR)
vation of young seedlings grown under continuous high lighight (which triggers LHCII dephosphorylation leading to state 1)
(500pumol m 2s 1) revealed that thegrémutation resulted in a to red light only (which enhances phosphorylation in staf®.2)
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Fig. 1The pgrémutant has a conditional variegated phenotype and is affected in photosystem Kiehcy.a Visible phenotype of 14 days seedlings of wild
type, pgré-1and pgr6-2 mutants grown on 0.5 x MS medium under 8anolm 2s land 500 molm 2s lin 24 h continuous light; scale bar 2 mm.
Twenty-four-day-old plants grown on soil in short day cycle (8 h light /16 h dark) were used to assess the photosynthetitegicy of wild type (WT),
pgr6-land pgré 2 under moderate light (120molm 2s 3 (ML, dark colours) and after 3 h of high light (500molm 2s 3 (HL, light colours).

After 10 min of dark relaxation, variable room temperature chlorophyliorescence was measured on whole plants exposed to these light conditions
to determine the following parameterdy PSII maximum quantum yield (. = R/Fm). ¢ PSII quantum vyield (ps;= (Fm'—Fs)/F M) at increasing light
intensities, whiskers and box plot shows the minimuntst quartile, median, average, third quartile and maximum of each datagédon-photochemical
quenching (NPG (Fy —FRu')/F ") after 1 min of exposure at different light intensities. These measures were performed with a Fluorcam (M~3@8I)
with blue light LEDs (470 nm). Each value represents the average of a pot containigj®ants. Error bars indicate + SthE 3 biologically independent
samples). Data points for the item$&-d are available in Supplementary data 1

Decrease in theuorescence level upon light switch is a proxy fqiPsbA) and D2 (PsbD)), which mostly depends on S#R8 was
the antenna movement and is absent in the state transitiaiso affected impgré Three-hour high light exposure resulted
mutant stn24 Consistent with the phosphorylation data, wén a lower phosphorylation level of D1 (PsbA) and D2 (PsbD) in
found that bothpgréand wild type have the same capacity tpgrécompared to wild type (Fig2a and Supplementary Fig. 2).
undergo the state 1 to state 2 transition, when grown under aAdthough the regulation of STN8 has not been fully clad yet,
exposed only to moderate light (F&). However, the transition this observation suggests that the activities of the two state
from state 1 to state 2 was inhibitedpgrébut not in wild type transition kinases are linked and possibly both dependent on the
after 3-h high light (Fig2c, d), supporting the idea that the lossstatus of the photosynthetic electron transport chain (ETC) or
of PGR6 causes a conditional state transition defect, which ntlagt they have overlapping target protéihsA decrease in PSII
be observed only after high light exposure. phosphorylation may affect the repair cycle of the core protein
It has been reported that the activation of STN7 kinad®l (PsbA) thereby decreasing the maximuncifncy of PSHL
involves its own phosphorylatiéf2’. Therefore, we analysed theThis did not appear to be the underlying cause of the long-term
phosphorylation pattern of the STN7 protein using Pho8tggs, pgr6 phenotype, as short high light exposure did not cause a
and found that it was less phosphorylated ggr6 after high measurable decrease in the maximum yield of PSIl {Bigor
light treatment (Fig.2e), once again in agreement with dancrease of the basal level aforescence in the dark {f Both
perturbation of state transitions (i.e. STN7 activity). Interestinglyarameters are dependent on PSII activity and are affected if
the phosphorylation of the PSII reaction centre proteins (i.e. Mere is a defect in its repair cy&dSupplementary Fig. 2).
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Loss of PGR6 affects the photoactive PQ podio address used as a term of comparison to pinpoinpgrédefect due to PQ
whether the defects in protein phosphorylation and state transivailability. The rst observation was that isps2as inpgrg the
tions are linked to a decrease in PQ availability, we compatbglakoid proteins are strongly dephosphorylated after 3-h high
the photosynthetic behaviour @gréto that of sps2(solanesyl light (Fig. 2a). This result supports the hypothesis linking the
phosphate synthase 2 mutant). Bp2, a mutant partially downregulation of the STN7 and STN8 activity and perturbation
defective in PQ biosynthesis, the total PQ and, as a consequeoicBQ availability. To directly assess the capacity of the ETC, we
the photoactive PQ pools are decredsdd particular, the measured chlorophyl uorescence induction kinetics and cal-
shortage of photoactive PQ should diminish the electron capaditylated the electron transport capacity from the normalised area
of the ETC affecting the photosynthetic @tncy. This would above the uorescence traces(Fig. 3a). The rationale for this
result in lower electron transport rate, and therefore a reduceloice is that the area above theorescence kinetics is a proxy of
quantum vyield of the PSII () and NPQ inductioft (Supple- the average number of turnovers of each PSII reaction centre, i.e.
mentary Fig. 3). Sincgpsy its nature is PQ-limited, it can be of the number of electrons that this photosystem is able to inject
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Fig. 2 Thylakoid protein phosphorylation and state transitions are disturbed after high light treatmerpgr6 background.a Total protein extracts of
4-week-old wild type (WT), pgr6-1pgré 2, sps2and stn7/stn8analysed by immunoblotting with anti-phosphothreonine antibody; the principal thylakoid
phospho proteins are indicated on the right according to their size. Core photosystem Il proteins D1 (PsbA) and D2 (PsbD) are indicated as a single band
due to their poor resolution. Actin was used as a loading contiol_hcbl and Lhcb2 phosphorylation levels were visualised after separation on PHdstag
pendant acrylamide gels. The upper band corresponds to the phosphorylated form §r){/stn8 double mutant is a non-phosphorylated control.
¢ Average transient of the variable room temperature chlorophyillorescence measured during the transition from red (660nm) supplemented with far-
red light (720nm) state 1 to pure red light state 2n= 4 independent pots containing-B plants). The uorescence curves fronpgréand sps2are shifted
on the x-axis to allow visualising the fST1 and iST2 values. Tha-axis time scale refers to the wild-type curvel Calculated quenching related to state
transition (qT= (FySTX-FRyST2)/Fy), expressed as the percentage of,Rhat is dissipated by the state 1 to state 2 transition, of wild type (WTpgré 1
and sps2under moderate light (120molm 2s 3 (ML) and after 3 h of high light (500 molm 2s 3 (HL). Whiskers and box plot shows the minimum,
rst quartile, median, average, third quartile and maximum of each dataset @ biologically independent samplesj-values are calculated via a two-
tailed Studen's t test. e STN7 phosphorylation level visualised after separation on Pho8tggendant acrylamide gels. The upper band corresponds to the
phosphorylated form (p-), a protein sample froratn7/stn8 double mutant was loaded as a control for the antibody spedty. Uncropped images of
the membranes displayed im, b and e are available as Supplementary Fig. 11. Data points for itentsare available as Supplementary data 2
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Fig. 3The pgrémutant shows a limitation in photosynthetic electron carriers. Wild type (WT)gr6-1pgré 2 andsps2plants were grown under moderate
light intensity and sampled under growth light conditions (moderate light) or after the exposure to 3 h at 5@@Im 2s 1(after high light).a Normalised
area above the rapid uorescence induction curve measured after 15 min of incubation in dark. This value estimates the number of available electron
carriers per reaction centre (area/Fv). Error bars indicate + SB=8 for wild type, pgr6 2, n= 6 for pgr6 1, n= 4 for sps2biologically independent
samples).b Analysis of Bgg re-oxidation kinetics induced by far-red light after a saturating light pulse (Time Gar-red ON). The oxidation status was
measured by the increase in absorption at 810 nm on fully expanded leaves of each genotype. Error bars indicate+ SCb{ologically independent
samples).c Leaf discs from wild type (WT)pgr6-1and pgr6-2plants were collected under moderate light (12tholm 2s 3 and after 3 h of high light
(500 molm 2s 9, the average total plastoquinone (oxidises reduced PQ) content was measured in nmoles cf d The oxidised and reduced PQ
amount was measured in leaf discs exposed either to 2min far-red light (5®Im 2s 3 to fully oxidise the photoactive PQ pool or to 15 s saturating

