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. In photosynthesis, final electron transfer from ferredoxin to NADP* is accomplished by the

. flavo enzyme ferredoxin:NADP* oxidoreductase (FNR). FNR is recruited to thylakoid membranes

. via integral membrane thylakoid rhodanase-like protein TROL. We address the fate of electrons
downstream of photosystem | when TROL is absent. We have employed electron paramagnetic
resonance (EPR) spectroscopy to study free radical formation and electron partitioning in TROL-
depleted chloroplasts. DMPO was used to detect superoxide anion (O, ") formation, while the
generation of other free radicals was monitored by Tiron. Chloroplasts from trol plants pre-acclimated

to different light conditions consistently exhibited diminished O,~ accumulation. Generation of

. other radical forms was elevated in trol chloroplasts in all tested conditions, except for the plants
pre-acclimated to high-light. Remarkably, dark- and growth light-acclimated trol chloroplasts were
resilient to O, generation induced by methyl-viologen. We propose that the dynamic binding and
release of FNR from TROL can control the flow of photosynthetic electrons prior to activation of the
pseudo-cyclic electron transfer pathway.

- In vascular plants, photosynthetic electron transport (PET) chain produces reductive power that is uti-
. lised by diverse acceptors involved in both chloroplast and cellular metabolism'. In the last steps of this
© process transfer of energy-conserving electrons beyond photosystem I (PSI) is performed by a small
. iron-sulphur protein ferredoxin (Fd). Fd acts simultaneously as a bottleneck and as a hub which distrib-
utes high-energy electrons to a multitude of enzymes, which include nitrite reductase, sulphite reductase,
fatty acid desaturase, glutamine-2-oxoglutarate amino transferase (GOGAT), redox complexes such as
cytochrome by/f for cyclic electron transport (CET), and thioredoxins® The dominant pathway in chlo-
roplasts is, however, the one that produces NADPH, by the activity of ferredoxin NADP* oxidoreductase
(FNR). This is known as the linear electron transfer (LET) pathway'. Photosynthetically active FNR
© (sometimes classified as autotrophic) is a member of the family of soluble monomeric enzymes that con-
© tain non-covalently bound FAD (flavin adenine dinucleotide) as the prosthetic group®. Autotrophic FNR
. utilizes two Fds to produce one molecule of NADPH. Other members of the FNR family are involved
. in various metabolic pathways, such as: nitrogen fixation, isoprenoid biosynthesis, steroid metabolism,
© xenobiotic detoxification, iron-sulphur cluster biogenesis, and oxidative stress response*. In those path-
© ways, FNR however catalyses the opposite reaction, namely the production of reduced Fd*, and is thus
. sometimes classified as heterotrophic FNR. In order to function efficiently Fd/FNR redox chemistry
© has to be constantly poised®. Over-reduction of PET chain can damage protein complexes and result in
: production of the excess amounts of reactive oxygen species (ROS)°. The ROS include free radical forms
(0,7, superoxide radicals; OH:, hydroxyl radical; HO,- perhydroxy radical and RO- alkoxy radical) and
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molecular non-radical forms (H,0,, hydrogen peroxide and 'O,, singlet oxygen)’. During photosyn-
thesis, PSI and photosystem II (PSII) are the primary sources of 'O, and O, production®®. It is widely
accepted that in conditions leading to over-reduction, pseudo-cyclic electron transfer enables electrons
to flow from water to PSI, with molecular oxygen as alternative electron acceptor®. This process, known
as Mehler reaction, results in formation of H,O, which is generated by the superoxide dismutase (SOD),
and converted into water and oxygen by ascorbate peroxidase®. Mehler reaction, or water-water cycle,
allows functionality of the CET and subsequent synthesis of ATP needed for the Calvin cycle, which
finally oxidizes NADPH to re-establish LET®. The question remains how is the partitioning of electrons
between the various energy-conserving and -dissipating pathways achieved. Thylakoid rhodanase-like
protein TROL has been shown to act as bona fide membrane attachment point for the FNR!%-'2, although
other membrane associations of FNR have been described'*'®. Further, the N-terminus of FNR was
shown to be important for the FNR recruitment to the membrane and its association with different
supramolecular complexes'!. TROL consists of the centrally positioned rhodanase homology domain
which is connected by proline and valine rich swivel with the C-terminal FNR membrane recruitment
motif (MRM)'*!8. The MRM of TROL shares high amino acid similarity with a similar domains of the
inner envelope translocon protein component Tic62!*182°. Association of pea Tic62 poly-proline type II
helix MRM peptide with the FNR was shown to be pH-dependent'®. However, Tic62 is a soluble protein
and it's homologues from other plant species lack FNR MRM'32!, TROL-FNR complexes are located in
non-appressed regions of thylakoid membranes, in the vicinity of PSI'®. TROL knock-out (frol) plants
have decreased electron transport rate (ETR) and increased non-photochemical quenching (NPQ) in
high-light (HL) conditions™.

