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Highlight

Proteomic and kinetic analyses disclose metabolic strategies involving chloroplastic,
mitochondrial and peroxisomal proteins to maintain an optimal performance of the C4 cycle.
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Abstract

C4 photosynthesis is typically characterised by the spatial compartmentalisation of
the photosynthetic reactions into mesophyll (M) and bundle sheath (BS) cells. Initial carbon
fixation within M cells gives rise to C4 acids, which are transported to the BS cells. There, C4
acids are decarboxylated so that the resulting CO, is incorporated into the Calvin cycle. This
work is focused on the study of Setaria viridis, a C4, model plant, closely related to several
major feed and bioenergy grasses. In the first place, we performed the heterologous
expression and biochemical characterization of Setaria isoforms for chloroplastic NADP-
malic enzyme (NADP-ME) and mitochondrial NAD-malic enzyme (NAD-ME). The kinetic
parameters obtained agree with a major role of NADP-ME in the decarboxylation of the C,4
acid malate in the chloroplasts of BS cells. Besides, mitochondria-located NAD-ME showed
regulatory properties that could be important in the context of the operation of the C4
carbon shuttle. In the second place, we compared the proteomes of M and BS
compartments and found 825 differentially accumulated proteins that could support
different metabolic scenarios. Most interestingly, we found evidence of metabolic strategies
to insulate the C4 core avoiding the leakage of intermediates by either up-regulation or
down-regulation of chloroplastic, mitochondrial and peroxisomal proteins. Overall, the
results presented in this work provide novel data concerning the complexity of C4
metabolism, uncovering future lines of research that will undoubtedly contribute to the
expansion of knowledge on this topic.
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Abbreviations

3PG 3-phosphoglycerate

AAT aspartate aminotransferase
BS bundle sheath

CA carbonic anhydrase

CCM carbon concentration mechanism
FBP fructose 1,6-bisphosphate
FDR false discovery rate

GDH glutamate dehydrogenase
M mesophyll

Mal malate

MDH malate dehydrogenase
MEP methylerythritol phosphate
MHT multiple hypothesis testing
MVA mevalonic acid

NAD-ME NAD-malic enzyme
NADP-ME NADP-malic enzyme
OAA oxaloacetate

Os Oryza sativa

PDHK pyruvate dehydrogenase kinase
PEP phosphoenolpyruvate

PEPC PEP carboxylase

PEPCK PEP carboxyknase

PG 2-phosphoglycolate

PPDK pyruvate orthophosphate dikinase
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Pyr pyruvate

RuBP ribulosel,5-bisphosphate
Sb Sorghum bicolor

Si Setaria italica

Sv Setaria viridis

TCA tricarboxylic acid

Zm Zea mays

a-KG a-ketoglutarate
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Introduction

The challenges brought about by climate change and the future increase of
population food and fibre demands require an improvement in crop yields. A deeper
understanding of the dynamic response of plants to changing environmental conditions is a
key challenge to develop new crop varieties (Bailey-Serres et al., 2019). Furthermore, to
enable future production systems to operate more sustainably, it is necessary to increase
nitrogen and water-use efficiency (Mueller et al., 2012). The plants that perform C,4
photosynthesis have a higher productivity per crop area, related to an optimised use of
water and nutrients, due to the operation of a carbon concentration.mechanism (CCM)
(Sage, 2004). RuBisCO is a bifunctional enzyme that catalyses the carboxylation of ribulose-
1,5-bisphosphate (RuBP) to generate 2 molecules of 3-phosphoglycerate (3PG) and also
catalyses the oxygenation of RuBP to generate 3PG and 2-phosphoglycolate (PG). The 3PG
pool is used to regenerate RuBP and produce triose phosphate that will fuel carbohydrate
biosynthesis. More importantly, PG to be recycled must first be converted to pyruvate (Pyr)
by a series of reactions collectively known as photorespiration. This metabolism is
energetically costly and, via this pathway, a quarter of the carbons are lost as CO,. PG
production is higher with increasing leaf temperature, a condition that occurs in hot
climates, with high irradiation and low evapotranspiration due to stomatal closure. This
situation is aggravated by a photoinhibition condition, as NADPH generated in the light
reactions accumulates due to a drop in the reductive assimilation of CO, in the Calvin cycle.
Consequently, in hot and arid environments photosynthetic capacity is reduced by up to
30% (Schulze and Hall, 1982; Jordan and Ogren, 1984; Bauwe et al., 2010).

An increase of carboxylation reactions over oxygenation reactions in the active site
of RuBisCO bears the penalty of lower product release rates and hence diminished
carboxylation rates (Shih et al., 2016). Consequently, engineering efforts would be more
profitable if oriented to develop CCMs that increased the local concentration of CO,
surrounding RuBisCO (Shih et al., 2016). Plants with C4 metabolism use, in addition to the
enzymes’ commonly found in Cs; plants, a set of enzymatic activities typically
compartmentalised in two cell types that allow them to enrich the RuBisCO environment in
CO,, thus reducing its oxygenase activity (Figure 1, Edwards and Walker, 1983; Hatch, 1987;
Sage et al., 2012). First, primary CO, fixation occurs in the outer mesophyll (M)
compartment, where carbonic anhydrase (CA) converts CO, into HCOs3', which is used by
phosphoenolpyruvate (PEP) carboxylase (PEPC) to carboxylate one molecule of PEP (Cs),
thus producing oxaloacetate (OAA, C4). Unlike RuBisCO, PEPC has no affinity for O,.
Depending on the species, OAA is further transformed into malate (Mal, C4) or aspartate
(Asp, C4), which are transported to the inner layer of cells known as the bundle sheath (BS).
These cells possess several Kranz anatomy characteristics (such as cell walls with reduced
gas permeability and positions adjacent to the vascular bundle) which enable them to avoid
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contact with ambient air (Lundgren et al., 2014). Depending on the prevalent
decarboxylating activity in green leaves, C4 species have been traditionally classified as
NADP-malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME) or phosphoenolpyruvate
carboxylase (PEPCK) subtypes (Hatch, 1987). In NADP-ME subtype species, Mal is the C,4 acid
transported from M to BS and is decarboxylated in plastids by NADP-ME. In NAD-ME and
PEPCK species, Asp is transported between cells and further transformed back to Mal or
OAA, which are decarboxylated by NAD-ME or PEPCK in mitochondria or the cytosol,
respectively. The C; acids generated return to the M, where they are used to regenerate PEP
through the action of enzyme pyruvate orthophosphate dikinase (PPDK, Figure 1). The
choice of decarboxylase affects many aspects of C4 photosynthesis beyond the biochemical
pathway, such as BS and M ultrastructure, M to BS transport processes, leaf energetics, and
photosynthetic efficiency (Hatch, 1987; Drincovich et al., 2011; Ghannoum et al., 2011). A
growing body of evidence suggests that C; photosynthesis could involve more than one
decarboxylase in the same species, which would enable a high photosynthetic performance
even in changing environmental conditions (Ludwig, 2016; Schliter and Weber, 2020). It is
currently proposed that C4 plants could be sub-classified only as NADP- or NAD-ME subtype
plants, as there is a clear line of demarcation based on the type of major decarboxylase
present, with variable contributions from PEPCK (Furbank, 2011; Wang et al., 2014). Thus,
PEPCK could be considered a complementary activity to Mal-decarboxylating enzymes and
not as an independent C; decarboxylation activity, providing additional mechanisms to
balance energy between BS and M under different light conditions and reducing the
concentration gradients required to run the C,4 cycle.

The enzymes involved in the C4 cycle are part of broad protein families, where the
other members perform various housekeeping functions, and are therefore referred to as
"Cs-type" enzymes. The Cz-type genes are considered to have been the genetic basis for the
emergence of the C4-type variants through duplication and neo-functionalization, which
allowed C; plant species to gain new enzymes without losing previous functions. High
expression levels, response to light, adequate compartmentalisation and optimal structural,
catalytic and regulatory properties were the foundations for their new functionality (Sage,
2004; Edwards and Smith, 2010; Maier et al, 2011; Saigo et al, 2013a, Alvarez et al, 2019).