ash (2000 molm 2s 3 to fully reduce the photoactive PQ. The total photoactive PQ pool was calculated from the difference between these two
conditions. Average values are reported as PQ nmoles @&Whiskers and box plot shows the minimumyst quartile, median, average, third quartile and
maximum of each datasetr(= 4 biologically independent samplesp-values are calculated via a two-tailed Studést test. Data points for itema are
available as Supplementary data 3; data points for iténare available as Supplementary data 4; data points for itecyd are available as Supplementary
data 6
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Moderate light

Wild type pgré-1 pgré 2 sps2
Lag time after far red (ms) 8.78+0.79 9.89+1.06 8.57+1.15 7.32+1.06
Lag time after pulse (ms) 165.88+2.93 74.34 +5.93° 69.38+5.81° 64.54 +5.92b
Calculated pulse e number 19.35+1.95 7.53+0.419 8.16+0.689 9.19+2.239
After high light

Wild type pgr6-1 pgr6-2 sps2
Lag time after far red (ms) 17.14+4.37 15.68+2.94 15.01+2.69 17.67+0.p8
Lag time after pulse (ms) 213.03+12.68 54.04 £13.78 47.36+14.05%¢ 14.75£3.27°
Calculated pulse e number 13.21+2.83 3.69+1.51 3.30+£1.31 0.83+0.16
Electron (e ) capacity of the electron transport chain per photosystem | calculated from thgdoxidation lag time after a saturation pulse normalised over the lag time of the oxidation after dark. Valyes
statistically different from the wild type for each condition are in bold. Superscript letters are used to indicate statistically different grqupaubents t test (p<0.05) (n= 4 for wild type, pgré-landn
= 3 for pgré 2, sps2biologically independent samples). Data points are available in Supplementary data 4