Recently, a new concept for FNR binding to plant thylakoids has been proposed®. According to this
model, a majority of chloroplast FNR is during periods of darkness bound to thylakoids via Tic62 and
TROL proteins. In these conditions, surplus FNR is stored at the points of attachment, presumably sta-
bilizing the FNR enzyme during the hours of photosynthetic inactivity. In the periods of changing light
conditions, i.e. in the morning hours, FNR is released to stroma, where it acts as an efficient NADPH
catalyst, allowing efficient LET. However, contrary to this scheme previous studies have reported that
NADP+ photoreduction is very inefficient when the enzyme is not bound to the membranes® and that
thylakoids devoid of FNR cannot reproduce WT rates of NADPH production?!. Such scenario cannot be
avoided even when high concentrations of soluble FNR are added®®. Further, in transgenic Arabidopsis
plants enriched for FNR at TROL, a more rapid induction of NPQ during light transition and a higher
ratio of PSI/PSII excitation were recorded, implicating enhanced CEF*..

We have previously proposed a different scheme for the dynamic FNR recruitment to TROL***. We
proposed that in normal light conditions TROL bound FNR performs efficient NADP* photoreduction,
due to specific FNR recruitment at the vicinity of PSI, which is necessary for the directed transfer of
reduced Fd. In the conditions of HL, FNR is released from TROL, probably by the transmembrane sig-
nalling involving rhodanase and proline-rich domains. Released FNR can act as efficient ROS scavenger,
or Fd can partition electrons to other acceptors.

Here we test our hypothesis and investigate how the deletion of TROL and membrane detachment of
FNR from this anchoring site influence partitioning of electrons beyond PSI. We posit that TROL-FNR
interaction presents the branching point between electron-conserving and electron-dissipating pathways.
We monitored ROS formation and subsequent induction of plant stress-relief responses. We establish
that without TROL, light-dependent O,~ generation is reduced, while the generation of other ROS is
enhanced. Most significantly, O, formation induced by MV is diminished in chloroplasts lacking TROL,
when plants are pre-acclimated to dark and growth light (GL). We propose that other Fd-dependent
pathways downstream of PSI and different from the LET become dominant by the dynamic detachment
of FNR form TROL, thus suggesting novel mechanism of photosynthesis regulation. Alternatively, effi-
cient scavenging of O, by FNR-dependent pathways can be envisaged.

Results

Generation of ROS in isolated chloroplasts from wild-type (WT) and trol plants was monitored
in light, as well as in dark, when all reaction centres are open. We have used O,~ specific spin trap
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) and general electron spin trap Tiron (4,5-dihydroxy-1,3-b
enzenedisulfonic acid) to detect the production of ROS?*** in conditions when FNR docking partner
TROL is missing from the vicinity of PSI. Moreover, we chose different light acclimation conditions to
promote interactions of FNR with different complexes or membrane domains. Since the concentrations
of plant antioxidants are important for the interpretation of ROS production that were investigated in
EPR experiments, we have quantified the levels of ROS-scavenging enzymes and the extent of lipid
peroxidation and protein carbonyls in the WT and trol plants acclimated to GL (see Supplementary
Fig. S1 and Supplementary Table S1 online). Except for the peroxisomal catalase activity and the levels
of H,0,, all other enzymatic and non-enzymatic components of antioxidative stress response were not
significantly different between WT and trol plants (see Supplementary Fig. S1 and Supplementary Table
S1 online).

Trol chloroplasts accumulate diminished levels of O,. Illuminated isolated intact Arabidopsis
WT chloroplasts doped with DMPO revealed a dominant DMPO-OOH spin adduct formation that,
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Figure 1. Experimental EPR spectrum. (a) The analysis of EPR spectra of DMPO-OOH spin adduct
formation in chloroplasts isolated from Arabidopsis WT plants exposed to illumination with photosynthetic
light of 100 umol photons m™ s™! for 30seconds. The experimental spectrum (WT) was simulated revealing
the contribution of DMPO-OOH superoxide spin adduct (75%) and DMPO-OH hydroxyl radical spin
adduct (25%). In the presence of SOD the former component is suppressed. (b) EPR spectra of spin adducts
of chloroplasts isolated from Arabidopsis WT and trol plants grown in different light conditions (dark, GL
and HL).