Among grasses (Poaceae), the subfamily Panicoideae includes very important species
from an agronomic point of view, as they are used as raw material in the food and biofuel
industries. Maize, sorghum and sugarcane all belong to this group and perform NADP-ME-
type C4 photosynthesis. The subclade Paniceae is of particular interest as it includes species
of NADP-ME and NAD-ME subtypes, such as Setaria viridis (green millet, C4;~-NADP-ME),
Setaria italica (foxtail millet, C4,-NADP-ME) and Panicum virgatum (switchgrass, C4-NAD-ME).
S. viridis is a small plant, its life cycle lasts between 6 and 9 weeks, it has a small (510 Mb)
and sequenced genome (Bennetzen et al.,, 2012; Mamidi et al.,, 2020), and robust
transformation protocols have been developed for this species (Van Eck, 2018). These
technical characteristics, together with its phylogenetic closeness to species of great
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agronomic importance, have positioned S. viridis as a model within the C, grasses (Acharya
et al., 2017; Doust et al., 2019). S. italica is a very closely related forage crop, since it was
developed in China through S. viridis domestication.

In this work, we analyse the C; pathway of S. viridis underlining the metabolic
context that supports its photosynthetic process. First, we show that BS enrichment, kinetic
performance and regulation of NADP-ME and NAD-ME agree with a role of chloroplastic
NADP-ME as the main C4 decarboxylase and a potential auxiliary role of mitochondrial NAD-
ME that would help sustaining the C; shuttle. Second, we describe the differential
proteomics of chloroplasts, mitochondria and peroxisomes regarding M/BS distribution and
discuss the findings in the context of C; photosynthesis. A comparison with maize
emphasizes the need to characterize the metabolic strategies operating for C4 cycle in a
variety of plant species in order to discriminate core conserved characteristics from species-
specific ones. This knowledge provides a deeper understanding of C4 photosynthesis, which
proves essential for facing the challenges involved in plant productivity improvement
efforts.

Materials and methods

Plant growth and harvest conditions

Seeds of Setaria viridis A10.1 were germinated on plates and then sown on soil. First,
seed coats were removed with sandpaper to break the dormancy and to guarantee a high
percentage of germination (Van Eck and Swartwood, 2015). Second, seeds were surface-
sterilised with a mixture of 1% (w/v) sodium hypochlorite and 0.1% (w/v) Tween-20, and
then thoroughly washed with sterile water. Finally, sterile seeds were sown on 0.5X MS-agar
plates and incubated at 28°C with irradiance of 120 umol m™? s (16h light/8h dark) for 5
days. Seedlings were transferred to individual 8-cm pots containing Klasmann TSI substrate
and irrigated with 1X Hoagland solution. Plants were grown in a Conviron Adaptis A1000
chamber with irradiance of 350 pmol m™ s™ (16h light/8h dark), at 28/22°C (day/night) and
50% relative humidity for 2 weeks. At this stage, plants usually had 8 fully developed leaves
and inflorescences were not visible. Leaves 5 and 6 (counting from the bottom of the plant)
were harvested at the middle of the photoperiod and immediately used to isolate mesophyll
cells (M) and bundle sheath strands (BS).
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Separation of M and BS

M cells were isolated using the leaf rolling protocol (Covshoff et al., 2013) with the
following modifications. The centre of each leaf was cut in two 5-cm segments and the
midrib was removed to generate four segments per leaf. Samples were placed on an ice-
cold glass and a plastic rod was rolled twice over the surface of each leaf segment to release
the M content, which was rapidly collected using a pipette and dispensed into a 1.5 ml tube
on liquid nitrogen.

BS strands were isolated using a method modified from John et al. (2014). As
mentioned above, leaves were divided into four segments, which were further cut into 2-
mm segments. The fragments were placed in isolation buffer (0.33 M sorbitol, 0.3 M NacCl,
0.01 M NaCl, 0.01 M EGTA, 0.01 M dithiothreitol, 0.2 M Tris-HCl pH 9.0, and 5 mM
diethylthiophosphoryl chloride), and then pulsed three times for 10 s using a hand blender
set at low speed. The suspension was then filtered through a 60-um mesh, and blending
buffer (0.35 M sorbitol, 5 mM EDTA, 0.05 M Tris-HCI pH 8.0, and 0.1% (v/v) 2-
mercaptoethanol) was used to return the BS material back into the blender.
Homogenization at maximum speed for 1 min followed by filtering was repeated three
times. Before the last filtration step, the suspension was strained by a homemade, coarser-
pore strainer to obtain the cleaner final sample. Purified BS strands were placed on a paper
towel stack to remove excess moisture and then frozen in liquid nitrogen.

In both procedures, four independent isolations from four different batches of
leaves were processed as biological quadruplicates.

Total protein extraction

For protein extract preparation, 100 mg of Setaria M and BS samples were
pulverised in the presence of 1 ml of extraction buffer, which contains 500 mM Tris-HCI| pH
8.0, 50 mM EDTA, 700 mM sucrose, 100 mM KCl, 5% (w/v) poly-vinylpolypyrrolidone, 2%
(v/v) 2-mercaptoethanol, and 1% (v/v) complete protease inhibitor cocktail (Roche). Then, 1
ml of phenol equilibrated to pH 8.0 was added and the mixture was incubated on ice and
vortexed for 15 min before centrifugation at 10,000 x g for 10 min at 4°C. The organic
fraction was collected and five volumes of 100 mM ammonium acetate in methanol were
subsequently added. Proteins were left to precipitate for 24 h at -20°C. Samples were
centrifuged at 10,000 x g for 20 min at 4°C, and supernatants were removed. Resulting
pellets were washed twice with 100 MM ammonium acetate/methanol. Finally, each pellet
was suspended in 250 pl of sample buffer (12 mM Tris-HCI pH 6.8, 0.4% (w/v) SDS, 1.5%
(w/v) dithiothreitol and 5% (v/v) glycerol) and boiled twice for 5 min. Protein quantification
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was performed by the Bradford method (Bradford, 1976) using bovine serum albumin as
standard.

Protein extracts were checked by Western blot assay in order to verify the correct
and efficient separation of cells. For this, M and BS protein samples were run on 10% (w/v)
polyacrylamide gels for SDS-PAGE (Laemmli, 1970) and then electroblotted onto
nitrocellulose membranes for inmunoblotting according to Burnette (1981). RuBisCO and
PEPC antibodies (1:10000, #AS03 037 and 1:1000 #AS09 458, both from Agrisera) were used
for the detection of each protein and the assessment of the purity of the samples. Bound-
antibodies were located by linking to alkaline phosphatase-conjugated goat anti-rabbit I1gG
according to manufacturer's instructions (1:10000 dilution, #1721037, Biorad).

Finally, proteins (35 pg per well) were loaded on a 10% (w/v) polyacrylamide gel for
SDS-PAGE (Laemmli, 1970) and then run for 1 cm. Bands were visualised by staining with
colloidal Coomassie Brilliant Blue G-250, subsequently incubated with a 30% (v/v) methanol
solution, and then cut with a sterile scalpel (Leonardi et al., 2015).