into the ETC. It thus provides quantitative data on all the ET@e expected consequence of a limitation of the electron transfer
electron acceptors, including the PSII internal electron accepttrghe photoactive PQ po#l It is worth noting that said effect is
(Qa and Pheophytin), the plastocyanin downstream of thalready measurable in plants not exposed to high light, suggesting
cytochromebgf complex and the PQ connected to PSII (th¢hat the electron transport efiency is constitutively defective
photochemically active pool). Using this approach, we found thatpgré
the ETC electron capacity is not different betwpgr6and wild A limitation in the size of the photoactive PQ pool should also
type when plants were grown under moderate light. This suggestse a downstream effect on PSI, by decreasing the number of
that the photoactive PQ pool has the same electron capacityelectrons available to reduce its primary electron donepy(P
pgr6and wild type at least under moderate light. On the otherpon light-driven oxidation. This hypothesis can be tested by
hand, we detected a smaller electron capacitgps2mutant, comparing the lag time of Bs" oxidation in conditions under
consistent with a constitutive lack of PQ in this line. Upon 3 h afihich the ETC is completely oxidised (devoid of transportable
high light exposure, bottpgré and sps2mutants showed a electrons so that only the one electron present inside the PSI will
diminished electron transport capacity (Figa). This nding account for the delay) or fully reduced by a saturatingh. The
suggests that increasing light intensity diminishes the photoactradio between these two values provides the number of electrons
PQ pool inpgr§ thus the phenotype was similar $ps2rom a contained in the whole ETC per BSIWe measured these
functional point of view. To substantiate the hypothesis that tigarameters using time resolved redox spectroscopy to quantify
changes in the ETC observed after 3 h of high light are linkedttee pgréinduced defeét Wild-type plants, acclimated to
the lack of photoactive PQ, we quargd changes in the electronmoderate light, had a maximum of 19+ 2 electrons per PSI,
uxes in the different genotypes using a previously establisiguch is a number consistent with previous reports estimating
kinetic model based onuorescence induction kinetics (the JIRhe number of electron carriéfs whereas in bottpgr6 lines
test334 We found that the maximum quantum yield of primarybackground there were only 8 +1 electrons per PSI. After 3h
photochemistry in PSII (Po) did not vary between wild type of high light exposure, the ETC of the wild-type plant contained
andpgréunder moderate light (Supplementary Fig. 4), consisteb8 + 2 electrons per PSI, while only 4+ 1 and 3+ 1 were present
with the previous measurements (Fif). However, the quantum in pgr6-land pgr6-2 respectively (FigBb and Tablel). These
yield of the electron transportux after Q. ( ET20) and the results demonstrate that the ETC capacity is limiteggn6and
yield of electron transport to PSI electron acceptor®E1o) that this defect is accentuated by the high light treatment.
were already lower ipgrémutants compared to wild type. After Interestingly, the same effect was observed isplébackground
3 h of high light exposure, the maximum yield was again ntablel).
affected by thepgré mutation, however both parameters related In summary, the spectroscopic data for bptfr6and spsZare
to the transport from PSII to PSI ET20 and RE10) were even consistent with a scenario in which the limitation of photoactive
further decreased in the twogré mutant lines ( ET20: 0.28+ PQ results in diminished electron transport. Importantly, also,
0.04; 0.28 +£0.07) RE10: 0.08+0.02; 0.07 £ 0.03) compared the cytochromebgf turnover raté’” was affected in neithgigré
wild type ( ET20: 0.38 £ 0.03;RE10: 0.13 + 0.02). Similarly, thenor in sps2 featuring wild-type kinetics after exposure to 3 h of
PQ-limitedspslants showed lower electron transport@éncy high light (Supplementary Fig. 6). This indicates that the very
(lower ET20 and RE10) under both light conditions (Sup-high af nity of this complex for PQ in vivo ensures maximum
plementary Fig. 4). This analysis points to a constitutive lowtrnover even under conditions when the PQ pool is low&ted
capacity of the mutants to perform electron transport from PSIl To biochemically determine the size of the photoactive
to PSI, which is consistent with a perturbation of the photoacti®Q pool, the amounts of reduced and oxidised PQ were
PQ pool inpgré However, this defect becomes symptomatic onfgeasured by HPLC in leaves in which the photoactive PQ was
upon exposure to high light. A direct measuremenpdgm6of the either fully oxidised by 2min of FAR light or fully reduced
fraction of the PSII reaction centres incapable of transferriy saturating white ligh®1112 Total PQ in pgré was
electrons to the ETC (closed) by variable room temperaturalistinguishable from the wild type (Figc), and the photoactive
uorescence upon exposure to increasing light inten¥itidso PQ was 0.33+0.08 nmoles cfin wild type and 0.24 + 0.05
supports this hypothesis. In fact, the steady-staterescence and 0.23 + 0.06 nmoles crfiin pgr6-1and pgr6-2 respectively,
was higher in the mutant comming that the PSIlI reaction under moderate light (Fig3d). However, after 3-h high light,
centres were systematically more closedgr6than in the wild the photoactive PQ inpgré mutants decreased signantly
type (Supplementary Fig. 5). Closure of PSII reaction centreSsudentt test,p= 0.05) to 0.14 + 0.05 nmoles ckhand 0.14 +
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0.02 nmoles cn?, while the wild-type photoactive PQ poolPSIl input will be in excess over the electron capacity of the PQ pool
remained stable around 0.30+0.13nmoles €nfFig. 3d). at lower light intensity than in wild type (Supplementary Fig. 3). As a
Furthermore, no major difference was observed in the levelsredult, the fraction of closed PSII, unable to donate electrons to the
the hydroxyl-PQ, a molecule that accumulates when PQ photoactive PQ, will increase and thus limit the photosynthetic
depleted by oxidative stress, between wild tpge6and sps??2  ef ciency compared to wild type.
(Supplementary Fig. 7). These results demonstrate that high lighThese data show that here the role of PGR6 is to maintain the
treatment depletes photoactive PQoigré Since total PQ was not size of the photoactive PQ pool, i.e. the PQ available for the
measurably different under either moderate or high lighghotosynthetic ETC. The lack of PGR6 does not result in a visible
conditions, no accumulation of the oxidation product hydroxylphenotype under moderate light indicating that its activity is not
PQ had occurred and the photoactive pool was smaller, wesential under this light conditibh This can be rationalised
expected the non-photoactive PQ pool in the plastoglobules todssuming that the loss of photoactive PQ depends on the electron
increased. Consistently, higher levels of PQ were present in th& from the PSII. The electronow is the result of the photon
plastoglobules isolated fronpgré and this difference was input (i.e. light intensity) minus the portion of absorbed photons
accentuated after 3-h high light (Supplementary Fig. 8). dissipated as heat (NP3) It is only during high light that the
photoactive PQ pool will receive electrons in excess of the elec-
tron ow capacity and therefore an efent supply of PQ from a

