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The mitochondrial pyruvate carrier (MPC) complex
mediates one of three pyruvate-supplying pathways
that sustain Arabidopsis respiratory metabolism

Xuyen H. Le ®,"? Chun-Pong Lee @ "> and A. Harvey Millar ® ">*"

1 School of Molecular Sciences, The University of Western Australia, Crawley, Perth 6009, Australia
2 The ARC Centre of Excellence in Plant Energy Biology, The University of Western Australia, Crawley, Perth 6009, Australia

*Author for correspondence: harvey.millar@uwa.edu.au

tSenior author.

XH.L, CP.L, and AH.M. designed the research. XH.L. performed most of the experiments and data analysis, C.P.L. assisted with some of the mass spec-
trometry and data analysis. XH.L, CP.L, and AH.M. wrote the paper.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plcell) is: A. Harvey Millar (harvey.millar@uwa.edu.au).

Abstract

Malate oxidation by plant mitochondria enables the generation of both oxaloacetate and pyruvate for tricarboxylic
acid (TCA) cycle function, potentially eliminating the need for pyruvate transport into mitochondria in plants. Here,
we show that the absence of the mitochondrial pyruvate carrier 1 (MPC1) causes the co-commitment loss of its puta-
tive orthologs, MPC3/MPC4, and eliminates pyruvate transport into Arabidopsis thaliana mitochondria, proving it is
essential for MPC complex function. While the loss of either MPC or mitochondrial pyruvate-generating NAD-malic
enzyme (NAD-ME) did not cause vegetative phenotypes, the lack of both reduced plant growth and caused an in-
crease in cellular pyruvate levels, indicating a block in respiratory metabolism, and elevated the levels of branched-
chain amino acids at night, a sign of alterative substrate provision for respiration. '>C-pyruvate feeding of leaves lack-
ing MPC showed metabolic homeostasis was largely maintained except for alanine and glutamate, indicating that
transamination contributes to the restoration of the metabolic network to an operating equilibrium by delivering py-
ruvate independently of MPC into the matrix. Inhibition of alanine aminotransferases when MPC1 is absent resulted
in extremely retarded phenotypes in Arabidopsis, suggesting all pyruvate-supplying enzymes work synergistically to
support the TCA cycle for sustained plant growth.
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Background: Plants photosynthesise and make starch in the day so that at night they can extract energy from starch
for plant growth and development. That energy extraction process is called respiration and it occurs within
mitochondria. Pyruvate is a product of starch and sugar breakdown and is the main substrate for respiration.
Pyruvate must be constantly made and somehow transported into mitochondria. In yeast, fly, mouse, and human, a
protein called the mitochondrial pyruvate carrier (MPC) is in charge of providing mitochondria with pyruvate by
transporting pyruvate across the mitochondrial inner membrane. But knocking out this protein in Arabidopsis does not
cause visible effects on plant growth. This means either that MPC does not transport pyruvate in plants or there are
other pathways that also provide pyruvate for plant mitochondrial respiration.
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Question: How many pathways are involved in supplying pyruvate for mitochondrial respiration and which pathway is
the main one?

Findings: By comparing Arabidopsis wildtype and mutants, we found out there are three pathways that work in
parallel to provide pyruvate to mitochondria. Firstly, MPC can directly import pyruvate across the mitochondrial
membrane. Secondly, pyruvate can be converted into alanine in the cytosol, transported across the mitochondrial
membrane and alanine can be converted back into pyruvate inside mitochondria. Thirdly, mitochondria can make
pyruvate internally from malate. Having three pathways that can perform the same role allows plants to be flexible to
the external and internal environment and ensures a constant supply of pyruvate for energy production. The effect of
losing one and/or two pyruvate supplying pathways on Arabidopsis growth hints that direct pyruvate import and
pyruvate—alanine conversion are the main pathways, while malate-derived pyruvate contributes the least to the total
pyruvate pool.

Next steps: Further research is needed to quantitate how much pyruvate is supplied by each pathway under different
conditions. Information about which condition favours which pyruvate source can be used to alter plant metabolism so

that energy can be generated and used more efficiently in different circumstances.

Y TR SAEA AT L WAL L

Introduction

Pyruvate occupies a pivotal node in the regulation of car-
bon metabolism as the end product of glycolysis and a ma-
jor substrate for mitochondrial respiration. Mitochondrial
pyruvate oxidation is catalyzed by the pyruvate dehydroge-
nase complex (PDC) to provide carbon skeletons to the tri-
carboxylic acid (TCA) cycle, and its depletion leads to
extensive changes in metabolism, abnormal organ develop-
ment, and severe growth retardation in plants (Yu et al,
2012; Ohbayashi et al, 2019). PDC and malate dehydroge-
nase (MDH) work cooperatively to provide substrates, ace-
tyl-CoA, and oxaloacetate (OAA) respectively, for citrate
synthesis (Selinski and Scheibe, 2019). In terms of kinetics,
malate production by MDH is favored over OAA formation
(Hudig et al., 2015); therefore, in order to drive the reaction
toward OAA and maintain the continuity of respiration,
OAA needs to be continuously removed by NAD-malic en-
zyme (NAD-ME; Tronconi et al, 2010a, 2010b), citrate syn-
thase (Schmidtmann et al, 2014), and a putative OAA
exporter (Haferkamp and Schmitz-Esser, 2012). Malate oxi-
dation by plant mitochondria enables the generation of
both OAA (via MDH) and pyruvate (via NAD-ME) for TCA
cycle function, and in isolated plant mitochondria malate-
feeding enables a much faster respiratory rate than pyruvate
alone. This indicates that pyruvate import may be slower
than malate import, and based on this it has long been
thought that the need for pyruvate transport across the in-
ner mitochondrial membrane in plants may be minimal
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(Day and Hanson, 1977). In the following decades, this con-
cept has been further tested by various in vitro biochemical
approaches (Edwards et al, 1998; Jenner et al, 2001) and
in vivo ">C-labeling studies (Tcherkez et al, 2005, 2008, 2009;
Lehmann et al, 2016), but genetic evidence to prove it had
been lacking.

The availability of full genome information and insertional
mutants in Arabidopsis enabled significant advances in our
understanding the fate of malate in plant mitochondria.
Insertional loss-of-function of both mitochondrial MDH
enzymes resulted in a slow growth phenotype and an ele-
vated leaf respiration rate (Tomaz et al, 2010). Insertional
loss-of-function of both mitochondrial NAD-ME subunits in
Arabidopsis caused a significant diversion of excess malate
to amino acid synthesis at night without affecting vegetative
growth (Tronconi et al, 2008). Gene insertion-based reduc-
tion in PDC activity caused a greatly retarded vegetative
phenotype in Arabidopsis (Ohbayashi et al, 2019). This sug-
gests that mitochondrial pyruvate supply and oxidation are
both important for optimal plant growth.