Mass spectrometry analysis of protein samples

Samples were digested with trypsin (sequencing grade modified trypsin #V5111,
Promega) and cleaned with ZipTips C18 (#ZTC185096, Merck Millipore). The resulting
peptides were analysed by nanoHPLC coupled to a mass spectrometer with Orbitrap
technology. A Thermo Scientific EASY-nLC 1000 chromatograph was used to separate
protein complexes with a high degree of resolution using a reversed-phase column (Easy-
Spray PepMap RSLC C18 column- 3 um, 100 A, 75 um x 150 mm; Thermo Scientific) at 352C.
The injection volume was 4 pl. Aqueous and organic phases were 0.1% (v/v) formic acid in
water or in acetonitrile, respectively. A two-step gradient of 5-35% (for 100 min) and 35-
100% (for another 5 min) linear increment of the organic phase was used. The flow rate was
kept at 200 nl min™ in all steps. An ionizer with a spray voltage of 2.75kV was used to
electrospray the eluted peptides. The configuration of the equipment allows peptide
identification to be carried out at the same time as the peptides are separated by
chromatography, obtaining Full MS (resolution: 70,000 FWHM) and MS/MS (resolution:
17,500 FWHM). A method that performs the highest number of measurement cycles per
unit time was used. In each cycle the equipment performs Full MS and then MS/MS to the
15 peaks with the best noise signal in that cycle, with a dynamic exclusion range to prevent
the same peak from being fragmented more than once in the same elution peak of the
chromatogram.

Identification and abundance estimation of each protein were performed with
Proteome Discoverer 2.2 program (Thermo Scientific) run against the Setaria viridis
UP000298652 (UniProt) database (Mamidi et al., 2020). Protein hits were filtered for high
confidence peptide matches with a maximum protein and peptide false discovery rate (FDR)
of 1%, calculated by employing a reverse database strategy. Only proteins with a minimum
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of two peptides detected were considered. Search parameters were adjusted for an error
tolerance equal to 0.05 Da for the fragment ions and 10 ppm for the parent ions. Oxidation
of methionine residues and carbamidomethylation of cysteine residues were selected as
dynamic and static modifications, respectively. To normalize the replicates to each other, a
normalization factor was calculated. This was done by first adding up the area of all the
proteins in each replicate and then dividing the total area of each replicate by the total area
value of an arbitrarily chosen replicate. Subsequently, the area of each individual protein
identified for each replicate was divided by the corresponding normalization factor,
resulting in the normalised results. Proteins not detected in three or four replicates in BS or
M quadruplicates were filtered out before proceeding with the statistical analysis
(Supplementary Table 1, Perseus input tab). Statistical analysis (Student's t-test) was
performed to compare the abundances of proteins identified in each sample (M and BS).
Data was analysed and plotted using Perseus 1.6.6.0 software (Tyanova et al., 2016). Three
different multiple hypothesis testing (MHT) analyses were performed to evaluate the FDR in
the dataset: Benjamini and Hochberg method (Benjamini and Hochberg, 1995), FDR
adjusted probability (Reiner et al., 2003) and adjusted p value using an optimised FDR
approach (Storey and Tibshirani, 2003) (Supplementary Table 1, MHT tab).

Bioinformatic analysis

To characterize the proteins of interest, Uniprot identifiers were assigned to those of
Phytozome using the Setaria viridis v2.1 database
(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=0rg_Sviridis_er). A

comprehensive search for genetic information including orthologs assigned to Arabidopsis
thaliana, Zea mays, and Oryza sativa was performed.

Functional categories were determined using MapMan X4 and Mercaptor 4.2 tools
(Schwacke et al., 2019). For this, UniProt identifiers were converted to Ensembl plant
identifiers using BioMart 0.7 (Kinsella et al., 2011; Howe et al., 2020).

The putative subcellular location of each protein was inferred by the identification of
its ortholog in proteomic databases of maize chloroplasts (Friso et al., 2010), Arabidopsis
mitochondria (Fuchs et al., 2020) and Arabidopsis peroxisomes (Pan and Hu, 2018). Analysis
of primary sequences by TargetP (Almagro Armenteros et al., 2019), further confirmed the
chloroplastic or mitochondrial location of a number of proteins and expanded the
assignment to others (Supplementary Table 1).
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Cloning of NADP-ME and NAD-ME isoforms

cDNAs encoding C4-NADP-ME (Seita.5G134300), NAD-ME1 (Seita.2G322000), and
NAD2-ME2 (Seita.9G200600) were amplified by RT-PCR using RNA extracted from Setaria
italica leaves with Quick-Zol (#RA00201, Kalium Technologies). The concentration and
integrity of the preparations were assayed by 2% (w/v) agarose gel electrophoresis. One pg
of total RNA was reverse transcribed using M-MLV (#M1705, Promega) and oligodT as
primer. Then, amplification was made using Phusion High-Fidelity DNA Polymerase (#F-
530XL, Thermo Fisher Scientific) and specific primers. In the case of C,-NADP-ME, the
oligonucleotide pair NdelCANADP-for (5"-GTGCAGCATATGGCGGTAGGC-3’) and SallCANADP-
rev (5-AGCGGTGACAACGTCGACCAAAAC-3') was used. NAD-ME1 was amplified using
NheINAD1-for (5"-TGCGCTAGCCCCGTCGTCC-3") and SacINAD1-rev (5°-
GCAAACAGAGCTCTCTAGTCTGTC-3"), while NAD-ME2 was amplified using NheINAD2-for (5°-
GGCTAGCTGCATCGTGCAC-3") and XhoINAD2-rev (5 -AGACTCGAGATTTATTTGTCGCTC-3’).
The oligonucleotides were designed to introduce restriction sites (underlined) to facilitate
subcloning into the expression vector. PCR products were ligated into the pGEMT-easy
vector (Promega) and then subcloned into the expression vector pET-28a, which vyields
recombinant proteins fused to hexahistidine tail (Novagen). Correct cloning was confirmed
by capillary electrophoresis sequencing (ABI 3730xl, Macrogen). Vector sequences were
deposited in GenBank with the codes MZ463201 (pET28NADME1), MZ463203
(PET28NADME2) and MZ463204 (pET28NADPME).

Expression and purification of recombinant enzymes

The recombinant plasmids containing C4-NADP-ME, NAD-ME1 and NAD-ME?2 inserts
were used to transform Escherichia coli BL21 (DE3). Bacteria were grown in auto-induction
medium in order to induce recombinant expression (Studier, 2005). Fusion proteins were
purified using Ni**~containing His-Bind columns (#71035-4, Novagen). Purified proteins were
desalted ‘and concentrated by ultracentrifugation (UFC503096 Amicon) using buffer TMG
(50 mM Tris=HCIl pH 8.0, 10 mM MgCl,, and 10% (v/v) glycerol). The purity and integrity of
the recombinant proteins was analysed by SDS-PAGE revealed with Coomassie dye. Protein
concentration was determined using the Bradford method (Bradford, 1976). Purified
enzymes were immediately stored in small aliquots at -80°C in buffer TMG.
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NADP-ME and NAD-ME activity assays

NADP-ME activity was determined at 30°C in a Jasco V-730 spectrophotometer using
a standard reaction mixture containing 50 mM Tris-HCI pH 8.0; 10 mM MgCl,; 0.5 mM
NADP* and 10 mM Mal. NAD-ME activity was measured using a reaction mixture containing
50 mM MES-NaOH pH 6.5; 10 mM MnCl,; 0.5 mM NAD" and 10 mM Mal. The optimal pH for
each reaction was determined using different buffers as follows: 50 mM sodium acetate-
acetic acid (pH 4.5-5.5), 50 mM MES-NaOH (pH 6.0-6.5), 50 mM MOPS-KOH (pH 7.0) and 50
mM Tris-HCI (pH 7.5-8.0-8.9).

Kinetic characterization of the selected enzymes was performed by varying the
concentration of one of the substrates (Mal or NADP*/NAD"), while keeping the level of the
other substrate at a fixed and saturating concentration. All kinetic. parameters were
calculated by fitting to the Hill equation (Detarsio et al., 2003; Saigo et al., 2013b) in at least
three determinations. Since the true substrates of ME are free forms (not forming
complexes with metal ions) the data were analysed considering the free concentrations of
Mal and NADP* or NAD" in the test medium. The following dissociation constant (Kd) values
for the metal-substrate or metal-cofactor complexes were used: Mg2+—MaI, 28.2 mM; Mn**-
Mal, 20.0 mM; Mg**-NADP*, 19.1 mM and Mn*"-NAD", 12.9 mM (Grover et al., 1981).