according to the EPR spectral parameters, is typical for the superoxide radical formation (Fig. 1a). The
apparent hyperfine splitting constants of DMPO-OOH (a¥=1.42mT, a*=1.14mT, a"V=0.115mT) are
in conformity with the published literature?. In the presence of SOD the corresponding EPR signal
is suppressed (29, Fig. 1a). As the lifetime of superoxide is short with respect to the time scale of the
EPR experiment, the superoxide “end-product” in terms of DMPO-OH hydroxyl radical spin adduct
is detected as well (a¥=1.49mT, a¥=1.47mT). The analysis of DMPO-OOH spin adduct formation in
chloroplasts from trol plants acclimated to any of the three light conditions revealed a reduced EPR signal
intensity and, thus, decreased free radical production with respect to the WT plants (Fig. 1b). Specifically,
when the EPR data measured for trol chloroplasts were normalized to the WT data, which are assumed to
represent a 100% radical yield, around 20% lower light dependent generation of superoxide anion could
be estimated for all three acclimation conditions (Fig. 2a). These findings implicate that in the absence
of TROL, photo-generated electrons less efficiently spill over to O,, as it could be expected from the
present models of the PET®, or that the O, is to some extent scavenged. It is also important to point out
that photoreduction of O, by isolated chloroplasts is saturated already at low intensities of light (around
10 umol photons m™ s7!)!%30 and low concentrations of O,. Non-normalised experimental data for the
DMPO EPR measurements of WT and trol chloroplasts are shown in the Supplementary Table S2.

Lower amounts of MV-induced O,~ can be detected in chloroplasts of dark and growth-light
acclimated trol plants.  To further substantiate these findings and to test previous reports that released
FNR acts as an efficient scavenger of O,~ anion®', we have incubated chloroplasts with methyl-viologen
(MV). In illuminated chloroplasts, MV traps almost all electrons from the PSI, specifically from the
reduced Fd, at a diffusion-controlled rate®, to form its cation radicals, which generate O, at a rapid rate
via auto oxidation. Using EPR spectroscopy, O, can be detected in terms of the larger DMPO-OOH
spin adduct formation in the samples exposed to MV, in comparison to non-exposed ones. In HL con-
ditions the EPR signals did not significantly differ between trol and WT chloroplasts. When the exper-
imental data of radical production in chloroplasts non-exposed to MV were taken as referent values
representing 100% of O, yield, it could clearly be noticed that the exposure of WT chloroplasts to MV
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Figure 2. The EPR study of DMPO-OOH spin adduct formation in chloroplasts isolated from
Arabidopsis trol plants acclimated to different light conditions (dark, GL or HL). Chloroplasts were
illuminated with photosynthetic light of 100 umol photons m= s™! for 30 seconds. (a) The superoxide anion
production in mutant expressed in terms of WT plant data exposed to the same experimental conditions
and taken as a reference representing 100% radical yield; (b) The superoxide anion production from trol
chloroplasts exposed to MV normalized with respect to the data of WT exposed to MV which are taken as a
reference for 100% superoxide radical production. Data (mean + SE) from three independent measurements
were analysed by one-way ANOVA and LSD post-hoc test. Data labelled with the same lower-case letters

are not significantly different. Different letters point to the experimental data that are significantly different
(p<0.05).

caused significantly larger EPR signal for plants acclimated to dark (ca. 130%) or GL (ca. 170%) (see
Supplementary Fig. S2 online). On the other hand, for WT plants acclimated to HL the yield of O, was
practically not affected by the exposure to MV (see Supplementary Fig. S2 online). In chloroplasts isolated
from trol plants acclimated to GL, light-induced generation of O, was drastically increased (ca. 170%)
after addition of MV, whereas in chloroplasts isolated from trol plants acclimated to dark and HL condi-
tions no significant impact of MV on superoxide anion generation was observed (see Supplementary Fig.
S2 online). When the experimental data of radical production in WT chloroplasts treated with MV were
taken as referent values representing 100% of O, yield, it could clearly be noticed that the exposure of
trol chloroplasts to MV caused significantly smaller EPR signal for plants acclimated to dark (ca. 40% less
DMPO-OOH adduct) and to GL (ca. 30% less DMPO-OOH adduct) (Fig. 2b). Observed DMPO-OOH
adduct production in chloroplasts of WT and trol plants acclimated to HL remains constant despite the
addition of MV (Fig. 2b, see Supplementary Fig. S2 online).