Discussion reservoir (non-photoactive PQ pool) is required for its homo-
Knockout mutants ofPGR6are characterised by conditionaleostast®. In this model, the role of PGR6 is to ensure a rapid
defects in growth and development, including the pale cotyledmn |l of the photoactive PQ pool, which is essential in high
phenotype previously reported under constant red #gand the electron uencies (high light) (Figd). Consequently, in @gré
variegated phenotype under high light reported here j.So mutant upon high light exposure, the photoactive PQ pool will be
far, no molecular explanation for the observed defects was pdepleted limiting the amount of the electron carriers available for
vided besides proposing that either the lower photosynthefibotosynthesis. Hydroxylation of the photoactive PQ may be the
ef ciency” or the misregulation of the prenyl-lipid metaboli¥n cause of said depletion, which becomes phenotypic when com-
in pgréare the cause of the biochemical phenotype upon prbined with an inefcient supply of newly synthesised PQ from
longed high light. In this work, we analysed plants grown undstorage compartments to the photoactive péoHowever, no
moderate non-phenotype-inducing light and assessed their phietectable difference in the level of accumulation of the hydroxyl-
tosynthetic traits after a limited exposure to high light. WEQ has been observed betwggm6and the wild type (Supple-
observed that 3 h of high light were saient to trigger a clear mentary Fig. 7). Although the most likely storage compartments
photosynthetic defect irpgr§ suggesting that the underlyingcapable of etiently and quickly relling the photoactive PQ are
cause was either already present before the treatment or couldhigeplastoglobules, the contribution of the envelope-located PQ
attributed to the lack of fast adaptive responses. Photosynthetimnot be excluded.
complexes were affected neither in amount nor in activity, sug-The depletion of the photoactive PQ pool observegdn6
gesting that the defect is not a direct consequence of protejpon exposure to 3-h high light may account for the reported
perturbation (Supplementary Figs. 1 and 6). electron transport limitation and resembles that spfs2 The

