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One sentence summary:
The plant protein redoxome shows light-dependent reduction and reoxidation dynamics
linked to Trxs f1/f2, m1/m2 and NTRC, being of different importance depending on the

extent of light variability.
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Abstract

Thiol-based redox regulation is a crucial post-translational mechanism to acclimate
plants to changing light availability. Here, we conduct a biotin-switch-based redox
proteomics study to systematically investigate dynamics of the thiol-redox network in
response to temporal changes in light availability and across genotypes lacking parts of the
thioredoxin (Trx) or NADPH-Trx-reductase C (NTRC) systems in the chloroplast. Time-
resolved dynamics revealed light leading to marked decreases in the oxidation states of many
chloroplast proteins with photosynthetic functions during the first 10 min, followed by their
partial re-oxidation after 2-6 hours into the photoperiod. This involved f, m and x-type Trx
proteins showing similar light-induced reduction-oxidation dynamics, while NTRC, 2-Cys-
Prx and Trx y2 showed an opposing pattern, being more oxidized in the light than the dark. In
Arabidopsis trxflf2, trxmIm?2 or ntrc mutants, in the light most proteins showed increased
oxidation states than wild type, suggesting their light-dependent dynamics being related to
the NTRC/Trx networks. While NTRC deficiency had a strong influence in all light
conditions, deficiencies in f- or m-type Trxs showed differential impacts on the thiol-redox
proteome depending on the light environment, being higher in constant or fluctuating light,
respectively. Results indicate plant redox proteomes to be subject to dynamic changes in
reductive and oxidative pathways to cooperatively fine-tune photosynthetic and metabolic
processes in the light. This involves f~type Trxs and NTRC to play a role in constant medium
light, while both m-type Trxs and NTRC being important to balance changes in protein

redox-pattern during dynamic alterations in fluctuating light intensities.

Key words: Thiol-based redox regulation, NADPH thioredoxin reductase, plastidial

thioredoxin, redox proteomics, light acclimation
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66 Introduction
67 Due to their sessile lifestyle, plants experience countless environmental challenges.

68 Among these environmental stimuli, light availability is probably the most crucial factor,
69  since plants rely on photosynthesis to sustain their development and growth. In nature, the
70  fluctuations of light availability occur on a time-scale of seconds to months and encompass
71 large changes in irradiance. As sessile organisms, plants have evolved sophisticated strategies
72  to rapidly acclimate to frequently changed light intensities. While proteomics studies show
73  that there are only very minor changes in the abundance of proteins in response to fluctuating
74 light (FL; Niedermaier et al., 2020) or during diurnal changes in light availability(Uhrig et al.,
75  2021), the core of these regulatory mechanisms to rapidly acclimate light fluctuations is thiol-
76  based redox regulation of proteins. This kind of redox regulation exclusively occurs at thiol
77  groups of cysteine residues, which further changes protein activity and conformation
78  (Cremers and Jakob, 2013). The reactions of such disulfide-dithiol interchange rely on a
79  group of proteins called thioredoxins (Trxs; Meyer et al., 2012).
80 Thioredoxins are 12-14 kDa proteins harboring a conserved active site, WCGPC
81  (Holmgren, 1995). Trxs usually serve as disulfide reductase to reduce and activate their target
82 enzymes using NADPH via the mediation of NADPH-dependent Trx reductase (NTR)
83  proteins (Jacquot et al., 2009). In heterotrophic organisms, there are usually one or two genes
84 encoding Trx and NTR proteins in governing numerous redox regulations (Meyer et al.,
85  2012). Intriguingly, autotrophic organisms have rather complicated redox networks. For
86  example, cyanobacteria, algae and plants usually constitute a great number of Trx and NTR
87  proteins (Geigenberger et al., 2017; Zaffagnini et al., 2019). Unlike Trx proteins of
88  heterotrophic organisms exclusively gaining reducing power from NTR proteins, the
89  chloroplastic Trxs of autotrophic organisms can also drain reducing equivalents from
90 photosynthetically reduced ferredoxin (Fdx) with the involvement of Fdx-dependent Trx
91 reductase (FTR) proteins (Schiirmann and Buchanan, 2008). In Arabidopsis, there are twenty
92  Trxs distributed in different subcellular compartments (Geigenberger et al., 2017; Zaffagnini
93 et al.,, 2019). Among these Trx proteins, the chloroplastic Trxs are of great importance for
94  chloroplast metabolism and light acclimation. With analyses in Trx mutant lines, the f-type
95  Trxs were determined as positive regulators for light-dependent carbon fixation, specifically
96  during dark-light transitions (Michelet et al., 2013; Thormihlen et al., 2013; Thormihlen et
97  al., 2015; Naranjo et al., 2016a). The m-type Trxs were found to regulate the redox state of
98 NADP-dependent malate dehydrogenase (NADP-MDH) to modulate the shuttle of reducing
99  equivalents via the malate valve (Okegawa and Motohashi, 2015; Thorméhlen et al., 2017;
100  Selinski and Scheibe, 2019). The x-type and y-type Trxs were found to be involved in
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101  antioxidation processes (Collin et al., 2004; Lamkemeyer et al., 2006; Navrot et al., 2006;
102  Bohrer et al., 2012), while the z-type Trx was proposed to regulate plastidial gene expression
103  (Arsovaetal., 2010).

104 In addition to the Fdx-Trx system, which is directly linked to light, a unique NTR
105  protein (NTRC) with joint Trx domain at its C-terminal end was discovered to use NADPH
106  to reduce the hydrogen peroxide scavenging enzyme 2-Cys peroxiredoxin (2-Cys Prx) in the
107  chloroplast (Serrato et al., 2004). Interestingly, NTRC was also found to affect broad
108  chloroplast metabolism, including the redox states of plastidial Trx targets (Serrato et al.,
109  2004; Michalska et al., 2009; Lepisto et al., 2013; Richter et al., 2013; Pérez-Ruiz et al., 2014;
110  Thormihlen et al., 2015; Carrillo et al., 2016; Naranjo et al., 2016b; Da et al., 2017). These
111  effects were shown to be mainly indirect, with the redox balance of 2-Cys Prx indirectly
112  modulating Trx-regulated enzymes (Pérez-Ruiz et al., 2017; Cejudo et al., 2019; Cejudo et al.,
113 2021; Lampl et al., 2022). However, a comprehensive analysis of the redox proteome to
114  investigate the roles of NTRC and Fdx-Trxs in more detail remains to be studied.

115 To further resolve the Trx-mediated redox network, identifying the downstream
116  targets of Trxs became a much-anticipated research topic. Over the past two decades,
117  researchers have made a great effort on identifying Trx-target proteins. The initial approach
118 to pinpoint Trx targets relies on the basis of disulfide-dithiol interchange taking place
119  between Trx and its target protein. It has been established that the N-terminal cysteine of Trx
120  active site first reacts with the disulfide bond of the target protein, leading to the formation of
121  a transient heterodimer. The C-terminal cysteine of Trx active site subsequently initiates a
122 second reaction at the target disulfide bond to resolve this heterodimer. Afterward, the
123  oxidized Trx and the reduced target protein are further dissociated (Brandes et al., 1993;
124  Holmgren, 1995). Therefore, substitution of the C-terminal active cysteine to another amino
125  acid will disrupt the dissociation between Trx and its target, stabilizing the heterodimer. This
126  monocysteinic Trx variant can serve as bait to pull down its interacting targets. Such
127  technique together with two-dimensional gel electrophoresis has been extensively applied to
128  isolate Trx targets in cyanobacteria (Lindahl and Florencio, 2003; Pérez-Pérez et al., 2000),
129  Chlamydomonas (Goyer et al., 2002; Lemaire et al., 2004) and many land plants (Balmer et
130  al., 2003; Balmer et al., 2004b; Balmer et al., 2004a; Wong et al., 2004; Yamazaki et al.,
131 2004; Marchand et al., 2006; Bartsch et al., 2008; Montrichard et al., 2009; Marchand et al.,
132 2010; Yoshida et al., 2013) in vitro. Indeed, these studies identified hundreds of potential Trx
133  target proteins that require further confirmation and evaluation, specifically to demonstrate

134  their importance in vivo or to exclude unspecific binding due to Trxs acting as chaperones.
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135 Another commonly used approach to identify Trx targets is to label the thiol group of
136  cysteine using a redox-active probe (Yano et al., 2001; Balmer et al., 2006; Alkhalfioui et al.,
137  2007; Hall et al., 2010). In addition to the qualitative application, several quantitative
138  modifications of this strategy such as biotinylated iodoacetamide (BIAM) switch assay and
139 an integrative proteomics method using cysteine-reactive isobaric tandem mass tags
140 (CysTMT, iTRAQ) differential cysteine labeling in combination with gel shifts were also
141 implemented to evaluate changes in the thiol redox status of proteins in various conditions
142  (Parker et al., 2015; Pérez-Pérez et al., 2017; Lowe et al., 2019; Zimmer et al., 2021).

143 Although a wide variety of redox proteomics approaches have been well developed, a
144  quantitative analysis of the thiol-disulfide redox proteome in response to different light
145 intensities is somewhat scarce. In the current study, we implemented the biotin switch assay
146  together with label-free quantification to evaluate the relative changes of protein oxidation
147  levels at different time points into the photoperiod and during fluctuating light intensities in
148  Arabidopsis plants. To further investigate the impact of the chloroplast thiol-redox network
149  on changes in protein oxidation levels during light acclimation, we analyzed several well-
150  characterized Trx mutants including trxfIf2 (Naranjo et al., 2016a) and trxmIm2 double
151 mutants (Thorméhlen et al., 2017) as well as the ntrc single mutant (Serrato et al., 2004) in
152  comparison to the wild type. By investigating light-dependent dynamics in the protein
153 redoxome, we demonstrated that large sets of proteins involved in photosynthetic light
154  reactions, Calvin Benson Cycle (CBC) and carbohydrate metabolism are reduced within 10
155  minutes of illumination, while they are subject to re-oxidation processes after 2-6 h into the
156  light period. Interestingly, f, m and x-type Trx proteins showed similar light-induced
157  reduction-oxidation dynamics as their photosynthetic targets, while NTRC, 2-Cys-Prx and
158  Trx y2 showed an opposing pattern, being more oxidized in the light, compared to the dark.
159  Through studying the protein redoxome in the mutant lines deficient in parts of the thiol-
160  disulfide system, we uncovered that light-dependent f- and m-type Trxs play distinct roles in
161 modulating protein oxidation states in different light conditions. While Trxs f1/f2 are more
162  important during regular growth light and in the high-light phases of fluctuating light (FL),
163  Trxs m1/m2 mainly play a role during the low-light FL phases. In contrast, NTRC was found
164 to be indispensable to modulate the oxidation-state of photosynthetic proteins in all light
165  conditions, probably due to its role to regulate oxidative signals depending on NADPH. In
166  addition to well-known photosynthetic targets, we also identified proteins involved in
167  antioxidation processes and metabolism of amino acids and proteins to be subject to light-and
168  Trx-dependent redox modulation.

169
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170  Results

171  Light leads to temporal and spatial dynamics of the leaf redox proteome involving
172  mainly proteins with photosynthetic functions located in the plastid

173 To understand effects of illumination on leaf protein redox states, we performed a
174  time-resolved study in the wild type. The design of this experiment is outlined in
175  Supplemental Figure S1A. Arabidopsis plants were grown under medium light intensity (ML,
176 150 pmol photons m™ s™' with a 12-h-dark/12-h-light regime; 22°C) for four weeks, before
177  leaf samples were harvested at different diurnal time points by freezing whole rosettes
178  directly into liquid nitrogen. We first harvested leaf samples at the end of the night (EN, dark
179  conditions), which served as the control. The following time points were 10 min (L10), 120
180  min (L120) and 360 min (L360) into the photoperiod, representing the effects of short, mid
181 and long-term illumination (Supplemental Fig. S1A). To analyze proteins that show light-
182  dependent changes in their oxidation states, leaf samples were subsequently subjected to a
183  redox-proteomics method, which is described in Supplemental Figure S1B. After protein
184  extraction in the presence of N-ethylmaleimide (NEM) to alkylate (and block) the free thiol
185  residues of cysteines, oxidized disulfides were subsequently reduced by DTT treatment, and
186  the resulting free thiol residues labeled with a redox-active biotin. The biotinylated proteins
187  were further isolated using a streptavidin resin, while mass spectrometry was used for protein
188  identification and quantification (Supplemental Fig. S1B). It must be noted, as we used NEM
189  to alkylate free thiol residues, our method mainly detected proteins subject to disulfide rather
190 than sulfenic acid modifications.

191 Using this approach, we successfully identified 1980 proteins which showed light-
192  induced changes in their oxidation states. Subsequently, proteins that have been detected in
193 less than three biological replicates were considered as low-abundance targets, and omitted
194  from the following data processing, as these identified targets were not valid for statistical
195 analyses. Then the remaining 1038 proteins were subjected to statistical analyses in
196  comparison to the EN (dark) samples. To do this, we calculated the fold changes of oxidation
197  levels between illuminated and dark samples to evaluate the effects of illumination on protein
198  oxidation states. Furthermore, we preformed ANOVA with Dunnett’s test, which yields a
199  probability value (P-value) to determine if the changes are statistically significant. Using
200  these criteria, 319 proteins were finally identified to harbor statistically significant (P<0.05)
201  changes in oxidation states in response to illumination and selected for the following analyses
202 (Supplemental Table S1).

