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21Abstract

22Photorespiration sustains photosynthesis in the presence of oxygen due to rapid metabolization
23of 2-phosphoglycolate (2-PG), the major side-product of the oxygenase activity of Rubisco. This
24metabolic intermediate has additionally been shown to directly impede carbon assimilation and
25allocation. Despite the fact that both, the biochemical reactions and the underlying genetics are
26well characterized, information concerning the regulatory mechanisms which adjust
27photorespiratory flux is rare. Here, we studied the impact that the mitochondrial localized
28thioredoxin 01 (TRXo1) has on photorespiratory metabolism. The characterization of a T-DNA
29insertional line (frxo1) revealed an increase in the stoichiometry of photorespiratory CO; release
30and impaired glycine-to-serine turnover after a shift from high-to-low CO., without changes in
31glycine decarboxylase (GDC) expression. These effects were distinctly pronounced in a double
32mutant, where the TRXo71 mutation was combined with strongly reduced GDC T-protein
33expression. The double mutant (TxGT) showed reduced growth in air, but not in high CO.,
34decreased photosynthesis and accumulated up to 54-fold more glycine alongside several redox-
35stress-related metabolites. Given that GDC proteins are potential targets for redox-regulation,
36we also examined the in vitro properties of recombinant GDC L-proteins (LPD) from plants and
37the cyanobacterium Synechocystis and observed a redox-dependent inhibition by either artificial
38reducing agents or TRXo1 itself. Collectively, our results demonstrate that TRXo1 potentially

39%adjusts photorespiration via redox-regulation of GDC in response to environmental changes.

40Introduction

41Photorespiration is an essential process in all organisms performing oxygenic photosynthesis,
42because it is intrinsically linked to photosynthetic CO; fixation via Rubisco that catalyzes the
43carboxylation but also oxygenation reaction (Bauwe et al., 2012; Appel et al., 2013). During
44carboxylation, CO; is incorporated into the acceptor ribulose-1,5-bisphosphate (RuBP) leading to
45the formation of two 3-phosphoglycerate (3-PGA) molecules that enter the Calvin-Benson cycle
46(CBC). In the Rubisco oxygenase reaction RuBP can also accept O; yielding one 3PGA and one
472-phosphoglycolate (2-PG) molecule (Bowes et al., 1971). 2-PG is a non-CBC intermediate that
48is exclusively metabolized by the photorespiratory C2 cycle (Somerville and Ogren, 1979). In
49addition to the main function of photorespiration as organic carbon salvage pathway, efficient 2-
50PG degradation is essential for plant metabolism, because 2-PG acts as a potent inhibitor of
51many enzymes in the chloroplastidial stroma, such as triose-phosphate isomerase,

52phosphofructokinase and sedoheptulose-1,7-bisphosphate phosphatase (Anderson, 1971; Kelly

2



53and Latzkow, 1976; Flligel et al., 2017; Levey et al., 2019; Li et al., 2019). Hence, 2-PG
54accumulation significantly reduces the efficiency of CO; assimilation through impairment of the
55CBC and starch biosynthesis.

56Following the early discovery of the light-induced photorespiratory gas-exchange (Zelitch, 1964;
57Tolbert, 1971; Ogren and Bowes, 1976), a broad range of photorespiratory mutants of the C3
58plants Arabidopsis, barley, pea, and tobacco, were generated to facilitate the molecular analysis
590f this important process. These mutants showed the characteristic photorespiratory phenotype,
60i.e. they could not grow at ambient air conditions but could be rescued in the presence of
6lenhanced CO. supplementation (e.g. summarized in: Blackwell et al., 1988; Leegood et al.,
621995; Somerville, 2001; Timm and Bauwe, 2013). More recently, photorespiratory mutants of
63organisms performing a carbon concentrating mechanism such as cyanobacteria, red and green
64algae (Suzuki et al., 1989; Nakamura et al., 2005; Eisenhut et al., 2008; Rademacher et al.,
652016) as well as C4 plant species (Zelitch et al., 2009; Levey et al., 2019) were obtained, which
66also showed the photorespiratory phenotype, supporting the view of photorespiration as
67essential partner of photosynthesis in oxygen-rich atmospheres. The detailed physiological and
68molecular characterization of all these mutants has generated a comprehensive picture of
69photorespiration, including the biochemical pathway, the underlying genetics and how
70photorespiration is embedded in the network of primary metabolism and interacts with many
71other pathways within the entire cellular context (e.g. reviewed in: Wingler et al., 2000; Reumann
72and Weber, 2006; Foyer et al., 2009; Bauwe et al., 2010; 2012; Fernie et al., 2013; Hodges et
73al., 2016; Obata et al., 2016; Timm et al., 2016).

74In contrast to our broad knowledge on function of photorespiration, less progress has been
75made with regards to potential regulatory mechanisms within the photorespiratory cycle. Existing
76data indicate that the mitochondrial glycine-to-serine interconversion, catalyzed through glycine-
77decarboxylase (GDC) in conjunction with serine-hydroxymethyltransferase (SHMT1), potentially
78represent target sites for the regulation of photorespiration. The importance of the GDC and
79SHMT reactions are based on three facts. First, during glycine-to-serine conversion, CO, and
80ammonia are liberated. Hence, this step of photorespiration emerged as the prime target for
81genetic engineering approaches to increase crop productivity (Peterhansel et al., 2013; Betti et
82al., 2016; Walker et al., 2016; South et al., 2018). Secondly, GDC activity was found to be a key
83component in the control of photosynthesis and plant growth (Timm et al., 2012; 2015; 2016;
84Simkin et al., 2017; Lopez-Calcagno et al., 2018). Thirdly, the GDC reaction cycle requires four
85cooperating proteins GDC-P, GDC-T, GDC-H and GDC-L, where the latter is also involved in the



86reaction cycle of other enzymatic complexes, which indicates that this biochemical activity needs

87proper regulation (Douce et al., 2001; Timm et al., 2015).

88It has been already shown that, in addition to light-induced transcriptional and translational
89activation of GDC (Walker and Oliver, 1986; Vauclare et al., 1996; Timm et al., 2013), the GDC
90activity in plant mitochondria appears to be sensitive to redox changes. Especially, the NADH
91and NAD" levels are of importance, thereby an increased NADH/NAD™ ratio strongly impedes
92glycine-to-serine turnover (Bourguignon et al., 1988). Isolated GDC could be also competitively
93inhibited by serine (Ki ~ 4 mM) (Oliver and Sarojini, 1987). Finally, GDC activity can be also
94modulated via post-translational modification. For example, Palmieri et al (2010) showed
95regulation of GDC activity by S-nitrosylation and S-glutathionylation of GDC-H and GDC-P,
96respectively. Moreover, Hodges et al. (2013) reported phosphorylation of several GDC proteins
97and proposed that those modifications might contribute to activity regulation. Proteomic analyses
98provided evidence that all four GDC proteins contain conserved cysteine residues and therefore
99might undergo redox-regulation in vivo (Balmer et al., 2004; Keech et al., 2017; Pérez-Pérez et
100al., 2017). Indeed, it was demonstrated that recombinant cyanobacterial GDC P-protein could be

101activated under reducing conditions (Hasse et al., 2013).

102The above-mentioned results make it likely that the glycine-to-serine interconversion is
103modulated via redox-regulation at multiple points. Hence, we investigated whether a
104mitochondrial thioredoxin (TRXo1) is involved in the potential redox regulation of
105photorespiratory reactions in this compartment. To this end, we compared the photosynthetic
106gas-exchange and the metabolic acclimation toward altered CO. partial pressure and light
107conditions of the T-DNA insertional line trxo1 (trxo1-1; Daloso et al., 2015) and a newly
108generated double mutant (TxGT), which is defective in TRXo1 expression and strongly reduced
109in the GDC T-protein (gldt1-1; Timm et al., 2018). Moreover, we performed in vitro LPD activity
110measurements using isolated mitochondria or recombinant proteins to provide direct
111experimental evidence for redox-regulation of GDC. Collectively, our results provide evidence
112that TRXo1 is involved in the regulation of mitochondrial photorespiration and thus contributes to
113the adaptation of the photorespiratory flux towards changes in the environmental conditions that

114affect the subcellular redox-state.