The transport of glycolytically derived pyruvate into the
mitochondrial matrix is carried out by the mitochondrial py-
ruvate carrier (MPC). Its existence was first proposed in the
1970s based on the specific inhibition of mitochondrial py-
ruvate uptake by cinnamate analogs, such as o-cyano-4-
hydroxycinnamate and UK-5099 (Halestrap and Denton,
1974; Halestrap, 1975). Attempts to purify and identify the
carrier proteins by hydroxyapatite chromatography or
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affinity with an immobilized inhibitor were not successful
due to numerous technical challenges at the time (Thomas
and Halestrap, 1981; Brailsford et al, 1986; Natecz et al,
1986; Capuano et al, 1990). Screening of yeast mutants
identified a candidate in the mitochondrial carrier family
that influences pyruvate uptake and is sensitive to UK-5099,
but it was later shown to be a NAD+ carrier (Hildyard and
Halestrap, 2003; Todisco et al,, 2006). It was not until 2012
that the proteins responsible for UK-5099-sensitive MPC ac-
tivity were identified by two independent research groups
(Bricker et al, 2012; Herzig et al, 2012). MPCs are 12-16-
kDa proteins that share limited homology with the semi-
SWEET family transporters (Bender and Martinou, 2016). In
yeast, a functional MPC complex, composed of a hetero-
dimer of a core subunit (MPC1) and a regulatory unit
(MPC2 or MPC3), facilitates the co-import of pyruvate with
a proton (Tavoulari et al, 2019). Yeast without MPC1 grows
slowly in medium without amino acids and has a lower py-
ruvate transport (Bricker et al, 2012; Herzig et al, 2012).
MPC mutation in Drosophila is lethal with a sugar-only diet
and caused impaired pyruvate oxidation-linked metabolism
under a standard diet. Human MPC1 harboring a single
point mutation resulted in lactic acidosis and hyperpyruva-
temia due to impaired pyruvate oxidation, while knockout
of MPC1 in mice led to embryonic lethality (Brivet et al,
2003). From these reports, it can be concluded that MPC1 is
an essential component for supplying pyruvate to mito-
chondria in yeast and mammals.

In Arabidopsis, four MPC isoforms are present, with
Arabidopsis MPC1 (At5g20090) showing the highest homol-
ogy with yeast MPC1 (Shen et al, 2017). The role of
Arabidopsis MPC in pyruvate transport has been proven in-
directly through complementation of a yeast mutant (Li et
al, 2014). In Arabidopsis, MPC1 has been shown to interact
with MPC3 or MPC4, but it remains uncertain if an interac-
tion exists between MPC3 and MPC4 (Shen et al, 2017; He
et al, 2019). In plants, lack of MPC has only been linked to
phenotypes of cadmium sensitivity and drought tolerance
(Li et al, 2014; Shen et al, 2017; He et al, 2019). Single or
higher-order knockouts of MPC isoforms do not cause any
obvious growth defect under normal conditions (He et al,
2019), indicating that unlike in other eukaryotes, pyruvate
transport is probably not essential for respiratory pyruvate
supply in Arabidopsis. Apart from the direct transport of
glycolysis-derived pyruvate into mitochondria and malate
oxidation, pyruvate can also be supplied from alanine
through the combined actions of cytosolic and mitochon-
drial alanine aminotransferases (AlaATs; Miyashita et al,
2007) and a yet-to-be characterized mitochondrial alanine
carrier (Passarella et al, 2003; Bender and Martinou, 2016).
However, the role of AlaATs in reversibly converting pyru-
vate to alanine has only been reported during hypoxia and
recovery from hypoxia (Ricoult et al, 2006; Miyashita and
Good, 2008; Diab and Limami, 2016).

MPC in yeast and mammalian systems can only facilitate
pyruvate transport from the cytosol to the mitochondrial
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matrix and not vice versa (Bricker et al, 2012; Herzig et al,
2012). Pyruvate export from mitochondria in cancer cells is
mediated by a different class of transporter called the
monocarboxylate carrier MCT1 (Hong et al, 2016). Under
some circumstances in plants, the export of pyruvate from
mitochondria is needed for phosphoenolpyruvate synthesis
in the cytosol by pyruvate orthophosphate dikinase to re-
spond to water stress in rice (Oryza sativa) seedlings
(Netting, 2002) or to support the recycling of carbon inter-
mediates and CO, fixation in Crassulacean acid metabolism
(Hartwell et al, 2016) and C, plants (Rao and Dixon, 2016).
However, the identity of the plant mitochondrial pyruvate
exporter is currently unknown. It remains unclear which
MPC isoforms facilitate pyruvate transport in plants, which
direction of transport they facilitate, and how pyruvate
transport activity via MPC is co-regulated with other pyru-
vate-supplying pathway in contributing to the plant mito-
chondrial pyruvate pool.

In this study, we show the primary role of MPC1 in pyru-
vate import into Arabidopsis mitochondria using a reverse
genetic approach in combination with direct evidence from
in vitro, in organello, and in vivo analyses. We obtained evi-
dence that plant mitochondrial pyruvate import is mainly
mediated by MPC1, which is needed to maintain pyruvate
supply for Arabidopsis respiratory metabolism. NAD-ME
can independently supply pyruvate to the TCA cycle in
Arabidopsis mitochondria, but our data indicate that it has
a relatively small contribution to pyruvate-linked metabo-
lism in vivo. Instead, the action of AlaATs provides an im-
portant functional backup for MPC complex and these
enzymes most likely work in a cooperative manner to sup-
ply mitochondrial pyruvate needed for sustaining respiration
at night in plants. These data provide insight into the flexi-
bility of pyruvate-supplying pathways in plants to efficiently
use and extract energy from the cellular carbon repertoire in
different environments.

Results

MPC1 is essential for mitochondrial pyruvate carrier
complex accumulation in Arabidopsis and its
absence causes the co-commitment loss of MPC3
and MPC4

In Arabidopsis, MPC1, MPC3, and MPC4 (At5g20090,
At4g22310, and At4g05590) are ubiquitously expressed in all
tissue types, while MPC2 (At4g14695) is expressed exclu-
sively in flowers (Waese et al, 2017). MPC2, MPC3, and
MPC4 share about 60%-80% amino acid sequence identity,
whereas MPC1 is the least similar to these isoforms (<33%)
but shares the highest sequence identity with yeast MPC1
(Schwacke et al, 2003; Li et al, 2014). Thus, MPC1 is the
most promising candidate as a nonredundant core compo-
nent of the plant MPC complex. A T-DNA insertion line,
mpc1, was previously confirmed to be a homozygous mu-
tant that contained an insertion 400-bp upstream of the
start codon (Shen et al, 2017; Supplemental Figure S1A).
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Under long-day conditions, mpc1 does not exhibit an obvi-
ous aberrant vegetative phenotype (Supplemental Figure
S1B). Quantitative real-time polymerase chain reaction
(gPCR) analysis of whole leaf and quantitation of selected
peptides from isolated mitochondria by liquid chromatogra-
phy-selective reaction monitoring—mass spectrometry (LC—
SRM-MS) revealed that mpc1 is unable to produce full
length MCP1 transcript or accumulate MPC1 protein, con-
firming that it is a MPC1 knockout mutant (Figure 1). Even
though no obvious change in MPC3 and MPC4 transcript
abundance was observed in mpc1, MPC3 and MPC4 pro-
teins were completely absent in isolated mitochondria
(Figure 1B). It is possible that MPC3 and MPC4 are tran-
scribed but their protein products may be unstable, leading
to their degradation. When a MPC1 transgene was
expressed under the control of its native promoter in mpc1
plants (mpc1/gMPC1), both MPC3 and MPC4 abundances
were restored in mitochondria (Figure 1A). Thus, MPCT1 is
required for the assembly of the MPC complex.