203 Because our approach only detects the oxidized forms of the proteins, but not their

204  reduction levels, calculation of absolute reduction/oxidation ratios was not feasible. We
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205  therefore calculated the protein oxidation states at different time points into the photoperiod
206 relative to EN conditions. This approach is subject to possible errors, if there are
207  simultaneous changes in overall protein abundance during the dark-to-light transients.
208 However, a comprehensive proteomics study in Arabidopsis during the diurnal cycle showed
209  that only around 6% of the quantified proteome revealed marked changes in abundance over
210  the course of a day (Uhrig et al., 2021). By comparing the proteins identified in our present
211  study (Supplemental Table S1) with the published data set of Uhrig et al. (2021), we found
212 that only very few of the proteins that were identified to be subject to changes in oxidation
213  levels (16 out of 319) were also reported to be subject to diurnal changes in overall protein
214  levels (Supplemental Table S2). These 16 proteins listed in Table S2 were not in the focus of
215  our study. Overall this shows that, compared to redox alterations, protein abundance changes
216  are of minor importance under these conditions. Our approach is therefore appropriate to
217  evaluate dark-to-light changes in protein redox states during a time course of minutes to
218  hours.

219 To get a first overview, we grouped the 319 proteins according to their subcellular
220  localization and biological functions (Supplemental Table S1). As shown in Figure 1A,
221  around 39% of identified proteins are localized in the plastid; 21% in the cytosol and 9% in
222 mitochondria, while 31% are distributed to various other subcellular compartments. When
223 looking at their annotated functions, 13% of identified proteins are involved in
224  photosynthesis, 4% in cellular respiration, 10% in various other metabolic processes (e.g.,
225  carbohydrate, amino acid, lipid metabolism) and 7% in redox homeostasis. Interestingly, a
226  majority of 19% of identified proteins is involved in RNA and protein processes. The rest
227  (47% of identified proteins) are allocated to the group of other cellular processes and
228  unknown function (Figure 1B).

229 To further evaluate light-dependent effects on protein redox states, we performed a
230  principal component analysis (PCA). Results show that the L10 samples were clearly
231  deviated from the EN (dark) samples, while L120 and L360 samples showed a progressive
232 overlap with EN (Fig. 1C). This indicates that protein oxidation states changed dramatically
233 within the first 10 min of illumination, followed by a partial recovery at later time points. The
234 latter increased progressively with time, being more complete after 360, compared to 120 min
235  of illumination (Fig. 1C). The Venn diagram (Fig. 1D) shows the number of proteins with
236  different redox states after different time points of illumination, compared to EN (dark)
237  conditions. The non-overlapping regions of L.10, L120 and L360 sample sets comprised 24%,
238  37% and 7% of the 319 proteins showing differential oxidation states, respectively. The
239  overlapping region between L10 and L120 comprised 18% of total identified targets,

9
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240  indicating that the changes of oxidation state in these proteins endure in the short and
241  medium-term illumination. Rather few targets located in the overlapping region between
242 L360 and L10 (3% of total) as well as L360 and L120 (4% of total) suggesting that the
243  effects of longer-term light exposure on protein redox states are relatively minor when
244  compared to short-term and medium-term illumination (Figure 1D). It is worth noting that
245  there were 27 proteins (8% of total) displaying significant redox changes in all three time
246  points of illumination compared to EN (dark), including Calvin-cycle protein 12 (CP12),
247  NADP-dependent malate  dehydrogenase @ (MDH) and POSTILLUMINATION
248 CHLOROPHYLL FLUORESCENCE INCREASE (PIFI). In these proteins, light-induced
249  changes in the oxidation status were maintained independent of the duration of illumination
250  (Supplemental Table S3).

251 To further visualize the redox patterns of identified targets, we conducted an
252 unsupervised cluster analysis. The 319 target proteins showing significant changes in redox
253  state were categorized into four clusters. Clusters 1 and 3 contained the targets showing a
254  strong increase in oxidation within the first 10 min (cluster 3) or 2 h of light exposure (cluster
255 1), while there was a partial re-reduction at later time points (Fig. 1, E and G). These mainly
256  included proteins located outside the plastid (Fig. 1I) and involved in functional categories
257  outside of photosynthesis, such as other metabolic processes, redox-homeostasis and
258 RNA/protein processes (Fig. 1J). Targets in clusters 2 and 4 instead showed an opposite
259  pattern, with proteins getting strongly reduced within 10 min (cluster 4) or 2 h upon
260  illumination (cluster 2), while they underwent some re-oxidation at later time points (Fig. 1, F
261 and H). Notably, most plastidial targets (Fig. 1I) and proteins involved in photosynthetic
262  processes were categorized to clusters 2 and 4 (Fig. 1J), the percentage of these proteins
263  being highest in cluster 4 (Fig. 1, I and J). This implies that a large part of plastidial proteins,
264  especially those participating in photosynthesis, becomes reduced within the first 10 min of
265  light exposure, as a possible “kick off” signal to activate photosynthetic processes. A partial
266  re-oxidation occurs at later time points, specifically after 360 min, indicating that during
267  long-term light exposure oxidative processes come into play.

268

269  Light leads to a rapid increase in the reduction of proteins associated to photosynthesis
270  followed by their partial re-oxidation at later time points

271 To in-depth understand the effects of light exposure on protein oxidation states in the
272  wild type, we categorized the targets showing significant changes into more detailed
273  functional groups and evaluated their protein oxidation levels (Fig. 2). Within the first 10 min,

274  light led to a rapid decrease in oxidation levels of almost all identified proteins involved in

10
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275  photosynthetic light reactions (Fig. 2A), CBC (Fig. 2B) and major CHO metabolism (Fig.
276  2C). As shown in Figure 2A, 2B and 2C, these included 20 proteins of light reactions (i.e.
277  subunits of ATP-synthase, PSI and PSII reaction center, Chl a-b binding proteins, NDH, PIFI
278  and protein curvature thylakoid 1 B), 14 proteins associated to key steps of the CBC, and 19
279  proteins of major CHO metabolism, specifically starch and hexose-phosphate metabolism.
280  Intriguingly, only two target proteins listed within these categories, PsbP domain-containing
281  protein 6 (PPD6) and root isoform of FNR (RFNR1) behaved in an opposing manner, being
282  oxidized upon illumination, instead of being reduced (Fig. 2C), the RFNRI1 being not directly
283 involved in photosynthetic metabolism. It is worth noting that RFNR harbors opposite
284  properties compared to LFNR. RFNR uses NADPH derived from the oxidative pentose
285  phosphate pathway (OPPP) to reduce Fdx, which further offers reducing equivalents to the
286 enzymes involved in nitrogen metabolism (Hanke et al., 2005). Thus, the oxidation of
287  RFNRI might contribute to the active transferring of reducing power to Fdx and downstream
288 enzymes. These results reveal a whole set of photosynthetic proteins related to light reaction,
289  CBC and major CHO metabolism being subject to rapid light-dependent reduction. Indeed,
290  all identified proteins associated to the CBC showed a marked light-dependent decrease in
291  oxidation state within the first 10 min of illumination (Fig. 2B), which most likely involves
292  the Fdx-Trx system (Schiirmann and Buchanan, 2008; Yoshida et al., 2022). In confirmation
293  of this, as indicated in Figure 2, all CBC proteins and a large part of the identified proteins
294  associated to light reactions and plastidial CHO metabolism have been reported as Trx targets
295  in previous studies (Lindahl and Kieselbach, 2009).

296 While the oxidation states of these photosynthetic proteins stayed low for up to 2 h in
297  the light, they surprisingly showed increasing re-oxidation after 6 h of illumination (Fig. 2, A,
298 B and C). This indicates that after several hours of light exposure also oxidative processes
299  come into play, leading to inactivation of a large set of photosynthetic proteins. Interestingly,
300 CP12-1 and CP12-2, involved in regulatory-complex formation with phosphoribulokinase
301 (PRK) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the CBC, showed
302  specifically strong decreases in their oxidation levels after 10 min light, while there was no
303  substantial re-oxidation at later time points, indicating both CP12 proteins to be less sensitive
304 to light-dependent oxidation processes in the chloroplast.

305 To directly verify our redox proteomics results by an independent method, we
306  selected three target proteins, namely plastidial fructose 1,6-bisphosphatase (CFBP),
307  glyceraldehyde-3-phosphate dehydrogenase B (GAPB) and PRK, to be analyzed by protein
308 electrophoretic mobility shift assay to assess light-dependent kinetics of their redox states

309  using the same plant material taken for redox proteomics. The reduced thiols of proteins were

11
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310 alkylated using NEM, and the oxidized thiols of proteins were released by treating with DTT.
311  The released thiols were further labeled with methoxypolyethlene glycol maleimide, which
312  resulted in an increase of protein mass of the oxidized form, so that it became distinguishable
313  from the reduced form during gel-electrophoresis. After immunoblotting, the intensity of the
314  oxidized form was divided by the intensity sum of oxidized and reduced forms to yield the
315  oxidation percentage of the respective protein. The gel blots in Supplemental Figure S2 show
316 that all three proteins were fully oxidized in the dark (EN) yielding oxidation percentages of
317 100 % as shown in Figure 3. Compared to EN (dark), the oxidation percentages of CFBP and
318 GAPB dropped down in the first 10 min to around 30% and continued to decrease within the
319 next 2 h, while they showed subsequent re-oxidation after 6 h of light exposure
320  (Supplemental Figure S2 and Fig. 3). The oxidation percentage of the PRK protein decreased
321  very strongly already after 10 min of illumination down to levels that were hardly detectable,
322  showing that this protein was very efficiently reduced by the dark-to-light transition
323  (Supplemental Figure S2 and Fig. 3). These results obtained by gel-shift assays as an
324  independent method are in confirmation with the redox proteomics data, with the light-
325  dependent changes of the redox states of CFBP, GAPB and PRK being highly corresponding
326  between the two different methods (compare Fig. 3 and Fig. 2B). Overall, these results
327  validate our redox-proteomics data and the reliability of our experiment by an independent
328 method, indicating that the redox-proteomics method we are using here is appropriate to
329  determine light-dependent dynamics in protein redox states.

330

331 Light leads to a more complex pattern of redox changes in proteins involved in redox
332  regulation, (photo)respiration, and protein metabolism

333 While protein redox changes are most likely linked to cellular Trx systems (Baumann
334  and Juttner, 2002; Meyer et al., 2005; Geigenberger et al., 2017; Kang et al., 2019), light-
335  dependent redox dynamics of Trx proteins were also analyzed (Fig. 2, D and E). Chloroplasts
336  contain two different Trx systems, the Fdx/Trx system which is directly linked to light and
337  proposed to activate photosynthetic target enzymes, and the NTRC system which is linked to
338 NADPH and proposed as the major system to donate electrons to 2-Cys-Prx to convert H,O,
339  to H,O (Zaffagnini et al., 2019). Fdx-dependent chloroplast Trxs such as Trxs f1, f2, m1, m2,
340 m4 and x showed a rapid decrease in their oxidation states within the first 10 min, followed
341 by a re-increase after 120 and 360 min of light exposure (Fig. 2D), showing similar light-
342  induced reduction-oxidation dynamics as their photosynthetic targets (Fig. 2B). This suggests
343  f-, m- and x-types of Trxs to be subject to two opposing redox processes, leading to their

344  reduction and re-oxidation in the light. While reduction is most-likely mediated by photo-
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345 reduced Fdx via FTR, acting within seconds to minutes of light exposure (Wang et al., 2014;
346  Yoshida et al. 2022), the nature of the re-oxidation processes in the light is more obscure, but
347  may be connected to 2-Cys peroxiredoxins (2-Cys Prxs; Lampl et al., 2022).

348 In comparison to this, both NADPH-dependent NTRC and Fdx-dependent Trx y2
349  showed an opposing pattern, being oxidized in the light, compared to the dark (Fig. 2D).
350 NTRC (Kirchsteiger et al., 2009; Cejudo et al., 2012; Pérez-Ruiz et al., 2017) and Trx y2
351 (Collin et al., 2004; Shin et al., 2020) have been proposed in previous studies to act as
352  efficient electron donors to 2-Cys Prx and Prx Q, respectively, to decompose H,O, to H,O.
353 Interaction of Trx y2 with 2-Cys Prx has also been demonstrated in a further study (Jurado-
354  Flores et al., 2020), suggesting Trx y2 to be involved in re-oxidation processes related to the
355  2-Cys-Prx system. Interestingly, chloroplast 2-Cys Prxs and Prx-IIE showed similar light-
356  dependent increases in their oxidation states, compared to NTRC and Trx y2 (Fig. 2, D and
357 E). In addition to this, chloroplast superoxide dismutase 2 (CSD2) involved in antioxidative
358 function showed an even stronger rise in its oxidation state upon illumination (Fig. 2E). The
359  light-induced increase in oxidation of this set of proteins is most likely due to increased
360  peroxide and ROS production during active photosynthetic processes in the chloroplast. This
361  contrasts with other chloroplast antioxidative proteins, such as FSD1, MDAR6, GSH1 and
362 APX4, and NAD(P)-dependent MDH, showing decreases in their oxidation states upon light
363  exposure, similar to photosynthetic enzymes (Fig. 2E). This confirms previous studies,
364 showing light-dependent reductive activation of NADP-MDH involved in the export of
365 reducing equivalents from the chloroplast (Scheibe, 1991).