115Results

116Deletion of TRXo71 causes an increase in the stoichiometry of photorespiratory CO,

117release

118In general, mutants defective in photorespiration or associated processes exhibit a distinct
119negative impact on the photosynthetic gas exchange (e.g. Dellero et al., 2015; Eisenhut et al.,
1202013a; Pick et al., 2013; Timm et al., 2012). Apart from constraints within the core cycle, deletion
1210f genes that encode for proteins of accessory functions were characterized by an increase in
122the stoichiometry of photorespiratory CO. release, particularly under conditions that require
123photorespiration to operate at high efficiencies (Cousins et al., 2011; Timm et al., 2011). To test
124whether TRXo7 mutation impacts photorespiratory metabolism, the T-DNA insertional line frxo1
125(trxo1-1; Daloso et al., 2015) and the wild type were subjected to varying oxygen concentrations
126(3, 21, 40, and 50% O) during gas exchange measurements. As shown in Fig. 1A, frxof
127showed no alteration in the net CO, assimilation rate (A) at low or normal photorespiratory flux (3
128and 21% O2), which is in agreement with unaltered growth in normal air (Daloso et al., 2015), but
129significant decreased photosynthesis at enhanced O. concentrations (40 and 50%) that
130stimulate a higher flux through photorespiration. Hence, O inhibition of A (Fig. 1B) was
131significantly higher in trxo1 (47.7 £+ 4.0%) compared to the wild type (38.3 = 4.1%). In
132accordance with the decrease in A, the CO, compensation point (I') is unchanged at 3 and 21%
1330, but significantly higher in trxo1 at 40 and 50% O (Fig. 1C). These changes increase the
134slope (y) from the estimated M-versus-oxygen response lines to about 20% (Fig. 1D), indicating a

135higher fraction of CO, released from photorespiration.
136Metabolic effects of TRXo1 deficiency on glycine turnover and cellular redox components

137To further substantiate whether mitochondrial localized TRXo1 (Daloso et al., 2015) contributes
138to mitochondrial photorespiration we next performed metabolomics during CO. transition using
139liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Rationally, CO.
140concentrations were varied to distinguish between states with suppressed photorespiration (high
141CO,, HC, 1500 ppm) and two stages with active photorespiration that are 1 and 9 h after transfer
1420f the plants into normal air (390 ppm). For comparison, we included the GDC T-protein
143knockdown mutant gldt1, characterized by a ~70% reduction in total GDC activity (gldt1-1; Timm
144et al., 2018). In agreement with previous studies (Timm et al., 2012; Eisenhut et al., 2016), the

145glycine content of wild type increased (~3.8 fold) 9 h after the transfer into normal air (Fig. 2)



146(Timm et al., 2012; Eisenhut et al., 2016). However, a distinct, intermitted glycine accumulation
147(~38 fold) was visible after 1 h in normal air. This accumulation kinetics was most pronounced
148but not restricted to glycine, since other photorespiratory intermediates such as glyxoxylate, 3-
149hydroxypyruvate (3HP), glycerate, and 3-PGA followed a similar trend (Fig. 2). Interestingly, the
150redox-related compounds glutathione (GSH), cysteine and cystine also followed the pattern of
151the photorespiratory intermediates. Serine, as the product of GDC/SHMT reactions, behaves
152almost inverse to the changes observed in glycine. The wild type shows a transient drop in
153serine after 1 h in normal air but its absolute amount returned to HC levels after 9 h in normal air
154(Fig. 2). Compared to wild type, the transient glycine accumulation in trxo7 is much lesser
155pronounced (~ 4.2 fold), but its content is considerably higher (~43 fold) after 9 h in normal air
156(Fig. 2). The missing intermitted increase was also observed in the other photorespiratory
157intermediates, which were all lower after 1 h in normal air or invariant (glyoxylate, 3HP and
158glycerate) compared to the wild type after 9 h in normal air. Only 3-PGA, the primary
159carboxylation product of Rubisco, was significantly decreased in frxo? after 9 h in normal air
160(Fig. 2). No intermitted accumulation was also seen in the three redox components after 1 h
161whilst higher levels of GSH and cysteine were observed after 9 h in normal air in trxo1. As
162expected, reduction of GDC activity to ~30% impairs glycine-to-serine interconversion in gldt1
163and thus causes a nearly linear increase in glycine up to 71-fold after 9 h LC compared to HC, a
164trend that was also reflected in GSH, cysteine and cystine levels. Concerning the other
165photorespiratory intermediates, an increase in the upstream intermediate glyoxylate after 9 h in
166normal air was found. The downstream metabolites 3HP and glycerate were significantly
167decreased only after 1 h and invariant after 9 h in normal air. Only 3-PGA was lower in gldt1 in
168these two time points (Fig. 2). Other than the wild type, trxo7 and gldt1 showed a continuous
169decrease in the GDC/SHMT reaction product serine after the shift into normal air. Unsurprisingly,
170these changes sum up to a gradually increasing glycine-to-serine ratio in both mutants, whereas
171the increase in the wild type is only on a short-term (Fig. 2). From these results one can
172conclude that the most dominant effect is related to metabolites of GDC operation and redox

173regulation in both mutants.

174Apart from changes in intermediates related to photorespiration and redox buffering, deletion of
175TRXo1 also affected metabolite levels from the TCA-cycle. While several pathway intermediates
176(e.g. malate, citrate, fumarate and aconitate) show short-term accumulation followed by
177normalization or a steadily increase (succinate) in the wild type, they did not transiently increase
178and did not show major fluctuations during CO: transition in trxo7 (Fig. 2; Supp. Table 1). A

179similar behavior was observed in gldt1, with the exception of an approximately 4-fold
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180accumulation of succinate. Finally, gldt1 accumulates branched chain (valine, isoleucine and
181leucine) and aromatic (phenylalanine, tryptophan and tyrosine) amino acids upon the transfer
182into normal air as previously reported for other photorespiration mutants (Timm et al., 2012;
183Eisenhut et al., 2017; Orf et al., 2016). Again, frxo1 behaved differently, since it showed only
184minor variations in the branched chain and aromatic amino acid contents after 9 h, but lacked
185the intermittent increases in the branched chain, but not aromatic amino acids, after 1 h in

186normal air as observed for wild type leaves (Fig. 2; Supp. Table S1).

187Lack of TRXo1 does not affect mRNA expression and protein abundance of

188photorespiratory genes/proteins

189Given that the altered glycine-to-serine interconversion in frxo71 could be due to an altered
190expression of the enzymes participating in photorespiration, we next analyzed mRNA and
191protein contents of enzymes involved in the mitochondrial steps of photorespiration. To this end,
192leaf-material of frxo7 and the wild type was harvested at the end of the day (9 h illumination) in
193normal air and gRT-PCR and immuno-blotting experiments were carried out. As shown in Fig. 3,
194we never observed significant alterations in neither mRNA nor protein levels of all four GDC
195genes and the major photorespiratory SHMT1 isoform. Similarly, constant expression was also
196detected in all three genes that served as controls for photorespiratory enzymes not localized in
197the mitochondrion (Fig. 3), namely peroxisomal hydroxypyruvate reductase 1 (HPR1),

198peroxisomal malate dehydrogenase (pMDH) and chloroplastic 2-PG phosphatase (PGLP).
199Deletion of TRXo1 in the gldt1 background intensifies the photorespiratory phenotype

200Next we hypothesized that if TRXo1 affects GDC activity, phenotypic and physiological
201alterations would be exacerbated in mutants that exhibit combined defects in TRXo71 and GDC
202expression under photorespiratory conditions. For this reason, frxo7 was crossed with the gldt1
203knock-down mutant (5% residual GDC-T mRNA expression; Timm et al., 2018) to obtain the
204double mutant TxGT (for genotypic verification see Supp. Fig. S1). As shown in Fig. 4A, wild
205type and trxo1 plants grew similarly (unchanged rosette diameter and leaf number) and were
206invariant from each other with regard to chlorophyll a fluorescence. In agreement with previous
207findings (Timm et al., 2018), gldt1 showed reduced growth (reduction in the rosette diameter),
208yellowish leaves, and lowered F./F» under photorespiratory conditions. Interestingly, the
209reduction of growth and PSII efficiency observed in the gldt1 mutant was further enhanced in the
2107TxGT line (Fig. 4A). The slower growth of gldt1 and TxGT mutant lines also caused delayed
211onset of flowering for approximately one and three weeks, respectively. If plants were cultivated
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212in HC, suppressing photorespiration, growth of the gldt1 and TxGT lines are fully restored to wild
213type levels as reflected by the unchanged rosette diameter and total leaf number, while TxGT
214still showed a significant decrease in F.J/F, (Fig. 4B). Collectively, CO. dependent
215complementation of growth suggests that the stronger phenotypic alterations in TxGT are due to

216an additive, negative impact on photorespiration.
217Mutation of TRXo1 and GDC-T does not affect expression of photorespiratory proteins

218To exclude that the intensified signs of the photorespiratory phenotype are due to altered
219expression of photorespiratory enzymes in the double mutant, we carried out immunoblot
220analysis from all mutants in comparison with the wild type in a CO, transfer experiment as done
221for metabolite profiling before. To this end, leaf material was harvested from 8 week old plants in
222HC (9 h light) and normal air (1 and 9 h light, respectively) and compared to each other.
223Expression analysis was restricted to the protein level, since mRNA levels of photorespiratory
224genes were found to be unaffected during CO, transition (Eisenhut et al., 2016). With regards to
225mitochondrial photorespiration, we did not observe any major and systematic change in the
226expression of GDC proteins (P, L and H) or SHMT1 (Supp. Fig. S2). Furthermore, other
227photorespiratory proteins (PGLP and HPR1) as well as RbclL, the E2 subunits of the
228oxoglutarate dehydrogenase complex (OGDC) and the pyruvate dehydrogenase complex
229(PDHC) from the TCA-cycle did also not change in all genotypes at different CO. conditions
230(Supp. Fig. S2). Thus, this experiment demonstrates that neither the knock down of GDC-T or
231the knockout of TRXo7 alone nor the combination of both alter the abundance of