By assaying different compounds as potential inhibitors or activators of enzyme
activity, NADP-ME (or NAD-ME) activity was measured in the presence of either 0.5 mM or 2
mM of each effector (citrate, fumarate, succinate, OAA, fructose 1,6-bisphophate, PEP, a-
ketoglutarate, Glu, Ala, and Asp)and non-saturating concentrations of Mal, NADP* or NAD".
In the case of CoA and Acetyl-CoA, measurements were performed at a 20 uM
concentration of each effector. The inhibition assay of NADP-ME by high Mal concentration
was carried out at pH 7.0 (Detarsio et al., 2007).

The reductive carboxylation of Pyr (reverse reaction) was tested in various buffer
systems (pH 6.5-8.0) containing different concentrations of Pyr (0.1-50 mM), NADPH or
NADH (0.1-0.2. mM), NaHCOs3 (15-30 mM) and metal cofactors (10 mM MnCl, or MgCl,).
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Results and Discussion

General overview of M and BS proteomes

In order to analyse the proteins enriched in M and BS of Setaria leaves, we separated
M cells by the leaf rolling method (Covshoff et al., 2013) and BS strands by a method
involving blending and filtering procedures (John et al., 2014). M and BS proteins were
obtained by a phenol-based extraction (Leonardi et al. 2015) and exhibited clearly different
patterns in Coomassie-stained gels (Supplementary Figure 1A and 1B).-To further confirm
the quality of the preparations, we verified the enrichment of PEPC (in M) and RuBisCO (in
BS) by Western blot (Supplementary Figures 1C and 1D).

According to the mass spectrometry peptide identification and quantification data
generated, 1,376 proteins were identified in M and BS total protein samples. In the first step
of data processing, 126 proteins were filtered out since they were not detected in three or
four replicates in BS or M quadruplicates (Supplementary Table 1). These missing values
could be explained by completely random or abundance-dependent effects, which would
require further analyses. Statistical analysis of the 1250 remaining proteins shows that 825
proteins (66% of total analysed) are differentially expressed in M and BS cells in a significant
way (p-value < 0.05) with less than 10% false positives (Supplementary Table 1), while 489
and 336 proteins are more abundant in M and BS, respectively (Supplementary Table 1,
Figure 2A). Furthermore, 68% and 77% of the proteins enriched in BS and M increase their
abundance to more than double (log,(BS/M)>1 and <-1, respectively) supporting the notion
that M and BS proteomes are deeply different. The functional categories of the differentially
expressed proteins show that many metabolic processes are asymmetrically distributed
between M and BS (Figure 2B), further supporting results obtained by previous maize and
Setaria transcriptomic analyses (Chang et al., 2012, John et al., 2014). For example, protein
homeostasis 'and modification, redox homeostasis, the oxidative pentose phosphate
pathway, and lipid metabolism are enhanced in M, while more proteins related to Calvin
cycle, - photorespiration, Pyr oxidation, oxidative phosphorylation, and nucleotide
metabolism are present in BS. In addition, functional categories such as light reactions,
protein biosynthesis, amino acid metabolism, and solute transport show a similar number of
proteins differentially accumulated in M and BS, emphasizing that those processes rely on
the cooperation between both compartments (Figure 2B). The comparison of BS/M ratios
from our data shows a Pearson’s correlation coefficient of 0.725 (p=4.06 E-76) with BS/M
ratios obtained by transcriptome analysis (John et al., 2014), which indicates good
agreement between protein and transcript levels (Supplementary Figure 2).
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Among the decarboxylases that can participate in the C4 cycle, three ME were
detected in M and BS proteomes: one chloroplastic NADP-ME (C4-NADP-ME) and two
mitochondrial NAD-ME enzymes (NAD-ME1 and NAD-ME2). The chloroplastic NADP-ME was
highly represented in BS proteome, as expected, with an enrichment of 42-fold
(log,FC(BS/M): 5.4) respect to M (Table 1). NAD-ME1 and NAD-ME2 were also more
abundant in BS samples (log,FC(BS/M): 0.83 and 0.87 respectively, Table 1). No PEPCK
peptide was detected, which is consistent with the previously reported low level of the
transcript encoding this enzyme in M and BS (John et al., 2014; de Oliveira Dal’Molin et al.,
2016). Table 1 shows a comparison of the levels of these transcripts and proteins in maize
and Setaria. Other C4 cycle enzymes (such as PEPC and PPDK) were more abundant in M
samples, in agreement with their photosynthetic roles and the good quality of the samples
(Supplementary Figure 1E and Supplementary Table 1).

In the following sections the kinetic characteristics of NADP-ME and NAD-ME are
analysed and discussed in the context of their potential roles. Then, the chloroplastic
proteomes of Setaria and maize are compared to highlight their similarities and differences.
Finally, the proteomes of mitochondria and peroxisomes of BS and M are analysed in
relation to C4 metabolism.

Chloroplastic NADP-ME is the main decarboxylase in C; cycle and probably fulfils
additional non-photosynthetic roles in Setaria

In the genomes of S. viridis and S. italica there is only one gene encoding a plastidic
NADP-ME, which is identical in-both species. Therefore, we will refer to them as Setaria Cs-
NADP-ME. The kinetic analysis of the purified recombinant enzyme shows that C;-NADP-ME
of Setaria shares many characteristics with the maize and sorghum photosynthetic NADP-
ME isoforms (Detarsio et al., 2003; Saigo et al., 2013a), such as a high catalytic efficiency
and Mal inhibition at pH 7.0 (Figure 3, Table 2). This can be attributed to the conservation of
amino acid residues important for the C4 role, previously identified by crystallographic and
site-directed mutagenesis analyses (Supplementary Figure 3, Alvarez et al., 2019). Similarly
to maize C4-NADP-ME (Detarsio et al., 2007), the metabolites tested showed no significant
effects on Setaria C4-NADP-ME activity, while Mal inhibition was the main modulation. This
response is important to prevent the overconsumption of Mal under dark conditions, when
stromal pH decreases and is close to 7.0 (Saigo et al., 2013b). In maize, the transcript
encoding a second plastidic NADP-ME (non-C4,-NADP-ME) has been detected in roots, grains,
stems, and leaves where it provides Pyr and NADPH to non-photosynthetic pathways, like
plastidic NADP-ME isoforms present in C3 plants (Gerrard Wheeler et al, 2005; Alvarez et al,
2013). Considering that Setaria C4-NADP-ME is the only plastidic isoform encoded in the
genome, it probably performs other roles in organs like roots, seeds and leaf M cells.
Consistent with this, Setaria C4-NADP-ME was detected in M protein samples (this study)
and non-photosynthetic organs of Setaria (publicly available data, Supplementary Table 2).
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Further, the protein sequence of Setaria C4-NADP-ME also includes residues conserved in
non-C4-NADP-ME from maize, sorghum and rice (Supplementary Figure 3). Additionally,
regulatory elements were conserved among these genes (Alvarez et al., 2013), which could
be essential to fulfil non-photosynthetic roles. Unlike maize, Setaria would represent a case
where the neo-functionalization of a Cs-type gene to gain a C;-type ME function was not
accompanied by the retention of the C; version.