A rst level of response to photosynthetic imbalance d@bservation that total PQ is not affected and there is no accu-
through the phosphorylation network of the thylakoid proteinsnulation of hydroxyl-PQ inpgr6after 3 h of high light supports
controlled, mostly, by the kinases STN7 and STN8 and th#éire model in which the cause for photoactive PQ pool depletion is
counteracting phosphatagé’. Due to the STN7- and STNS-the lack of an efcient re Il from the PQ reservol?. The lower
dependent phosphorylation, the photosynthetic apparatus res Il ratio can be explained by a lower mobility of PQoigré PQ
capable to cope with rapid changes in the environmental condiobility constraints would also explain the measurable increase
tions by maintaining an optimal photosynthetic efency (e.g. in the fraction of closed PSII reaction centres (1-qP) and NPQ
state transitions) and cope with damages to the photosysteniserved inpgréplants grown under moderate light, where the
(e.g. regulation of D1 repair cycl®$O. In high light, the overall photoactive PQ pool size is unaffected (Figs3 and Supple-
thylakoid protein phosphorylation was decreaseg@n6 com- mentary Fig. 5) and the lower yield of electron transport from
pared to the wild type. Lower activity of the STN7 kinase RSIl to PQ ( ET20) (Supplementary Fig. 4). Additional evidence
expected in plants shifted to high light, however, the analys@mes from measuring the electron transport as the output of the
of the phosphorylation pattern indicated lower activities of bothTC at the level of Bo(PSI) oxidation. The output defect pfré
STN7 and STN8 kinases jigr6(Fig.2). The activity of both STN and sps2appears to be much larger than the lack of photoactive
kinases is linked to the redox status of the PQ pool. TherefoRQ measured biochemically. This is exceedingly evident in the
this defect can potentially be explained by aruence of PGR6 sps2mutant, where the depletion of PQ caused by high light
on PQ. Although we cannot fully exclude that PGR6 is a diredsulted in a drop of the measured electron transport to less than
regulator of the STN kinases, this scenario seems a rather unlikebjectron, suggesting that the ETC is almost completely blocked
explanation for the photosynthetic defects observedogné (Tablel). However, there is still a measurable amount of available
Indeed, even the double knockout mutant of the STN kinaselectron acceptors for PSIl and therefore of available PQ mole-
(stn7/stn®, which has an even lower level of phosphorylation afiles (Fig3a). The observation is consistent with previous studies
the target proteins thapgrg does not display a defect in electroron thespsanutant* and becomes highly relevant in the context of
transport comparable to that gigré (Supplementary Fig. 2).the defect inpgr6 the photoactive PQ pool appears only slightly
Furthermore,sps2 which is genetically deprived of PQ, displaydiminished (Fig.3d), but electron transport is disproportionately
a phosphorylation defect similar fgr6(Fig. 2). affected (Figslc and3a, b). This is consistent with the previous

The evidence so far points toward PQ as a key molecule regulatextiel, showing that a lower concentration of PQ in the photo-
by PGR6 activity. Biochemical and biophysical analyses were petive pool cannot etiently overcome the diffusion barriers
formed to assess whether there is a limitation of the photoactive Bffecting its access to the photosynthetic compf@x&sirther-
pool in pgré(Fig. 3). The comparison between wild tygmgréand more, by limiting its own mobility in the thylakoid membradés
spsaffers a suitable experimental system to test this model. Indetbe, exchange with the non-photoactive PQ pool will be impaired.
when the photoactive PQ pool is genetically limited, aspsRthe Therefore, a combination of adequate photoactive PQ pool size,
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PQ mobility and rell rate are required to ensure PQ homo-
eostasis and photosynthetic efncy. Perturbation of the elec-
tron ow through the photoactive PQ, which is also the molecular
vector for proton transfer across the thylakoid membrane, will
limit the trans-thylakoid proton gradient needed to activate the
thermal dissipation of excess absorbed light (NBQyVith a
lower NPQ, the ETC will become even more overreduced since
the electron input from PSII cannot be adequately controlled.
This creates a negative loop that will further exacerbate the
electron transport defect. Thending that bothpgré and sps2
share common defects at the level of electron transport and
NPQ (Fig.1 and Supplementary Fig. 3) is also in accordance
with this model. In the long term (i.e. several days of high light),
these combined defects increase the high light dependent degra-
dation of P@2 and will result in the depletion of the total PQ
that was previously reported Bps2%12 and pgré-’.

A defect in PQ mobility and availability may also explain
the previously reported defect in carotenoid accumulation in
pgré#1% Oxidised PQ functions as a sink for the electrons
removed during the desaturase reactions of carotenoid bio-
synthesis; a limitation in the access, mobility and/or concentra-
tion of PQ may hamper this process and would lead to a lower

@‘f’@@ ©00g> level of carotenoid production. The consequence of this
_ pC scenario would be similar to the one imimutans that lacks
Php"mac“;’e the terminal PQ oxidagé Interestingly, this mutant is also
(ma%t‘;?:ed) characterised by a variegated light-dependent phenotype similar

to the one observed ipgr6 exposed to high light. Finally,
High light alteration of the size (and accessibility) of the photoactive PQ
(pgr6 mutant) Non-photoactive pool would explain _Ion_g-term effects_ <p)‘gr6 on phloroplast
x PQ pool to nucleus communication, thus providing a rationale for the
pale cotyledon phenotype reported when grown under constant
red light*4.
In conclusion, our results indicate that in order to maintain
photoactive PQ as well as photosyntheticcifncy while pre-
o / / venting long-term photodamag€® under high light, plants
\ have evolved a PQ homoeostasis mechanism controlled by the
PGR6 kinase (Figd). The observed depletion of photoactive

99 996896 oyt . . . . N
00500 oF v PQ in pgr6 after 3-h high light explains the diminished STN7
Photoactive PC activity on LHCII together with the measured effects on state
PQ pool transitions. Also, the proton gradient regulation phenotype con-
(depleted) sidering that the lack of photoactive PQ will generate a smaller

trans-thylakoid proton gradient, which is needed to activate
the NPQ mechanisf¥, and the lack of this protective mechanism
results in increased chlorophyluorescence, which is the sig-
nature phenotype of afigrmutants-3. Considering its subcellular
localisation on plastoglobules, it is tempting to hypothesise
that the role of PGR6 is to control the release of PQ from plas-
toglobules supplying the ETC in the thylakoid membf@ne

In support of this model, there was a measurable increase in
PQ concentration impgr6 plastoglobules compared to wild type
esuggesting PQ trapping in the non-photoactive pool (Supple-
mentary Fig. 8).