232photorespiratory core enzymes during CO; transition.
233The double mutant TxGT exhibits strong impairment of photosynthetic CO; assimilation

234Given the distinct phenotype of the TxGT double mutant, its photosynthetic capacity was next
235characterized in more detail. Due to the smaller leaves of air-grown TxGT, which prevents
236appropriate gas-exchange measurements, plants were first grown in HC for 7 weeks to
237synchronize growth. After transfer to normal air and acclimation for 1 week, gldt1, TxGT and
238wild-type plants were analyzed. As depicted in Fig. 5, values of A, I, oxygen inhibition and y in
239wild-type plants are similar to plants consequently grown in normal air (see Fig. 2). However, the
240gldt1 mutation has a negative impact on CO. assimilation, which steadily increased during
241measurements with elevated O, concentrations. Accordingly, A and I of gldt1 are reduced by
242about 18% and 14% at low O, (3%) but by about 58% and 35% in a high O, (50%) atmosphere,
243respectively (Fig. 5A and C). These changes summed up to an ~80% increase in O inhibition of

244A and ~116% of y (Fig. B and C). These alterations are elevated in the TxGT plants grown for
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2450ne week in normal air. Hence, the decreases in A (~37%) and I' (~57%) are already larger at
246low O, and significantly higher at 50% O, (A - ~83%; I' - ~86%) (Fig. 5A and C). These inhibitory
247effects also resulted in increased O, inhibition of A (~117%) and enhanced y (~85%) (Fig. 5B
248and D). Collectively, these data suggest an additive, negative impact of both mutations on

249photorespiration, and in turn, photosynthesis.
250Impairment of mitochondrial photorespiration alters pyridine nucleotide contents

251The above mentioned results provided evidence that TRXo1 deficiency impacts mitochondrial
252photorespiration, particularly GDC, known to be the major source of NADH production in
253illuminated leaves (Leegood et al., 1995). Moreover, TRXo1 belongs to the cellular TRX system
254which is directly linked to the cellular pyridine nucleotide pools, because NADPH-dependent
255thioredoxin reductases (NTR) use NADPH as reducing power for various TRX proteins
256(Geigenberger et al., 2017). Consequently, we next quantified the abundances of pyridine
257nucleotides (NAD*, NADH, NADP* and NADPH) in all genotypes during CO. transition. In HC,
258we did not observe significant alterations in NAD*, NADH and the NADH/NAD" ratio between
259these genotypes (Fig. 6A, B and C), except a slight increase in the NADH/NAD™ ratio in the
260TxGT mutant (Fig. 6C). After the transfer to normal air for 1 h, all genotypes display decreased
261INADH and higher NAD* abundances (except gldt1), leading to significant reductions in the
262NADH/NAD? ratio in all mutants if compared to the wild type (Fig. 6A, B and C). These changes
263mostly disappeared after 9 h in normal air, but all mutants consistently showed slightly
264decreased NADH amounts compared to wild type (Fig. 6A, B and C). Comparable changes were
2650bserved in the amounts of the phophorylated pyridine nucleotide abundances. In HC, only the
266TxGT mutant elevated NADPH and decreased NADP™ levels, while the NADPH/NADP™ ratio is
267higher in the trxo1 and TxGT lines (Fig. 6D, E and F). After the transfer to normal air for 1 as well
268as 9 h, NADPH is significantly decreased in all genotypes (Fig. 6D), whereas NADP" is only
269transiently elevated in trxo7 and TxGT (Fig. 6E). However, all mutant lines are characterized by
270a significant decrease in the NADPH/NADP" ratio at both time points in air (Fig. 6F).

271The double mutant TxGT shows the characteristic photorespiratory metabolic signature

272Next we analyzed how the combined mutation of TRXo7 and GDC-T affects the steady-state
273metabolite profile in TxGT. To this end, leaf material from plants grown in either HC (1500 ppm
274CO0O3) or normal air (390 ppm CO:) was harvested after 9 h of illumination under both conditions
275and selected metabolites were quantified by LC-MS/MS analysis. As shown in Fig. 7, glycine
276was invariant between the wild type and trxo7 in HC, but it already increased in gldt1 (~1.7-fold)

277and TxGT (~3.5-fold) under this condition. In normal air, leaves of the wild type and the frxo1
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278mutant contain similar amounts of glycine compared to HC. However, a much stronger increase
279in glycine was observed in leaves of gldt1 (~17-fold) and especially TxGT (~54-fold) under
280ambient air conditions. These changes, together with the largely unaltered serine amounts in all
281plant lines, caused also a significant elevation of the cellular glycine-to-serine ratio. Only in gldt1
282and TxGT it was already higher at HC (~1.7- and ~2.5-fold) and increased further in normal air
283(~13.8- and ~43.5-fold) conditions.

2840ther photorespiratory intermediates did not significantly change between the genotypes after
285growth in HC, except a slight increase in 3HP in the TxGT mutant. Under ambient air conditions,
286however, we found elevated amounts of glyoxylate (significant in gldt1 and TxGT) and
287decreased amounts of glycerate (all lines) and 3-PGA (significant in trxo1 and TxGT) in the
288mutants compared to the wild type (Fig. 7). Only 3HP did not follow this trend given its content
289was slightly higher in trxo1 and TxGT. The compounds related to redox-homeostasis were also
290analyzed in this experiment and compared to the results shown in Fig. 2. Except a slight
291increase in GSH and cysteine in TxGT, all three compounds were basically unaltered between
292the other genotypes and the wild type under HC conditions (Fig. 7). Growth in normal air
293significantly changed the amounts of all three intermediates. In the wild type, GSH, cysteine and
294cystine are lower compared to HC (Fig. 7). In the mutants, however, all three intermediates
295showed gradually increased amounts in the order of their negative impact on photorespiration
296(trxo1 < gldt1 < TxGT).

297Apart from these changes, several other metabolic alterations previously observed in frxo71 (Fig.
2982, Supp. Table S1) and gldt1 (Timm et al., 2018) are much more pronounced in the TxGT double
299mutant (Supp. Table S2). For example, TxGT accumulates higher amounts of the branched
300chain amino acids valine (~2.7-fold), isoleucine (~4.2-fold) and leucine (~9.1-fold) as well as the
301aromatic amino acids phenylalanine (~4.2-fold), tryptophan (~5.5-fold), and tyrosine (~6.6-fold)
302in normal air compared to the wild type (Fig. 7; Supp. Table 2). Enhanced accumulation was
303also seen for proline, histidine, arginine, and asparagine, while alanine and aspartate were
304strongly decreased in TxGT. Finally, changes were also observed in the amounts of some TCA-
305cycle intermediates. For example, malate (~2.0-fold) and citrate (~3.6-fold) were elevated while
306fumarate (~16% of the wild type) was decreased (Fig. 7; Supp. Table S2). In summary, the
307combined mutation of Trxo1 and GDC-T enhances the negative impact on GDC activity and
308causes a metabolic signature comparable to that observed with other mutants showing a strong
309photorespiratory phenotype (Timm et al., 2012; Eisenhut et al., 2016; Orf et al., 2016; Levey et
310al., 2018).
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311Redox-regulation of the GDC L-protein from pea and Synechocystis through TRXo1

312Given that the GDC expression is unchanged in frxo1 and the TxGT double mutant (see Fig. 2,
313Supp. Fig. S2), only alterations in the GDC activity could account for the altered glycine
314accumulation in the mutants. Since H-protein is not enzymatically active and we also observed
315stronger negative impact on GDC performance in the double mutant with very low GDC-T
316amounts, we next tested if the GDC-L protein (LPD) activity can be redox-regulated. For this
317purpose, activity measurements were carried out using LPD from three different sources, namely
318isolated Pisum sativum (pea) leaf-mitochondria (native mtLPD), recombinant mtLPD from pea
319(PsmtLPD), and recombinant LPD from the cyanobacterium Synechocystis PCC 6803 (SyLPD)
320produced and purified after heterologous expression in E. coli. As a representative from a non-
321photosynthetic organism we further included LPD from E. coli for comparison. As shown in Fig.
3228, LPD activity from the phototrophic hosts is clearly inhibited upon addition of the artificial
323reducing agent dithiothreitol (DTT). Its activity decreased to about ~43% (native mtLPD, Fig.
3248A), ~52% (PsmtLPD, Fig. 8B) and ~15% (SyLPD, Fig. 8C). Such inhibitory effects were not
3250bserved during measurements with E.coli LPD (Fig. 8D). Reduction in LPD activity (~35%,
326~31% and ~32% for native mtLPD, PsmtLPD and syLPD, respectively) from photosynthetic
327organisms is also caused through addition of the natural reductant TRXo1 in combination with
328the NADPH-dependent thioredoxin reductase a (NTRa). Notably, the observed inhibition is due
329to the activity of the TRXo1/NTRa redox-couple, since no alterations in LPD activity were
3300bserved with inactive TRXo1/NTRa (Fig. 8). In summary, these experiments provide evidence
331that LPD of the plant and cyanobacterial GDC, but not from a heterotrophic organism such as E.