366 Thioredoxins are also residing outside the chloroplast, where they are reduced by
367 NADP-dependent NTRA and NTRB (Reichheld et al., 2007; Bashandy et al., 2009; Cha et al.,
368  2014). Our data show that cytosolic (Trxs A5 and 43) and mitochondrial (Trx ol) Trxs were
369  oxidized in response to light, as well as NTRA (Fig. 2D). However, oxidation of the latter
370  occurred only on a short-term basis (10 min light). Interestingly, with the exception of
371  monodehydroascorbate reductase (MDAR1) and GDP-mannose 3,5-epimerase (GME), extra-
372  plastidial glutathione peroxidases and reductases (GPX2, GPX6, GPX8 and ATGRI),
373  superoxide dismutase (CSD1) and Prx-IIF were oxidized in the light (Fig. 2E), showing a
374  similar pattern as extra-plastidial Trxs (Fig. 2D). Increased light-dependent oxidation of
375  extra-plastidial Trxs and related peroxidases is probably due to increased ROS and H,0,
376  production during photosynthesis.

377 We also identified light-dependent changes in oxidation states in several proteins
378 involved in photorespiration. Two peroxisomal enzymes, glycerate dehydrogenase (HPR) and

379  glycolate oxidase (GLO1), were markedly reduced, while two mitochondrial glycine
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380  dehydrogenase proteins (GDH1 and GDH3) were oxidized during the day (Fig. 2F),
381 indicating illumination might trigger differential redox regulation for photorespiratory
382  processes in various subcellular compartments. When plants experienced a dark-to-light
383  transition, many proteins involved in amino acid metabolism were also subject to redox
384  changes (Fig. 2G). Notably, three plastidial enzymes showed strong redox changes during the
385 day. The aspartate aminotransferase (ASP5) and the Fdx-dependent glutamate synthase 1
386 (GLUI1) underwent strong reduction upon illumination, while the NADH-dependent
387  glutamate synthase 1 (GLT1) showed an opposite redox pattern. In addition to this, we
388 identified a proposed redox-regulated enzyme, cysteine synthase (OASB; Lindahl and
389  Kieselbach, 2009), showing a strong reduction pattern during the day (Fig. 2G). It is worth
390 noting that three sulfur-assimilation-related enzymes, ATP sulfurylase (ATPS1, ATPS2 and
391  ATPS3), were significantly oxidized during the day (Fig. 2G), suggesting that also the sulfur
392  metabolism is redox-regulated in response to light.

393 Interestingly, targets involved in plastidial protein metabolism also displayed clear
394 redox changes during dark-to-light transition (Fig. 2H). These proteins were generally
395 reduced in response to light, except a 50S ribosomal protein (RPL13) and two peptide
396  methionine sulfoxide reductases (MSRB2 and MSR4). Notably, three of our identified targets
397 including the chloroplastic elongation factor (CPEFG), MSR4 and the protease (CLPPS5),
398 were proposed to be redox-regulated targets in previous studies (Fig. 2H; Lindahl and
399  Kieselbach, 2009). This may indicate that light is modulating plastidial protein homeostasis
400 by redox regulation of a large set of target proteins in chloroplasts, confirming previous
401  results showing that global translation is subject to redox-regulation in Arabidopsis (Moore et
402  al., 2016) and yeast (Topf et al., 2018).

403

404  Global changes of the redox proteome across mutants deficient in m-type Trxs, f-type
405  Trxs or NTRC under various light conditions

406 Plastidial Trx proteins are crucial for light-dependent post-translational redox-
407  regulation of photosynthetic metabolism (Collin et al., 2003; Geigenberger et al., 2017; Kang
408 et al., 2019) and subject to reduction and oxidation in response to light-dependent processes
409 (see above). To obtain more insights into the role of the plastidial thiol-redox system to
410  regulate the cellular thiol-redox proteome, Arabidopsis mutants lacking parts of the Fdx-Trx
411  or NADPH-NTRC systems were analyzed. We selected mutants lacking f-type (trxf1f2) and
412  m-type Trxs (trxmIm2) as major and important parts of the chloroplast Fdx-Trx system, and
413  the ntrc mutant lacking NADPH-dependent NTRC in the plastid. All three T-DNA insertion

414  mutants have been extensively characterized in previous studies (Serrato et al., 2004; Naranjo
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415 et al., 2016a; Thormihlen et al., 2017). For confirmation, expression levels of the respective
416  genes were evaluated in these mutants, using real-time qPCR (Supplemental Fig. S3). As
417  expected, Trx f1 and f2 signals were undetectable in the frxflf2 double mutant, and no NtrC
418  signal was detected in the nfrc mutant, indicating both lines to be null mutants. In the
419  trxmlIm?2 double mutant, no Trx m1 signal was detected, while the expression of Trx m2 was
420  decreased down to approx. 60% of wild-type levels. Plants were grown in two different light
421  conditions: In medium light (ML) as in the experiments described above, and in fluctuation
422  light (FL) consisting of rapidly alternating high light (HL) and low light (LL) phases of 1 and
423 5 min, respectively. To waive potential diurnal effects and focus on investigating the roles of
424  Trxs and NTRC in maintaining protein redox states, whole rosette leaves were harvested at
425  six hours into the photoperiod for redox proteomics analyses.

426 Through the biotin-switch approach, we successfully identified 2220 proteins with
427  redox-active Cys residues. After removing low-abundance targets (detected in less than 3
428  biological replicates) and subsequent statistical analyses (ANOVA with Dunnett’s test), 772
429  proteins were selected for the following analyses, which showed significant changes (P<0.05)
430  in their oxidation levels when compared to the wild-type (Supplemental Table S4). Since the
431 redox proteomics method used in this study does not provide absolute oxidation/reduction
432  ratios of proteins (see above) we calculated the protein oxidation states of the mutants
433  relative to the wild type. Data from a recent proteomics study indicate that this approach is
434  not subject to substantial errors with respect to changes in protein abundance. Indeed, in
435  constant ML or FL conditions, there were only minor changes in the overall abundance of
436  proteins in trxf1, trxmIm2 and ntrc mutants, relative to wild type (Dziubek et al., 2023). A
437  comparison of our present data set (Supplemental Table S4) with those of Dziubek et al.,
438  (2023) pinpointed only 49 of the proteins that are relevant to the subsequent analyses and
439  shown in the following data displays to reveal significant changes in protein abundance in the
440 mutants relative to wild type (Supplemental Table S5). More crucially, as revealed in
441  Supplemental Table S5, these proteins showed only very minor changes in their quantified
442  levels (less than 3%) when mutants were compared to the wild type, indicating that changes
443  in protein expression levels can be neglected as possible errors in our study.

444 The identified targets were grouped according to their subcellular localization and
445  biological functions (Fig. 4, A and B). Most targets were localized in plastid (37% of total),
446  cytosol (25% of total) and mitochondria (9% of total), while the rest (29% of total) distributes
447  to other subcellular compartments (Figure 4A). As shown in Figure 4B, a large set of targets
448  was associated to photosynthesis (13% of total), cellular respiration (5% of total), metabolic

449  pathways (16% of total), redox homeostasis (5% of total) and RNA/protein processes (26%
15
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450  of total), while those remaining (36% of total) were allocated to the group of other cellular
451  processes and unknown functions (Fig. 4B).

452 We further performed PCA to visualize the effects of various light conditions on
453  protein oxidation levels in different genotypes. In ML, the four genotypes formed four
454  different clusters. The cluster of the trxfIf2 double mutant was close to the wild type (Col-0)
455  with a slight overlapping, while the clusters of trxmIm2 and ntrc mutant lines stayed close to
456  each other but were clearly deviated from the clusters of Col-0 and #rxfIf2 (Fig. 4C). When
457  looking at the HL phases of FL, the clusters of trxfIf2 and ntrc clearly deviated from the
458  wild-type cluster, while the cluster of trxmim2 was largely overlapping with the clusters of
459  Col-0 and ntrc (Fig. 4D). In the LL phases of FL, the trxfIf2 double mutant clustered together
460  with the wild type, while both trxmim2 and ntrc clustered differently and clearly deviated
461  from the wild type (Fig. 4E). Taken together, these data indicate that f-type Trxs, m-type Trxs
462 and NTRC have differential effects on the redoxome in ML, while in FL, f~type Trxs have a
463  more specific effect on the redoxome in the HL phases, but m-type Trxs and NTRC in the LL
464  phases.

465 Furthermore, we used Venn diagrams to visualize specific mutant effects on protein
466 redox states in different light conditions. In ML, the nfrc mutants harbored 26% of identified
467  proteins showing marked changes in their oxidation levels with respect to the wild type,
468  suggesting a major role of NTRC in regulating global protein redox states, while the trxf1f2
469 and trxmIm2 double mutants comprised only 14% and 13% of identified proteins,
470  respectively (Fig. 4F). Comparable amounts of targets resided in the overlapping region
471  between trxflf2 and ntrc (18% of total) as well as trxmIm2 and ntrc mutant lines (15% of
472  total), indicating NTRC to influence the redox states of both f and m-type Trx target proteins,
473  most likely in an indirect manner (Pérez-Ruiz et al., 2017). Nevertheless, only 4% of
474  identified proteins were located in the overlapping region between trxfIf2 and trxmiIm?2
475  mutants (Fig. 4F), indicating the target specificities of f and m-type Trxs being rather distinct.
476  Interestingly, there were 10% of identified proteins showing differential changes in their
477  oxidation states with respect to the wild type in either of trxfIf2, trxmIm2 or ntrc mutant lines.
478 In FL, the ntrc mutant comprised the largest number of identified proteins showing
479  significant changes in their oxidation levels relative to the wild type, in both HL (26% of total;
480 Fig. 4G) and LL phases (31% of total; Fig. 4H). Interestingly, deficiencies of f~type Trxs led
481  to larger changes in protein redox states (24% of total) in the HL phases (Fig. 4G) than in the
482  LL phases (5% of total; Fig. 4H). This contrasts with deficiencies in m-type Trxs, which led
483  to larger effects in the LL phases (20% of total) than in the HL phases (14% of total) of FL

484  (Fig. 4H). The number of identified proteins residing in the overlapping regions between ntrc
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485 and trxmIm2 were higher than in those between ntrc and trxflf2, specifically in the LL
486  phases (Fig. 4, G and H). This indicates a differential impact of f- and m-type Trxs on their
487  target proteins in the HL and LL phases of FL, reflecting the different influence of NTRC on
488  the redox states of these target proteins in the different light phases, which is mainly due to
489 indirect effects (Fig. 4, G and H). Similar to ML conditions (Fig. 4F), in both HL. (Fig. 4G)
490 and LL phases of FL (Fig. 4H) only 4% of the identified proteins were located in the
491  overlapping region between trxfIf2 and trxmIm2 mutants, indicating very distinct target
492  specificities of f- and m-type Trxs independent of the light conditions.

493

494  Deficiencies in f-type Trxs, m-type Trxs or NTRC differentially affect the redox
495  proteome of photosynthesis and carbohydrate metabolism dependent on the light
496  conditions

497 To further understand the contribution of plastidial thioredoxins (pTrxs) on the global
498 redox proteome, we calculated the fold changes of protein oxidation levels in the mutant lines
499  with respect to the wild type and categorized the targets showing significant difference
500 (ANOVA with Dunnett’s test) into more detailed functional groups (Supplemental Table S4).
501 In ML, deficiencies in f-, m-type Trxs or NTRC similarly led to a diverse pattern in the
502  oxidation levels of proteins of the different photosystems (Fig. 5, A and B). When looking at
503 the detailed changes of respective proteins, many PSI proteins became more oxidized, while
504  several oxygen evolving enhancer proteins and PSII proteins were getting reduced in the
505  trxfIf2 mutants, compared to the wild type (Fig. 5, A and B). In comparison to the wild type,
506  deficiency of NTRC led to a diverse redox pattern on PSI proteins, while the changes of PSII
507  proteins in the ntrc mutant were similar to those in the #rxf1f2 mutant. In the trxmIm2 double
508 mutant, a large set of PSII proteins became more oxidized compared to the wild type, while
509 the redox changes of PSI proteins were more diverse (Fig. 5, A and B). It is worth to note that
510 deficiencies of f-, m-type Trxs or NTRC led to a mild increase in oxidation pattern in most
511 electron carriers and ATP synthases except the cytochrome b6f proteins (PETA and PETC;
512 Fig. 5C).

513 In contrast to this, during FL, the frx and ntrc mutant lines displayed distinct redox
514  patterns in photosystem proteins. In the trxfif2 double mutant, the PSI proteins underwent
515 diverse and minor redox changes (Fig. 5A), while the PSII proteins showed a general
516 reduction pattern during the HL phases, compared to the wild type. Such reductive pattern
517  was mitigated during the LL phases (Fig. 5B). Deficiency of ntrc led to marked reduction in
518 most PSI proteins during either HL or LL phases. The redox patterns of PSI proteins in

519  tramIm2 mutants were similar to those in nfrc mutants during the HL phases, while such
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520 reduction pattern was not maintained during the LL phases (Fig. 5A). When looking at the
521  PSII group, the ntrc mutants showed a reduction pattern in oxygen-evolving proteins, but an
522  oxidation pattern in other PSII reaction center proteins and chlorophyll-binding proteins,
523  compared to the wild type. Such redox changes became more significant in the ntrc mutants
524  during the LL phases (Fig. 5B). The redox patterns of PSII proteins in trxmIm2 were similar
525 to those in ntrc¢ mutants. It is worth noting that the trxfIf2 mutants exhibited a consistent
526  reduction pattern on D1, CP47 and CP43 proteins (PSBA, PSBB and PSBC), while the
527  trxmIm2 mutants displayed opposite redox patterns on these three targets. This suggests f and
528  m-type Trxs to be involved in an opposing manner in the assembly and repair of PSII. Indeed,
529 it has been proposed that the m-type Trxs play a role in the biogenesis of PSII (Wang et al.,
530  2013). Compromising f-type Trxs merely led to reduction of several ATP synthase proteins
531 compared to the wild type (Fig. 5C). Nevertheless, deficiencies in m-type Trxs or NTRC
532  similarly resulted in oxidation of most ATP synthase proteins during the HL phases, while
533  such redox changes became less significant during the LL phases (Fig. 5C). Interestingly, in
534  the ntrc mutants, the redox patterns of PETA and two ATP synthases (AT4G32260 and
535  ATPF) appeared to be opposite between HL and LL phases (Fig. 5C). Taken together, the
536  diverse redox changes of photosystem proteins in the different mutants indicate that different
537  types of Trxs differentially affect the redox state of proteins of the photosynthetic light
538  reactions.