Fig. 4 Schematic representation of the regulation mediated by PGR®6.
Under moderate light intensity, the electron input from the PSII is
compensated by the activity of cytochrombgf complex. Under this
condition, the action of the two complexes is in equilibrium and maintains
the photoactive PQ pool in balance thus allowing a continuous electron
transport. When the light exceeds the electron transport capacity (high
light), the electron input from the PSII is higher than the output from

the cytochromebgf, this effect is partially mitigated by the thermal
dissipation of light excess (NPQ). Under high light, the maintenance of
the photoactive PQ depends as well on the mobilisation of the reservoir, i.
the PQ stored in the non-photoactive pool. This mobilisation is possible
thanks to the activity of PGR6, which regulates this redistribution thus
allowing the preservation of the photoactive PQ pool under high light. Methods

I_n t.he absence of PG,Rﬁ’ the input from Fhe non-photoac'tlve pool is Plants material and treatments Arabidopsis thalianavild-type plant refers to
limited and therefore insufcient to replenish the photoactive PQ pool,  var. Columbia-0 (Col-O)pgr6-1T-DNA insertion line (SALK_068628) ariyr6-2
furthermore, the lower NPQ induction causes an even stronger T-DNA insertion line (SALK_130499C) were purchased at Nottingham Arabi-
overreduction of the PQ pool, which further increases the loss of the ~ dopsis Stock Centre (NASGItp://arabidopsis.infp stn7/stn8and sps2were
photoactive PQ. These combined defects result in a reduction of growth g|ft§ from Prof. Goldschmidt-Clermont and from Prof. Basset, respectively.

) ; . eedlings were grown for 14 days in 0.5x MS plates under continuous light
and in developmental issues observed jigré mutant plants. Orange condition (80umol m2s 1 for control and 500pmol m2s L for the high light).
dots represent the electrons contained inside the pool, orange arrows  Plants were grown on soil with solbac (Andermatt) under moderate light
represent the movement of the reduced PQ and blue arrows represent conditions (120pmol m?s 1, 20-22 °C and 8 h light/16 h dark) in a controlled
the movement of the oxidised form, while black arrows represent the ~ environment room. For high light treatment-8-week-old plants were exposed

. ) to 500umolm ¢s 4, 26-22 °C, for 3 h.
rate of exchange between the photoactive and the non-photoactive Samples were collected under light, directly frozen in liquid nitrogen and
PQ pools stored at 20°C.
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Photosynthetic parameters Maximum quantum yield of PSII (,.), quantum equal protein concentration (0.8§/ L). Samples were further diluted in 2x lithium
yield of PSII ( ps) and NPQ were determined using Fluorcam (Photon System dodecyl sulfate (LDS) loading buffer (10% glycerol, 244mM Tris HCI pH 8.5, 2%
Instrument, Czech Republiattp://mww.psi.cpwith blue light LED (470nm). Plants LDS, 0.33 mM Coomassie Brilliant Blue G-250 and 100mM dithiothreitol) and
were dark adapted for 10min before measuremenis.= (R/Fv); psi= (Fu —F9/  heated for 5min at 70 °C before loading.
Rv ; and NPQ= (Ry—Fv )/Fv ; where F is maximum uorescence;ofs minimum Immunodetections were performed using anti-Actin (Sigma, A 0480) at 1/3000
uorescence;Hs the variable uorescence () in dark-adapted statejf is dilution in 5% fat free milk/PBS, anti-Lhcb1 (Agrisera, AS09 522), anti-Lhcb2
maximum uorescence; andsis steady-state chlorophyllorescence in the light (Agrisera, AS01 003), anti-D1 (PsbA) (Agrisera, AS05 084), anti-PsbO (Agrisera,
The employed PPFD, (photosynthetic photarx density), measured by LI-189 AS14 2825), anti-PetC (Agrisera, AS08 330); anti-PsaD (Agrisera, AS09 461), anti-
photometer (LI-COR), are 285-347-610-876-1145pumol m2s 1. State transitons PsaC (Agrisera, AS04 042P), anti-AtpC (Agrisera, AS08 312); anti-STN7 (Agrisera,
were measured with the same instrument. After measurement of tefy,, plants  AS16 4098), anti-PsbD (Agrisera, AS06 146) at 1/5000 dilution in 5% fat free milk/
were exposed to 10min red light (50umolfis 1 660nm peak measured as PPFD) TBS and anti-Phosphothreonine (Cell Signaling Technology, #9381) 0010
supplemented with far red (17umol ris 1 calculated from the 733nm peak area 3% BSA/TBS Tween20 0.1%. Secondary antibodies (anti-rabbit (Merck, AP132P)
considering values between 500 and 800nm). At the end of this phasg, (Rg&T1) or anti-mouse (Sigma, A5278) at 1/3000) conjugated with HRP allow the detection
was measured, and then the FAR light weradd off. The transition from state 1 to of proteins of interest with 1mL of enhanced chemiluminescence antl 8f3
state 2 was followed during 10min, then again the (F,ST2) was measured. H>0, 3% using an imager for chemiluminescence (Amersham Imager 600,
Quenching related to state transition (qT) was calculated as@&[ST1 FyST2)/k,.  Amersham Biosciences, Inc).