MPC1 is required for pyruvate-dependent
respiration and is a target of the pyruvate transport
inhibitor UK-5099

Evidence that plant MPC1 functions as a mitochondrial
pyruvate importer to date is based on yeast complemen-
tation analysis (Li et al, 2014) and sequence conservation
with yeast and mammal homologs. To provide direct ex-
perimental proof for its role in respiration and pyruvate
transport, we used isolated mitochondria as an in vitro
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model system to monitor MPC function by manipulating
respiratory substrate supply. We first measured the ability
of isolated mitochondria to oxidize pyruvate in the pres-
ence of ADP and cofactors. Pyruvate as the sole substrate
was unable to drive significant oxygen consumption,
probably due to the lack of OAA replenishment.
Respiratory assays at pH 7.2 have been shown previously
to minimize malic enzyme conversion of exogenous ma-
late to pyruvate in isolated mitochondria (Willeford and
Wedding, 1987). When malate alone was supplied at pH
7.2 in our experiments, only 20% of the oxygen consump-
tion rate in the presence of malate and saturating pyru-
vate was measured (27 = 1.6 nmol-min~"-mg protein~',
compared to 149 * 23 nmol-min~"-mg™"). Titrations with
different nonsaturating concentrations of pyruvate
revealed a ~70% reduction in oxygen consumption rate
(called pyruvate-dependent OCR) by mpc1 mitochondria
compared to the wild-type (Figure 2), suggesting that
mpc1 has a diminished ability to oxidize pyruvate for mi-
tochondrial respiration. This could be the result of (1) al-
tered PDC abundance and/or activity, (2) defects in TCA
cycle and/or electron transport chain (ETC) functions,
and/or (3) inability to import pyruvate. We found that
the relative abundance and activity of PDC and the rela-
tive abundance of TCA cycle enzymes showed no differ-
ence between Col-0 and mpc1 (Supplemental Figure S2, A
and C). In addition, the relative abundance of ETC com-
ponents was unaffected by the loss of MPC1
(Supplemental Figure S2B); thus, the possibility of a defect
in mitochondrial function other than pyruvate import
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Figure 1 MPC1 is required for the assembly of mitochondrial pyruvate carrier complex in Arabidopsis. A, Relative transcript abundance of MPCs
in Col-0, mpc1, and mpc1/gMPC1. Transcript abundance was measured using gPCR of MPC1, MPC2, MPC3, MPC4 inter-exon sequences. Primers
are provided in Supplemental Table S1. Elongation factor 1 alpha EF-1oc was used as a housekeeping control. B, Relative protein abundance of
MPC isoforms in Col-0, mpc1, and mpc1/gMPC1. Protein abundances were determined by quantifying peak area of unique peptides using LC—
SRM-MS. FQAFLNSPIGPK was unique for MPC1, WGISIANIADFAKPPEK was unique for MPC3, YSTVITPK was unique for MPC4. The abundance
of a mitochondrial voltage-dependent anion channel 1 (VDACT) peptide was used as a housekeeping control. Each data point represents an aver-
aged value from three biological replicates with error bars indicating standard error. Significant differences among mpc1, Col-0, and mpc1/gMPC1

are denoted by asterisks based on Student’s t test (**P < 0.01)
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was unlikely. As an additional control, we measured
malate-dependent respiration at pH 6.4 to promote NAD-
ME activity and found no difference among wild-type,
mutant, and complemented line (Figure 2B).

When we measured mitochondrial pyruvate-dependent
respiration in the presence of UK-5099, a known inhibitor
for MPC in mammals (Halestrap, 1975), we found mpc1 mi-
tochondria were insensitive to the UK-5099 treatment
(Figure 2A). In contrast, mitochondria isolated from the
wild-type and mpc1/gMPC1 were sensitive to UK-5099 treat-
ment, showing pyruvate dependence of oxygen consump-
tion diminished to a rate similar to untreated mpci
mitochondria. This confirmed that the presence of MPC1
was required for UK-5099-sensitive pyruvate-dependent res-
piration in Arabidopsis mitochondria.

MPC1 is required for pyruvate import into plant
mitochondria

To directly demonstrate whether pyruvate uptake is defec-
tive in mpc1 mitochondria, we provided isolated mitochon-
dria with both unlabeled malate and ">Cs-pyruvate in the
presence of ADP and other cofactors (see “Methods” sec-
tion) at pH 7.2, followed by SRM—MS analysis to monitor
the depletion of these metabolites in the extra-mitochon-
drial space (Figure 3). Figure 3, A, B, and F provides a de-
tailed explanation of the experimental setup and the >C
incorporation patterns from the provided substrates into
TCA cycle intermediates. The incorporation of >Cs-pyruvate
into TCA cycle intermediates by freshly isolated mitochon-
dria was tracked by measuring the level of metabolites in
the extra-mitochondrial space (Figure 3, B-E). The amount
of Cs-pyruvate decreased linearly in the extra-mitochon-
drial space of the wild-type and mpc1/gMPC1 mitochondria,
while pyruvate uptake rate was negligible in mpc1 mito-
chondria, resulting in a significant difference in net pyruvate

uptake (Figure 3C; Supplemental Figure S3A). This showed
that the absence of MPC1 effectively abolished pyruvate im-
port into the mitochondrial matrix.

Mitochondria fed with substrates and cofactors to drive
full TCA cycle operation have been shown to generate TCA
intermediates in excess which are rapidly exported to the
extra-mitochondrial medium (Brailsford et al, 1986). We
have recently demonstrated that it is possible to assess the
function of mitochondrial carriers in isolated mitochondria
by following such conversion rates of supplied respiratory
substrate(s) using SRM—MS analysis (Lee et al, 2020). "*C,-
citrate accumulated linearly in the extra-mitochondrial space
of the wild-type and mpc1/gMPC1 mitochondria while in
mpcT only 15% of that rate was recorded (Figure 3D). This
residual rate was most likely due to non-MPC-facilitated dif-
fusion of pyruvate into mitochondria and/or a low level of
free citrate synthase activity released from damaged mito-
chondria during the procedure. Treatment of mitochondria
from all three genotypes with UK-5099 resulted in a drastic
reduction in labeled citrate production, similar to that ob-
served in mpc1 (Supplemental Figure S3B). The total labeled
carbon incorporated into measured TCA cycle intermediates
from ">Cs-pyruvate was significantly higher in the wild-type
compared to mpc1 (Figure 3E), which confirmed mpc1
could not sustain the same rate of supply of pyruvate in the
matrix for TCA cycle-driven respiration (Figure 2). These
results could be reproduced in a label swap experiment us-
ing unlabeled pyruvate and >C,-malate as substrates, gener-
ating completely independent isotopic patterns but the
same conclusions with regards to the rate of pyruvate trans-
port in mpc1 (Supplemental Figures S4 and S5). Taken to-
gether, these data support the claim that MPC1 is an
essential subunit of the MPC complex in Arabidopsis re-
sponsible for pyruvate uptake into the matrix of plant
mitochondria.
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Figure 3 MPC1 is required for the uptake and usage of pyruvate by Arabidopsis mitochondria. Experimental design of combined malate and Cs-
pyruvate feeding of isolated mitochondria at pH 7.2 (A) showing the isotopic incorporation patterns of labeled pyruvate into TCA cycle intermedi-
ates along with the steps that generate NADH for consumption by the ETC via MPC (B) and NAD-ME (F). Movements of organic acids across mi-
tochondrial membranes are also shown. Bar graphs show the (C) uptake rate of *C;-pyruvate, (D) export rate of labeled citrate, (E) export rate of
total labeled TCA metabolites made from imported pyruvate (G) uptake rate of unlabeled malate, and (H) rate of unlabeled pyruvate made via
NAD-ME. Quantification was carried out using SRM-MS to directly assess substrate consumption and product generation of substrate-fed mito-
chondria after separating mitochondria from the extra-mitochondrial space by centrifugation through a single silicon oil layer. The rates were cal-
culated from time course values of metabolite concentration recorded in the extra-mitochondrial space after varying incubation periods. Each
data point represents averaged value from three or more replicates with error bars indicating standard error. Significant differences among mpc1,
Col-0, and mpc1/gMPC1 are denoted by asterisks based on Student’s t test (*P < 0.05)

Internal pyruvate synthesis by mitochondrial NAD-
dependent malic enzyme is a compensation
pathway for the loss of MPC1