Mitochondrial NAD-ME2 could collaborate in malate decarboxylation in BS

In plants, NAD-ME isoforms are exclusively mitochondrial while NADP-ME isoforms
are present in cytosol and plastids. Together with their 40% identity (on average), NAD- and
NADP-dependent enzymes share structural motifs, although they have evolved
independently by different events (Tronconi et al., 2018). All plant species conserve at least
two NAD-dependent isoforms, one a-NAD-ME (NAD-ME1) and one B-NAD-ME (NAD-ME2),
which arose by gene duplication late in the evolution of vascular plants (Tronconi et al.,
2020). NAD-ME1 from S. italica and S. viridis are identical and the same occurs with their
NAD-ME2 proteins, so throughout this work they will be mentioned as Setaria NAD-ME1 and
NAD-ME2. The optimal pH and substrate affinities of the purified recombinant enzymes
were similar to those reported for Arabidopsis isoforms (Table 3; Tronconi et al., 2008).
Although Setaria NAD-MEs have lower catalytic constants (more than two times lower, on
average), their activity could be higher in vivo since they show strong activation by many
metabolic effectors (Figures 4A and B). In Arabidopsis, NAD-ME1 and NAD-ME2 are
hypothesised to participate in nocturnal respiration, which is supported by a coordinated
modulation of the activity by glycolytic and tricarboxylic acid (TCA) cycle intermediates
(Tronconi et al., 2008 and 2010b). The percentage of identity of NAD-ME1 and NAD-ME2 of
Setaria is high (65.8 %) and they are both strongly activated by citrate, a-ketoglutarate (a-
KG), succinate, fumarate, fructose 1,6-bisphosphate (FBP) and PEP (Figure 4A and B). In
addition, OAA, CoA and Acetyl-CoA are positive modulators of NAD-ME2 (Figure 4B). These
regulations indicate that NAD-MEs of Setaria could also be implicated in respiration. Next,
we evaluated if Asp, Glu and Ala modulate NAD-ME1 and NAD-ME?2 activities. We could not
detect any modulation by Asp and Ala, but Glu (2 mM) inhibited NAD-ME2 (Figure 4B).
Bacterial and mammalian NAD-ME isoforms are not inhibited by Glu (Teller et al, 1992; Chen
et al, 1998; Bologna et al, 2007) and there is no previous report on plant NAD-ME
modulation by Glu. Although mitochondrial concentrations of Glu have not been
determined, the cytosolic Glu concentration in maize BS has been estimated in 9 mM and
Glu has been detected in Setaria leaves at high levels, meaning this regulation could be
relevant in vivo (Weiner and Heldt, 1992; de Oliveira Dal’ Molin et al, 2016; Li et al, 2018).
The concerted regulation of NAD-ME2 upregulation by a-KG and downregulation by Glu
could be a means to responding to fluctuations in the balance of aminoacids and organic
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acids. a-KG and Glu are intermediates in many nitrogen balancing reactions mediated by
aminotransferases. In the reaction catalysed by aspartate aminotransferase (AAT), Asp is
converted to OAA while a-KG is converted to Glu. Then, a high ratio of a-KG/Glu could
enhance the production of OAA derived from Asp. After that, malate dehydrogenase (MDH)
could reduce OAA to malate. In this way, NAD-ME2 activity and Asp-derived Mal availability
would be readily coordinated by the ratio of a-KG/Glu (Figure 4C). Reductive carboxylation
of Pyr (reverse reaction) was not detected in our assay conditions neither with NAD-ME1
nor NAD-ME2, in agreement with Arabidopsis enzymes (Tronconi et al., 2010a; Badia et al.,
2017). Therefore, unlike AAT and MDH, which catalyse reversible reactions, NAD-ME1 and
NAD-ME2 represent regulatory spots that can have a great influence on organic acid
metabolism. Glu and a-KG are also connected by the Glu dehydrogenase (GDH) reaction. In
our dataset we could detect that mitochondrial GDH1 and GDH2 were enriched in BS
(log,FC(BS/M): 2.8 and 5.3, respectively; Table 4), which indicates that they could be
influencing the ratio of a-KG/Glu in BS, particularly in mitochondria. Although the a-KG/Glu
ratio could be participating in the fine tuning of NAD-ME activity. in the context of the C,4
cycle, further evidence is needed to prove this hypothesis. Among the mitochondrial
metabolite transporters related to C; NAD-ME subtypes (Watson-Lazowski et al. 2018), PIC
(phosphate transporter) was more abundant in BS mitochondria (log,FC(BS/M): 1.0).
Moreover, we found one DTC (dicarboxylate/tricarboxylate transporter, OGC, log,FC(BS/M):
1.0), homologous to a potential C4 transporter from P. virgatum (Rao and Dixon, 2016)
which was significantly enriched in BS mitochondria (log,FC(BS/M): 1.0). Together, the
enrichment of NAD-ME1 and NAD-ME2 in BS, their regulatory properties and the presence
of potential C4 transporters in the envelope of mitochondria suggest that NAD-MEs could
participate in the decarboxylation of Mal in the mitochondria in cooperation with
chloroplastic NADP-ME. Direct evidence of a species using both NADP-ME and NAD-ME for
photosynthesis is limited, but recent works have reported elevated transcript levels for both
decarboxylases within the same species (Rao et al., 2016; Washburn et al. 2017). Dal'Molin
et al. (2016) proposed a mixed C, decarboxylation mode involving NADP-ME and NAD-ME
based on the high abundance of Asp in S. jtalica leaves, which is unusual for NADP-ME
species. Nevertheless, Meister et al. (1996) found high levels of Asp in Flaveria bidentis
(NADP-ME subtype C; species) and propose that Asp-derived Mal is decarboxylated in
chloroplasts by NADP-ME along with Mal transported from M. Although the same could
occur in Setaria it cannot be ruled out that malate transported from M or Asp-derived Mal
could also enter mitochondria to supply NAD-ME. Overall, this discussion highlights the
limitations of the C4 models that restrict the carbon circulation through the enzymatic core
and rigidly classify the species as NADP-ME, NAD-ME or PEPCK-ME subtypes.
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Chloroplastic proteome from Setaria exhibits similarities and differences with maize

In order to organize the data and gain a clearer view, we sub-classified the set of
proteins which were significantly and highly enriched in M or BS (p-value<0.05,
log,FC(BS/M)<-1 or >1) according to their putative subcellular location. We utilised a
combination of targeting signals detection strategies by combining bioinformatic tools with
the identification of Setaria orthologues of chloroplastic proteins previously detected by a
proteomic approach in maize (Friso et al., 2010). This strategy helped us visualize the main
differences in the metabolic demands of M and BS cells in Setaria. We were able to assign
124 chloroplastic proteins in M and 163 in BS (Supplementary Table 1). Maize proteomics
was restricted to the study of chloroplastic proteins, and identified 246 proteins in M and
118 proteins in BS (Friso et al., 2010).