Chlorophyll a uorescence curve kinetics (OJIP, JIP test)Fast chlorophylla ~ PQ analysis Small leaf discs (0.8cm diameter) were taken from 5-week-old
uorescence induction (OJIP, JIP-test) kinetics, were measured at room temperdl@ats. Total lipids were extracted after 15s of saturating white light
using a plant efciency analyser (Handy-PEA; Hansatech Ltd., Kihgnn, Nor-  (2000umol m 2s 1) using a bre-optic system allowing a maximal reduction
folk, England), following manufacturer instructions. Plants were dark adapted féf the PQ pool. Samples were directish frozen in liquid nitrogen at the end
10min before measurements. Measured data were extracted with the WinPEAOf the light treatment while still illunmated. A second disc from the same leaf
software (Hansatech) and analysed with JIP-test according to Strasser et &3(200/@s treated with FAR light (735nm and 5.5 umol#s 2) for 2 min allowing a
and Kalaji et al. (2012}, In detail, Po (maximum quantum yield of primary maximal oxidation of the PQ pool. For prenyl lipid determination, samples
PSII photochemistry) was calculated asFy/Fy. ET20 (quantum yield of the ~ were grinded immediately in the frozen state and extracted with cold ethyl
electron transport from @to Qg) as (k1 Fo)/Fm) (1 (Foms Fo)/(Fw  Fo)). acetate. This step as well as the analyses were performed as described in Kruk
RE10 (quantum yield of the electron transport until the PSI electron acceptors)gasl Karpinsk? and Ksas et ai-12 The photoactive PQ pool was determined
((Fw Fo)Fm) (1 (Fsoms Fo)/(Fm Fo). Where K is the maximum uorescence, from the difference between the reduced PQ after 2 min of FAR light, upon
Fo the minimal uorescence calculated by the Handy-PEA.Jand R msare the  Wwhich all the photoactive pool is oxidised, and the reduced PQ after a high
uorescence levels measured at 2 and 30ms, respective|y_ irradiance |ight ash, upon which all the photoactive pool is reduced. Plas-
toglobule isolation from chloroplasts and prenyl lipid analysis were performed

_— o - according to Martinis et af8and Eugeni-Piller et &°. Intact chloroplast were
P700 Oxidation. The kinetics of PSI photoxidation were measured on detached lea) acted from entire leaves by grinding in HB buffer (Sorbitol 450mM,

using a JTS-10 LED spectrometer (BioLogic Science Instruments) in absorbance S e-KOH pH 8.4 20mM, EDTA pH 8.4 10mM, NaHGCLOmM, MnCh

P7oo OXidation was assessed by increase in absorption at 810nm (after 1mM, Na-ascorbate 5mM and PMSF 1mM). The chloroplast wéezed
deconvolution of plastocyanin absorption, as described in Joliot and?)IdiaR through two layers of miracloth (Merck Millipore) and collected by cen-

illumination was provided by a LED peaking at 735 niitered through three : h h .
ifugation (5600 »g). The chloroplasts were lysate by osmotic shock in TED
Wratten Iters 55 that block wavelengths shorter than 700nm. When needed, fer (Tricine pH 7.5 50mM, EDTA-Na2mM and dithiothreitol 2mM)

maximum extent of R¢" was estimated by imposing a white light saturatingh ] . .
: P h supplemented with 0.6 M stmse. Chloroplasts weréldgted to a concentration
on top of the FAR. A red LED provided actinic light peaking at 64¢hin order of 2 mg/ml of chlorophyll and incubated for 10n ice to allow a complete lysis

to measure the number of electrong present in tthE;I'(; per PSI, the plants W8It further incubated for 2 h at80 °C. The samples were diluted four times in
|ncub_ateq 2min under strong white light (50.0“"?0' ) |n_0r'derl to (educe the TED buffer. The sample was homogen2®etimes with a Dounce homogeniser
contribution of the cyclic electronow by activating C@assimilation in the (PTFE Tiss.ue grinder 50cm3, VMR The membranes and plastoglobules