332coli, undergoes redox-regulation.

333Finally, to pinpoint critical amino acid residues in the LPD proteins used during this study (pea,
334Synechocystis and E. coli) we analyzed the respective protein sequences in more detail and in
335comparison to other plant (Arabidopsis, maize) and bacterial (Azotobacter vinelandii,
336Pseudomonas putida) representatives. Rationally, the presence of conserved cysteine residues
337could help to explain a functional mechanism that might involve disulfide bond formation through
338TRX proteins, presumably TRXo1, in the LPD proteins used during this study (pea,
339Synechocystis and E. coli). All of the analyzed LPD sequences contain two conserved cysteine
340residues (Cys 45 and Cys 50; Supp. Fig. S3). Previous work has suggested that these residues
341form a disulfide bond that is involved in FAD-binding and might be of importance for the
342interaction with the GDC-H protein (Faure et al., 2000). Interestingly, we also found cysteine

343residues (Cys 34, Cys 335 and Cys 446) that are conserved only in LPD proteins from higher
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344plants and also in Synechocystis (Cys 34 and Cys 335), but apparently are absent in the
345proteins from heterotrophic organisms (Supp. Fig. S3). Based on the existing crystal structure of
346the pea LPD protein (Faure et al., 2000), we generated in silico models of the pea,
347Synechocystis and E. coli LPD proteins (Supp. Fig. 4) to find out whether Cys 34, Cys 335 and
348Cys 446 are in close vicinity in the 3D structure and thus allow disulfide bond formation that
349could potentially be involved in the redox-regulation of LPDs from photosynthetic organisms.
350Indeed, all three Cys residues are relatively close to each other between the FAD-binding (Cys
35134), the central (Cys 335) and the interface domain (Cys 446). Given that Cys 446 is not present
352in Synechocystis (redox-regulated), but present in E. coli (not redox-regulated), it seems unlikely
353that this residue is important for activity regulation. Therefore, we conclude that a TRX could
354potentially form or split a disulfide bond between Cys 34 and Cys 335 to redox-regulate LPD
355activity.

356Discussion

357Photorespiration has attracted major interest in plant research and is the currently one of the
358major targets in plant breeding (Peterhansel et al., 2013; Betti et al., 2016; Walker et al., 2016;
359South et al.,, 2018; 2019). However, regulatory aspects of photorespiration have been only
360scarcely investigated. To date, no protein with regulatory impact on photorespiration was
361lidentified either via classic randomized mutation screens (Somerville, 2001; Badger et al., 2009)
362or other procedures (Carroll et al., 2015). The failure to identify regulatory candidates by these
363strategies could be explained by the fact that regulatory mutants might display a rather weak
364photorespiratory phenotype or that those proteins are often encoded by redundant gene families
365(Somerville, 2001; Timm and Bauwe, 2013). Nevertheless, there are several hints that some
366photorespiratory steps such as GDC in the mitochondrion might be prone to redox regulation
367(Balmer et al., 2004; Keech et al., 2017; Pérez-Pérez et al., 2017). Accordingly, we used a T-
368DNA insertional mutant that lacks the mitochondrial TRXo7 (Daloso et al., 2015) to analyze its

369potential contribution to redox regulation of photorespiration.
370TRXo1 contributes to photorespiratory metabolism

371The trxo1 single mutant provides some evidence that this protein could indeed be involved in
372redox regulation of photorespiration. As such it is perhaps unsurprising that, it shows an
373increase in the stoichiometry of photorespiratory CO. release, which was previously observed
374also in other mutants with a moderately, constrained photorespiratory flux (Cousins et al., 2011;

375Timm et al., 2011). Further support that TRXo1 impacts mitochondrial photorespiration was
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376provided from our metabolite analysis (Fig. 2). Whilst rather minor changes in the glycine-to-
377serine conversion were observed if {rxo1 was consequently grown in normal air (Fig. 7; Daloso
378et al., 2015), clear differences in glycine accumulation were found if the mutant was shifted from
379HC into air to simulate quick photorespiratory activation (Fig. 2). Hence, TRXo1 mediated
380regulation could play a more dominant role in the short term acclimation of photorespiration to
381fluctuating environments. In wild-type leaf material, glycine is low under HC conditions but
382increased about 38-fold after 1 h in LC before it returned to only slightly enhanced levels (~3.8
383fold) after 9 h. This strong transient glycine accumulation shortly after induction of
384photorespiration is consistent with previous reports (Timm et al., 2012; Eisenhut et al., 2016; Orf
385et al., 2016) and points to the necessity that glycine turnover via GDC needs some activation
386after HC to LC shifts. Interestingly, such intermittent strong effects on glycine were not found in
387trxo1, here the glycine level rose somewhat continuously from 1 to 9 h in LC. This finding
388indicates that TRXo1 mediated redox control could somehow inhibit GDC activity in cells grown
389at HC, which is relieved in the frxo1 mutant on a short term and in wild type only after longer
3%90acclimation to LC conditions. A likely candidate for the TRXo1-mediated redox regulation of
391GDC is mtLPD since its activity decreases when reduced via this protein (Fig. 8, discussed
392below in detail). Transient accumulation of the redox-related intermediates GSH, cysteine and
393cystine in wild-type leaves (Fig. 2) is consistent with the hypothesis that fast HC to LC shifts
394might result in a transient redox shift in mitochondria, which is lesser pronounced in the trxo1
395mutant. Notably, short term effects on redox-stress intermediates in the wild type can, at least
3%6partially, be related to GDC activation. This can be concluded from studies on the gldt1 mutant,
397which exhibits an approximate 70% reduction in the total GDC activity (Timm et al., 2018), since
398it displays increases in these metabolites similar to the wild type after 1 h in LC, but all
39%9intermediates do further increase considerably without optimal GDC activity (Fig. 2).
400Malfunctioning of GDC reduces NADH regeneration and in turn leads to an undersupply of the
401respiratory chain. This assumption is supported by our quantification of pyridine nucleotide
402contents during CO, transition, which revealed a higher NADH/NAD" ratio in the wild type (Fig.
4036) in agreement with a higher photorespiratory flux through GDC and thus, increased NADH
404production. In contrast, impairment of GDC activation/activity in both, frxo7 and gldt1,
405respectively, causes a distinct drop in the NADH/NAD" ratio (Fig. 6). As expected, these effects
406are mostly seen shortly after HC to ambient air transfer and became somewhat alleviated after 9
407h. However, these results provide clear evidence that proper GDC regulation is crucial to

408maintain the cellular redox-homeostasis. Imbalances of it, particularly in mitochondria, eventually
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409cause higher production of reactive oxygen species (ROS) that might be counteracted via the
410accumulated GSH (Fig. 2).

411However, the observed effects of the single TRXo7 mutation on photorespiration and related
412metabolites are rather weak under standard conditions. Such a behavior has been predicted for
413other regulatory mutants (Timm and Bauwe, 2013). Moreover, TRXo1 is not the only
414mitochondrial TRX in Arabidopsis. It is known that TRXh2 is also present in mitochondria
415(Daloso et al.,, 2015) and we currently cannot rule out some redundancy between these two
416proteins, thus weakening the phenotype of single trxo1 mutant. Given the fact that changes in
417the phosphorylated pyridine nucleotide contents during CO: transition are most dominant in the
418trxo1 and TxGT mutants shortly after transfer into normal air (Fig. 6D, E and F) it is likely that the
419decrease of the NADPH/NADP™ ratio can only be partially referred to the feedback inhibition on
420photosynthesis, particularly the CBC, in response to malfunctioning of photorespiration (Timm et
421al., 2016). The stronger, intermitted responses in mutants lacking TRXo1 could also lead to
422activation of other TRX proteins that require a higher NADPH turnover through NTRa. Hence,
423TRXh2 might, at least to some extent, compensate for the loss of TRXo1 and also act on GDC
424proteins to regulate their activity. Indeed, similar observations have been made with several TRX
425target enzymes of the TCA-cycle (Daloso et al., 2015) and future research on multiple mutants is
426needed to elucidate the interplay between the different TRX proteins and their regulation of
427GDC.