539 Looking at enzymes of the CBC, deficiencies in Trxs f1/f2, Trxs m1/m2 or NTRC led
540 to increased oxidation states of the respective proteins (Fig. SD). This is in line with previous
541  studies showing CBC enzymes to represent clear and confirmed targets of f~- and m-type Trxs
542  with different affinities, (Lindahl and Kieselbach, 2009; Yoshida et al., 2015; McFarlane et
543 al., 2019; Yu et al., 2020), while the effect of NTRC on the redox state of these targets was
544  shown to be indirect (Ojeda et al., 2017; Pérez-Ruiz et al., 2017). Interestingly, there were
545  differences in the impact of these thiol-redox regulators on the redox-state of CBC targets
546  depending on the light conditions. In ML, deficiencies of f-type Trxs or NTRC resulted in
547  marked oxidation of almost all CBC proteins, while compromising m-type Trxs hardly
548  affected the oxidation states of these targets (Fig. 5D). In FL, a different situation emerged. In
549  the HL phases of FL, all three mutant lines displayed largely similar oxidation levels of CBC
550 proteins, except a reduction in CP12-1 in the trxmIm2 double mutant. When shifted to the LL
551  phases, the redox states of most CBC enzymes remained oxidized in the trxmIm2 and ntrc
552  mutant lines, while those of the #rxfIf2 mutants showed a re-reduction to wild-type levels
553  (Fig. 5D). While these results are in line with the generally accepted roles of Fdx-Trxs and
554 NADPH-NTRC to modulate the reduction and hence the activation state of CBC enzymes
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555  (Michelet et al., 2013) they surprisingly show their different impacts depending on the light
556  conditions. Specifically, our results indicate different impacts of f~type and m-type Trxs in
557  reducing CBC enzymes in ML and FL conditions, with m-type Trxs playing a more important
558 role in FL than in ML, and f-type Trxs being more important in ML and HL, rather than LL.
559 Next, we looked at the group of major CHO metabolism in the plastid. In ML,
560 deficiencies of f-type Trxs led to a general oxidation of most CHO metabolism enzymes,
561  while compromising m-type Trxs had only very minor effects on the redox states of these
562  targets (Fig. 5SE). Deficiency of NTRC resulted in diverse impacts on the redox states of CHO
563  metabolism enzymes: A set of starch degradation enzymes was more reduced, while the CHO
564 anabolic enzymes, including the well-known NTRC target, APS1, involved in starch
565  synthesis, were more oxidized in the nfrc mutants compared to the wild type (Fig. SE). In FL,
566 no clear redox change of CHO metabolism enzymes was observed in the trxfIf2 mutants.
567  Nevertheless, during the LL phases, compromising m-type Trxs or NTRC led to a general
568 oxidation in a large set of CHO metabolism enzymes (Fig. SE). With respect to the redox
569  regulation of CHO enzymes, this indicates f~type Trxs to play a major role in ML, while m-
570 type Trxs appear to be more important in FL. Compromising NTRC led to increased
571  oxidation of CHO enzymes in all light conditions, suggesting a more general role of NTRC in
572  light regulation of carbohydrate metabolism. Notably, the RFNR1 was markedly reduced in
573  the trxflf2 and ntrc mutant lines compared to the wild type in ML, and such reduction pattern
574  was exacerbated only in the trxf1f2 mutants during the HL phases of FL. Nevertheless, in the
575  ntrc mutants, the redox state of RFNR1 was not altered during the HL phases but became
576  more oxidized during the LL phases (Fig. 5E). Considering that the RFNR1 mediates the
577  electron transfer between oxidative pentose phosphate pathway (OPPP) and downstream
578  enzymes (Hanke et al., 2005), it is likely that the f~type Trxs and NTRC can regulate RFNR1
579  redox states to further modulate OPPP.

580 It has been reported that NTRC is involved in tetrapyrrole biosynthesis by regulating
581 magnesium chelatase (Richter et al., 2013). Indeed, the target proteins of tetrapyrrole
582  metabolism were more oxidized in the nfrc mutants compared to the wild type in ML,
583  confirming the positive role of NTRC in chlorophyll biosynthesis (Fig. 5F). In addition,
584  several targets of tetrapyrrole metabolism appeared to be more oxidized in the trxfIf2 and
585  trxmIm2 mutants compared to the wild type (Fig. 5F), indicating both f and m-type Trxs also
586  to participate in chlorophyll metabolism, as has been reported previously (Da et al., 2017;
587  Wittmann et al., 2023). Increased oxidation of these proteins was maintained in the HL
588  phases of FL, with some exceptions showing rather reduced status compared to the wild type

589  (Figure 5F). Notably, the protoporphyrinogen oxidase (PPOX1) was dramatically reduced in
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590 the trxflf2 and ntrc mutant lines during the LL phases. Furthermore, the protochlorophylide
591 reductases (PORB and PORC) and glutamyl-tRNA reductase (HEMA 1) underwent reduction
592  exclusively in the ntrc mutants during the LL phases, compared to WT (Fig. 5F).

593

594  Deficiencies in f-type Trxs, m-type Trxs or NTRC affect the oxidation states of proteins
595 involved in redox homeostasis, photorespiration, nitrogen and sulfur metabolism

596 We also evaluated the role of Trxs to catalyze redox changes in proteins involved in
597  redox homeostasis. In ML, deficiencies of f~type Trxs or NTRC led to diverse redox changes
598 in plastidial targets, while lack of m-type Trxs hardly changed the redox states of most targets
599  (Fig. 6A) with the exception of superoxide dismutase [Fe] 1 (FSD1), which underwent
600 marked oxidation in the frxmIm2 mutant, but significant reduction in the ntrc¢ mutant.
601  Another superoxide dismutase [Cu-Zn] 2 (CSD2) and glutathione peroxidase (GPX1) were
602  greatly oxidized in the ntrc mutant (Fig. 6A). Moreover, compromising the m/f-type Trxs or
603 NTRC led to general reduction patterns in extra-plastidial targets including peroxiredoxins
604 and enzymes of ascorbate-glutathione (AsA-GSH) cycle (Fig. 6A). Interestingly, there were
605 changes in the redox pattern in the different phases of FL. In the HL phases, the different
606  mutants led to similar changes as in ML, with the exception that in the ntrc mutant, CSD2
607 and GPXI1 were less oxidized, while FSD1, Fdx-Trx reductase (FTRC), peroxiredoxins, and
608 GSH S-transferase (DHA3) were more reduced, compared to the ML (Fig. 6A). This
609 contrasts with the LL phases, where a set of targets including malate dehydrogenase (NADP-
610 MDH), 2-Cys peroxiredoxin (BAS1), BAS1-like protein (2-Cys Prx B) and certain enzymes
611  of AsA-GSH cycle (APX4 and MDARG6) showed strongly increased oxidation states in the
612  trxmIm?2 and ntrc and mild increases in frxfIf2 mutants, compared to HL phases of FL. or ML
613  (Fig. 6A). These redox changes of NADP-MDH are in line with a previous study using
614  Arabidopsis mutants documenting that m-type Trxs and NTRC are involved in the activation
615  of plastidial NADP-MDH in vivo (Thormihlen et al., 2017). In contrast to m-type Trxs,
616  NTRC is acting via an indirect mechanism, since it did not lead to a reduction of NADP-
617 MDH via direct interaction in-vitro (Delgado-Requerey et al., 2023). Interestingly,
618  chloroplast NAD-MDH was slightly reduced, indicating that the oxidation states of NAD and
619 NADPH dependent MDHs located in the chloroplast responded differently after transfer from
620 ML to FL. Furthermore, FTRC protein involved in Trx reduction was strongly reduced in all
621  three mutant lines in FL, but not ML. With respect to the redox changes in extra-plastidial
622  targets involved in redox homeostasis in FL, compared to ML, there was a clear tendency to
623 increased oxidation states in most of the proteins in all three mutants. This was especially

624  marked in the LL phases of FL (Fig. 6A).
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625 There is evidence for cross talk between NTRC, 2-Cys Prx and Trxs f (Pérez-Ruiz et
626  al., 2017) or Trxs m (Delgado-Requerey et al., 2023) in vivo. We thus investigated the redox
627  changes of the other types of Trxs and Trx reductases in the selected mutant lines (Fig. 6B).
628 In ML, deficiency of f-type Trxs elicited an increased reduction in Trx m2 and a reduction
629  pattern in other Trxs, including plastidial Trxs m1, m4, x and NTRC as well as cytosolic Trxs
630 K3 and hS, while the plastidial ACHT?2 protein was more oxidized. Combined deficiencies of
631  Trxs ml and m2 instead led to increased oxidation of Trxs m3 and m4 in the plastid, while
632  there was a decrease in the oxidation of extra-plastidial Trxs, specifically Trx A3 and hS5
633  proteins in the cytosol. In response to NTRC deficiency, surprisingly, the oxidation of all
634  other Trxs and Trx reductases was mitigated, except for cytosolic Trxs A3 and hS showing
635  strong decreases in their oxidation states (Fig. 6B). In FL, all three different mutants showed
636  increased oxidation patterns in other Trxs and Trx reductases, when compared to ML (Fig.
637  6B). In the HL phases of FL, the rise in the oxidation states of those proteins was stronger
638  than in LL phases, while ntrc and trxmIm2 mutants showed more increased oxidation states
639  than trxflf2 mutants, specifically with respect to the plastidial Trxs f2, m3, m4, y2, x, like-4,
640 and ACHT2, and all extra-plastidial Trxs (Trxs A3, hS, ol and NTRA). Taken together,
641  deficiencies in f, m-type Trxs or NTRC led to differential effects in the redox states of other
642  Trxs and Trx reductases dependent on the light conditions. While there were some mild
643  decreases in oxidation in ML, oxidation states of most of those proteins were strongly
644 increased in FL, specifically in the HL phases, with ntrc and trxmIm2 having a much greater
645  impact than trxflf2 mutants. This shows that in FL environments, NTRC and Trxs m1/m2 are
646  specifically important to keep the other types of Trxs in a reduced state, also outside the
647  plastid boundaries.

648 With respect to proteins of photorespiratory processes, all three mutants showed
649 increased oxidation states, compared to wild type (Fig. 6C). In ML, trxfIf2 and ntrc mutants
650  showed the strongest effects on these photorespiratory targets, while in FL, specifically in the
651 LL phases the impacts of trxmIm2 and ntrc were more marked than those of rxfIf2.
652 Interestingly, two glycine cleavage system proteins (GDH1 and GDH2) became less oxidized
653  in trxmIm2 and ntrc mutants in ML, while they showed a strong increase in oxidation in all
654  three mutant lines in the LL phases of FL (Fig. 6C). Considering that most targets of
655  photorespiration reside outside plastids, it is unlikely that the pTrxs or NTRC can directly
656  modulate their redox states. Thus, the observed protein-redox changes are most likely the
657  result of inter-organellar redox transfer by mechanisms such as the malate valve.

658 Following a similar pattern, almost all enzymes involved in plastid nitrogen and sulfur

659  metabolism showed increased oxidation states in all mutants, compared to wild type (Fig.
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660 6D). This involved several important enzymes such as sulfite reductase (SIR), glutamine
661  synthetase (GLN2), Fdx-dependent glutamine synthase 1 (GLUIl) and aspartate
662  aminotransferase (ASPS5), with SIR and GLN2 being suggested to be subject to redox-
663  regulation in previous studies (Lindahl and Kieselbach, 2009). In ML, the impacts of trxfIf2
664 and ntrc were stronger than those of trxmim2 mutants, while in the LL phases of FL, the
665  impacts of trxmIm2 became more dominant, while those of trxfIf2 became diminished. This
666 indicates f-, m-type Trxs and NTRC to be of general importance to keep the reduction states
667  of enzymes of nitrogen and sulfur metabolism in a reduced state to optimize their activities in
668  response to light. In this respect, the impacts of f~type and m-type Trxs were found to be
669 different depending on the light conditions, being higher in ML and LL phases of FL,
670  respectively.

671

672  Deficiencies in f-type Trxs, m-type Trxs or NTRC affect the oxidation states of proteins
673 involved in secondary metabolic pathways and protein homeostasis

674 We also looked at mutant effects on oxidation states of enzymes involved in other
675  metabolic processes, such as lipid, nucleotide and secondary metabolism. Overall the three
676  different mutants showed increased oxidation states of most of the proteins involved in these
677  pathways, when compared to wild type (Supplemental Fig. S4). This included key enzymes
678 of plastidial isoprenoid synthesis which have been suggested to be regulated by
679  thiol/disulfide modulation in previous studies (Supplemental Fig. S4; Lindahl and Kieselbach,
680  2009) and shown to be involved in the methylerythritol 4-phosphate (MEP) pathway (i.e., 1-
681  deoxy-D-xylulose 5-phosphate reductoisomerase, DXR; 4-hydroxy-3-methylbut-2-en-1-yl
682  diphosphate synthase and reductase, ISPG and ISPH) and in the xanthophyll cycle
683  (violaxanthin de-epoxidase, VDEI), where impacts of the different mutants on oxidation
684  states were strongly dependent on light conditions. While in ML the oxidation states of these
685 proteins were substantially increased, such oxidation patterns were mitigated in the HL
686  phases, while there was a strong re-increase in the LL phases of FL (Supplemental Fig. S4).
687  These dramatic changes in the oxidation pattern of these proteins between HL and LL phases
688  of FL occurred within 1-4 min and were specifically marked in trxmIm2 and ntrc mutants.
689  This indicates that NTRC and Trxs m1/m2 are specifically important to balance the redox
690  states of key enzymes of isoprenoid and zeaxanthin synthesis during rapidly altering HL and
691 LL. The impacts of NTRC and Trxs m1/m2 were specifically strong with respect to VDEI,
692 the key enzyme of zeaxanthin synthesis, which is crucial to decrease the photochemical
693 efficiency of photosystem II by increasing heat dissipation via non-photochemical quenching

694 (NPQ) to allow photoprotection during HL stress (Hieber et al., 2000). In confirmation to this,
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695  both, NTRC and Trxs m1/m2 were found to affect NPQ in the HL. phases of FL (Thorméhlen
696 etal., 2017).