Accumulation of other ROS in trol chloroplasts. We have then asked whether observed reduction
of O, generation is a part of a more general ROS avoidance response which is dependent on the release
of FNR from TROL. To answer this question we have inspected the possibility of other ROS formation,
besides the superoxide anion, by using nonspecific electron spin trap Tiron. The appearance of the EPR
signal exhibiting electron hyperfine couplings of 0.36 and 0.187mT from two non-equivalent hydrogens
is indicative of Tiron semi-quinone radical (Fig. 3a) pointing to the electron addition sources in general®.
Since the focus of this study relies on the comparison between the radical productions in mutant versus
WT plants, the later experimental data were taken as referent ones and assumed to represent 100% rad-
ical yield. In this approach EPR signal intensity from Tiron incorporated in trol versus WT chloroplasts
was at least 20% larger in either dark- or GL-acclimated plants, in both dark and light EPR experimental
setups (Fig. 3b). However, Tiron-detectable ROS in HL-acclimated plants did not significantly differ from
the WT (Fig. 3b). Non-normalized experimental data for the WT and trol chloroplasts in the presence
of Tiron spin trap are shown in the Supplementary Table S2 online. We then performed the experiments
in the presence of MV. Contrary to the experiments with DMPO, in the presence of Tiron chloroplasts
of both WT and trol plants acclimated to any of the three light conditions accumulated significantly
more (= 50%) Tiron semi-quionone radicals when exposed to MV in comparison to non-exposed, the
later assumed to represent the referent 100% radical yield (see Supplementary Fig. S2 online). However,
when the EPR signals from WT chloroplasts treated with MV were taken as referent values representing
100% of Tiron semi-quinone yield, it became evident that trol chloroplasts in the presence of MV do not
generate more Tiron-detectable ROS then the MV treated WT (Fig. 3¢c). The exception are chloroplasts of
GL-acclimated trol plants, which generated about 10% less Tiron-detectable ROS when the EPR spectra
were recorded under illumination (Fig. 3c), however, statistically non-significantly.

Finally, we have determined the intactness rate of around 75% for both WT and trol chloroplasts by
the end time point of all described EPR measurements, as assayed by oxygen evolution measurements®.
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Figure 3. The EPR study of Tiron semiquinone radical formation in chloroplasts isolated from WT

and trol plants acclimated to different light conditions (dark, GL or HL). Chloroplasts were illuminated
with photosynthetic light of 100 umol photons m™ s™! for 30seconds (white columns) or kept in dark for
the equivalent time period (black columns). (a) The experimental and simulated EPR spectra of Tiron
semiquinone radical in WT; (b) Data are normalized with respect to the EPR signal of the chloroplasts
extracted from WT plants assumed to represent 100% radical yield; (c) Data from trol chloroplasts exposed
to MV normalized with respect to the data from WT exposed to MV assumed to represent 100% radical
yield. Data (mean £ SE) are analysed by one-way ANOVA and LSD post-hoc test. Data labelled with the
same lower-case letters are not significantly different. Different letters point to the experimental data that are
significantly different (p <0.05).

The fact that the generation of these radical species was independent of light exposure in the EPR
assays, indicated that generated ROS most likely involve radicals other than the O, anion.

Discussion
This work addresses a fundamental question in current photosynthesis research, namely the understand-
ing of the regulation of photosynthetic electron partitioning?'.

It has been shown that both overexpression of FNR* and its release from thylakoid membranes®
increase ROS tolerance in tobacco and wheat. These findings and the distinctive HL phenotype of trol
plants (Fig. 4) prompted us to investigate stress-relief mechanisms and chloroplast ROS generation in
trol plants pre-acclimated to different light regimes. To study the generation of ROS and to address the
fate of electrons in reactions downstream of PSI, we have employed a highly sensitive electron paramag-
netic resonance (EPR) spectroscopy™. In chloroplasts, the major site of O, production is the thylakoid
membrane-bound primary electron acceptor of PSI*>. The generation of O, may trigger the formation
of more reactive ROS like OH-, and '0,%**%. We speculated that the binding of FNR to the TROL is
important for partitioning of electrons toward energy-conserving pathway*® of NADPH production.

The EPR spin-trapping data on isolated chloroplasts indicate that there are differences in free rad-
ical generation or scavenging in WT and trol samples. Trol chloroplasts generate diminished levels of
O, in all three tested acclimation conditions. It seems that in the absence of TROL photo-generated
electrons less efficiently spill over to O,. On the other hand, it is possible that in the absence of TROL,
PSI photo-generated electrons are not passed over to O, in the first place, but reduced Fd distributes
them efliciently to any of the alternative pathways in chloroplasts (see Introduction). Here we have to
point out that TROL deficiency does not alter CET. This would imply that the FNR-driven production
of NADPH in LET is actually a rate limiting process and that some other Fd-dependent pathway is (are)
more efficient electron sink(s). That could explain the need for TROL as an FNR sequestration site in
vascular plant thylakoids. Hence, FNR has to be docked in the vicinity of Fd reduction site to prevent
Fd from transferring electrons to alternative pathways, although FNR has high affinity for reduced Fd*.
Finally, it has been shown that Fd-reduced, bound FNR cannot catalyse the photo-reduction of O,*.
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Figure 4. Phenotype of A. thaliana plants. Distinctive HL phenotype of trol plants (left) vs WT (right)
which is evident after 2-day exposure to 800 umol photons m™ s™'. Trol plants remain green, while WT
accumulates anthocyanins and starts flowering. Both conditions are considered as signs of photooxidative
stress. Tray containing trol pants was randomly spiked with WT (marked by arrows).