428Lack of TRXo1 in a GDC-T knock down mutant intensifies the photorespiratory phenotype

429To further substantiate the impact of TRXo1 on mitochondrial photorespiratory metabolism, we
430took advantage of a double mutant approach. For this purpose, trxo1 was crossed into the gldt1
431background, to follow how plant metabolism adapts if overall GDC capacity is decreased to
432about 70% (gldt1; Timm et al., 2018) and additionally lacks the possible TRXo1 mediated redox-
433regulation. The double mutant TxGT showed a more strongly pronounced photorespiratory
434phenotype than gldt1. Growth, PSII activity, and photosynthetic CO. assimilation were clearly
435diminished when cultivated in normal air but remained unaltered if grown in HC (Fig. 4, and 5 ).
436These changes provide strong evidence that the TRXo1 and GDC-T mutations are negatively
437additive for photorespiratory metabolism in mitochondria; i.e. the double mutant TxGT clearly
438amplifies the importance of TRXo1 for photorespiration. This finding could indicate that the
439absence of TRXo1 further decreases the GDC activity, but not necessarily through affecting the

440cellular redox-state as evident by the observation that changes in the pyridine nucleotide
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441contents are similar between the trxo7 and the TxGT mutant (Fig. 6). In this scenario, activity
442regulation of GDC could occur directly only on GDC-P or GDC-L, since GDC-H is not
443enzymatically active and GDC-T already highly diminished. This assumption is underpinned by
444the massive increases in glycine and glycine-to-serine ratio (Fig. 7), indicating intensified
445impairment of GDC.

446The intensified photorespiratory phenotype can potentially also be explained by missing TRXo1-
447mediated redox regulation of other processes, indirectly affecting the operation of GDC. It has
448been shown that the trxo7 mutant exhibits a deregulated TCA cycle (Daloso et al. 2015), which
449in turn could affect photorespiration due to their physiological interaction (Obata et al., 2016).
450Changes in TCA cycle intermediates are obvious in the trxo7 mutant (Supp. Table 1) and are
451intensified in the case of malate, citrate and fumarate in the TxGT double mutant (Supp. Table
4522). Moreover, the TRXo1-mediated regulation of mtLPD (Fig. 8) is not only relevant for the
453regulation of GDC activity, because this protein is also part of the PDHC and OGDC involved in
454the TCA cycle, as well as the branched-chain 2-oxoacid dehydrogenase complex (BCDHC)
455involved in the degradation of branch chain amino acid (Oliver et al., 1990; Millar et al., 1998;
456Timm et al., 2015). Hence, one might speculate that the strongly enhanced photorespiratory
457phenotype of the TxGT plants is partially related to the malfunction of mtLPD in these multiple
458complexes. Indeed, in support of this theory some characteristic changes in the TCA-cycle and
459branched chain amino acid metabolism are visible in frxo7 and TxGT under both HC and LC
460(Supp. Tables 1 and 2).

461The above facts notwithstanding, the phenotypic complementation of TxGT by elevated CO,
462levels clearly indicates that the main cause of the phenotype is due to a photorespiratory defect.
463As indicated by the massively elevated glycine amounts this is presumably mediated by an
464effect on the GDC activity (Fig. 7).

465TRXo1 contributes to redox-regulation of GDC through LPD

466As mentioned above, all four GDC (P, T, H and L) proteins contain conserved cysteine residues
467and, thus, were suggested to undergo redox-regulation (Balmer et al., 2004; Keech et al., 2017,
468Pérez-Pérez et al, 2017). To date, a redox-regulation mechanism was proposed and
469experimentally verified only for the Synechocystis GDC P-protein (Hasse et al., 2013), the actual
470glycine decarboxylase. It has been also shown that the entire GDC activity became severely
471inhibited in a more oxidized and ROS producing mitochondrion due to a defect in the ER

472localized adenylate transporter 1 (ER-ANTT) in Arabidopsis and rice (Hoffmann et al., 2013;
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473Zhang et al., 2016), which was partly relieved upon DTT addition (Hoffman et al., 2013). These
474findings stimulated us to test GDC-L (mtLPD) for its potential to undergo redox-regulation, which
475could be based on disulfide bond formation that has been in silico predicted onto the LPD
476structure (Faure et al., 2000). LPD proteins from phototrophic and heterotrophic organisms
477(Supp. Fig. S3) all possess conserved cys 45 and cys 50 residues that are likely involved in the
478binding of the FAD-cofactor and interaction with GDC-H (Faure et al., 2000). However, there are
4790other cys residues that are only conserved in LPD proteins from phototrophic organisms, which
480thus might play a role in TRXo1-based LPD redox-regulation (Supp. Fig. S4). Consistent with
481this assumption we showed that reducing conditions did not affect LPD from E. coli but always
482inhibited LPD activity from phototrophic origin, including native LPD from pea leaf-mitochondria
483and recombinant proteins from pea and Synechocystis PCC 6803. In addition to DTT, the
484natural redox-couple consisting of the recombinant mitochondrial TRXo1 and NTRa from
485Arabidopsis (Reichheld et al., 2007; Daloso et al., 2015) were also able to decrease activity of
486the plant and cyanobacterial LPD. Redox regulation of LPD has been recently also suggested in
487experiments to characterize the thioredoxome of Chlamydomonas (Pérez-Pérez et al., 2017). As
488mentioned before, such a regulation is anticipated to not only affect GDC but also the other
489mitochondrial enzyme complexes in which LPD is involved in, namely, PDHC, OGDC, as well as
490BCDHC. Notably, all of the analyzed organic acids involved in the TCA-cycle (malate, citrate,
491succinate and fumarate) as well as the branched chain (valine, isoleucine and leucine), but not
492the aromatic (tyrosine, phenylalanine and tryptophane), amino acids essentially show the same
493accumulation pattern in frxo7 during HC-to-LC transition as glycine does (Fig. 2, Suppl. Table
494S1).

495The fact that we observed a biphasic response of many metabolites in wild type that was mostly
496absent in the frxo1 mutants indicates that redox-regulation occurs on different time scales and
497might involve other compensatory mechanisms such as through TRXh2. However, our results
498suggest that TRXo1 is part of the regulation cycle of GDC and the other multi-enzyme systems
499LPD is involved in. First, and on a shorter time scale (e.g., 1 h after shift to ambient air in our
500experiment) the presence of TRXo1 (wild-type situation) controls the activation state of LPD and,
501thus, prevents imbalances in mitochondrial metabolism towards a massive carbon influx into
502photorespiration that affects the mitochondrial redox-state mainly via elevation of the
503NADH/NAD" ratio that in turn would inhibit GDC (Taylor et al., 2002). Given the absence of the
504strong intermittent glycine accumulation in trxo1, it appears that absence of TRXo1 facilitates
505glycine turnover on the shorter time scale through a more active LPD and, likely, GDC. A similar

506response was also seen for the intermediates metabolized by PDHC, OGDC, and BCDHC.
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507Nevertheless, on a longer time scale and also in the TxGT double mutant with a “pre-impaired”
508GDC, absence of TRXo1 no longer facilitates LPD activity. We currently hypothesize that under
509these conditions another TRX protein, presumably TRXh2, compensates for the lack of TRXo1
510to prevent from uncontrolled reduction of NAD", as evident from the higher turnover of NADPH in
511the trxo1 and the TxGT mutant (Fig. 6). Collectively, our results indicate that TRXo1 contributes
512to the regulation of mitochondrial multi-enzyme systems, particularly GDC, in response to short-

513term fluctuations caused by environmental changes.
514Material and methods
515Plant material and growth

516Arabidopsis thaliana (Arabidopsis) ecotype Col.0 was used as wild type reference during this
517study. T-DNA insertional lines trxo7-1 (SALK 042792) and gldt1-1 (WiscDSLox 366A11-085) in
518the Col.0 background were obtained from the Nottingham Arabidopsis Stock Centre (Alonso et
519al. 2003; Woody et al. 2007) and homozygous lines produced as described previously (Daloso et
520al., 2015; Timm et al., 2018). After sterilization with chloric acid, seeds were sown on a
521soil/vermiculite mixture (4:1), incubated at 4°C for 2 days to break dormancy and plants grown
522under controlled environmental conditions as follows: 10 h day, 20°C/ 14 h night, 18°C, ~ 120
523umol photons m? s™ light intensity, and 70% relative humidity. Where specified in the text, CO,
524concentration was increased from 390 ppm (normal air) to 1500 ppm (HC - high carbon) with
525otherwise equal conditions. Plants were regularly watered and fertilized weekly (0.2% Wuxal,
526Aglukon).