697 Among the identified proteins, a surprisingly large set of targets involved RNA and
698  protein processes in the plastid (Fig. 4B). We therefore had a closer look on genotypic
699  changes in the oxidation states of these plastidial proteins (Supplemental Fig. S5). In ML, a
700 large set of 30S and 50S ribosomal proteins and the elongation factors TUFA, emb2726 and
701  CPEFG showed increases in their protein oxidation levels in all three mutant lines, compared
702  to the wild type (Supplemental Fig. S5). This involved also proteins which have been
703  suggested to be subject to thiol/disulfide regulation in previous studies (Supplemental Fig. S5;
704  Lindahl and Kieselbach, 2009). Compared to ML, the oxidation levels of most of these
705  proteins were found to be decreased in all three mutants in FL, specifically in the LL phases,
706  where a set of 50S ribosomal proteins displayed a marked decrease in their oxidation states
707  (Supplemental Fig. S5). Although deficiencies in f-, m-type Trxs or NTRC showed clear
708 impacts on the oxidation levels of these ribosomal proteins, whether such redox changes
709 affect protein metabolism requires further investigations.

710

711  Discussion

712 Previous proteomics studies showed light variability with respect to diurnal changes
713  (Uhrig et al., 2021) or fluctuating light (Niedermaier et al., 2020; Dziubek et al., 2023) to be
714  associated with only minor changes in the overall abundance of proteins, pointing to the
715  importance of thiol-disulfide modulation to regulate protein functions in response to light
716  changes. However, in this context, our knowledge on the light-dependent dynamics of the
717  plant redoxome is still scarce. In the present study, we performed biotin-switch based redox
718  proteomics to systemically investigate the dynamics of light-dependent plant thiol-redox
719  networks. By analyzing Arabidopsis plants at different time points into the photoperiod, we
720  revealed illumination to lead to a marked increase in the reduction of a large set of proteins
721 involved in photosynthetic processes during the first 10 min, followed by their partial re-
722  oxidation after 2-6 h. Interestingly, f, m and x-type Trx proteins showed similar light-induced
723  reduction-oxidation dynamics as their photosynthetic targets, while NTRC, 2-Cys-Prx and
724  Trx y2 showed an opposing pattern, being more oxidized in the light, compared to the dark.
725  This indicates the Trx/NTRC systems to be involved in, both, light-dependent reduction and
726  re-oxidation dynamics. By analyzing Arabidopsis trxfIf2, trxmIm2 and ntrc mutants, we
727  found most protein targets to show increased oxidation states, compared to the wild type,
728  suggesting their light-dependent decreases in oxidation states to be related to Trxs.

729  Interestingly, f- and m-type Trxs were found to have different impacts on the thiol-redox
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730  proteome depending on the light conditions, with the impacts of Trxs f1/f2 to be higher in ML,
731  while those of Trxs m1/m2 being increased in the LL-phases of FL. Compared to this, NTRC
732  was found to have a strong impact in all light conditions. This indicates f-type Trxs, m-type
733  Trxs and NTRC to be of general importance to keep the light-dependent thiol-redox proteome
734 in a reduced state to optimize the functions of the constituent proteins, while they show
735  different impacts depending on the light conditions.

736

737  Light leads to reduction and re-oxidation dynamics of the plastid thiol-redox proteome
738 Our redox proteomics study shows that proteins revealing significant light- and Trx-
739  dependent changes in their oxidation states were preferentially localized in the plastid (Fig.
740 1A and 4A) with photosynthesis being a major function (Fig. 1B and 4B). This is in
741  agreement with a previous study, investigating the differential redox-modified proteins
742  between regular growth light (GL) and FL in Arabidopsis, showing most proteins are
743  localized in chloroplasts (Chen et al., 2022). Moreover, another redox proteomics study
744  conducted in tobacco plants subjected to a very short-term dark-to-light transition also found
745  that the identified proteins with redox-regulated and light-responsive properties are mainly
746  localized in chloroplasts, even though the authors claimed their redox proteomics approach
747 may not be suitable for proteins with multiple redox forms (Zimmer et al., 2021).
748  Furthermore, a thioredoxome study in Chlamydomonas also found approx. 30% of 1188 Trx
749  targets reside in chloroplasts (Pérez-Pérez et al., 2017). Taken together, light-dependent
750  dynamics of the plant redox proteome are mainly localized to the chloroplast, where they are
751  subject to the Trx systems linked to photo-reduced Fdx and NADPH-dependent NTRC.

752 When light-dependent changes in our redox proteomics data were analyzed in more
753  detail, a large set of proteins involved in photosynthetic light reaction, CBC and carbohydrate
754  metabolism showed marked decreases in their oxidation states within 10 min of illumination,
755  compared to the dark (Fig. 2A). This observation is in line with the commonly accepted
756  notion suggesting that illumination induces a rapid reductive signal pathway to activate
757  chloroplast metabolism (Michelet et al., 2013). In confirmation to this, there was a rapid
758  decrease in the oxidation states of chloroplast Trxs of f-type, m-type and x-type (Fig. 2D),
759  which use electrons from photoreduced Fdx to reduce and activate plastidial targets.
760  Interestingly, although such reduction patterns sustained within the next 2 hours of light
761  exposure, oxidation levels increased again, returning almost to initial dark levels after six
762  hours of illumination, indicating the occurrence of re-oxidation dynamics later in the
763  photoperiod (Fig. 2, B and C; confirmed by an independent method in Fig. 3). This re-

764  oxidation pattern was accompanied by increased oxidation states of f-, m- and x-type Trxs
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765  (Fig. 2D), which are probably attributable to an oxidation loop via 2-Cys-Prx (Zaffagnini et
766  al. 2019). Interestingly, our present data show that 2-Cys-Prx, NTRC and Trx y2 are oxidized
767  in the light, which supports this notion (Fig. 2, D and E).

768 Similar reduction and re-oxidation processes were previously documented when
769  investigating the redox changes of NADP(H) couples during the dark-to-light transition,
770  where the ratio of NADPH to the total pool of NADP+NADPH rapidly increased upon
771  illumination, while recovering to the dark level after merely 3 min of light (Heber and
772  Santarius, 1965; Dietz and Hell, 2015). Moreover, a recent study using biosensors to monitor
773  cellular redox signals revealed that the Fdx-mediated reductive signals interact with the 2-
774  Cys Prxs-mediated oxidative signals to fine-tune photosynthetic processes (Lampl et al.,
775  2022). In fact, deficiencies of 2-Cys Prxs were reported to facilitate the reduction of certain
776  CBC enzymes (Pérez-Ruiz et al., 2017). Moreover, co-incubating oxidized 2-Cys Prx with
777  plastidial Trxs can effectively inactivate CFBP and MDH activities (Vaseghi et al., 2018). In
778  this context, the light-dependent increase in H,O, may account for the substantial oxidation
779  of 2-Cys Prxs and its electron donor, NTRC, during the day (Fig. 2, D and E), as both
780  components need to serve as electron sinks to maintain the oxidative signal transduction.
781  Moreover, oxidation of NTRC in the light may also be due to the reoxidation pattern of the
782  NADPH/NADP redox couple after 3 min of illumination (Heber and Santarius, 1965; Dietz
783  and Hell, 2015). The finding that NTRC is oxidized in the light is in line with its proposed
784  mechanism to act indirectly on plastidial targets via 2-Cys Prx (Pérez-Ruiz et al., 2017),
785  rather than by their direct reduction (Ojeda et al., 2017). Interestingly, also Trx y2 has been
786  proposed in previous studies to act as efficient electron donor to 2-Cys Prx (Collin et al.,
787  2004; Jurado-Flores et al., 2020; Shin et al., 2020), while it was shown to be inefficient to
788  directly reduce CBC proteins (Collin et al., 2004; Yoshida et al., 2015). The reason for this
789  unexpected specificity of Trx y2 remains to be determined. In summary, our redox
790  proteomics data reveal re-oxidation dynamics in the light, with the reduction and re-oxidation
791  network being linked to the Fdx-FTR and NTRC-2-Cys-Prx systems, respectively, while
792  plants use this redox network to fine-tune photosynthetic processes during the day.
793  Interestingly, such 2-Cys Prxs-mediated protein oxidation is also characterized in human cell
794  lines (Stocker et al., 2018), indicating oxidative signal transduction to be ubiquitous among
795  different organisms.

796

797  NTRC as well as f- and m-type Trxs play major roles to reduce the proteins of plastid

798  carbon metabolism with their individual impacts depending on the light conditions
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799 Our redox proteomics data show that in constant ML, almost all CBC enzymes and
800 proteins of related pathways displayed increased oxidation states in the trxfIf2 and ntrc
801 mutants relative to wild type (Fig. 5SD), reinforcing the notion that, both, f-type Trxs and
802  NTRC are involved in the redox-activation of CBC enzymes under normal light conditions in
803  vivo, although the effect of the latter was found to be indirect (Yoshida et al., 2015; Yoshida
804  and Hisabori, 2016; Guinea Diaz et al., 2020; Thormé&hlen et al. 2015). In contrast to this, the
805  trxmIm2 mutant showed only a minor impact on CBC protein oxidation states in ML, but a
806  stronger impact in FL, indicating m-type Trxs to be more important to regulate the redox
807  states of CBC enzymes in FL than in the ML environments (Fig. 5D). Indeed, several studies
808 proposed a specific importance of m-type Trxs, but not f-type Trxs, in photosynthetic
809  acclimation to FL and LL environments (Thorméihlen et al., 2017; Da et al., 2018; Okegawa
810 and Motohashi, 2020). In contrast to this, deficiency of NTRC strongly increased the
811  oxidation levels of CBC proteins and proteins of related pathways, both, in ML and FL (Fig.
812 5D). The wide oxidation effect of NTRC deficiency on plastidial targets is most likely
813 attributable to decreased provision of electrons to 2-Cys Prx leading to increased oxidation of
814  plastidial Trxs (Vaseghi et al., 2018; Cejudo et al., 2019). To sum up, these results indicate
815  plants to flexibly adopt different Trx systems to optimize redox regulation of plastidial targets
816  in acclimation to different light conditions.

817

818 NTRC controls the oxidation levels of proteins of photosynthetic light reactions

819 Our data show that deficiency in NTRC also affects the oxidation levels of proteins of
820  the photosynthetic machinery, which is more evident in FL than in ML, where PSI proteins
821 became more strongly reduced, while PSII proteins showed markedly increased oxidation
822  levels (Fig. 5, A and B). It has been proposed that deficiency of NTRC restricts the electron
823  donation to PSI (Naranjo et al., 2016b), but this seems to have minor effects on the oxidation
824  levels of PSI proteins in ML (Fig. 5A). In contrast, NTRC deficiency led to a marked
825  increase in reduction in PSI proteins in FL (Fig. 5A), which is most likely attributable to
826  decreased electron transfer from PSI to CBC due to an inhibition of the later. Indeed,
827  previous studies show that in FL, ntrc mutants display higher acceptor side limitation of PSI
828  (Y(NA)) than the wild type (Nikkanen et al., 2018). Subsequently, this over-reduction of PSI
829  will promote ROS generation, which may ultimately lead to increased oxidation of ROS-
830  sensitive PSII proteins (Fig. 5B). Collectively, the results suggest that NTRC is an important
831  hub in controlling the redox homeostasis of light reactions, especially in FL. This is in line
832  with ntrc¢ mutants showing a decreased photosynthetic performance, specifically in FL

833  (Thorméhlen et al., 2017). In contrast, trxflf2 and trxmIm2 mutants exhibited only mild and
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834  inconsistent oxidation changes of photosystem proteins, compared to wild type (Fig. 5, A and
835 B). The relevance of the redox changes of photosystem proteins to determine the
836  photosynthetic performance of these mutants requires further investigations.

837

838 NTRC/Trx systems regulate rapid changes in the oxidation state of proteins involved in
839  isoprenoid synthesis during alternating HL. and LL phases of FL.