In the same combined malate and '>C;-pyruvate feeding of
isolated mitochondria experiment, we were also able to
trace the amount of malate that was imported into the mi-
tochondria and how it was consumed (Figure 3, F-H). The

amount of malate taken up by mpcl mitochondria was
found to be half of that by the wild-type and mpc1/gMPC1
mitochondria (Figure 3G). This could be due to a lack of py-
ruvate in mpcl mitochondria to remove OAA, which could
then sequentially result in a feedback inhibition of MDH, an
increased malate concentration in the matrix and a reduced
demand for malate uptake.
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Unlike yeast and mammals where MPC1 loss caused a
range of growth defects (Bricker et al, 2012; Herzig et al,
2012), the absence of MPC1 did not result in growth delay
in Arabidopsis (Shen et al, 2017). It is therefore very likely
that alternative pyruvate-supplying pathways exist in plants,
with at least one of them being more active in plants than
in yeast or mammals. Apart from feeding carbon through
OAA via malate dehydrogenase, malate can also be con-
verted into pyruvate to contribute to the matrix pyruvate
pool (Figure 3F). The mitochondrial NAD-ME pathway
(encoded by AtNAD-MET-At2g13560 and AtNAD-ME2-
At4g00570) is the most likely candidate given its close asso-
ciation with the TCA cycle, its use of malate as primary sub-
strate, its ability to provide pyruvate in the matrix without a
transport step, and evidence that its loss results in a read-
justment in TCA cycle flux at night (Tronconi et al, 2008).
Malate oxidation by NAD-ME in intact isolated mitochon-
dria can generate a significant amount of pyruvate (Day,
1980), which can be assayed in the extra-mitochondrial me-
dium. We found the rate at which pyruvate was synthesized
from malate and exported to the extra-mitochondrial space
was significantly higher in mpc1 compared to the wild-type
and mpc1/gMPC1 (Figure 3H), even though they have similar
maximal NAD-ME activities (Supplemental Figure S2D).
Similar results were observed using unlabeled pyruvate and
3C,-malate as substrates in the label swap experiment
(Supplemental Figures S4 and S5). These data indicate that
NAD-ME substantively provided an alternative internal pyru-
vate source when MPC1 was absent.

The absence of MPC in NAD-ME knockout plants
results in a vegetative phenotype due to limited
pyruvate supply as a respiratory substrate

The elevation of NAD-ME-derived pyruvate in mpc1 mito-
chondria suggested the role of MPC1 could be enhanced in
NAD-ME knockout plants. To investigate this, we generated
a triple knockout by crossing mpc1 and nad.mel.l x
nad.me2.1 (mel.me2) plants to assess their combined effect
on growth and metabolic phenotype in planta. Plants ho-
mozygous for all three mutations nad.mel.1 x nad.me2.1 x
mpc1 (mel.me2.mpcTl; Supplemental Figure S2A) displayed
significantly decreased vegetative growth rate compared to
the wild-type and other genotypes (Figure 4; Supplemental
Figure S6). mel.me2.mpc1 plants were noticeably smaller at
the four-leaf stage (Stage 1.04) onwards even though the
number of leaves were identical. At later developmental
stages (Stage 1.10—10 rosette leaves > 1 mm; Stage 5.10—
first flower bud visible; Stage 6.00—first flower opened),
mel.me2.mpc1 plants were about 2 to 6 days delayed. The
mutant leaves did not reach the full diameter of Col-0 leaves
after 1 week of bolting. The retarded phenotype was ob-
served in both long-day and short-day growth conditions
(Supplemental Figure S6C); however, it could be restored to
a wild-type-like phenotype upon re-introduction of the
MPC1 transgene under the control of its native promoter
(mel1.me2.mpc1/gMPC1; Supplemental Figure S6D). These
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results showed that MPC is an important component for
plant growth and development when NAD-ME activity is
impaired.

The functional importance of MPC is also highlighted by
how mitochondria isolated from NAD-ME double knockout
plants consumed externally fed malate and pyruvate. To
show this, isolated mitochondria were fed with both *C,-
pyruvate and malate at pH 6.4 to maximize the rate of
NAD-ME activity. At pH 6.4, MPC activity of Col-0 appeared
to be similar to that at pH 7.2 (Figures 3C and 4B). mel.me2
plants did not have a vegetative phenotype (Figure 4A) and
therefore were expected to have wild-type pyruvate trans-
port activity using MPC. Indeed, malate and '">C;-pyruvate
were taken up by the wild-type and mel.me2 mitochondria
at a similar rate (Figure 4, B and C). However, while wild-
type mitochondria converted imported malate to pyruvate
via NAD-ME, no rate of pyruvate export could be measured
in mel.me2. Instead, mel.me2 mitochondria showed an
even higher consumption rate of '>Cj-pyruvate than the
wild-type, as evidenced by an increased rate of '>C,-citrate
synthesis and export (Figure 4D). This enhanced conversion
into downstream labeled TCA intermediates, such as succi-
nate and malate, was consistent with mel.me2 having a rate
of imported pyruvate consumption higher than the wild-
type (Figure 4E; Supplemental Figure S6). In contrast, the
loss of both MPC and NAD-ME in mel.me2.mpc1 resulted
in the inability of isolated mitochondria to import and oxi-
dize externally fed pyruvate and malate, presumably due to
the accumulation of OAA in the matrix. Mitochondria from
these triple knockout plants displayed nearly no U-'">C-pyru-
vate transport and relatively low malate transport,
075+ 058 and 74+ 76 nmol-min~"-mg™' respectively,
compared to 33.7* 17.4 and 63.1* 7.6 nmol-min~"-mg™"
protein in wild-type mitochondria (Figure 4B). Reduced in-
corporation of the supplied substrates into mel.me2.mpci
mitochondria was confirmed by the limited rate of conver-
sion into subsequent TCA intermediates (Supplemental
Figure S7).

Alanine is a third source of mitochondrial pyruvate
in Arabidopsis

Compared to the substantial growth phenotype caused
by a decrease in PDC activity (Ohbayashi et al., 2019), the
phenotype of mel.me2.mpc1 plants is comparatively mild.
This suggests that there could be a third source of mito-
chondrial pyruvate to support the development of mu-
tant plants lacking both NAD-ME and MPC. To explore
which metabolite could be responsible, we measured pool
sizes of primary metabolites over a light/dark cycle.
Metabolomics revealed that mpc1 leaves accumulated
four- to six-fold higher levels of alanine throughout the
diurnal cycle compared to the wild-type (Figure 5). An in-
crease in the abundances of valine, leucine, and isoleucine
was also observed in mpcl1. These amino acids are most
likely synthesized as a consequence of glycolytic pyruvate
that cannot enter into the mitochondrial matrix (Singh
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Figure 4 Vegetative and respiratory phenotypes of NAD-ME knockout and MPC x NAD-ME knockouts. A, Quantitative phenotyping of mel.me2
and mel.me2 x mpc1 plants in a soil-based experiment (n = 15) in long-day conditions (16-h light/8-h dark, 60% humidity). Photos were taken at
14 days, 21 days, 28 days, 35 days, and 42 days after sowing to track plant growth. Representative top views of various genotype rosettes are
shown. Each gradient bar represents distinct growth stages: 1.04—four rosette leaves > 1 mm; 1.10—ten rosette leaves > 1 mm; 5.10—first flower
bud visible; 6.00—first flower opened; 6.90—flowering complete. Significant differences between tested genotypes and Col-0 are indicated based
on Student’s t test and denoted by asterisks (**P < 0.01). Bar graphs show the uptake rate of '>C, pyruvate (B); uptake rate of malate (C); export
rate of citrate (D) and export rate of total labeled TCA metabolites synthesized via MPC (E) and export rate of pyruvate synthesized via NAD-ME
(F, including C,-citrate, *C,-2-OG, *C,-succinate, and >C,-malate). Mitochondria were incubated in 500-pM '*C;-pyruvate and 500-uM unla-
beled malate in the presence of ADP at pH 6.4. Metabolic reaction was stopped by centrifugation through a single silicon oil layer in which the mi-
tochondrial pellet was separated from the extra-mitochondrial medium. The rates were calculated from time courses of metabolite concentration
recorded in the extra-mitochondrial space that were quantified using LC-SRM—-MS as outlined in the “Methods” section. Each data point repre-
sents an averaged value from three or more replicates with error bars indicating standard error. Significant differences between mutants and Col-0
are indicated based on Student’s t test and denoted by asterisks (*P < 0.05)