It is generally accepted that during the periods of photosynthesis the role of FNR in the production
of NADPH becomes dominant over its diaphorase activity (3 and references therein). In HL, stroma
is over-reduced, leading to the activation of FNR diaphorase activity and efficient ROS avoidance (see
scheme in 20,25) through so-far unknown mechanism. Trol chloroplasts produce approximately 20%
less O, compared to the WT in all pre-acclimation conditions (Fig. 2a). Even more strikingly, in trol
chloroplasts treated with the redox-cycling agent MV, 30-40% less O, can be detected, when compared
to the MV-treated WT chloroplasts (Fig. 2a). Apparently, chloroplasts of dark- and GL-acclimated trol
plants distribute electrons in such a way that MV-induced rapid O,~ production is efficiently outcom-
peted, or entirely avoided. Alternatively, in the absence of TROL-FNR interaction, soluble FNR acts as an
efficient O,~ scavenger, or FNR could be bound to alternative complexes or membrane domains which
allows that light-induced generation of O, is efficiently and rapidly diminished even in the presence of
MV. It is possible that in the HL-acclimated plants the mechanisms of O, scavenging have reached their
maximum, irrespective of TROL-FNR interaction.

In the case of the treatments with MV followed by the free radical detection with Tiron, MV con-
sumes almost all electrons from PSI to generate superoxide anion in redox-cycling process. This radical
form is subsequently quickly transformed into other radicals. Since trol chloroplasts are capable of more
efficient scavenging of superoxide anion radicals produced by MYV, it is conceivable to assume that the
generation of other free radicals is also subsequently lower (compare Supplementary Fig. S2 online,
WT-dark to trol-dark, and WT-GL to trol-GL). Consequently, Tiron can detect less other radical forms.
Here, for clarity, it has to be repeated that in the absence of MV trol chloroplasts produce 20% more
Tiron-detectable radicals than the WT (Fig. 3a).

In conclusion, three scenarios can be envisaged: first, it is possible that scavengers utilized by the
free FNR contribute to the generation of other radical forms; second, Fd efficiently passes electrons to
alternative pathways when FNR is not sequestered to the TROL, which contributes to over-reduction of
other pathways; third, electrons leak to various sinks upstream of the PSI, as the absence of the FNR
sequestration site causes slower rates of NADP* reduction and results in over-reduction of LET.

It has been proposed that FNR binding to the membrane recruitment motif of TROL and Tic62 is
mediated by changing pH and that this binding is regulated by altering light quantity conditions'-*%
Further, the assembly of different FNR-containing complexes has been implicated in regulation of elec-
tron flow*”!!. Also, it has been proposed that the recruitment of FNR to TROL and to the other anchor-
ing proteins is dynamic!®!!. Such alternative binding and release of FNR or its association with different
complexes, or electron donors/acceptors could be linked to the regulation and prioritization of different
electron transfer pathways!2?>%_ In our models, we suggest that trol chloroplasts are not capable of per-
forming the dynamic light- and/or pH-dependent FNR association with the thylakoid membranes?*?.
Finally, Lintala et al.'? have shown that tic62 trol double mutants displays distinct metabolic phenotype,
while Goss et al.** link FNR amounts and distribution with redox state of cellular glutathione.

To summarize, PSI is capable of reducing O, to O,~ 2 and the probability of this occurring increases
when the rate of reduction of Fd by PSI exceeds the rate of NADPH utilization by carbon fixing reac-
tions*!. The maintenance of electron transport under these conditions is particularly important, since the
resulting over-acidification of the thylakoid lumen down-regulates excitation of PSII*2. Present models
predict that pseudo-cyclic electron flow, over H,O, to water, is activated to restore the redox poise and
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sustain LET"". Here we demonstrate that the absence of TROL triggers much more efficient O,~ scav-
enging mechanisms. We propose that the dynamic binding and release of FNR from TROL represents
novel and eficient mechanism that maintains LET before pseudo-cyclic flow is activated. Furthermore,
we hypothesize that the FNR-TROL branch point could be the source element that modulates various
downstream networks of plant ROS detoxification.

Methods

Plant material and growth conditions. Arabidopsis thaliana (L.) ecotype Columbia (Col-0) plants
and At4¢01050 knock-out mutant line, tr0l'°, were grown on soil at 20°C under 80 umol photons m™
s7!, a 16-h photoperiod and a relative air humidity of 60% (day) and 70% (night). Two days prior to
EPR measurements plants were grown either in dark or under 80 umol photons m= s™! (GL) or 250 pmol
photons m™2 s7! (HL). Trol line has been thoroughly characterized previously'® and has been shown to
have molecular and phenotypic characteristics similar to TROL antisense line.

Chemicals. Thespintrap 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 4,5-dihydroxy-1,3-benzenedisulfonic
acid (Tiron) and N,N’-dimethyl-4,4’-bipyridinium dichloride (Methyl viologen dichloride hydrate, MV) were
purchased from Sigma Chemical Co. (St. Louis-Aldrich Corp., MO, USA).