527Generation and verification of the TRXo7 and GLD-T double mutant (TxGT)

528The trxo1-1 and gldt1-1 T-DNA insertional lines were crossed to obtain a trxo7-1-gldt1-1 double
529mutant (TxGT). To verify the T-DNA insertions in both genes in the following generations, leaf
530DNA was isolated according to standard protocols and PCR-amplified (min at 94°C, 1 min at
53158°C, 2 min at 72°C; 35 cycles) with primers specific for the left border (R497 for WiscDsLox
532line, gldt1-1 or T5 for SALK 042792 line, trxo1-1) and AtGDC-T (R490) and TRXo1 (T4) specific
533primers. The resulting fragments (gldt1-1 1859 bp, trxo7-1 2000 bp) were sequenced for
534verification of the T-DNA fragment within both genes. Zygosity was examined by PCR
535amplification (min at 94°C, 1 min at 58°C, 2 min at 72°C; 35 cycles) of leaf DNA with the primer
536combination R498 and R490 for GLD-T (1943 bp) and T3 and T4 for TRXo1 (min at 94°C, 1 min
537at 58°C, 2 min at 72°C; 35 cycles). For oligonucleotide sequences see Supp. Table 3.
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538qRT-PCR expression analysis and immunological studies

539To extract total leaf RNA and protein, plant material (~100 mg) was harvested from air grown
540wild type and frxo1-1 plants at growth stage 5.1 (Boyes et al., 2001) after 9 h of illumination or
541during the CO; transfer experiment (Fig. 2) and stored at -80°C until further processing. RNA
542isolation was carried out using the Nucleospin RNA plant kit (Macherey-Nagel). Following PCR
543verification of absence of DNA contamination, cONA was synthesized from 2.5 ug of leaf RNA
544using the RevertAid cDNA synthesis kit (MBI Fermentas). Prior qRT-PCR analysis cDNA
545amounts were pre-calibrated by conventional RT-PCR using signals of the constitutively
546expressed 40S ribosomal protein S76 gene. gRT-PCR of selected photorespiratory genes
547(GLD-P1, GLD-T, GLD-H, GLD-L1, SHMT1, HPR1, pMDH1, and PGLP; for sequences see
548Supp. Table 3) was performed on the LightCycler 1.5 system (Roche) and SYBR Green
549fluorescence (Roche) for detection as described previously (Timm et al., 2013). To obtain total
550leaf-protein, plant material was homogenized and extracted in 200 ml of extraction buffer
551containing 50 mM HEPES-KOH, pH 7.6, 10 mM NaCl, 5 mM MgCl;, 100 mM sorbitol, and 0.1
552mM phenylmethylsulfonyl fluoride. After centrifugation (4°C, 10 min, 20,0009), the protein
553concentration of the supernatant was determined according to Bradford (1976). Subsequently,
55410 pg leaf proteins were separated via SDS page and transferred onto a PVDF membrane
555according to standard protocols. Antibodies of selected photorespiratory proteins (P(MDH1, GLD-
556P, GLD-T, GLD-H, GLD-L, SHMT1, HPR1, and PGLP; Pracharoenwattana et al., 2007; Timm et
557al., 2013; Flugel et al., 2017) were used to estimate their abundances in the mutant lines and the
558wild type.

559Gas exchange and chlorophyll a fluorescence measurements

560Leaf gas exchange measurements were performed using fully expanded rosette leaves of plants
561at growth stage 5.1 (Boyes et al., 2001) with the following conditions: photon flux density = 1000
562umol m? s™, chamber temperature = 25°C, flow rate = 300 ymol s, and relative humidity = 60 to
56370%. For A/C; curves CO; steps were: 400, 300, 200, 100, 50, 0, and 400 ppm. Changes in the
5640, concentrations to 3, 40 or 50% (balanced with N.), were generated via the gas-mixing system
565GMS600 (QCAL Messtechnik). Oxygen inhibition of A was calculated from measurements at 21
566and 50% oxygen using the equation: O; inhibition = (A21 — Aso)/A21*100. Calculation of y was
567performed by linear regression of the I'-versus-oxygen concentration curves and given as slopes

5680f the respective functions. Simultaneously, chlorophyll a fluorescence was determined on a
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569PAM fluorometer (DUAL-PAM-100; Walz). Maximum quantum yields of PSIlI were determined

570after dark adaptation of the plants for at least 15 min.
571Metabolite analysis

572For LC-MS/MS analysis, leaf material was harvested from fully expanded rosette leaves
573(sampling time points are specified in the legends of Fig. 2 and 6) of plants at growth stage 5.1
574(Boyes et al., 2001), immediately frozen in liquid nitrogen, and stored at -80°C until analysis.
575Extraction of soluble primary intermediates was carried out using LC-MS grade chemicals
576according to the method described in Arrivault et al., (2009; 2015) with some modifications.
577Briefly, ~60 mg leaf-tissue was grounded down to a fine powder and extracted in 500 pl of ice-
578cold LC-MS/MS buffer (150 pul chloroform, 350 pul methanol, 1 pl of 2-(N-
579Morpholino)ethanesulfonic acid (MES) as internal standard (1 mg/ml). Following addition of 400
580ul ice-cold water samples were vortexed thoroughly and incubated for at least 2 h at -20°C. After
581centrifugation (10 min, 20000 g, 4°C), the aqueous phase was transferred to new tube and 400
582ul of ice-cold water again added to the extraction tube. Following stirring and centrifugation (5
583min, 20000g, 4°C), supernatants were combined and lyophilized. Next, the dried extracts were
584dissolved in 400 pl water and filtrated through 0.2 um filters (Omnifix®-F, Braun, Germany). The
585cleared supernatants were analyzed using the high performance liquid chromatograph mass
586spectrometer LCMS-8050 system (Shimadzu, Japan) and the incorporated LC-MS/MS method
587package for primary metabolites (version 2, Shimadzu, Japan). In brief, 1 ul of each extract was
588separated on a pentafluorophenylpropyl (PFPP) column (Supelco Discovery HS FS, 3 uym, 150 x
5892.1 mm) with a mobile phase containing 0.1% formic acid. The compounds were eluted at 0.25
590ml min”" using the following gradient: 1 min 0.1% formic acid, 95% A. dest., 5% acetonitrile,
591within 15 min linear gradient to 0.1% formic acid, 5% A. dest., 95% acetonitrile, 10 min 0.1%
592formic acid, 5% A. dest., 95% acetonitrile. Aliquots were continuously injected in the MS/MS part
593and ionized via electrospray ionization (ESI). The compounds were identified and quantified
594using the multiple reaction monitoring (MRM) values given in the LC-MS/MS method package
595and the LabSolutions software package (Shimadzu, Japan). Authentic standard substances
596(Merck, Germany) at varying concentrations were used for calibration and peak areas
597normalized to signals of the internal standard. Glyoxylate, 3HP and glycerate were determined in
598the negative ion mode using selective ion monitoring (SIM) for m/z 73, 102 and 105
599corresponding to the deprotonated glyoxylate, 3HP and glycerate ions [M-H]". Retention time
600acquisition window (2 min) was verified with co-elution experiments using purchased glyxoylate,

6013HP and glycerate (Sigma-Aldrich, Germany). Varying concentrations of the three metabolites
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602were also used for calibration curves. Data were interpreted using the Labsolution software

603package (Shimadzu, Japan).
604Determination of pyridine nucleotide contents

605The contents of NAD*/NADH and NADP*/NADPH were determined in acid and alkaline extracts
606using the protocol described in Queval and Noctor (2007). The assays involve the phenazine
607methosulfate-catalyzed reduction of dichlorophenolindophenol (DCPIP) in the presence of
608ethanol and alcohol dehydrogenase (for NAD* and NADH) or glucose-6-P and glucose-6-P
609dehydrogenase (for NADP* and NADPH). Reduced and oxidized forms are distinguished by

610preferential destruction through measurements in acid or alkaline buffers.
611
612Cloning, expression and purification of recombinant enzymes

613To express bacterial, cyanobacterial and plant LPDs the open reading frames were PCR
614amplified from E. coli genomic DNA (EcLPD; MG1655; EcLPD-S-BamHI/EcLPD-AS-Sall),
615Synechocystis sp. strain PCC 6803 genomic DNA (SyLPD; sir1096; 1096Xhol-fw/1096EcoRI-
616rev) or Pisum sativum (PsmtLPD; P454/P294) cDNA and ligated into the pGEMT vector
617(Invitrogen) for amplification and sequencing (Seglab, Géttingen). The respective fragments
618were excised using the introduced restriction sites (EcLPD — BamHI/Sall; SyLPD — Xhol/EcoRI
619and PsmtLPD — BamHI/EcoRI) and ligated into vector pET28a (Novagene) or pBADHisA
620(Invitrogen) to obtain pET28a-EcLPD, pBADHisA-SyLPD and pET28a-PsmtLPD. Expression
621vectors pET16b-AfTRXo1 and pET16b-A{NTRa were generated as described previously (Laloi
622et al., 2001). Overexpression of the 4 constructs was carried out in 200 ml LB-medium
623containing ampicillin (200 yg mL™") for the pBADHisA and pET16b or kanamycin (100 yg mL™")
624for the pET28a vectors. Overexpression cultures were inoculated with 1 ml of a freshly prepared
6250vernight culture (~16 h) and shaken (200 rpm) at 37°C until ODgyw = ~0.6. Expression in
626Escherichia coli was carried out as follows: pBADHisA:SyLPD, strain LMG194, induction with
6270.2% (w/v) arabinose, and incubation at 30°C (200 rpm) for ~16 h or pET28a and pET16b, strain
628BL21, induction with IPTG (1 mM), and incubation at 37°C (200 rpm) for 4 h (EcLPD, AfTRXo1
62%9and AiNTRa) or 30°C for ~16 h (PsmtLPD1). The cells were harvested and resuspended in 20
630mM TrisHCI, pH 8.0, containing 300 mM NaCl, and 20 mM Imidazol. Next, lysozyme was added
631(1 mg/ml) and the crude extract incubated for 30 min on ice. The proteins were than extracted by
632ultrasonic treatments (6 x 30 s, 90 W) in ice and centrifugation (20000g, 15 min, 4°C). To purify
633recombinant EcLDP, SyLPD, PsmtiLPD, AfTRXo1 and AINTRa, we performed nickel-
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634nitrilotriacetic acid agarose affinity chromatography according to the protocol of the supplier
635(HisTrap; GE Healthcare). The eluted proteins were checked regarding purity using SDS-PAGE