and Shaner, 1995). Pyruvate and malate were slightly in-
creased in abundance in mpc1 at night but no overall
abundance change in TCA cycle intermediate was ob-
served (Supplemental Figure S8). In contrast, knockout of
NAD-ME led to elevated pyruvate and 2-oxoglutarate
(2-OQ) levels at night. me1.me2.mpc1 appeared to exhibit

the combined effect of mpc1 and me1.me2 on metabolite
abundances (Figure 5A). In addition, knockout of both
MPC1 and NAD-ME magnified the pyruvate accumulation
to four-fold compared to the wild-type, which was consis-
tent with a block in pyruvate-dependent mitochondrial
metabolism (Figure 5A).
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To probe the rate of pyruvate incorporation into primary
metabolism in intact tissue, we fed '>Cs- pyruvate to leaf
discs in the dark. Amongst five genotypes, only mel.m-
e2.mpc1 showed a slightly lower rate of *C-incorporation
into citrate and succinate, which could be attributed to the
deficiency in mitochondrial pyruvate utilization due to the
lack of NAD-ME and MPC activities (Figure 5B). The M + 3
alanine fraction (directly produced from amination of >Cs-
pyruvate) showed no significant change in relative distribu-
tion (Figure 5B) while the M + 3 amount increased more
significantly in mpc1 and mel.me2.mpc1 than that in the
wild-type (Supplemental Figure S8), which indicates that the
increased alanine pool size was due to a higher demand for
this amino acid rather than blockage in alanine-requiring

enzymatic reactions. Similar results were also observed fol-
lowing 'Cg-glucose labeling of leaf discs (Supplemental
Figure S9). These data provide evidence that alanine-2-OG
transamination is a third pathway for providing pyruvate to
sustain mitochondrial TCA cycle metabolism and respira-
tion. Mitochondrial AlaAT abundance measured at the wild-
type level in mpc1 and mel.me2.mpc1 (Supplemental Figure
S2), suggesting that the increase in alanine use was not
driven by enzyme concentration. Indeed, the significantly
lower amount of labeled glutamate (Figure 5B) and the ele-
vated level of 2-OG pool size at night (Figure 5A) in mel.m-
e2.mpcl plants indicate an altered equilibrium in total
cellular transamination activities compared to the wild-type.
Such a change in 2-OG:glutamate in plants lacking MPC1
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could be a consequence of increased demand for alanine
transamination reactions in mitochondria and cytosol. This
pathway via AlaAT appeared to carry sufficient pyruvate
flux for plant metabolism as label incorporation into most
TCA cycle metabolites was maintained at wild-type levels,
except for citrate and succinate (Figure 5B; Supplemental
Figure S8).

Plants lacking MPC are hypersensitive to inhibition
of alanine aminotransferases by cycloserine

The existence of a yet-to-be identified mitochondrial alanine
carrier (Passarella et al, 2003) could enable alanine to be
imported from the cytosol into mitochondria. As AlaATs in
mitochondria and the cytosol can inter-convert pyruvate
and alanine, it would be possible to bypass MPC by replac-
ing pyruvate with alanine as a primary entry point for glyco-
lytic products to enter mitochondrial metabolism. Using the
established AlaAT inhibitor cycloserine (Wong et al, 1973;
Cornell et al, 1984; Duff et al, 2012), we subjected mpcT,
mel.me2 and mel.me2.mpc1 and wild-type plants to chemi-
cal inhibition of AlaATs to assess the contribution of differ-
ent pyruvate sources to seedling development (Figure 6).
The mel.me2.mpc1 plants displayed only a moderate differ-
ence in rosette size under normal conditions, suggesting
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that AlaAT alone can largely support seedling growth. In the
presence of 0.5-uUM cycloserine; however, the rosette size
and root length of mel.me2.mpc1 and mpcl was signifi-
cantly reduced compared to that of wild-type plants. These
phenotypes could be complemented by reintroducing the
MPCT transgene into the mpci-carrying mutants (Figure 6).
mel.me2.mpc1 was more sensitive than mpc1 to this inhibi-
tor, as shown by the significant difference in their rosette
size and root length. This could be interpreted as evidence
that NAD-ME activity in mpc1 accounts for a small percent-
age of pyruvate generation in vivo. In contrast, mel.me2
seedlings were insensitive to cycloserine treatment, indicat-
ing that MPC alone was sufficient to supply the bulk of py-
ruvate needed for sustaining seedling growth.

Taken together, our data show that MPC and NAD-ME
can both independently supply pyruvate to the TCA cycle
in Arabidopsis mitochondria. However, when both these py-
ruvate sources are absent, metabolite pool sizes are still
largely maintained (Supplemental Figure S7) with the excep-
tion of alanine utilization, and a mild change in plant devel-
opment is observed. Blocking AlaATs severely affects growth
in mel.me2.mpc1 and mpc1 while it has little effect on wild-
type plants. This suggests pyruvate-alanine cycling via cyto-
solic and mitochondrial AlaATs is another important
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Figure 6 Phenotypes of MPC1 and/or NAD-ME mutants in response to cycloserine treatment. Seeds were sterilized and placed on 1/2 Murashige-
Skoog (MS) plates in the absence (left) or presence (right) of 0.5-uM cycloserine and grown under long-day conditions (16-h light/8-h dark, 60%
humidity) (A). Representative photos were taken after 2 weeks. Bar graphs showing root length (B) and rosette fresh weight (C) of the six geno-
types measured after 2 weeks. Each data point represents an averaged value from 10 replicates with error bars indicating the standard error.
Significant differences between genotypes are indicated based on Student’s t test and denoted by asterisks (**P < 0.01)
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pathway that works cooperatively with MPC and NAD-ME
to maintain mitochondrial pyruvate supply for dark respira-
tion in plants.

Discussion

Mitochondrial pyruvate transport has not been considered
as the dominant pathway for supplying oxidative substrates
to respiration in plants for decades (Day and Hanson, 1977;
Tcherkez et al, 2005 Araudjo et al, 2012; Lehmann et al,
2016), since malate alone can provide pyruvate and OAA
concomitantly within the matrix to drive the TCA cycle op-
eration (Macrae and Moorhouse, 1970, Selinski and Scheibe,
2019). Although MPC1 has been recently shown to impact
cadmium tolerance and stomatal opening in plants (Shen et
al, 2017; He et al, 2019), no studies have been conducted in
plants to prove that the MPC complex transports pyruvate
into mitochondria or demonstrate its roles in mitochondrial
respiratory metabolism. In this study, we provided genetic
and biochemical evidence for MPC1 being the core carrier
isoform responsible for the assembly and function of the mi-
tochondrial pyruvate import complex in plants. In yeast, the
presence of yeast MPC1 stabilizes yeast MPC2 and MPC3
through physical interaction as functional heterodimers
(Tavoulari et al, 2019). In a similar manner, the loss of
MPC1 in Arabidopsis resulted in the absence of both MPC3
and MPC4 (Figure 1B). This explains why mpc1 and higher-
order mutants carrying the mpc1 allele produce the same
cadmium-dependent short-root phenotypes as mpc1 (He et
al, 2019). Our results show the MPC acts only as a mito-
chondrial pyruvate importer, as mitochondrial matrix gener-
ated pyruvate could still be readily exported to the extra-
mitochondrial space by mpc1 mitochondria (Figure 3G;
Supplemental Figures S3 and S4). This suggests the existence
of other mitochondrial pyruvate transporter(s) that export
pyruvate from the mitochondrial matrix, which is consistent
with evidence that carriers other than MPC are responsible
for mitochondrial pyruvate export in mammals (Hong et al,
2016; Chinopoulos, 2020). More crucially, our study also pro-
vides strong evidence that mitochondrial NAD-ME and cy-
tosolic and mitochondrial AlaATs operate cooperatively
with MPC to maintain the mitochondrial pyruvate pool
in vivo in Arabidopsis (Figure 7).