Chloroplast isolation from A. thaliana. Intact Arabidopsis chloroplasts were isolated from 3-4
weeks old plants as described by Juri¢ et al.!®. Final sedimentation was achieved by centrifugation at
1000xg for 5min. Sediment was resuspended in buffer containing 330 mM Sorbitol and 20 mM Tris/HCl
pH 8.4. Chloroplast concentration was set to 1 mg chlorophyll per 1 ml buffer. Chloroplast intactness and
functionality was assessed by oxygen evolution measurements®. The value of intactness is given in the
Results section.

EPR measurements. The formation of ROS was measured by EPR spectroscopy using DMPO as a
specific superoxide anion spin trap molecule and Tiron as a general spin trap?*?*. Reaction mixture con-
tained chloroplasts equivalent to 50 pug chlorophyll and 10mM Tiron or 433 mM DMPO whereas in the
experiments with MV its respective concentration was 10 mM. Immediately after admission of a specific
spin trap, samples were either kept in the dark or illuminated with photosynthetic light of 100 pumol
photons m~2 s7! for 30seconds. The experiments were performed in glass capillaries (inner diameter of
1 mm) on an X-band Varian E-109 spectrometer applying the following instrumental set-up: microwave
power of 20 mW, modulation amplitude of 0.1 mT, modulation frequency of 100 kHz and scan range of 8
mT (DMPO) and 2.5mT (Tiron). Data were collected using the supplied software*® at room temperature
and analysed by EasySpin software package*:. In order to compare the EPR detected radical yield in trol
versus WT plants, data related to mutant were normalized with respect to the WT data, which were
taken as a referent ones and assumed to represent 100% radical yield. Similarly, when the samples were
exposed to MV, the results were quantified with respect to the EPR signal of chloroplasts not exposed to
MYV, which were taken as a referent ones and assumed to represent 100% radical yield.

Statistics.  All statistical analyses were carried out by using IBM SPSS Statistics software, ver. 18 (IBM
Corporation, Armonk, New York, USA). Details for the particular analyses are described in the respec-
tive Figure and Table legends.

References
1. Rochaix, J. D. Regulation of photosynthetic electron transport. Biochim. Biophys. Acta. 1807, 375-383 (2011).
2. Scheibe, R. & Dietz, K.-J. Reduction-oxidation network for flexible adjustment of cellular metabolism in photoautotrophic cells.
Plant. Cell Environ. 35, 202-216 (2012).
3. Mulo, P. Chloroplast-targeted ferredoxin-NADP* oxidoreductase (FNR): Structure, function and location. Biochim. Biophys.
Acta. 1807, 927-934 (2011).
4. Carillo, N. & Ceccarelli, E. A. Open questions in ferredoxin-NADP* reductase catalytic mechanism. Eur. J. Biochem. 270, 1900—
1915 (2003).
5. Allen, J. E. Cyclic, pseudocyclic and noncyclic photophosphorylation: new links in the chain. Trends Plant Sci. 8, 15-19 (2003).
6. Foyer, C. H. & Noctor, G. Redox homeostasis and antioxidant signalling: A metabolic interface between stress perception and
physiological responses. Plant Cell 17, 1866-1875 (2005).
7. Gill, S. S. & Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Phys.
Biochem. 48, 909-930 (2010).
8. Heber, U. & French, C. S. Effects of oxygen on the transport chain of photosynthesis. Planta 79, 99-112 (1968).
9. Asada, K. The water-water cycle in chloroplasts: Scavenging of active oxygen and dissipation of excess photos. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 50, 601-639 (1999).
10. Jurié, S. et al. Tethering of ferredoxin:NADP* oxidoreductase to thylakoid membranes is mediated by novel chloroplast protein
TROL. Plant J. 60, 783-794 (2009).
11. Twachtmann, M. et al. N-terminal structure of maize ferredoxin:NADP+ reductase determines recruitment into different
thylakoid membrane complexes. Plant Cell 24, 2979-2991 (2012).
12. Lintala, M. et al. Arabidopsis tic62 trol mutant lacking thylakoid bound ferredoxin-NADP+ oxidoreductase shows distinct
metabolic phenotype. Mol. Plant 7, 45-57 (2014).
13. Andersen, B., Scheller, H. V. & Moller, B. L. The PSI-E subunit of photosystem I binds ferredoxin:NADP+ oxidoreductase. FEBS
Lett. 311, 169-173 (1992).

SCIENTIFIC REPORTS | 5:10085 | DOI: 10.1038/srep10085 7



www.nature.com/scientificreports/

14. Quiles, J. M. & Cuello, J. Association of ferredoxin-NADP oxidoreductase with the chloroplastic pyridine nucleotide dehydrogenase
complex in barley leaves. Plant Physiol. 117, 235-244 (1998).