840 Our results show that the oxidation states of key enzymes of plastidial isoprenoid
841  synthesis, which have been suggested to be regulated by thiol/disulfide modulation in
842  previous studies, were strongly affected in trxfIf2, trxmIm2 or ntrc mutants, depending on
843  the light conditions (Supplemental Fig. S3). There were specifically strong effects on VDEI.
844 In ML, the oxidation states of VDEI in all three mutant lines were only slightly altered,
845  compared to wild type. This observation is in line with a previous study, showing that
846  deficiency of NTRC does not significantly affect VDE redox state in regular light conditions
847  (Naranjo et al., 2016b). This differs in plants growing in FL environments. Here VDEI was
848  subject to a dramatic decrease in oxidation level in trxmIm2 and ntrc mutants, specifically
849  during the HL phases of FL (1 min), while there was a marked increase in its oxidation status
850  during the subsequent LL phases (5 min; Supplemental Fig. S3). VDE proteins are the key
851 enzymes of the xanthophyll cycle, which is responsible for dissipating excess light energy
852 (Havaux et al., 2007; Ferndndez-Marin et al., 2021). An in vitro assay suggested that VDE
853  remains active only when it is completely oxidized (Yamamoto and Kamite, 1972; Simionato
854 et al., 2015). The de-epoxidation of violaxanthin is usually more active during HL as plants
855  need to dissipate excess light energy. In this context, the decreased VDEI1 oxidation in trxfif2,
856  trxmIm2 and ntrc mutants suggests the interference of violaxanthin de-epoxidation in the HL
857  phases of FL. Collectively, the results indicate that the NTRC-Trx system operates to regulate
858  VDEI redox states when plant experience FL.

859

860  The influence of NTRC or Trxs m1/m2 on the redox states of other chloroplast Trxs is
861 specifically strong during rapid fluctuations in light intensities

862 Our redox proteomics data showed that 6-h into the photoperiod in ML, Trxs f1/f2,
863  Trxs m1/m2 and NTRC deficiencies had only minor effects on the oxidation levels of other
864  pTrxs (Fig. 6B). Compared to this, the dysregulation of the redox balance in other pTrxs
865  became clearer in FL, specifically in ntrc und trxmIm2 mutants, showing an increased
866  oxidation pattern in most of these proteins in the HL periods (Fig. 6B). This is in line with
867  previous studies showing increased oxidation states of Trxs f1 and f2 in the ntrc mutant,

868  compared to wild-type, as a short-term response during dark-light transitions (Pérez-Ruiz et
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869  al., 2017). Accordingly, we hypothesize a role of NTRC and Trxs m1/m2 to balance the redox
870  state of other types of Trxs to cope with short-term light fluctuations. This is in line with the
871  hypothesis suggesting NTRC to indirectly modulate the redox states of other pTrxs,
872  especially the f-type Trxs, via its role in balancing the 2-Cys Prx redox state (Cejudo et al.,
873  2019). Mechanistically speaking, the operation of NTRC substantially provides reducing
874  equivalents to 2-Cys Prxs and therefore minimizes the drainage of reducing equivalents from
875  the pools of other types of Trxs to 2-Cys Prxs (Vaseghi et al., 2018; Cejudo et al., 2019). Our
876  data indicate that in this context, the impact of NTRC is stronger during short-term
877  fluctuations in light intensity than in long-term constant light.

878

879  Proteins of nitrogen and sulfur metabolism are linked to light-responsive redox
880  regulation via NTRC-Trx systems

881 The marked changes in the oxidation states of GLU1 and GLT1 upon illumination led
882  us to assume that nitrogen metabolism is under the thiol-redox control in response to light
883 (Fig. 2G). It has been proposed in previous studies that the glutamine synthetase
884  (GS)/glutamate synthase (GOGAT) plays a central role in leaf nitrogen assimilation. GLU1
885  as the major GOGAT enzyme is predominately expressed in leaf tissues, and it accounts for
886  95% of the GOGAT activity (Somerville and Ogren, 1980; Coschigano et al., 1998; Coruzzi,
887  2003). GLU1 mainly uses the electrons from Fdx to catalyze glutamate synthesis (Suzuki and
888  Knaff, 2005). Its activity and protein accumulation are enhanced during the day (Coschigano
889 et al., 1998; Schjoerring et al., 2006). In fact, we detected less oxidized form of GLUI1
890  protein upon illumination (Fig. 2G). In the context, the accumulating GLU1 proteins is
891  subject to a strong reduction during the day. This is in line with previous studies, showing
892  DTT treatment or addition of pTrxs to activate Fdx-dependent GOGAT isolated from spinach
893  chloroplasts (Lichter and Haberlein, 1998). The reduction of GLUI may therefore lead to
894  increased activity of the GS/GOGAT cycle during the day. Interestingly, the NADH-
895  dependent GOGAT, GLTI1, showed a marked oxidation pattern upon illumination. Such
896  oxidation may explain why GLT1 maintains in a very low level of leaf GOGAT activity
897  (Somerville and Ogren, 1980; Coschigano et al., 1998; Coruzzi, 2003). Our data also indicate
898 redox-control of aspartate synthesis. The oxidized level of ASP5 markedly decreased during
899  the day (Fig. 2G), indicating its strong reduction. However, this probably does not change
900  aspartate synthesis since previous studies analyzing a missense mutant of ASP5 shows that
901 interfering ASPS5 activity does not change the levels of aspartate and asparagine (Miesak and
902  Coruzzi, 2002). Nevertheless, our results suggest ASP5 harbors redox-active Cys residues,

903  and its redox state is regulated by light. Furthermore, the oxidation levels of GLU1 and ASP5
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904 moderately increased in mutants deficient in f-, m-type Trxs or NTRC, confirming their
905 regulation by the Trx/NTRC systems (Fig. 6D), which may explain changes in amino acid
906  accumulation (Thorméhlen et al., 2015).

907 Our data also show interesting changes in the oxidation states of proteins involved in
908  sulfur metabolism. Upon illumination, the oxidation levels of three ATP sulfurylase (ATPS)
909 proteins were significantly increased (Fig. 2G), which is in line with previous study showing
910  ATPS proteins to be targets of Trxs (Marchand et al., 2006). Fdx-dependent sulfite reductase
911 (SIR1), a further enzyme of S-assimilation which has been confirmed as Trx target in
912  previous studies (Lindahl and Kieselbach, 2009), showed increased oxidation levels in trxf1f2,
913  trxmIm?2 and ntrc mutants, compared to wild type (Fig. 6D). Taken together, our redox
914  proteomics data provide additional evidence that nitrogen and sulfur metabolism are
915  associated with NTRC/Trx-mediated redox regulation in vivo.

916

917  Protein metabolism is subject to redox regulation via NTRC/Trx systems

918 Our redox proteomics data show that a large set of proteins involved in different
919  processes of protein metabolism were subject to changes in their oxidation levels in response
920  to illumination (Fig. 1B and 4B), indicating redox regulation to be also operational in protein
921 homeostasis. This is in line with two recent articles suggesting thiol-based redox switches to
922  be operational at each step of translation and to play a major role in controlling protein
923  homeostasis (Moore et al., 2016; Topf et al., 2018). In the redoxome conducted in yeast, the
924  authors proposed that ribosomal proteins can serve as sensors to monitor cellular redox states
925 to modulate translation processes in response to environmental changes (Topf et al., 2018).
926  This suggests that the decrease in oxidation levels of plastidial ribosomal proteins during
927  dark-to-light transition may act as an additional “kick-off” signal to activate photosynthetic
928  processes. There is also evidence that the redox states of these plastidial ribosomal proteins
929  are under the control of the NTRC/Trx systems, since their oxidation levels were markedly
930 changed in mutants deficient in f-, m-type Trx or NTRC in ML (Supplemental Fig. S5).

931 The underlying mechanisms by which redox modifications of ribosomal proteins
932  modulate translational processes are still unclear. Interestingly, in our redox-proteomics study
933 we identified a well-known -chloroplastic elongation factor (CPEFG), which was
934  characterized by markedly decreased oxidation levels upon illumination, while its oxidation
935  levels increased in trxfIf2, trxmIm2 and ntrc mutants relative to wild type in either ML or FL
936  (Fig. 2H and Supplemental Fig. S5). This indicates the redox state of CPEFG to be controlled
937 by NTRC/Trx systems in response to light. In confirmation to this, the homologue of CPEFG

938 in the cyanobacterium Synechocystis was found to be subject to redox regulation by the NTR-
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939 Trx system in previous studies. The reduced form of CPEFG can actively facilitate
940 translation processes (Kojima et al., 2009). Furthermore, deficiency of CPEFG in
941  Arabidopsis was found to strongly delay the accumulation of plastid proteins (LHCP, D1 and
942  CP22) including Rubisco subunits, resulting in an albino phenotype at early developmental
943  stages (Albrecht et al., 2006). Taken together, we propose that Trx/NTRC-dependent
944  reduction of CPEFG upon illumination will facilitate the translation of plastid-encoded
945  transcripts to optimize protein homeostasis inside the chloroplast.

946

947  Conclusion remark

948 In this study we used redox proteomics to systematically investigate the dynamics of
949  the thiol-redox network in plants in response to temporal changes in light availability and
950  across genotypes lacking different parts of NTRC/Trx systems. We found light to lead to
951  reduction and re-oxidation dynamics of photosynthetic proteins linked to the Fdx/Trx (f, m
952  and x-type Trxs) and the NTRC/2-Cys-Prx systems (including Trx y2), respectively, which
953  showed opposite changes in their light-responsive redox patterns. While deficiencies in f~type
954  Trxs, m-type Trxs or NTRC were mainly associated with increased oxidation states of
955  photosynthetic proteins, their impacts differed in different light environments, with NTRC
956 and Trxs f1/f2 being important to keep proteins in a reduced state in constant light, while
957 NTRC and Trxs ml/m2 being indispensable to balance oxidation/reduction-dynamics of
958  proteins during rapid alterations in light intensity in FL environments.

959

960
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961  Materials and Methods

962  Plant material and growth conditions

963  The wild-type Arabidopsis plant, Columbia-0 (Col-0), and the well-characterized T-DNA
964  insertion mutant lines #rxf1f2 (SALK_128365/GK-020E05-013161; Naranjo et al, 2016a),
965  trxmIm2 double mutants (SALK_123570/SALK_130686; Thormahlen et al, 2017) and
966  ntrc single mutant (SALK_012208, Serrato et al., 2004), were used for the following analyses.
967  All plants were grown in a growth chamber equipped with LED light. The light intensity was
968  set as 150 pmol photons m™” s™' with a 12-h-dark/12-h-light regime and the temperature was
969  set as 22°C. After three weeks, half of the plants were shifted to fluctuating light (FL) where
970  they were repeatedly exposed to 1 min high light (HL; 550 pumol photons m?s™) and 5 min
971  low light (LL; 50 umol photons m™ s™') in the same dark-to-light regime, while the other half
972  remained in the initial constant medium light (ML) conditions. The plants were then grown
973  for another week in the respective light conditions, before whole rosette leaves were sampled
974  six hours into the photoperiod by shock freezing in liquid nitrogen. In FL, leaf samples were
975  taken in HL and LL periods separately.

976

977  RNA extraction, reverse transcription and real-time quantitative PCR

978  The leaf material was frozen in liquid nitrogen and ground to fine powder. Approximate 50
979  mg of leaf powder was used for RNA extraction by implementing RNAzol reagent (Sigma-
980  Aldrich). The RNA concentration was determined using NanoDrop spectrophotometer (ND-
981 2000, ThermoFisher Scientific), and 500 ng of total RNA was used to synthesize cDNA
982  using iScript reverse transcription kit (Biorad). The cDNA sample was diluted 20 times with
983  nuclease-free water, and 5 pL of diluted cDNA was implemented for real-time quantitative
984  PCR using the SYBG reagent (Biorad). The PCR reaction was performed in the thermocycler
985  (C1000 Touch™ Thermal Cycler; Biorad). The detailed protocol can be found in the
986  previous publication (Hou et al., 2021), and the primer pairs used in the real-time quantitative
987 PCR were listed below: TRXfl_gqFW (5’-cgatgatctggttgcageg-3’), TRXfl_qRv (5’-
988  ctggttcatccggaagecag-3’), TRXf2_gqFW (5’-tgtaaccaagacaacaagcca-3’), TRXf2_gqRv (5’-
989  cggtcacttcctttactacct-3’), TRXml_gFW (5’-taacactgatgagtctcctgecaa-3’), TRXml1_gRv (5°-
990  gatgctggttgctaaagtgtett-3’), TRXm2_qFW (5’-tgaagctcaggaaactactaccgat-3’), TRXm2_gRV
991  (5’-cagtgtaatgctgtgctagatcg-3), NtrC_qFw (5’°-tgaagatgaagaaagagtaccgag-3’), NtrC_gRv (5°-
992  ggtgtcctcatttattggect-3°).