The degree to which MPC1 affects growth of different
organisms reflects the flexibility of pyruvate metabolism and
the proportion of oxidative phosphorylation generated by
MPC-dependent pyruvate flux in different organisms. In
mice, MPC is the primary carrier of oxidative substrates for
energy production in mitochondria and catalyzes most of
the pyruvate flux, which cannot be sufficiently compensated
for by other potential pyruvate-supplying pathways, leading
to embryonic lethality when MPC is absent (Vanderperre et
al, 2016). In yeast, the role of MPC is less important as the
existence of a PDC bypass involving cytosolic pyruvate de-
carboxylation enables mitochondrial transport of substrates
independently of MPC function (Boubekeur et al, 1999).
Such flexibility of pyruvate utilization also exists in
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Arabidopsis as seen by a lack of an obvious phenotype un-
der normal growth conditions in mutant lacking the MPC
complex (Supplemental Figure S1B). Our findings indicate
that instead, plants utilize a mixture of MPC and MPC
bypasses to supply mitochondria with pyruvate. NAD-ME
was more active in converting malate to pyruvate in isolated
mpc1 mitochondria compared to the wild-type (Figures 2, B
and 3, G). Conversely, knocking out NAD-ME resulted in an
increase in MPC activity in isolated mitochondria as evi-
denced by the 50% increase in '>C incorporation into TCA
intermediates (Figure 4E). The effect of impaired pyruvate
supply on plant growth becomes visually apparent when
MPC1 was knocked out in the mel.me2 background. This
triple mutant was not only unable to import pyruvate and
convert malate to pyruvate but also showed a reduced the
rate of mitochondrial malate transport, likely due to feed-
back inhibition by OAA accumulation in the matrix.
Consistent with our results, knocking out both MPC and
mitochondrial NAD-ME in yeast magnified the slow-growth
phenotype under nonstresses conditions which was not ob-
served in the single MPC1 knockout (Bricker et al, 2012).
Taken together, the loss of MPC1 appears to trigger the
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Figure 7 The mitochondrial pyruvate pool is contributed to by multi-
ple supply pathways. A combination of in vitro, in organello, and
in vivo analyses suggest the supply of mitochondrial pyruvate is facili-
tated mainly by MPC and AlaAT pathways; inhibition of one is com-
pensated for by the other (e.g. increased alanine level is the most
prominent feature of mpcl mutants). The majority of malate
imported into the matrix under physiological pH conditions is likely
to be oxidized into OAA; thus, NAD-ME would synthesize a relatively
small amount of pyruvate compared to the two major pathways,
which was confirmed by analysis of me1.me2. MPC was the only path-
way able to fully supply the pyruvate pool on its own, evidenced by
the fact that cycloserine-treated me1.me2 seedlings can maintain nor-
mal growth, while ALT alone in mel.me2.mpc1 had a growth defi-
ciency phenotype. Dashed lines indicate unknown relative fluxes.
Bolder arrows indicate larger flux compared to other pathways using
or generating the same metabolite. PEP, phosphoenolpyruvate; Pyr,,,
pyruvate in the cytosol, Pyr;, pyruvate inside the mitochondrial ma-
trix; Ala, alanine; Glu, glutamate
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promotion of NAD-ME flux to pyruvate and vice versa, at
least in isolated mitochondria. This complementary regula-
tion of MPC and mitochondrial NAD-ME activities is not as
clear in single knockouts in planta due to metabolic flexibil-
ity, which ensures that the overall metabolic and energy
homeostasis are maintained without plant growth
consequences.

Metabolomics and ">C-pyruvate tracing in vivo only
showed slight changes in metabolite levels in all genotypes
examined, highlighting the metabolic flexibility of
Arabidopsis leaves to maintain metabolite pool size in plants
lacking MPC1. The only exceptions were alanine and 2-OG
abundances, which were higher in mpc1 and mel.me2, re-
spectively. The phenotype of mel.me2.mpc1 is most likely
caused by the combined metabolic effects of these muta-
tions, and the change in >C labeling into glutamate (Figure
6B), which could be an indicator of an altered flux through
AlAT (Zhang et al, 2020). The hypersensitivity of the
mel.me2.mpcl and mpcl plants to cycloserine treatment
indicates that pyruvate—alanine cycling between mitochon-
dria and cytosol can become a major pathway under certain
conditions, such as when MPC1 is absent (Figure 7).
However, there appears to be an energy cost associated
with pyruvate—alanine cycling as the main mitochondrial py-
ruvate supply. The priority of diverting glutamate and 2-OG
pools into inter-conversion of pyruvate and alanine in mito-
chondria and cytosol makes these metabolites less available
for other aminotransferases, which are critical for modulat-
ing cellular nitrogen metabolism and mediating nitrogen-de-
pendent stress response (McCommis et al,, 2015). Decreased
cadmium sensitivity of mpc1 (He et al, 2019) is an example
of the consequences of increased flux through the pyru-
vate-alanine cycling pathway, as glutamate is not as readily
available to produce glutathione to scavenge cadmium ions
(Sytar et al, 2013; Tompkins et al, 2019) and to adjust
amino acid profiles, which have been shown to be impor-
tant for heavy metal stress response (Blasco and Puppo,
1999; Sharma and Dietz, 2006; Zhu et al, 2018). Moreover,
just as in MPC and NAD-ME single knockout mutants, mu-
tant lacking the major AlaAT isoform (alt1) does not cause
a vegetative phenotype (Miyashita et al, 2007), suggesting
that at least two out of three pyruvate-supplying pathways
are needed to support mitochondrial respiration and pre-
vent an impact on plant growth.