15. Zhang, H., Whitelegge, J. P. & Cramer, W. A. Ferredoxin:NADP+ oxidoreductase is a subunit of the chloroplast cytochrome b6f
complex. J. Biol. Chem. 276, 38159-38165 (2001).

16. Peng, L., Shimizu, H. & Shikanai, T. The chloroplast NAD(P)H dehydrogenase complex interacts with photosystem I in
Arabidopsis. J. Biol. Chem. 283, 34873-34879 (2008).

17. Benz, J. P. et al. Arabidopsis Tic62 and ferredoxin-NADP(H) oxidoreductase form light-regulated complexes that are integrated
into the chloroplast redox poise. Plant Cell 21, 3965-3983 (2009).

18. Alte, F. et al. Ferredoxin:NADPH oxidoreductase is recruited to thylakoids by binding to polyproline type II helix in a pH-
dependent manner. Proc. Natl. Acad. Sci. USA 107, 19260-19265 (2010).

19. Baniulis, D., Zhang, H., Zakharova, T., Hasan, S. S. & Cramer, W. A. Purification and crystallization of the cyanobacterial
cytochrome b6f complex. Methods Mol. Biol. 684, 65-77 (2011).

20. Vojta, L. & Fulgosi, H. [Energy Conductance from Thylakoid Complexes to Stromal Reducing Equivalents] Advances in
Photosynthesis - Fundamental Aspects [Najafpour, M.M. (ed.)] [175-190] ((InTech, , Rijeka, , 2012).

21. Goss, T. & Hanke, G. The End of the Line: Can Ferredoxin and Ferredoxin NADP(H) Oxidoreductase Determine the Fate of
Photosynthetic Electrons? Curr. Prot. Peptide Sci. 15, 385-393 (2014).

22. Benz, J. P, Lintala, M., Soll, J., Mulo, P. & Bolter, B. A new concept for ferredoxin-NADP(H) oxidoreductase binding to plant
thylakoids. Trends Plant Sci. 15, 608-613 (2010).

23. Forti, G. & Bracale, M. Ferredoxin-ferredoxin NADP reductase interaction. FEBS Lett. 166, 81-84 (1984).

24. Hanke, G. T,, Endo, T., Satoh, F & Hase, T. Altered photosynthetic electron channelling into cyclic electron flow and nitrite
assimilation in a mutant of ferredoxin:NADP(H) reductase. Plant Cell Environ. 31, 1017-1028 (2008).

25. Vojta, L., Horvat, L. & Fulgosi, H. Balancing chloroplast redox status — regulation of FNR binding and release. Period. Biol. 114,
25-31 (2012).

26. van Ginkel, G. & Raison, J. K. Light-induced formation of O,~ oxygen radicals in systems containing chlorophyll. Photochem.
Photobiol. 32, 793-798 (1980).

27. Taiwo, . A. Mechanism of Tiron as scavenger of superoxide ions and free electrons. Spectroscopy 22, 491-498 (2008).

28. Dikalov, S. I, Jiang, J. & Mason, R. P. Characterization of the high-resolution ESR spectra of superoxide radical adducts of
5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO) and 5,5-dimethyl-1-pyrolline N-oxide (DMPO). Analysis of
conformational exchange. Free Radic. Res. 39, 825-836 (2005).

29. McRae, D. G. & Thompson, J. E. Senescence-dependent changes in superoxide anion production by illuminated chloroplasts
from bean leaves. Planta 158, 185-193 (1983).

30. Hideg, E., Kélai, T. & Hideg, K. Direct detection of free radicals and reactive oxygen species in thylakoids. Methods Mol. Biol.
684, 187-200 (2011).

31. Palatnik, J. E, Valle, E. M. & Carillo, N. Oxidative stress causes ferredoxin-NADP* reductase solubilization from the thylakoid
membranes in methyl viologen-treated plants. Plant Physiol. 115, 1721-1727 (1997).

32. Takahashi, Y. & Katoh, S. Triplet state in photosystem I reaction center complex. Inhibition of radical pair recombination by
bipyridinium dyes and naphtoquinones. Plant Cell Physiol. 25, 785-794 (1984).

33. Tobin, A. K. & Bowsher, C. G. Subcellular Fractionation of Plant Tissues - Isolation of Plastids and Mitochondria — Chloroplast
Intactness. Methods Mol. Biol. 244, 57-58 (2003).

34. Rodriguez, R. E. et al. Transgenic tobacco plants overexpressing chloroplastic ferredoxin-NADP(H) reductase display normal
rates of photosynthesis and increased tolerance to oxidative stress. Plant Physiol. 143, 639-649 (2007).

35. Asada, K. Production and scavenging of reactive oxygen species in chloroplasts and their functions. Plant Physiol. 141, 391-396
(2006).