993

994  Protein extraction and biotin-switch labeling method
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995  The biotin-switch assays were performed according to published methods with several
996  modifications (Jaffrey and Snyder, 2001; Liu et al., 2014). Briefly, 50 mg of finely pulverized
997  leaf sample was re-suspended in 350 pL of extraction buffer (20 mM Tris-HCI, pH 7.0, 5
998 mM EDTA, 100 mM NaCl, 6M Urea) containing 50 mM NEM, and the whole extract was
999  incubated for 30 min at 25°C with mild shaking in the dark to alkylate free thiols. The leaf
1000  debris were removed by centrifugation at 20,000 x g for 10 min at 4°C, and the supernatant
1001  was mixed with 4 volumes of absolute acetone to precipitate protein. The protein pellet was
1002  recovered, cleaned up and dehydrated as mentioned above. The protein pellet was further re-
1003  suspended in 200 pL of extraction buffer containing 100 mM dithiothreitol (DTT) followed
1004 by incubation for 30 min at 37°C with mild shaking in the dark to release oxidized thiols.
1005  Protein extract was subject to acetone precipitation, cleaned up and dehydrated as above. The
1006  protein pellet was re-suspended in 200 pL of extraction buffer, and the protein concentration
1007  was determined using 660 nm protein reagent (Pierce). Approximate 80 pg of total protein
1008  was used for biotin labeling in the presence of 0.4 mM thiol-reactive N-[6-(Biotinamido)
1009  hexyl]-3’-(2’-pyridyldithio) propionamide (biotin-HPDP; Cayman Chemical). The sample
1010  was then incubated for 60 min at 25°C with mild shaking in the dark followed by acetone
1011  precipitation and cleanup. The protein pellet was first re-suspended in 50 pL. of extraction
1012  buffer and further diluted by adding 450 pL of binding buffer (20 mM Tris-HCI, pH 7.0; 5
1013 mM EDTA; 100 mM NaCl). The biotinylated protein extract was incubated with 100 pL
1014  Streptavidin resin (Invitrogen) for 60 min at 25°C with mild shaking in the dark. The resin
1015  was recovered by centrifugation at 2000 xg for 1 min at 4°C. The protein-bound resin was
1016  washed three times with 500 pL of binding buffer and twice with 500 pL. of 20 mM
1017 ammonium bicarbonate solution. The resin was incubated in 200 pL. of binding buffer
1018  containing 100 mM DTT for 30 min at 37°C with mild shaking in the dark to elute bound
1019  proteins. The eluted proteins were subject to acetone precipitation, cleaned up and dehydrated.
1020
1021  Mass spectrometry
1022  In Solution Tryptic Digest and LC-MS/MS Analysis was basically performed as described by
1023  (Hammel et al., 2018). Proteins were resuspended in 8M urea / ammonia bicarbonate buffer,
1024  digested using LysC and trypsin and desalted using home-made C18-STAGE tips. Finally,
1025  the peptides were resuspended in a solution of 2% acetonitrile, 2% formic acid. The LC-
1026  MS/MS system (Eksigent nanoL.C 425 coupled to a TripleTOF 6600, ABSciex) was operated
1027  in p-flow mode using a 25 p-emitter needle in the ESI source. Peptides were separated by
1028  reversed phase (Triart C18, 5 um particles, 0.5 mm x 5 mm as trapping column and Triart

1029  Cl18, 3 um particles, 300 pum x 150 mm as analytical column, YMC) using a flow rate of 4
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1030  pl/min and a gradient ramping from 1 to 5% HPLC buffer B (buffer A 2% acetonitrile, 0.1%
1031  formic acid; buffer B 90% acetonitrile, 0.1% formic acid) within 5 min, to 35% buffer B in
1032 73 min and to 50% buffer B in 2 min, followed by wash and equilibration steps. The mass
1033  spectrometer was operated in data-dependent analysis with one MS1 spectrum (350 to 1,250
1034  m/z, 250 ms) and 35 triggered MS/MS scans in high sensitivity mode (110 to 1,600 m/z, 50
1035 ms) for >2 times charged ions, resulting in a total cycle time of 2,050 ms. Fragmented
1036  precursors were excluded for 10s and precursors with a response below 150 cps were
1037  excluded completely from MS/MS analysis.

1038

1039  Mass spectrometry data analyses

1040  Analysis of MS raw data was performed using MaxQuant version 1.6.0.1 using default
1041  settings with minor changes (Cox and Mann, 2008). Library generation for peptide spectrum
1042  matching was based on Arabidopsis thaliana (UniProt reference proteome UP0000065489)
1043  including chloroplast and mitochondrial proteins. Oxidation of methionine and acetylation of
1044  the N-termini were considered as peptide modifications. Maximal missed cleavages were set
1045 to 3 and peptide length to 6 amino acids, the maximal mass to 6,000 Da. Thresholds for
1046  peptide spectrum matching and protein identification were controlled for a false discovery
1047  rate (FDR) of 0.01. To account for the stochastic effect of data-dependent acquisition, match
1048  between runs (MBR) was used and to minimize the variation between different samples
1049  MaxQuant label-free quantification (LFQ) intensity values were reported. Raw data were
1050  deposited at PRIDE proteome exchange with identifier PXD043914. For further statistical
1051 analysis the identified proteins been detected in less than three biological replicates were
1052  considered as low-abundance targets, and omitted from the following data processing. The
1053  majority proteins IDs were used for the following annotation. The proteins IDs were
1054  converted to AGI locus codes using the online mapping tool provided by UniProt
1055  (https://www.uniprot.org/id-mapping/). The AGI locus codes were used to obtain gene names
1056  using the online tool, EnsemblPlants. The subcellular localizations of proteins were yielded
1057  from the SUBA4 database (Hooper et al., 2017). The biological functions of proteins were
1058  grouped using MapMan according to Araport and TAIR databases. The unsupervised cluster
1059  analyses were conducted using MapMan as well. The PCA was performed using the online
1060  tool, ClustVis (Metsalu and Vilo, 2015). The heatmaps, Venn diagrams and statistical
1061  analyses were performed using the R program. The other plots were graphed using the
1062  Graphpad Prism version 9.

1063

1064  Validation of the results by an independent method
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1065 Redox proteomics results were validated by electrophoretic mobility shift assays as an
1066  independent method. The protein redox states of CFBPase, GAPDH and PRK were analyzed
1067 via protein electrophoretic mobility shift assay as described previously with several
1068  modifications (Muthuramalingam et al., 2010; Nikkanen et al., 2016). In brief, 20 mg of
1069  ground leaf powder was re-suspended in 200 pL of 10% (w/v) Tricholoroacetic acid solution
1070  followed by incubation on ice for 20 min. The supernatant was removed by centrifugation at
1071 20,000 xg for 10 min at 4°C, and the protein pellet was washed twice with 1 mL of 80% (v/v)
1072  acetone prepared in 50 mM Tris-HCI (pH7.0). The protein pellet was dehydrated and then re-
1073  suspended in 200 pL of extraction buffer (100 mM Tris-HCI, pH7.5, 1 mM EDTA, 2% [w/v]
1074  SDS, 6 M urea, proteinase inhibitor cocktail) containing 50 mM N-ethylmaleimide (NEM)
1075 followed by incubation for 30 min at 25°C with mild shaking in the dark to alkylate free
1076  thiols. The supernatant was recovered via centrifugation at 20,000 xg for 5 min at 4°C. Equal
1077  amount of 20% (w/v) Trichloroacetic acid solution was applied into the protein extract, and
1078  the whole mixture was incubated on ice for 20 min. The protein pellet was recovered, cleaned
1079  up and dehydrated as mentioned above. The protein pellet was further re-suspended in 200
1080  pL of extraction buffer containing 100 mM dithiothreitol (DTT) followed by incubation for
1081 30 min at 37°C with mild shaking in the dark to release oxidized thiols. Equal amount of 20%
1082  (w/v) Tricholoroacetic acid solution was applied into the protein extract to stop the reaction,
1083  and the whole mixture was incubated on ice for 20 min. The protein pellet was recovered,
1084  cleaned up and dehydrated as mentioned above. The protein pellet was next re-suspended in
1085 100 pL of extraction buffer containing 10 mM of methoxypolyethlene glycol maleimide
1086  (Mal-PEG, 5 kDa, Sigma-Aldrich_63187) followed by incubation for 60 min at 27°C with
1087  mild shaking in the dark to label the reduced thiols. Two microliter of 1 M DTT was applied
1088  to stop the reaction, and 500 pL of absolute acetone was applied into the protein extract to
1089  precipitate protein and get rid of excess Mal-PEG. The protein pellet was recovered, cleaned
1090  up and dehydrated as mentioned above. The protein pellet was solubilized in 2-time-strength
1091 Laemmli buffer (Laemmli, 1970). The protein samples were analyzed by SDS-PAGE and
1092  Western blot. CFBP was detected using a commercial FBPasel antibody (Agrisera;
1093  AS194319), while GAPB and PRK were detected using antibodies as described previously
1094  (Teh et al., 2023). Theoretically, the mass shift of the protein, in which a single reduced
1095  disulphide was labeled with Mal-PEG, is 10 kDa. Nevertheless, due to the hydration of PEG,
1096  the actual mass shift could become larger, up to 22 kDa (Makmura et al., 2001; Peled-Zehavi
1097  etal., 2010).

1098

1099  Supplemental Data
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1100  Supplemental Figure S1. The procedures of samples preparation and redox proteomics.
1101  (A) Arabidopsis plants were grown under light intensity of 150 umol photons m™ s with a
1102  12-h-dark/12-h-light regime for 4 weeks. To monitor a time-course in the light, whole rosette
1103  leaves were sampled by shock-freezing in liquid nitrogen at end of night (EN) and 10, 120
1104  and 360 min into the photoperiod. (B) The leaf samples were used for protein extraction in
1105 the presence of NEM to block the free thiol residues followed by DTT treatment to reduce
1106 the oxidized thiols. The released thiols were labeled with redox-active biotin, and the protein
1107  extract was subject to affinity purification using a streptavidin column. The bound proteins
1108  were eluted via incubating with DTT.

1109

1110  Supplemental Figure S2. Validation of the redox proteomics results by analyzing
1111  oxidized and reduced forms of CBC enzymes using protein electrophoretic mobility
1112  shift assays as an independent method. The protein oxidation percentages of chloroplastic
1113  fructose 1,6-bisphosphatase (CFBP), glyceraldehyde-3-phosphate dehydrogenase B (GAPB)
1114  and phosphoribulokinase (PRK) were analyzed via protein electrophoretic mobility shift
1115 assay as an independent method. For three independent biological replicates, the reduced
1116  thiols of proteins were alkylated using NEM, and the oxidized thiols of proteins were
1117  released by treating with DTT. The released thiols were further labeled with
1118  methoxypolyethlene glycol maleimide, which resulted in an increase of protein mass of the
1119  oxidized form that became distinguishable from the reduced form during gel electrophoresis.
1120  The oxidized and reduced forms of the proteins are indicated on the immunoblots. The
1121  immunosignals marked “ox” and “’re” represent the oxidized and reduced forms of proteins,
1122  respectively, while those marked with asterisk represent the signals of non-specific binding.
1123  The scanned blots were used to calculate oxidation percentages of CFBP, GAPB and PRK
1124  shown in Figure 3.

1125

1126  Supplemental Figure S3. Molecular characterization of trxfIf2, trxmIim2 and ntrc
1127  mutant lines. The expression levels of Trx f1, 2, m1, m2 and Ntr C were detected using real-
1128  time quantitative PCR with gene-specific primers. The gene expression was quantified using
1129  27**“’ method. The symbol “nd” indicates “not detected”

1130

1131  Supplemental Figure S4. Protein oxidation changes in lipid, nucleotide and secondary
1132  metabolism across trxflf2, trxmIm2 and ntrc mutants in constant and fluctuating light.
1133  Heatmaps summarize the log, fold changes of protein oxidation levels in Arabidopsis trxf1f2,

1134  traxmIm2 or ntrc mutants relative to the wild type (Col-0). The targets with yellow
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1135  background are proposed to be redox-regulated proteins according to previous studies
1136 (Lindahl and Kieselbach, 2009). Proteins were allocated to different groups of biological
1137  functions including lipid, nucleotide and secondary metabolism. Plants were grown in the
1138 same conditions as indicated in the legend to Figure 4. Data are the means of three to six
1139  biological replicates. ML, medium light; FL, fluctuating light; HL, high-light phase of FL;
1140 LL, low-light phase of FL; red = increased oxidation, blue = decreased oxidation. Raw data
1141  and statistics, see Supplemental Table S4.

1142

1143  Supplemental Figure SS. Protein oxidation changes in protein metabolism across trxf1f2,
1144 trxmIm2 and ntrc mutants in constant and fluctuating light. Heatmaps summarize the
1145 log, fold changes of protein oxidation levels in Arabidopsis trxflf2, trxmIm2 or ntrc mutants
1146  relative to the wild type (Col-0). The targets with yellow background are proposed to be
1147  redox-regulated proteins according to previous studies (Lindahl and Kieselbach, 2009).
1148  Proteins were allocated to different groups of biological functions including protein synthesis,
1149 modification and degradation. Plants were grown in the same conditions as indicated in the
1150 legend to Figure 4. Data are the means of three to six biological replicates. ML, medium light;
1151  FL, fluctuating light; HL, high-light phase of FL; LL, low-light phase of FL; red = increased

1152  oxidation, blue = decreased oxidation. Raw data and statistics, see Supplemental Table S4.
1153

1154  Supplemental Table S1. Proteins showing statistically significant changes in oxidation states
1155  inresponse to illumination compared to the dark.

1156

1157  Supplemental Table S2. Proteins with light-dependent changes in oxidation levels that have
1158  been reported to be also subject to diurnal changes with respect to protein abundance. By
1159  comparing the list of proteins identified to be subject to light-dependent changes in oxidation
1160 levels in Supplemental Table S1 with the published data set of Uhrig et al. (2021), we found
1161  that only 16 out of 319 proteins were also reported to be subject to diurnal changes in overall
1162  protein levels.

1163

1164  Supplemental Table S3. Proteins displaying significant redox changes in all three time
1165  points of the photoperiod compared to the dark.

1166

1167  Supplemental Table S4. Proteins showing significant redox changes in Arabidopsis trxfIf2,
1168  trxmlIm?2 or ntrc mutants with respect to the wild type (Col-0) during ML and FL.

1169
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Supplemental Table S5. Comparison of our present data set (Supplemental Table S4) with
those of Dziubek et al., (2023) in ML and FL pinpoints 49 of the proteins that are relevant to
our analyses and shown in Figures 5, 6, S4 and S5 to reveal significant changes in protein
abundance. These proteins showed only very minor changes in their quantified levels (less
than 3%) when mutants were compared to the wild type (Col-0), indicating that changes in

protein expression levels can be neglected as possible errors in our study.

37


https://doi.org/10.1101/2023.10.17.562744
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.17.562744; this version posted October 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1176  Funding:

1177

1178  This work was supported by the Deutsche Forschungsgemeinschaft (TRR175).

1179

1180 Acknowledgements

1181 We are grateful to all green house staff at Faculty of Biology in Ludwig-Maximilians-
1182  University Munich for taking care of Arabidopsis plants.