636and staining by Coomassie Brilliant Blue and subsequently used for enzyme measurements.
637Isolation of mitochondria and mtLPD activity measurements

638To obtain mtLPD for activity measurements, mitochondria were isolated from ~50 g pea leaves
63%according to Keech et al. (2005). Prior activity measurements mitochondria were solubilized by
640three freeze-thaw cycles, followed by 45 min centrifugation (40000g, 4°C). The obtained
641supernatant was used to determine the protein content. Total mtLPD activity in mitochondrial
642extracts or of recombinant proteins was assayed spectrophotometrically at 25°C (PsLPD and
643SyLPD) or 37°C (EcLPD) as described previously (Timm et al., 2015). The reactions were
644initiated by adding 10-20 ug ml" mitochondrial or 5-10 ug ml”" recombinant protein. Enzyme
645activity was determined without (control, oxidizing conditions) or after (reducing conditions)
646addition with 2 mM dithiothreitol (DTT) for 10 min at room temperature. Furthermore, the artificial
647proton donor DTT was exchanged with a native mitochondrial redox-system consisting of TRXo1
648and NTRa. Briefly, 30 uyg NTRa and 12 ug TRXo1 were mixed with 100 yM NADPH in 100 pl
649potassium-phosphate, incubated for at least 10 min at 25°C and after addition of all other
650components of the test, mtLPD activity was monitored at 340 nm. For control measurements, the

651same reactions were carried out after boiling of TRXo1 and NTRa for 10 min at 90°C.
652Statistical analysis

653Significant values were determined using the two-tailed Student’s ¢ test (Microsoft Excel 10.0)
654and by ANOVA for multiple genotypes using the Holm and Sidak test for comparisons (Sigma
655Plot 11; Systat Software). The term significant is used here only if the change in question has

656been confirmed to be significant at the level of *p < 0.05 or **p < 0.01.

657Accession numbers

658The Arabidopsis Genome Initiative or GenBank/EMBL database contains sequence data from
659this article under the following accession numbers: TRXo1 (At2g35010), NTRa (At2g17420),
660GDC-T (At1g11680), GDC-P1 (At4g33010), GDC-H1 (At1g32470), GDC-L1 (mtLPD1)
661(At1g48030), GDC-L2 (AT3G17240), SHMT1 (At4g37930), pMDH (At2g22780), HPR1
662(At1g68010), PGLP1 (At5g35700), ODGC-E2 (At5g55070), PDC-E2 (At3g52200), RbcL
663(ATCG00490), 40S ribosomal protein S16 (At2g09990), pea LPD (P31023), maize LPD
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664(A0A1D6MSE3), Syn LPD (P72740), E.coli LPD (POA9PO0), Azotobacter vinelandii LPD
665(C1DGW2) and Pseudomonas putida LPD (Q88C17).
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950Figure legends
951Figure 1. Oxygen-dependent gas exchange of trxo7 and the wild type.

952Plants were grown in normal air (390 ppm CO,) with a 10/14 h day/night cycle. After 8 weeks
953(growth stage 5.1, Boyes et al., 2001), plants were used for gas exchange measurements at
954varying oxygen concentrations (3%, 21%, 40%, and 50%, balanced with N;). Mean values + SD
955(n = 5-8) are shown for (A) net CO. uptake rates (A) and oxygen inhibition of A and (B) CO.
956compensation points (') and slopes of the [-versus-oxygen concentrations (y). Asterisks
957indicate significant alterations of the trxo7 mutant to the wild type according to Student's t-test
958(*p < 0.05, **p < 0.01, n.s. — not significant). For details on the calculation of oxygen inhibition

959and y see material and methods section.
960Figure 2. Selected metabolites in wild type, trxo7 and g/dt1 plants during CO: transition.

961Plants were grown in high CO; (1500 ppm, HC) with a 10/14 h day/night cycle. After 8 weeks
962(growth stage 5.1, Boyes et al., 2001) plants were transferred in normal air (390 CO,) with
963otherwise equal conditions. Leaf-material was harvested in HC (9 h light) and in normal air (1
964and 9 h light), respectively. Shown are mean values + SD (n = 6) of selected metabolites
965quantified by LC-MS/MS analysis. For a more comprehensive dataset including statistical

966evaluation please compare Supp. Datasheet 1.

967Figure 3. Expression of selected photorespiratory enzymes on the mRNA and protein
968level.

969Plants were grown in normal air (390 ppm CO) with a 10/14 h day/night cycle. After 8 weeks
970(growth stage 5.1, Boyes et al., 2001), leaf-material was harvested at the end of the day (9 h
971illumination) and used for subsequent mRNA and protein extraction. Shown are mean values +
972SD (n = 3) of mRNA expression and representative immunoblots from the frxo7 mutant

973compared to the control (n.s. — not significant; n.d. — not determined).
974Figure 4. Phenotype, growth and chlorophyll a fluorescence of the TxGT double mutant.

975Plants were grown in (A) normal air (390 ppm CO2) or (B) high CO. (1500 ppm, HC) with a
97610/14 h day/night cycle. After 5 weeks plants were photographed, rosette diameters and total
977leaf-numbers determined and chl a fluorescence measurements carried out. Shown are mean

978values = SD (n > 5). Asterisks indicate values significantly different from the control (*p < 0.05;
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979**p < 0.01; n.s. — not significant) and plusses between the gldt1 single and the TxGT double
980mutant (*p < 0.05).

981Figure 5. Oxygen-dependent gas exchange of gldt1, TxGT and the wild type.

982Plants were grown in high CO; (1500 ppm) with a 10/14 h day/night cycle. After 7 weeks (growth
983stage 5.1, Boyes et al., 2001), plants were transferred to normal air (390 ppm CO.) and used for
984gas exchange measurements at varying oxygen concentrations (3%, 21%, and 50%, balanced
985with N.) after one week acclimation to the altered atmosphere. Mean values + SD (n = 5-8) are
986shown for (A) net CO, uptake rates (A) and oxygen inhibition of A and (B) CO. compensation
987points (') and slopes of the -versus-oxygen concentrations (y). Asterisks indicate significant
988alterations of the mutants to the wild type according to Student's t-test (*p < 0.05, **p < 0.01) and
989plusses between the gldt1 single and the TxGT double mutant (*p < 0.05). For details on the

990calculation of oxygen inhibition and y see material and methods section.

991Figure 6. Pyridine nucleotide contents in wild type, g/dt1, trxo1 and TxGT plants during
992CO; transition.

993Plants were grown in high CO; (1500 ppm, HC) with a 10/14 h day/night cycle. After 8 weeks
994(growth stage 5.1, Boyes et al., 2001) plants were transferred in normal air (390 ppm CO.) with
9950therwise equal conditions. Leaf-material was harvested in HC (9 h light) and in normal air (1
996and 9 h light), respectively. Shown are mean values + SD (n > 6) of pyridine nucleotides (NAD",
997NADH, NADP* and NADPH) quantified by spectrophotometric analysis. Asterisks indicate
998significant alterations of the mutants to the wild type according to Student's t-test (*p < 0.05, **p

999< 0.01, n.s. — not significant).

1000Figure 7. Levels of selected metabolites in leaves of the wild type, trxo1, gldt1 and TxGT

1001mutants grown in HC and normal air.

1002Plants were grown in high CO, (1500 ppm, HC) and normal air (390 ppm CO,) with a 10/14 h
1003day/night cycle. After 8 weeks (growth stage 5.1, Boyes et al.,, 2001), leaf-material was
1004harvested in both conditions after 9 h illumination. Shown are mean values £ SD (n > 4) of
1005selected metabolites quantified by LC-MS/MS analysis. Asterisks indicate significant alterations
10060f the mutants to the wild type in each condition according to Student's t-test (*p<0.05; **p<0.01)
1007and plusses between HC and normal air values of each genotype (*p<0.05). For a more

1008comprehensive dataset including statistical evaluation please compare Supp. Datasheet 2.
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1009Figure 8. Redox-regulation of mtLPD1 from pea and Synechocystis.