leave& Reactivation of cyclicow onIy_occurs after a Ion_g period of d&fk. were separated from the stroma by ultracentrifugation (6,000 sgat 4 °C).
Therefore, after a short dark adaptation, electrons availableyth Bre only The pellet was dissolved in TED bufupplemented with 45% sucrose to a

re ecting the reduction level of the PSI donors including the PQ pool. We exposed. - tration of 23m et
. L : g/mL of chlorophyll. Further homogenisation of the
the leaf to FAR for 2min to oxidise the ETC and, after 2 s of dark adaptation tgample was performed with a Dounce homogeniser (20 times). This solution

allow Froo red_uction, we followed its reoxidati(_)n induce(_j by FAR either in the was used as a lower phase of a discartrs sucrose gradient. The gradient
presence or in the absence of a short saturatagjl qf actinic light (1000pmo|_m ‘was assembled in TED buffer with the following sucrose concentrations: 15ml
2s 1for 100 ps) to fully reduce the ETC. The time interval between the beg'””'BgsampIe in 45% sucrose, 6mL of 38% sucrose, 6mL of 20% sucrose, 4mL of
of FAR illumination and the beginning of;& oxidation was measured after & 150, sucrose and 8mL of 5% sucrose. Taeignt was centrifuged to allow the
saturating pulse (PSI electron donors reduced) and after dark incubation (PSlractionation by otation (16 h, 100,000¢at 4 °C). One-milliiter fractions
electron donors oxidised). The ratio between these two values is used as a proxydee collected from the top of the gradient. The lipids from each fraction were

the number of available electrons per PSI (Supplementary Fig. 9). extracted with ethyl -acetate (0.75 volumes, 2 times), the ethyl-acetate phase
was recovered upon centrifugation (10,000 >g) and dried in a speedvac. The
Immunoblot analysis Total proteins were extracted froArabidopsidight- dried pellet was solub#led in a tetrahydrofurarmethanol (1:1) solution, and

exposed leaves and homogenised in 4@ lysis buffer (L00mM Tris-HCI pH 8.5, used for UHPLC-APCI-MS-QTOF analysis.
2% SDS, 10mM NaF and 0.05% of protease inhibitor cocktail for plant (Sigma))
with a micro pestle in a 1.5mL microtube. Proteins were denatured at 37 °C f@tatistics and reproducibility. The sample size was determined empirically for
30minu, then centrifuged for 5 min at 16,098t room temperature. Two hundred each experiment (minimum of three independent organism and two experimental
microliters of supernatant were precipitated by chlorofamethanol, then replicates), on the basis of experience with similar assays and from sample sizes
resuspended in sample buffer (50mM Tris-HCI pH 6.8, 100mM dithiothreitol, 2§enerally used by other investigators. No data were excluded from the analysis. The
SDS, 0.1% bromophenol blue and 10% Glycerol) atgdchlorophyll per uL and  experiment were replicated at least two times, the results were reproducible when
denatured at 65 °C for 10 min. Fisten microliters of supernatant was mixed withthe plants were not stressed before the experiment. When testing light condition,
1mL of 80% acetone and chlorophylls concentration was determined accordingh® position of the plants of different genotypes was changed randomly in order to
Arnon (1949%6. An amount of thylakoids equivalent to 2 jig of chlorophyll werereduce any possible positioning effect. The data were compared for statistical
loaded. Proteins were separated by 12% SDS-PAGE and transferred onto a difference by a two-tailed, heteroscedastic Stigletgst (Excel 2016).
nitrocellulose membrane for western blotting.

For Phosta@pendant acrylamide gels, we followed the protocol for the antenfigeporting Summary Further information on research design is available in
proteins previously described in Longoni et/lFor the detection of PSII core  {he Nature Research Reporting Summary linked to this article
subunits and STN7 phopshorylation, the protocol was medlias follows: a '
Phostad“gradient (0 to 25uM) and Zn(Ng). (0 to50 pM) was made in the upper e
half of the resolving 7% acrylamide in 0.35 M Bis-Tris pH 6.8 gel. The stacking Béta availability o _ o . ) )
(4% acrylamide and 0.35 M Bis-Tris pH 6.8) was casted above the resolving & datasets analysed in this paper are included in this published article (and its
The gels were incubated at room temperature for at least 3 h before loading. Supplementary informationles). Further datasets generated during the current study are
Samples were prepared as previously described in LongorifeBeek vy, total leaf  available from the corresponding author on reasonable request.
protein were ground in liquid nitrogen and resuspend in lysis buffer (100mM Tris
HCI pH 7.8, 2% SDS, 10 mM NaF, 1x cOmpl#ted EDTA-free protease ; . .
inhibitor cocktail (Roche)). Following incubation at 37 °C for gitation (1000 €C€ived: 5 February 2019 Accepted: 17 May 2019
r.p.m Eppendorf thermomixer) protein content was measured with the
Bicinchoninic Acid Protein Assay Kit (Sigma-Aldrich) and samples were diluted to
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