In C4 species, BS chloroplasts hold much of the photosynthetic machinery since most
carbon assimilation steps operate almost exclusively in these organelles. In the NADP-ME
subtype, the high amount and catalytic proficiency of chloroplastic NADP-ME provides CO,
and NADPH to the Calvin cycle. ATP is generated by cyclic electron transport around PSI and
the trioseP/PGA shuttle supplies the NADPH needed for carbon assimilation. The
chloroplastic proteomes of M and BS in maize provided strong experimental support for a
number of specialised BS and M metabolic functions, including starch biosynthesis (BS), the
methylerythritol phosphate (MEP) pathway for isoprenoid biosynthesis (M), nitrogen
assimilation (M) and the initial steps of sulfur assimilation (BS), among others (Friso et al.,
2010). Here, we obtained evidence that shows that many M- and BS-specific metabolic
functions are conserved in Setaria chloroplasts. However, some other functions are
markedly different from maize (Supplementary Table 1). The comparison of the distribution
and level of chloroplastic proteins of maize and S. viridis shows a Pearson’s correlation
coefficient of 0.355 (p = 1.09 E-10, Supplementary Figure 4). Among the 310 proteins
included in this analysis, 220 were detected in the same sample compartment (M or BS) in
both species (Supplementary Table 1). For example, 1-deoxy-D-xylulose 5-phosphate
reductase (DXR), the second enzyme of the MEP pathway, accumulates at higher levels in M
than in BS chloroplasts (Table 4). This can be attributed to a high demand of tocopherol,
needed to protect membranes from oxidative damage derived from linear electron
transport in M chloroplasts (Soll et al., 1983; Lichtenthaler et al., 1997). On the other hand,
94 maize M-enriched proteins were identified as BS-enriched in Setaria. For example, many
enzymes involved in chlorophyll biosynthesis (glutamate-1-semialdehyde-2,1-aminomutase,
Mg-protoporphyrin IX chelatase, Mg-protoporphyrin O-methyltransferase and Mg-
protoporphyrin IX monomethyl ester cyclase) and the shikimate pathway for aromatic
amino acids biosynthesis (3-dehydroquinate synthase, 3-dehydroquinate dehydratase and
shikimate kinase) are enhanced in Setaria BS chloroplasts (Table 4), in contrast to what
occurs in maize, where these pathways are enriched in M chloroplasts (Friso et al., 2010).
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Chorismate synthase and arogenate dehydratase, the enzymes which catalyze the last steps
in chorismate and phenylalanine biosynthesis respectively, are also up-regulated in Setaria
BS (Table 4), but their presumably chloroplastic location could not be verified in this work.
The weak correlation of M and BS chloroplast proteins of maize and S. viridis was already
noted when comparing Setaria RNA-Seq and maize proteomics (John et al., 2014). These
observations could be attributed to species-related divergences and could also point
towards differences between leaf tip (Friso et al., 2010) and middle blade tissues (this
study). Detailed studies of the proteomic, transcriptomic and metabolomic patterns along
the maize leaf have shown that metabolism largely varies from the heterotrophic base (sink)
to the photosynthetic tip (source) (Majeran et al., 2010; Pick et al., 2011). While the region
closer to the base is characterised by the biosynthesis of lipids, cell wall, lignins and
isoprenoids (MVA pathway) to support the expansion of the cells, the tip is engaged in
highly efficient photosynthetic C4 cycle reactions, which provide carbon compounds to other
tissues. This distribution of roles helps avoiding interferences between photosynthesis and
other metabolisms. In this work, we analysed the central portion of S. viridis leaf, where we
propose alternative strategies are used to maintain the metabolic homeostasis of the cells.
In this sense, a lower activity of the shikimate pathway in M would prevent the consumption
of PEP, thus avoiding an interference with the C4 cycle.

The pattern of distribution of mitochondrial proteins between BS and M reveals metabolic
strategies necessary to avoid interference with C4 cycle carbon flow

Following a strategy similar to the one applied with chloroplastic proteins, we could
detect 22 putative mitochondrial proteins significantly enriched in M and 30 mitochondrial
proteins enriched in BS (Fuchs et al., 2020). In M, enzymes involved in the degradation of
leucine  (isovaleryl-CoA-dehydrogenase,  3-methylcrotonyl-CoA  carboxylase) and
phenylalanine (fumarylacetoacetate hydrolase) seem to be present at higher levels (Table
4). Despite the fact that catabolic pathways for both amino acids are completely different,
both contribute to the pool of Acetyl-CoA independently of pyruvate oxidation, thus
avoiding interference with C4 cycle carbon flow. In BS mitochondria, there are higher levels
of TCA cycle enzymes and TCA cycle-related enzymes (isocitrate dehydrogenase 1, fumarase
2, Glu dehydrogenase 1 and 2), phosphate and carbon compound transporters (phosphate
transporter 3;1, mitochondrial substrate carrier family protein), electron transport chain and
oxidative phosphorylation components (delta subunit of ATP synthase, ubiquinol-
cytochrome C reductase iron-sulfur subunit, plant uncoupling mitochondrial protein 1,
cytochrome bd ubiquinol oxidase 14 kDa subunit) and redox response proteins (manganese
superoxide dismutase 1, peroxiredoxin IIF), which is characteristic of an active oxidative
metabolism (Table 4). However, the accumulation of pyruvate dehydrogenase kinase (PDHK,
Table 4) in this organelle implies that the pyruvate dehydrogenase complex could be
inhibited, raising the question of which substrate is oxidised by the TCA cycle. In this regard,
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it is important to recall that in plants the enzymatic activities of the TCA cycle can operate in
diverse metabolic contexts in non-cyclic fashions, resembling more an organic acid network
deeply connected with the cytosol than a closed mitochondrial cycle (Sweetlove et al.,
2010). Considering that in BS chloroplasts pyruvate consuming pathways could be active
(such as beta-reduction for fatty acid and isoprenoid biosynthesis) at least at a low rate, the
decarboxylation of malate in BS mitochondria catalysed by NAD-ME isoforms would provide
an alternative route to supply pyruvate for photosynthetic PEP recycling in M. The
enrichment of PDHK in mitochondria of BS has been pointed out as a NAD-ME C,; pathway
marker, since avoiding the leakage of intermediates from the C; core to other metabolic
routes is critical for the robustness of C4 cycle functioning (Brautigam et al, 2014). In this
work, we present evidence of several strategies that could operate in Setaria leaves to
uncouple the C4 cycle from other pathways.

Peroxisomal production of Acetyl-CoA is enhanced in M

In C3 plants, peroxisomes collaborate with chloroplasts and mitochondria in the
recycling of PG carbon by photorespiration among many other metabolic functions, such as
fatty acid B-oxidation and phytohormone biosynthesis (see Kao et al., 2018 for a review). In
C4 plants photorespiration has been minimised and restricted to BS, the site where PG is
produced. To further investigate the metabolic routes that operate in peroxisomes of M and
BS, we identified a group of putative peroxisomal proteins by retrieving the orthologues of
Arabidopsis peroxisomal proteins from the set of proteins enriched in Setaria M or BS (Pan
and Hu, 2018). In the M-enriched set, 26 peroxisomal proteins were identified, while none
were identified in the BS-enriched group (Supplementary Table 1). The functional categories
of M proteins indicate active Acetyl-CoA production by B-oxidation of fatty acids (acyl-CoA
oxidase 1, 3-hydroxyacyl-CoA dehydrogenase, 3-ketoacyl-CoA thiolase 3), which would be
the main source of H,0; instead of photorespiration (Table 4). This elevated production of
H,0, can be compensated by the upregulation of catalases 1 and 2 and the ascorbate-
glutathione redox system (glutathione reductase, monodehydroascorbate reductase 1) in
order to protect the cell from oxidative damage (Table 4). Acetyl-CoA thiolase and
isopentenyl diphosphate (IPP) isomerase accumulated at higher levels in M peroxisomes
than in BS (Table 4) thus potentially providing a higher level of IPP and dimethylallyl
pyrophosphate (DMAPP), to feed biosynthesis of terpenoids and phytosterols through the
mevalonate (MVA) pathway (Vranova et al., 2013). Acetyl-CoA production probably does
not fuel gluconeogenesis, since the glyoxylate pathway diminishes as seedlings mature
(Titus and Becker, 1985) and Mal synthase was not detected in our data. The accumulation
of malate dehydrogenase (MDH) and citrate synthase in peroxisomes (Table 4) and ATP-
citrate lyase in the cytosol of M (Sevir.8G254100, log,FC(BS/M): -1.54; Supplementary Table
1) could be supporting the active export of Acetyl-CoA by the citrate shuttle (Table 4). In the
cytosol, Acetyl-CoA is able to feed other biosynthetic routes. For example, the acetylation of
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serine using Acetyl-CoA is the first step to cysteine biosynthesis, which could be enhanced in
M since the second enzyme of the pathway is enriched in this compartment (O-acetylserine
(thiol) lyase, Sevir.3G415300, log,FC(BS/M): -2.5; Supplementary Table 1). Acetyl-CoA could
be further incorporated to the nucleus in order to support the acetylation of histones. In
this sense, it was recently found that peroxisomal B-oxidation regulates histone acetylation
and DNA methylation in Arabidopsis (Wang et al., 2019). This, together with the finding that
the acetylation of histones in PEPC and ME promoters modulates the expression of these
genes (Heinmann et al.,, 2013), discloses a possible relationship between peroxisomal
metabolism and epigenetics in defining expression patterns in M and BS.