1183

38


https://doi.org/10.1101/2023.10.17.562744
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.17.562744; this version posted October 20, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

1184  Figure legends

1185  Figure 1. Light-dependent dynamics in the landscape of protein-oxidation changes at
1186  different time points into the photoperiod. Redox proteomics analyses of Arabidopsis
1187  plants sampled 10 (L10), 120 (L120) and 360 min (L360) into the photoperiod, compared to
1188 end of the night (EN, dark conditions). (A) Subcellular localization of proteins showing
1189  significant changes in their oxidation levels in the light, compared to the dark. (B) Functional
1190  categories of proteins showing significant changes in their oxidation levels in the light,
1191  compared to the dark. (C) Principal component analysis displaying the distinctions of protein
1192  oxidation states between EN, and L10, L120 and L360. (D) Venn diagram highlighting the
1193  distribution of proteins subject to significant changes in oxidation states at different time
1194  points into the photoperiod, compared to EN. (E) - (H) Unsupervised cluster analysis
1195 showing the grouping of proteins that display different redox changes in response to a time
1196  course in the light. (I) The subcellular localization of proteins from the different clusters. (J)
1197  The biological function categories of proteins from the different clusters. Data are based on
1198 three to six biological replicates.

1199

1200 Figure 2. Protein-oxidation changes in photosynthetic processes, redox balance,
1201 metabolic pathways and protein metabolism in response to light. The heatmaps
1202  summarize the log, fold changes of protein oxidation levels at 10 (L10), 120 (L120) and 360
1203  min (L360) into the photoperiod, relative to the end of the night (EN, dark conditions).
1204  Proteins were allocated to different groups of biological functions including (A) light reaction,
1205 (B) Calvin Benson Cycle (CBC), (C) major carbohydrate (CHO) metabolism, (D)
1206  thioredoxin, (E) redox homeostasis, (F) photorespiration (PR), (G) nitrogen and sulfur
1207  metabolism (N/S) and (H) protein metabolism. The protein metabolism group is further
1208  divided in to three subgroups including synthesis, modification and degradation (from up to
1209  down). Data are the means of three to six biological replicates. The proteins high-lighted with
1210  pink background are validated Trx targets, while those with yellow background have been
1211  proposed to be redox-regulated proteins according to previous studies (Lindahl and
1212  Kieselbach, 2009). red = increased oxidation, blue = decreased oxidation. Raw data and
1213  statistics, see Supplemental Table S1.

1214

1215  Figure 3. Validation of the redox proteomics results by analyzing oxidation percentages
1216  of CBC enzymes using protein electrophoretic mobility shift assays as an independent
1217 method. The protein oxidation percentages of chloroplastic fructose 1,6-bisphosphatase

1218 (CFBP), glyceraldehyde-3-phosphate dehydrogenase B (GAPB) and phosphoribulokinase
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1219 (PRK) were analyzed via protein electrophoretic mobility shift assay as an independent
1220 method. For three independent biological replicates, the reduced thiols of proteins were
1221  alkylated using NEM, and the oxidized thiols of proteins were released by treating with DTT.
1222  The released thiols were further labeled with methoxypolyethlene glycol maleimide, which
1223  resulted in an increase of protein mass of the oxidized form that became distinguishable from
1224  the reduced form during gel electrophoresis. The oxidation percentages of CFBP, GAPB and
1225 PRK were calculated from the scanned blots shown in Supplemental Figure S2 by dividing
1226  the intensities of the bands reflecting the oxidized form by the sum of the intensities of the
1227  bands reflecting oxidized plus reduced forms of the respective protein. Results are means +/-
1228  SE (n=3). The symbol “nd” indicates “not detectable”.

1229

1230  Figure 4. Dynamics in the landscape of protein oxidation changes across mutants
1231 lacking different parts of NTRC/Trx systems in constant and fluctuating light. Redox
1232  proteomics analyses of Arabidopsis trxfIf2, trxmIm2 or ntrc mutants relative to the wild type
1233  (Col-0). Plants were grown in the same conditions as in Figures 1-3 (ML = medium light) or
1234  in fluctuating light (FL) with rapidly alternating high light (HL, 1 min) and low light (LL, 5
1235 min) phases. Samples were taken 360 min into the photoperiod. (A) The subcellular
1236 localization of proteins showing significantly different oxidation states in the mutants relative
1237  to the wild type. (B) The functional categories of proteins showing significantly different
1238  oxidation states in the mutants relative to the wild type. (C) - (E) The principal component
1239  analysis displaying the distinctions of protein oxidation states between wild type (Col-0),
1240  trxflf2, trxmIm2 and ntrc mutants in ML or in HL or LL phases of FL. (F) - (H) Venn
1241  diagram highlighting the distribution of proteins subject to marked changes in their oxidation
1242  states in the respective mutants, compared to the wild type, during constant ML, as well as
1243  during HL or LL phases of FL. Data are based on three to six biological replicates.

1244

1245  Figure 5. Protein oxidation changes in photosynthetic processes and carbohydrate
1246  metabolism across trxf1f2, trxmIm2 and ntrc mutants in constant and fluctuating light.
1247  Heatmaps summarize the log, fold changes of protein oxidation levels in Arabidopsis trxf1f2,
1248  trxmlIm?2 or ntrc mutants relative to the wild type (Col-0). The proteins high-lighted with pink
1249  background are validated Trx targets, while those with yellow background have been
1250 proposed to be redox-regulated proteins according to previous studies (Lindahl and
1251 Kieselbach, 2009). Proteins were allocated to different groups of biological functions
1252  including (A) photosystem I (PSI), (B) photosystem II (PSII), (C) electron carrier and ATP
1253  synthase, (D) Calvin-Benson Cycle (CBC), (E) major carbohydrate (CHO) metabolism and
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1254  (F) Tetrapyrrole. Plants were grown in the same conditions as indicated in the legend of
1255  Figure 4. Data are the means of three to six biological replicates. ML, medium light; FL,
1256  fluctuating light; HL, high-light phase of FL; LL, low-light phase of FL; red = increased
1257  oxidation, blue = decreased oxidation. Raw data and statistics, see Supplemental Table S4.
1258

1259  Figure 6. Protein oxidation changes in redox homeostasis, photorespiration and amino
1260 acid metabolism across trxf1f2, trxmIm2 and ntrc mutants in constant and fluctuating
1261  light. Heatmaps summarize the log, fold changes of protein oxidation levels in Arabidopsis
1262 trxflf2, trxmIm?2 or ntrc mutants relative to the wild type (Col-0). The proteins high-lighted
1263  with pink background are validated Trx targets, while those with yellow background have
1264  been proposed to be redox-regulated proteins according to previous studies (Lindahl and
1265  Kieselbach, 2009). Proteins were allocated to different groups of biological functions
1266 including (A) redox homeostasis, (B) thioredoxin (C) photorespiration (PR) and (D) nitrogen
1267  and sulfur metabolism (N/S). Plants were grown in the same conditions as indicated in the
1268 legend to Figure 4. Data are the means of three to six biological replicates. ML, medium light;
1269  FL, fluctuating light; HL, high-light phase of FL; LL, low-light phase of FL; red = increased
1270  oxidation, blue = decreased oxidation. Raw data and statistics, see Supplemental Table S4.

1271
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Figure 1. Light-dependent dynamics in the landscape of protein-oxidation changes at different time points into the
photoperiod. Redox proteomics analyses of Arabidopsis plants sampled 10 (L10), 120 (L120) and 360 min (L360) into the
photoperiod, compared to end of the night (EN, dark conditions). (A) Subcellular localization of proteins showing significant changes
in their oxidation levels in the light, compared to the dark. (B) Functional categories of proteins showing significant changes in their
oxidation levels in the light, compared to the dark. (C) Principal component analysis displaying the distinctions of protein oxidation
states between EN, and L10, L120 and L360. (D) Venn diagram highlighting the distribution of proteins subject to significant changes
in oxidation states at different time points into the photoperiod, compared to EN. (E) - (H) Unsupervised cluster analysis showing the
grouping of proteins that display different redox changes in response to a time course in the light. (I) The subcellular localization of
proteins from the different clusters. (J) The biological function categories of proteins from the different clusters. Data are based on

three to six biological replicates.
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Figure 2. Protein-oxidation changes in photosynthetic processes, redox balance, metabolic pathways and
protein metabolism in response to light. The heatmaps summarize the logz fold changes of protein oxidation
levels at 10 (L10), 120 (L120) and 360 min (L360) into the photoperiod, relative to the end of the night (EN, dark
conditions). Proteins were allocated to different groups of biological functions including (A) light reaction, (B) Calvin
Benson Cycle (CBC), (C) major carbohydrate (CHO) metabolism, (D) thioredoxin, (E) redox homeostasis, (F)
photorespiration (PR), (G) nitrogen and sulfur metabolism (N/S) and (H) protein metabolism. The protein
metabolism group is further divided in to three subgroups including synthesis, modification and degradation (from
up to down). Data are the means of three to six biological replicates. The proteins high-lighted with pink background
are validated Trx targets, while those with yellow background have been proposed to be redox-regulated proteins
according to previous studies (Lindahl and Kieselbach, 2009). red = increased oxidation, blue = decreased
oxidation. Raw data and statistics, see Supplemental Table S1.
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Figure 3. Validation of the redox proteomics results by analyzing oxidation percentages of CBC enzymes using protein
electrophoretic mobility shift assays as an independent method. The protein oxidation percentages of chloroplastic fructose 1,6-
bisphosphatase (CFBP), glyceraldehyde-3-phosphate dehydrogenase B (GAPB) and phosphoribulokinase (PRK) were analyzed via
protein electrophoretic mobility shift assay as an independent method. For three independent biological replicates, the reduced thiols of
proteins were alkylated using NEM, and the oxidized thiols of proteins were released by treating with DTT. The released thiols were
further labeled with methoxypolyethlene glycol maleimide, which resulted in an increase of protein mass of the oxidized form that
became distinguishable from the reduced form during gel electrophoresis. The oxidation percentages of CFBP, GAPB and PRK were
calculated from the scanned blots shown in Supplemental Figure S2 by dividing the intensities of the bands reflecting the oxidized form
by the sum of the intensities of the bands reflecting oxidized plus reduced forms of the respective protein. Results are means +/- SE
(n=3). The symbol “nd” indicates “not detectable”.
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Figure 4. Dynamics in the landscape of protein oxidation changes across mutants lacking different parts of NTRC/Trx systems
in constant and fluctuating light. Redox proteomics analyses of Arabidopsis trxf1f2, trxm1m2 or ntrc mutants relative to the wild type
(Col-0). Plants were grown in the same conditions as in Figures 1-3 (ML = medium light) or in fluctuating light (FL) with rapidly alternating
high light (HL, 1 min) and low light (LL, 5 min) phases. Samples were taken 360 min into the photoperiod. (A) The subcellular localization
of proteins showing significantly different oxidation states in the mutants relative to the wild type. (B) The functional categories of proteins
showing significantly different oxidation states in the mutants relative to the wild type. (C) - (E) The principal component analysis
displaying the distinctions of protein oxidation states between wild type (Col-0), trxf1f2, trxm1m2 and ntrc mutants in ML or in HL or LL
phases of FL. (F) - (H) Venn diagram highlighting the distribution of proteins subject to marked changes in their oxidation states in the
respective mutants, compared to the wild type, during constant ML, as well as during HL or LL phases of FL. Data are based on three to

six biological replicates.
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Figure 5. Protein oxidation changes in photosynthetic processes and carbohydrate metabolism across
trxf1f2, trxm1m2 and ntrc mutants in constant and fluctuating light. Heatmaps summarize the logz fold changes
of protein oxidation levels in Arabidopsis trxf1f2, frxm1m2 or nfrc mutants relative to the wild type (Col-0). The
proteins high-lighted with pink background are validated Trx targets, while those with yellow background have been
proposed to be redox-regulated proteins according to previous studies (Lindahl and Kieselbach, 2009). Proteins were
allocated to different groups of biological functions including (A) photosystem | (PSI), (B) photosystem Il (PSll), (C)
electron carrier and ATP synthase, (D) Calvin-Benson Cycle (CBC), (E) major carbohydrate (CHO) metabolism and
(F) Tetrapyrrole. Plants were grown in the same conditions as indicated in the legend of Figure 4. Data are the
means of three to six biological replicates. ML, medium light; FL, fluctuating light; HL, high-light phase of FL; LL, low-
light phase of FL; red = increased oxidation, blue = decreased oxidation. Raw data and statistics, see Supplemental
Table S4.
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Figure 6. Protein oxidation changes in redox homeostasis, photorespiration and amino acid metabolism across

trxf1f2, trxm1m2 and ntrc mutants in constant and fluctuating light. Heatmaps summarize the logz fold changes of

protein oxidation levels in Arabidopsis trxf1f2, trxm1m2 or ntrc mutants relative to the wild type (Col-0). The proteins high-

lighted with pink background are validated Trx targets, while those with yellow background have been proposed to be redox-

regulated proteins according to previous studies (Lindahl and Kieselbach, 2009). Proteins were allocated to different groups of

biological functions including (A) redox homeostasis, (B) thioredoxin (C) photorespiration (PR) and (D) nitrogen and sulfur

metabolism (N/S). Plants were grown in the same conditions as indicated in the legend to Figure 4. Data are the means of

three to six biological replicates. ML, medium light; FL, fluctuating light; HL, high-light phase of FL; LL, low-light phase of FL;

red = increased oxidation, blue = decreased oxidation. Raw data and statistics, see Supplemental Table S4.
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