Metabolic flexibility has long been considered a hallmark
of what makes plant mitochondria unique (Douce and
Neuburger, 1989). Much of the research on this flexibility
has focused on the branching of the ETC (Vanlerberghe and
MclIntosh, 1997; Rasmusson et al, 2004; Millar et al, 2011)
and the range of substrates that contribute reducing poten-
tial to the ETC (Schertl and Braun, 2014). Metabolic flexibil-
ity has been shown for TCA cycle components as well, given
that these enzymes are mostly not exclusively targeted to
mitochondria (Schnarrenberger and Martin, 2002; Aradjo et
al, 2012). Reduction in the activity of TCA cycle compo-
nents such as mitochondrial citrate synthase (Sienkiewicz-
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Porzucek et al, 2008), NAD-dependent isocitrate dehydroge-
nase (Sienkiewicz-Porzucek et al, 2010), aconitase (Carrari et
al, 2003), malate dehydrogenase (Nunes-Nesi et al, 2005),
and fumarase (Nunes-Nesi et al, 2007) mostly resulted in
normal phenotypes and minor changes in respiratory and
photosynthetic performances in tomato (Solanum lycopersi-
cum) plants due to metabolic re-adjustment through their
counterparts in the cytosol, peroxisome, and/or plastids.
Alternatively, the catabolism of amino acids, some of which
accumulated in mpc1 mutants (Supplemental Figure S8),
can bypass pyruvate import to supply mitochondria with
TCA cycle substrates (Araujo et al, 2011; Kochevenko et al,,
2012; Cavalcanti et al, 2017). Furthermore, mitochondrial
components often play an important role in a larger, highly
flexible metabolic network linking carbon metabolism and
nitrogen metabolism. For example, 2-OG as the main check-
point of both processes can be produced by the concerted
action of isocitrate dehydrogenases, aminotransaminases,
and glutamate dehydrogenase either in the mitochondrial
matrix or cytosol (Weber and Fliigge, 2002; Foyer et al,
2003). The appropriate allocation of 2-OG to TCA cycle and
amino acid biosynthesis determines metabolic homeostasis.
Also, the gamma-aminobutyric acid (GABA) shunt can by-
pass two steps of TCA cycle by allowing the synthesis of
GABA in the cytosol during stresses including salinity,
drought, heat, and hypoxia (Bouché and Fromm, 2004) and
transport GABA back to the mitochondria to make succi-
nate and re-enter the TCA cycle (Michaeli et al, 2011). In a
similar manner, this work introduces AlaAT as a major flux
contributor to the canonical pyruvate supply pathways by
efficiently bypassing pyruvate import from the cytosol to
the mitochondrial matrix rather than just being considered
a stress response pathway (Ricoult et al, 2006; Miyashita
and Good, 2008; Diab and Limami, 2016). In this context, it
is notable that a positive correlation of respiratory rates in
Arabidopsis leaves was more apparent for alanine than for
pyruvate, sugars, or other organic and amino acids (O’Leary
et al, 2017) and alanine is a strong stimulator of respiratory
rate in vivo in Arabidopsis (O’Leary et al.,, 2020).
Mitochondrial pyruvate supply requires flexibility as pyru-
vate is an essential starting material for carbon metabolism
in mitochondria, greatly affecting all downstream reactions
and eventually energy production and plant development.
Given that MPC is the major mitochondrial pyruvate sup-
plier in autotropic tissues, its activity must match to
changes in demand due to regulation of PDC by post-trans-
lational modification. Consistent with reports of a night-
time increase in PDC activity (Budde and Randall, 1990;
Tovar-Méndez et al., 2003), the absence of MPC1 resulted in
the accumulation of pyruvate and related amino acids only
in the dark (Supplemental Figure S8). Since MPC1 is ubiqui-
tously expressed in both heterotrophic and autotrophic tis-
sues (Shen et al, 2017), the need for MPC activity in
different tissue types is most likely dependent on PDC regu-
lation and the requirement for TCA cycle initiation.
However, the quantitative involvement of three pathways
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under changing internal and external environments in plants
contributes to a remarkable plasticity in pyruvate supply in
plants. While NAD-ME alone failed to compensate for the
loss of both MPC and AlaAT, AlaAT alone (in mel.m-
e2.mpc1) only resulted in a moderate vegetative phenotype
while MPC alone (in cycloserine treated mel.me2) was able
to maintain a normal plant growth (Figure 6). This suggests
their relative contribution to the mitochondrial pyruvate
pool in vivo and as a result their roles in central metabolism.
Future experiments could investigate the activity of different
MPC complexes or the contribution of MPC to total pyru-
vate flux into mitochondria in different tissues such as
stems, roots, siliques, or flowers.

In conclusion, our data suggest plants possess at least
three pathways that all synergistically contribute to mito-
chondrial pyruvate supply and usage for respiration. These
pathways are coordinated in such a way that, when one is
compromised the other two increase in flux to maintain
metabolic and redox homeostasis for optimal growth. This
allows metabolic flexibility to cope with changes in cellular
substrate availability, particularly during environmental
changes such as nutrient and metal stresses, hypoxia, cold
and drought. NAD-ME appears to contribute less to pyru-
vate supply than MPC and AlaAT pathways as AlaAT and
MPC alone can largely support normal plant growth, but
not NAD-ME alone (Figure 7). Meanwhile, AlaAT is an effi-
cient alternative pathway to divert pyruvate flux from MPC
especially when MPC is defective (Figure 7). A challenge for
the future will be to accurately quantify the relative fluxes of
all three pyruvate-contributing pathways to leaf respiration
under different nutrient and stress conditions. This will be
important to further understand one of the most important
mitochondrial processes, and from there, the exploitation of
plant energy generation and usage in plants.

Materials and methods

Plant material, growth conditions, and quantitative

RNA analysis

The MPC1 T-DNA insertion line SALK008945 was obtained
from the Arabidopsis Biological Resource Center (https://
abrc.osu.edu/). mel.me2 seeds were previously characterized
and published (Tronconi et al, 2008) and were obtained
from Professor Verdnica G. Maurino (University of Bonn).
mel.me2.mpc1 was created from crossing between mel.me2
and mpcl. The complemented lines mpc1/gMPC1 and
mel.me2.mpc1/gMPC1 were generated by introducing the
genomic version of MPC1 with its endogenous promoter
into the corresponding mutants using pCambia1380 as the
vector. Specifically, genomic MPC1 was amplified using
gMPC1_F and gMPC1_R primers (Supplemental Table S1)
and cloned into the plasmid pCambia1380, which was then
transformed into Escherichia coli to replicate the plasmid.
The mutants were floral dipped in the culture of
Agrobacterium transformed with pCambia1380-gMPCT1.
Seeds were collected and selected using 15 pg-mL™"
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hygromycin B plates for three generations before being uti-
lized for experiments to ensure genetic stability.

Seeds were stratified for 3 days in the dark at 4°C before
being transferred to either long-day or short-day conditions.
Phenotype analysis was performed on plants grown under
long-day conditions of 16-h light, 8-h dark, and 60% humid-
ity (110 pmol s~' m~" light intensity with tubular fluores-
cent lighting). For cycloserine treatments, Arabidopsis
seedlings were grown on vertical one-half strength
Murashige and Skoog agar (10 g-L™' agar, 0.4 gL' MES)
plates with 0.5-uM cycloserine added after autoclaving.

Plants used in metabolic and stable isotope labeling analy-
sis were grown under short-day conditions of 8-h light, 16-h
dark, and 60% humidity (110 pmol s~' m™" light intensity
with tubular fluorescent lighting).

RNA was extracted from about 20-mg leaf tissue of three
biological replicates per genotype using the Spectrum Plant
Total RNA Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions. The RNA quality and quantity were
assessed using a nanodrop ND-1000 spectrophotometer
(ThermoFisher). RNA was mixed with primers and qPCR re-
action components provided in QuantiNova SYBR Green
RT-PCR Kit in 96-well plate. Quantitative transcript analysis
was done using the LightCycler 480 System (Roche). A list of
qPCR primers is provided in Supplemental Table S1.

Isolation of mitochondria, O, electrode
measurements, and enzyme activity assays
Arabidopsis seeds were surface sterilized and dispensed into
one-half strength Murashige and Skoog liquid media (1.1
g-L™" agar, 0.4 gL' MES, 10 g-L" sucrose) within enclosed,
sterilized 100-mL polypropylene containers. The containers
were seated on a rotating shaker in the long-day conditions
as described above and seedlings were harvested after
2 weeks.

Mitochondria were isolated from 2-week-old Arabidopsis
seedlings as described previously (Millar et al, 2007). O,
electrode measurements were carried out as previously de-
scribed (Lee et al, 2010), except pyruvate was added at 0,
0.5, 1, 2, or 5 mM and malate was added at 0.5 mM for
pyruvate-dependent OCR measurement. PDH, NAD-ME
in vitro activity assays were carried out as described previ-
ously (Huang et al, 2015).

Analyses of metabolites by LC-SRM-MS
Leaf discs (~20 mg) were collected from 6-week-old short-
day grown (8-h light/16-h dark) plants at 1, 8, and 15 h after
dark switch and 4 h after light switch. Samples were
snap-frozen in liquid nitrogen and stored at —80°C. Frozen
samples were ground using Retsch mixer mill before metab-
olites were extracted using 90% methanol containing
3C-leucine and adipic acid as internal standards. After incu-
bation at 75°C for 20 min and centrifugation at room
temperature at 18,000g for 3 min, supernatants were ali-
quoted and dried using a SpeedVac concentrator.