36. Yacoby, L. et al. Photosynthetic electron partitioning between [FeFe]-hydrogenase and ferredoxin:NADP*-oxidoreductase (FNR)
enzymes in vitro. Proc. Natl. Acad. Sci. USA 108, 9396-9401 (2011).

37. Hanke, G. T., Kimata-Ariga, Y., Taniguchi, I. & Hase, T. A post genomic characterization of Arabidopsis ferredoxins. Plant
Physiol. 134, 255-264 (2004).

38. Miyake, C., Schreiber, U., Hormann, H., Sano, S. & Asada, K. The FAD-enzyme monodehydroascorbate radical reductase
mediates photoreduction of superoxide radicals in spinach thylakoid membranes. Plant Cell Physiol. 39, 821-829 (1998).

39. Joliot, P. & Johnson, G. N. Regulation of cyclic and linear electron flow in higher plants. Proc. Natl. Acad. Sci. USA 108, 13317-
13322 (2011).

40. Goss, T. et al. Impact of ferredoxin:NADP(H) oxidoreductase on redox poise of the glutathione pool and Fenton reaction
capacity of thylakoid membranes: A connection to pre-acquired acclimation in Arabidopsis. Free Radical Biology and Medicine
53:842 (2012). Society for Free Radical Research International 16th Biennial Meeting, Imperial College London, September 6-9,
(2012).

41. Paul, M. J. & Foyer, C. H. Sink regulation of photosynthesis. . Exp. Bot. 52, 1383-1400 (2001).

42. Avenson, T. ], Cruz, J. A. & Kramer, D. M. Modulation of energy-dependent quenching of excitons in antennae of higher plants.
Proc. Natl. Acad. Sci. USA 101, 5530-5535 (2004).

43. Morse, P. D. Data acquisition and manipulation on the IBM PC for EPR spectroscopy. Biophys. J. 51, 440a (1987).

44. Stoll, S. & Schweiger, A. EasySpin, a comprehensive software package for spectral simulation and analysis in EPR. J. Magn. Reson.
178, 42-55 (2006).

Acknowledgments

This work has been funded by the Grants 098-0982913-2838 to HF and 098-0982915-2939 to MK of the
Ministry of Science, Education and Sports of the Republic of Croatia, and by the Grant CRP/12/017 from
the International Centre for Genetic Engineering and Biotechnology (ICGEB) to HE. We thank Zoran
Zitnik for comprehensive statistical analyses.

Author Contributions

L.V. prepared samples and designed EPR measurements, grew experimental plants, isolated chloroplasts
and thylakoids, analysed results and wrote the manuscript. D.C. designed, performed EPR measurements
and analysed EPR results. V.C. designed and performed experiments for enzymatic and non-enzymatic
anti-oxidative components measurements. J.A.D. performed enzymatic and non-enzymatic anti-oxidative
components measurements and analysed obtained results. H.L. designed experiments for pigment and
enzymatic and non-enzymatic anti-oxidative components measurements. M.K. contributed to the design

SCIENTIFIC REPORTS | 5:10085 | DOI: 10.1038/srep10085 8



www.nature.com/scientificreports/

and analysis of EPR experiments. H.E. presented the idea for this research, initiated and coordinated the
research, designed experiments, analysed the results and wrote the manuscript. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Vojta, L. et al. TROL-FNR interaction reveals alternative pathways of electron
partitioning in photosynthesis. Sci. Rep. 5, 10085; doi: 10.1038/srep10085 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10085 | DOI: 10.1038/srep10085 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	TROL-FNR interaction reveals alternative pathways of electron partitioning in photosynthesis

	Results

	Trol chloroplasts accumulate diminished levels of O2. 
	Lower amounts of MV-induced O2.− can be detected in chloroplasts of dark and growth-light acclimated trol plants. 
	Accumulation of other ROS in trol chloroplasts. 

	Discussion

	Methods

	Plant material and growth conditions. 
	Chemicals. 
	Chloroplast isolation from A. thaliana. 
	EPR measurements. 
	Statistics. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Experimental EPR spectrum.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The EPR study of DMPO-OOH spin adduct formation in chloroplasts isolated from Arabidopsis trol plants acclimated to different light conditions (dark, GL or HL).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The EPR study of Tiron semiquinone radical formation in chloroplasts isolated from WT and trol plants acclimated to different light conditions (dark, GL or HL).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Phenotype of A.



 
    
       
          application/pdf
          
             
                TROL-FNR interaction reveals alternative pathways of electron partitioning in photosynthesis
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10085
            
         
          
             
                Lea Vojta
                Dejana Carić
                Vera Cesar
                Jasenka Antunović Dunić
                Hrvoje Lepeduš
                Marina Kveder
                Hrvoje Fulgosi
            
         
          doi:10.1038/srep10085
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10085
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10085
            
         
      
       
          
          
          
             
                doi:10.1038/srep10085
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10085
            
         
          
          
      
       
       
          True
      
   