Concluding remarks

The data outlined in this work indicates that C,-NADP-ME in Setaria display kinetic
characteristics relevant for C, function. Unlike what occurs in maize, in Setaria this isoform
would also fulfil non-photosynthetic functions, being that it is the only plastidic isoform
encoded in this plant’s genome. On the other hand, enrichment of NAD-ME and organic acid
transporters in Setaria BS mitochondria together with kinetic regulation of NAD-ME, suggest
that Mal decarboxylation in BS mitochondria may be active in parallel to its chloroplastic
decarboxylation catalysed by C,-NADP-ME (Figure 5). Nevertheless, the contribution of Mal
decarboxylation in the mitochondria to in vivo C4 carbon fixation has not been determined
and deserves further exploration.

Based on comparative proteomics of M and BS, we found evidence of several
strategies to avoid the leakage of C; intermediates. The Pyr generated in the mitochondria
of BS would not be oxidised to form Acetyl-CoA, while in M several Pyr-independent
pathways of Acetyl-CoA generation would be enhanced. In both cases, the Pyr pool would
be preserved to maintain the C; shuttle. Additionally, in M chloroplasts down-regulation of
the shikimate pathway would reserve PEP molecules for primary carboxylation by PEPC
(Figure 5).

C; leaves present transversal (M-BS) and longitudinal (base-tip) metabolic gradients
that need to be finely coordinated in order to achieve high carbon assimilation rates. In
those segments where there is an overlapping of several pathways, a fine regulation is
essential for guaranteeing metabolic homeostasis. Although a great amount of multi-omic
studies are currently approaching this subject, we understand a deeper research into the
key post-translational modification reactions and enzymatic regulatory mechanisms
involved is also required.
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Figure legends

Figure 1: Schematic model of the C; photosynthesis pathway. In C; plants photosynthetic
reactions are distributed between two cell types. Carbon is initially fixed into C4 acids within
mesophyll cells and then these compounds are transported to the bundle sheath cells,
where they undergo decarboxylation generating CO, to be incorporated into the Calvin
cycle. This cycle produces an enrichment in CO, of the RuBisCO environment, thus reducing
its oxygenase activity. Names in black correspond to metabolites: CO,: carbon dioxide;
HCOs : bicarbonate; C4: 4-carbon acid; Cs: 3-carbon acid; PEP: phosphoenolpyruvate; RuBP:
ribulose-1,5-bisphosphate; PGA: 3-phosphoglyceric acid. Names in red correspond to C4
genes: CA: carbonic anhydrase; PEPC: phosphoenolpyruvate carboxylase; PPDK:
pyruvate/orthophosphate dikinase; NAD(P)-ME: NAD-dependent malic or NADP-dependent
enzyme; PEPCK: phosphoenolpyruvate carboxykinase.

Figure 2: Protein distribution in M and BS from Setaria leaves. Volcano plot showing the
proteins that were differentially enriched in M or in BS (light red). The horizontal line marks
the limit of p-value<0.05, while the vertical lines mark the limit at which the difference in
the proteins is more than doubled in one condition over the other (A). Proteins identified
according to their role, grouped by metabolism. Proteins significantly enriched in M or BS,
showing these cells fulfil different functions in metabolic and regulatory processes (B).

Figure 3: Kinetic and regulatory properties of Setaria C,-NADP-ME. NADP-ME activity was
determined at different malate concentrations, at pH 8.0 and 7.0. The activity unit st
corresponds to-umol of product generated per umol of enzyme per second.

Figure 4: Regulatory properties of recombinant NAD-ME1 (A) and NAD-ME2 (B). The
results represent the % of activity in the presence of each effector in relation to the activity
measured in the absence of the metabolites (100%). Assays were performed by triplicate,
and error bars indicate S.D. Red striped bars indicate inhibition (less than 70% residual
activity), green bars indicate activation (more than 140%) and grey dotted bars indicate no
significant change. Schematic representation showing that NAD-ME activity and Mal
availability can be readily coordinated by the ratio of a-KG/Glu (C).
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Figure 5: Schematic model of the C; cycle in S. viridis. Besides the primary route of Mal
decarboxylation in chloroplasts of BS cells (solid lines), a secondary route in the
mitochondria (dashed lines) could also contribute to the C4 carbon shuttle. The pyruvate
generated in the mitochondria of BS would not be oxidised to form Acetyl-CoA, while in M
several Pyr-independent pathways of Acetyl-CoA generation would be enhanced. In both
cases, the Pyr pool would be preserved to maintain the C4 shuttle. Additionally, in M
chloroplasts the down-regulation of the shikimate pathway would reserve PEP molecules for
PEPC primary carboxylation reactions.
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Tables

Transcripts

(*John et al., 2014;°Chang et al.,

Proteins

(this work; °Friso et al.,

2012) 2010)

ID Log,FC(BS/M) p-adjusted Log,FC(BS/M)  p-adjusted
SVNAD-ME1 Sevir.2G333400 0.7434° 2.74E-03° 0.8267° 4.65E-02°
SVNAD-ME2 Sevir.9G199800 0.8385° 6.34E-04° 0.8735° 8.81E-02°
SYNADP-ME4 (C4)  Sevir.5G132500  7.2049° 7.82E-84° 5.4296° 3.34E-05°
ZmNAD-ME1 GRMZM2G085747 1.5706" 5.46E-13° NA NA
ZmNAD-ME2 GRMZM2G406672 3.4952° 4.93E-38" NA NA
ZmNADP-ME (C4)  GRMZM2G085019 6.6616° 1.20E-149° 1.48" 9.13E-03%*
ZmNADP-ME (non- NA NA 1.48" 9.13E-03%

C4) GRMZM2G122479

Table 1: Convergence of NADP-ME and NAD-ME transcripts and proteins in Setaria viridis (Sv) and maize

(Zm). Log,FC (BS/M) of maize transcripts and proteins were obtained from Chang et al., 2012 and Friso et al,

2010, respectively. Log,FC (BS/M) of Setaria transcripts and proteins were obtained from John et al., 2014 and

this work, respectively. NA: not available.
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Zmnon-C, Sbnon-C, SetariaC, ZmC, SbC,
Optimal pH 8.0 8.0 8.0 8.0 8.0
k.. (s") 26.3 26.4 35.0 28.1 36.8
S.s NADP: (uM) 70.2 16.8 9.3 8.0 11.0
S.. Mal (mM) 0.8 0.6 0.18 0.2 0.4
Inhibition by Mal at pH 7.0 low low yes yes yes

Table 2: Kinetic parameters of Setaria chloroplastic NADP-ME. Maize (Zm) and sorghum (Sb) C, and non-C,

enzyme parameters were previously determined and included for comparison (Detarsio et al., 2003; Saigo et

al., 2004; Detarsio et al., 2007; Saigo et al., 2013a). kcat corresponds to the umol of substrate converted into

product by s under optimal conditions per umol of active site and S5 is the substrate concentration for which

half of maximum reaction rate is obtained. %CV were below 5%.
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SetariaNAD-ME1 SetariaNAD-ME2 AtNAD-ME1 AtNAD-ME2
Optimal pH 6.5 6.5 6.4 6.6
k.. (s") 12.7 15.5 311 44.1
S.s NAD (mM) 1.8 0.5 0.5 0.5
S.: Mal (mM) 3.9 34 3.0 3.0

Table 3: Comparative summary of the most important biochemical characteristics of Setaria NAD-MEs.
Arabidopsis (At) NAD-ME parameters (Tronconi et al., 2008) were included for comparison. kcat corresponds
to the umol of substrate converted into product by s under optimal conditions per umol of active site and Sy 5
is the substrate concentration for which half of maximum reaction rate is obtained. %CV were below 5%.
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Protein Sevir gene Description Cell FC log,FC FDR-p
identifier Type BS/M BS/M
CHLOROPLAST

DXP Sevir.5G070600 1-deoxy-D-xylulose 5-phosphate M 0.10 -3.31 2.41E-04
reductoisomerase