For quantitation of organic acids, dried samples were re-
suspended in 100-puL methanol and derivatized as described
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previously (Han et al, 2013). Samples were analyzed by an
Agilent 1100 HPLC system coupled to an Agilent 6430
Triple Quadrupole (QQQ) mass spectrometer equipped
with an electrospray ion source as described previously (Lee
et al, 2020). Chromatographic separation was performed on
a Kinetex C18 column, using 0.1% formic acid in water (sol-
vent A) and 0.1% formic acid in methanol (solvent B) as the
mobile phase for binary gradient elution (Supplemental
Table S2). Data were acquired using Agilent MassHunter
Workstation Data Acquisition software. The column flow
rate was 0.3 mL-min~'; the column temperature is 40°C,
and the autosampler was kept at 10°C. SRM transitions for
each targeted analyte are shown in Supplemental Table S3.
Optimizations for metabolite transitions for SRM-MS were
described in detail elsewhere (Le et al., 2021).

For amino acid quantification, dried samples were re-sus-
pended in 50 pL water. Samples were analyzed using the
same LC-MS system as described above. Chromatographic
separation was performed using Agilent Poroshell 120 HILIC-
Z column, using mobile phases of 20-mM ammonium for-
mate in water (solvent A) and 20-mM ammonium formate
in acetonitrile (solvent B, Supplemental Table S4). The col-
umn flow rate was 0.4 mL-min~"; the column temperature
was 35°C, and the autosampler was kept at 10°C. SRM tran-
sitions for each targeted analyte are listed in Supplemental
Table S5.

Substrate feeding of isolated mitochondria

The detailed methods and materials for MS-based mito-
chondria feeding assays were described previously (Le et al,
2021). In short, 100-ug isolated mitochondria were mixed
with substrates (0.5-mM pyruvate and 05-mM malate),
cofactors (2-mM NAD™, 0.2-mM TPP, and 0.012-mM CoA),
and 1-mM ADP (for ATP synthesis) in a final volume of 200
LL. At specified times, this reaction mixture was layered on
top of silicon oil (AR200, 90 pL), which was layered above
the stopping sucrose solution (0.5 M sucrose, pH 1.0).
Substrate transport was stopped by rapid centrifugation
(12,000g at 20°C for 3 min) to harvest the mitochondria at
the bottom of the tube. Five microliters of the extra-mito-
chondrial medium (the top layer) was collected and
extracted for quantitative analysis by LC-SRM—MS.

3C-pyruvate and "*C-glucose labeling of
Arabidopsis leaf discs and analysis of labeled
metabolites

Leaf discs (~50 mg) were prepared from 6-week-old short-
day grown (8-h light/16-h dark) plants 1 h before the end of
a normal light photoperiod. They were floated on leaf respi-
ratory buffer containing 20-mM ">Cs-pyruvate (99% purity,
Sigma Aldrich), 20-mM "Cg-glucose (99% purity, Sigma
Aldrich), or an unlabeled counterpart. At the specified incu-
bation time, leaf discs were briefly washed with respiratory
buffer to remove excess labeled pyruvate and frozen in lig-
uid nitrogen for metabolite extraction as stated above.
Analyses of total, untargeted metabolites were performed
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using an Agilent 1100 HPLC system coupled to an Agilent
6520  Quadrupole/Time-of-Flight ~ mass  spectrometer
equipped with an electrospray ion source. Chromatographic
separation was performed on an Agilent Poroshell 120
HILIC-Z column, using 10-mM ammonium acetate in water
(solvent A) and 10-mM ammonium acetate in acetonitrile
(solvent B) as mobile phases (Supplemental Table S6).
Solvents A and B were supplied with 0.1% (v/v) Infinity Lab
deactivator additive (Agilent) to improve peak shapes. The
column flow rate was 0.25 mL-min~"; the column tempera-
ture was 40°C, and the autosampler was kept at 10°C. The
scanning range was from 70 m/z to 230 m/z.

Peak extraction was done using Agilent Mass Hunter
Quantitative analysis software based on known m/z values
and retention time obtained from authentic standards. Raw
peak was then isotopically corrected for natural '>C abun-
dances using lsoCor software (Millard et al, 2019).
Percentage of each isotopolog of a compound of interest
was calculated as the ratio of the peak area of the isotopo-
log over the total area of both labeled and unlabeled frac-
tions. Absolute labeled amount of each isotopolog of a
compound was calculated through multiplying the percent-
age of labeled isotopolog by the absolute amount of that
compound obtained from the analysis of unlabeled sample
by LC-SRM-MS as described above.

Relative quantification of mitochondrial protein
abundances by LC-SRM-MS

One hundred micrograms frozen mitochondrial proteins
were precipitated in 100% acetone for 24 h at —20°C and
the pellets were washed with acetone for three times.
Samples were alkylated, trypsin digested, desalted and
cleaned as previously described (Petereit et al, 2020).
Samples were loaded onto an AdvanceBio Peptide Map col-
umn (2.1 X250 mm, 2.7-um particle size; part number
651750-902, Agilent), using an Agilent 1290 Infinity Il LC
System coupled to an Agilent 6495 Triple Quadrupole MS.
The column was heated to 60°C and the column flow rate
was 0.4 mL-min”". The binary elution gradient for HPLC and
the list of peptide transitions used for SRM-MS are pro-
vided in Supplemental Table S7 and Supplemental Data Set
S1, respectively. Peak area of targeted peptides was deter-
mined using the Skyline software package. Peptide abundan-
ces from each sample were normalized against voltage-
dependent anion channel (VDAC) since its abundance was
similar amongst all samples.

Statistical analysis

All statistical analyses were performed using the two-sided
t test function built in Excel 2010. Statistical tests and the
number of biological replicates are indicated in figure
legends. Biological replicates indicate samples that were col-
lected from different batches of plants grown under the
same conditions except biological replicates for transcript
analysis and metabolite analysis were samples collected from
different plants grown at the same time.
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Accession numbers

Sequence data from this article can be found in the
Arabidopsis Genome Initiative or GenBank/EMBL databases
under the following accession numbers: AtMPC1
(At5g20090), AtMPC4 (At4g05590), AtMPC3 (At4g22310),
AtMPC2  (At4g14695), AtNAD-ME1 (At2g13560), and
AtNAD-ME2 (At4g00570).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. Gene model and phenotypes of
mpcl.

Supplemental Figure S2. Changes in the abundance and
activity of respiratory enzymes in tested mutants.

Supplemental Figure S3. ">C;-Pyruvate and malate feed-
ing to isolated mitochondria of Col-0, mpc1 and mpc1/
gMPC1.

Supplemental Figure S4. Swap label experiment of pyru-
vate and "*C,-malate feeding into isolated mitochondria of
Col-0, mpc1 and mpc1/gMPCI.

Supplemental Figure S5. Calculated import and export
rates from the swap label time course experiment of pyru-
vate and "°C,-malate feeding into isolated mitochondria of
Col-0, mpc1 and mpc1/gMPC1.

Supplemental Figure S6. Soil-based phenotypes of mpci,
mel.me2 and complementary genotypes.

Supplemental Figure S7. Time courses of metabolite con-
centrations in the extra-mitochondrial space of "*C;-pyru-
vate and malate feeding into Col-0, mel.me2, and
mel.me2.mpcT1 mitochondria

Supplemental Figure S8. Diurnal changes of representa-
tive metabolites in different genotypes.
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quantification.

Supplemental Table S5. The SRM transitions used as
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