1010The activity of mtLPD was determined in (A) pea leaf-mitochondria and from recombinant (B)
1011pea and (C) Synechocystis proteins, respectively. Shown are mean values + SD (n > 4) of
1012mtLPD activity without or after addition of DTT and recombinant native or boiled TRXo1 and
1013NTRa as described in detail in the material and methods section. Asterisks indicate significant
1014alterations to the control according to Student's ft-test (*p < 0.05, **p < 0.01, n.s. — not

1015significant).
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Figure 1. Oxygen-dependent gas exchange of trxo7 and the wild type.

Plants were grown in normal air (390 ppm CO;) with a 10/14 h day/night cycle. After 8 weeks
(growth stage 5.1, Boyes et al., 2001), plants were used for gas exchange measurements at
varying oxygen concentrations (3%, 21%, 40%, and 50%, balanced with N;). Mean values *
SD (n = 5-8) are shown for (A) net CO. uptake rates (A) and (B) oxygen inhibition of A and
(C) CO,compensation points (I') and (D) slopes of the '-versus-oxygen concentrations (y).
Asterisks indicate significant alterations of the trxo7 mutant to the wild type according to
Student's t-test (*p < 0.05, **p < 0.01, n.s. — not significant). For details on the calculation of

oxygen inhibition and y see material and methods section.
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Figure 2. Selected metabolites in wild type, trxo71 and gldt1 plants during CO:
transition.

Plants were grown in high CO, (1500 ppm, HC) with a 10/14 h day/night cycle. After 8 weeks
(growth stage 5.1, Boyes et al., 2001) plants were transferred in normal air (390 CO;) with
otherwise equal conditions. Leaf-material was harvested in HC (9 h light) and in normal air (1
and 9 h light), respectively. Shown are mean values £+ SD (n = 6) of selected metabolites
quantified by LC-MS/MS analysis. For the full dataset including statistical evaluation please

compare Supp. Table 1.
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Figure 3. Expression of selected photorespiratory enzymes on the mRNA and protein

level.

Plants were grown in normal air (390 ppm CO) with a 10/14 h day/night cycle. After 8 weeks
(growth stage 5.1, Boyes et al., 2001), leaf-material was harvested at the end of the day (9 h
illumination) and used for subsequent mMRNA and protein extraction. Shown are mean values
+ SD (n = 3) of mMRNA expression determined by qRT-PCR analysis and representative
immunoblots from the trxo1 mutant compared to the control (n.s. — not significant; n.d. — not

determined).
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Figure 4. Phenotype, growth and chlorophyll a fluorescence of the TxGT double

mutant.

Plants were grown in (A) normal air (390 ppm CO2) or (B) high CO: (1500 ppm, HC) with a

10/14 h day/night cycle. After 5 weeks plants were photographed, rosette diameters and total

leaf-numbers determined and chla fluorescence measurements carried out. Shown are mean

values £ SD (n > 5). Asterisks indicate values significantly different from the control (*p <

0.05; **p < 0.01; n.s. — not significant) and plusses between the gldt1 single and the TxGT

double mutant (*p < 0.05).
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Figure 5. Oxygen-dependent gas exchange of gldt1, TxGT and the wild type.

Plants were grown in high CO, (1500 ppm) with a 10/14 h day/night cycle. After 7 weeks
(growth stage 5.1, Boyes et al., 2001), plants were transferred to normal air (390 ppm CO.)
and used for gas exchange measurements at varying oxygen concentrations (3%, 21%, and
50%, balanced with N,) after one week acclimation to the altered atmosphere. Mean values +
SD (n = 5-8) are shown for (A) net CO. uptake rates (A), (B) oxygen inhibition of A, (C) CO;
compensation points (') and (D) slopes of the -versus-oxygen concentrations (y). Asterisks
indicate significant alterations of the mutants to the wild type according to Student's t-test (*p
< 0.05, **p < 0.01) and plusses between the gldt1 single and the TxGT double mutant (*p <
0.05). For details on the calculation of oxygen inhibition and y see material and methods

section.
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Figure 6. Pyridine nucleotide contents in wild type, gldt1, trxo1 and TxGT plants

during CO:; transition.

Plants were grown in high CO, (1500 ppm, HC) with a 10/14 h day/night cycle. After 8 weeks

(growth stage 5.1, Boyes et al., 2001) plants were transferred in normal air (390 ppm CO,)

with otherwise equal conditions. Leaf-material was harvested in HC (9 h light) and in normal

air (1 and 9 h light), respectively. Shown are mean values + SD (n > 6) of pyridine
nucleotides (NAD*, NADH, NADP* and NADPH) quantified by spectrophotometric analysis.

Asterisks indicate significant alterations of the mutants to the wild type according to Student's

t-test (*p < 0.05, **p < 0.01, n.s. — not significant).
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Figure 7. Levels of selected metabolites in leaves of the wild type, trxo1, gldt1 and

TxGT mutants grown in HC and normal air.

Plants were grown in high CO. (1500 ppm, HC) and normal air (390 ppm CO.) with a 10/14 h
day/night cycle. After 8 weeks (growth stage 5.1, Boyes et al., 2001), leaf-material was
harvested in both conditions after 9 h illumination. Shown are mean values + SD (n > 4) of
selected metabolites quantified by LC-MS/MS analysis. Asterisks indicate significant

alterations of the mutants to the wild type in each condition according to Student's t-test



(*p<0.05; **p<0.01) and plusses between HC and normal air values of each genotype
(*p<0.05). For a more comprehensive dataset including statistical evaluation please compare
Supp. Table 2.
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Figure 8. Redox-regulation of LPD from pea, Synechocystis and E. coli.

The activity of LPD proteins was determined in (A) pea leaf-mitochondria or of recombinant
proteins produced through heterologous expression in E.coli and affinity purification from (B)
pea, (C) Synechocystis and (D) E.coli, respectively. Shown are mean values + SD (n > 4) of
LPD activity without or after addition of DTT and recombinant native or boiled TRXo1 and
NTRa. Asterisks indicate significant alterations to the control according to Student's t-test (* p
< 0.05, ** p < 0.01, n.s. — not significant). For experimental details see material and methods

section.
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Figure 1. Phenotype and PCR verification of the TxGT mutant.

(A) Phenotype of the TxGT mutant compared to the gldt71 and trxo1 single mutants and the wild
type after 8 weeks (left panel) in normal air (390 ppm CO.) and after 12 weeks (right panel), 2
weeks after the transfer into normal air. (B) PCR verification of the TxGT mutant and the
corresponding loading control (40S ribosomal protein S76 gene). For primer combinations and

PCR conditions please see material and methods section.
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Supplemental Figure 2. Expression of selected photorespiratory and TCA cycle

enzymes during CO; transition.

Plants were grown in high CO, (1500 ppm, HC) with a 10/14 h day/night cycle. After 8 weeks
(growth stage 5.1, Boyes et al., 2001) plants were transferred in normal air (390 ppm CO.)
with otherwise equal conditions. Leaf-material (pools of 3 biological replicates) was
harvested in HC (9 h light) and in normal air (1 and 9 h light), respectively, and used for
subsequent protein extraction. Shown are mean representative immunoblots from the gldt1,
trxo1 and TxGT mutant compared to the wild type. Abbreviations: RbcL — Rubisco large
subunit, PGLP — 2-phosphoglycolate phosphatase, GDC-P — glycine decarboxylase P-
protein, GDC-L — glycine decarboxylase L-protein, GDC-H — glycine decarboxylase H-
protein, SHMT1 — serine hydroxymethyltransferase 1, HPR1 — hydroxypyruvate reductase 1,
OGDC - 2-oxoglutarate dehydrogenase complex E2 subunit, PDC - pyruvate

dehydrogenase complex E2 subunit.
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Supplemental Figure 3. Alignment of LPD proteins from different sources.

Protein alignment including LPD from: pea (P31023), Arabidopsis (mtLPD1 - At1g48030;
mtLPD2 - AT3G17240), maize (AOA1D6MSE3), Synechocystis (P72740), E.coli (POA9PO),
Azotobacter vinelandii (C1DGW2) and Pseudomonas putida (Q88C17). Secondary

structures were drawn using the program ESPRIT (Gouet et al., 1999).
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Supplemental Figure 4. 3D structures of selected LPD proteins.

Shown are LPD 3D structure models from (A) pea (P31023), (B) Synechocystis (P72740)
and (C) E.coli (POA9PO0). The structures were produced in the program SWISS-MODEL
using the resolved pea protein structure as template. Further processing to resolve CYS
residues was carried out using PyMOL. Arrows indicate the predicted disulfide bond between
the conserved Cys 45 and Cys 50 in all organisms and the triangle arranged Cys residues
(Cys 34, Cys 335 and Cys 446) present only in sequences obtained from phototrophic

organisms.