GSA Sevir.3G199700  glutamate-1-semialdehyde BS 4.52 2.18 1.53E-03
aminotransferase

CHLI1 Sevir.7G301900  magnesium-chelatase subunit | BS 3.43 1.78 1.53E-03

CHLM Sevir.4G021700  magnesium-protoporphyrin O- BS 2.35 1.23 4.13E-04
methyltransferase

CRD1 Sevir.5G037900  magnesium-protoporphyrin 1X BS 10.59 3.41  4.06E-03
monomethyl ester cyclase

DHQS Sevir.2G301400  3-dehydroquinate synthase BS 4.59 220 1.77E-02

DHQ- Sevir.3G361900  bifunctional 3-dehydroquinate BS 2.13 1.09 2.21E-02

SDH dehydratase/shikimate
dehydrogenase

SKL1 Sevir.3G344100  shikimate kinase BS 4.17 2.06 2.21E-04

CSs2 Sevir.9G469600  chorismate synthase 2 BS 4.52 2.18 2.15E-02

ADT6 Sevir.2G137000  Arogenate dehydratase BS 3.64 1.87 7.92E-04

MITOCHONDRIA

IVD Sevir.3G048300 isovaleryl-CoA-dehydrogenase M 0.26 -1.95 7.87E-03

MCCB Sevir.6G157100  3-methylcrotonyl-CoA carboxylase M 0.25 -1.98 1.85E-02

FAH Sevir.1G048700 fumarylacetoacetase M 0.27 -1.91 6.43E-05

IDH1 Sevir.1G221900 isocitrate dehydrogenase 1 BS 2.08 1.06 5.60E-03

IDH1 Sevir.7G146600 isocitrate dehydrogenase 1 BS 4.83 2.27 8.81E-03

FUM2 Sevir.9G415100  fumarase 2 BS 2.10 1.07 6.21E-03

GDH1 Sevir.9G057100 - glutamate dehydrogenase 1 BS 6.72 275 2.74E-04

GDH2 Sevir.7G196400 = glutamate dehydrogenase 2 BS 39.65 531 1.23E-04

PHT3;1 Sevir.1G339000 phosphate transporter 3;1 BS 2.04 1.03 1.65E-02

BOU Sevir.9G317900 mitochondrial substrate carrier BS 21.46 442 2.26E-03
family protein

ATP5 Sevir.1G297400 delta subunit of ATP synthase BS 4.39 2.13 1.09E-04

petA Sevir.7G087700  Ubiquinol-cytochrome C reductase BS 3.98 1.99 1.33E-03
iron-sulfur subunit

SLC Sevir.8G262500  plant uncoupling mitochondrial BS 2.11 1.08 4.10E-03

25A8 9 protein 1

UQCRB Sevir.9G045500 cytochrome bd ubiquinol oxidase, BS 2.39 1.26 3.61E-03
14kDa subunit

MSD1 Sevir.3G294500 manganese superoxide dismutase BS 7.20 2.85 3.58E-04
1

PRXIIF Sevir.5G049000  peroxiredoxin IIF BS 4.09 2.03 4.77E-04

PDHK Sevir.2G418200  pyruvate dehydrogenase kinase BS 2.67 1.41 2.11E-03

PEROXISOME
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ACX1

MFP2

KAT2

CAT1

CAT2

GR1

MDAR1

PMDH1

CSY3

AACT

IDI2

Sevir.4G062700
Sevir.5G161600

Sevir.1G372900

Sevir.1G116500

Sevir.4G299100

Sevir.1G368300

Sevir.2G138000

Sevir.3G419600
Sevir.1G026500
Sevir.7G290900

Sevir.2G354200

acyl-CoA oxidase 1

multifunctional protein 2/3-
hydroxyacyl-CoA dehydrogenase

peroxisomal 3-ketoacyl-CoA
thiolase 3
catalase 1

catalase 2
glutathione-disulfide reductase

monodehydroascorbate reductase
1

NAD-malate dehydrogenase 1
citrate synthase 3
Acetoacetyl-CoA thiolase
isopentenyl

pyrophosphate:dimethylallyl
pyrophosphate isomerase 2

<

<

< £ £ £

< £ £ £

0.35

0.32

0.39

0.08

0.30

0.30

0.43

0.39

0.41

0.39

0.23

-1.52

-1.65

-1.36

-3.58

-1.72

-1.75

-1.23

-1.36

-1.30

-1.35

-2.13

2.52E-04

3.13E-02

9.90E-03

5.86E-04

3.77E-02

6.35E-04

5.82E-02

9.00E-03

6.84E-04

5.19E-04

1.19E-03

Table 4: Experimental data corresponding to the proteins enriched in either M or BS. The table shows the

summary of the results of the group of proteins mentioned in the text. The putative subcellular location of

each protein was inferred by the identification of its ortholog in proteomic databases of maize chloroplasts

(Friso et al., 2010), Arabidopsis mitochondria (Fuchs et al., 2020) and Arabidopsis peroxisomes (Pan and Hu,

2018). Chloroplastic or mitochondrial location was also predicted by TargetP.
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Figure 1: Schematic model of the C, photosynthesis pathway. In C, plants the
photosynthetic reactions are distributed between two cell types, they initially fix the carbon
to C4 acids within the mesophyll cells and then transport these compounds to the bundle
sheath cells, where they are decarboxylated so that the resulting CO, is incorporated into
the Calvin cycle. This cycle produces the enrichment of the RuBisCO environment in CO,,
thus reducing its oxygenase activity. Names in black correspond to metabolites; CO,:
carbon dioxide; HCOs;™: bicarbonate; C,: 4-carbon acid; Cs: 3-carbon acid; PEP:
phosphoenolpyruvate; RuBP: ribulose-1,5-bisphosphate; PGA: 3-phosphoglyceric acid.
Names in red correspond to C,; genes; CA: carbonic anhydrase; PEPC:
phosphoenolpyruvate carboxylase; PPDK: pyruvate/orthophosphate dikinase; NAD(P)-ME:
NAD-dependent malic or NADP-dependent enzyme; PEPCK: phosphoenolpyruvate
carboxykinase.
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Figure 2: Protein distribution in M and BS from Setaria leaves. Volcano plot showing the proteins that
were differentially enriched in M or in BS (light red). The horizontal line marks the limit of p-value<0.05,
while the vertical lines mark the limit at which the difference in the proteins is more than doubled in one
condition over the other (A). Proteins identified according to their role, grouped by metabolism. Proteins
significantly enriched in M or BS show that these cells fulfil different functions in metabolic and regulatory

processes (B).
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Figure 3: Kinetic and regulatory properties of Setaria C,-NADP-
ME. NADP-ME activity was determined at different malate
concentrations, at pH 8.0 and 7.0. The activity unit s™ corresponds to
umol of product generated per umol of enzyme per second.
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Figure 4: Regulatory properties of recombinant NAD-ME1 (A) and NAD-ME2 (B). The results
represent the % of activity in the presence of each effector in relation to the activity measured in
the absence of the metabolites (100%). Assays were performed by triplicate, and error bars
indicate S.D. Red striped bars indicate inhibition (less than 70% residual activity), green bars
indicate activation (more than 140%) and grey dotted bars indicate no significant change.
Schematic representation showing that NAD-ME activity and Mal availability can be readily
coordinated by the ratio of a-KG/Glu (C)
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Figure 5: Schematic model of the C, cycle in S. viridis.
Besides the primary route of Mal decarboxylation in chloroplasts of
BS cells (solid lines), a secondary route in the mitochondria
(dashed lines) could also contribute to the C, carbon shuttle. The
pyruvate generated in the mitochondria of BS would not be
oxidized to form Acetyl-CoA, while in M several Pyr-independent
pathways of Acetyl-CoA generation are enhanced. In both cases,
the Pyr pool would be preserved to maintain the C, shuttle.
Additionally, in M chloroplasts the down-regulation of the shikimate
pathway would reserve the PEP for the primary carboxylation by
PEPC.
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