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Abscisic acid (ABA) is an important regulator of guard cell ion channels and stomatal movements in response to
drought stress. Pyruvate is the final product of glycolysis in the cytosol, and could be transported by mitochondrial
pyruvate carriers (MPCs) into mitochondrion for consequent cellular substance and energy metabolism. We recently
characterized the first putative mitochondrial pyruvate carrier, NRGA1, in planta, and found that this small protein is
involved in the negative regulation of drought and ABA induced guard cell signaling in Arabidopsis thaliana. The
findings revealed a probable link between mitochondrial pyruvate transport and guard cell signaling. It has also been
shown that NRGA1 protein product was directed to the mitochondria, and co-expression of MPC1 and NRGA1
functionally complement the absence of a native pyruvate transport protein in yeast. Here, we further demonstrated
that MPC1 showed similar sub-cellular localization pattern to NRGA1. Quantitative RT-PCR analysis showed that
the transcription of both NRGA1 and MPC1 were induced by pyruvate or ABA, and pyruvate strengthened the ABA
induced transcription of these 2 genes. The similarity in subcellular localization and gene expression to ABA strongly
suggests that MPC1 may associate with NRGA1 for mitochondrial pyruvate transport and is involved in ABA mediated
stomatal movements in Arabidopsis.

Pyruvate is the final product of cytosolic glycolysis and also a
key node in the control of secondary metabolism of glucose, fatty
acid and amino acid. Although this metabolite has been known
to cross the inner mitochondrial membrane for decades, it is only
recently that proteins (mitochondrial pyruvate carriers, MPCs)
necessary for this activity have been identified.1,2 In mammals,
many studies have provided important information about the
relationship with gluconeogenesis, MPC control by hormones
and drugs and included relevance to pathological conditions
including hyperthyroidism, aging, and diabetes.3-7 However,
very little is known about the actual biological functions and
molecular mechanisms for MPCs in planta. We recently identi-
fied a putative MPC gene, Negative Regulator of Guard Cell
ABA Signaling 1 (NRGA1), which mediates ABA regulation of
guard cell ion channels and drought stress responses in Arabidop-
sis.8 The Arabidopsis MPC family comprises 5 members
(At4G05590, At4G14695, At5G20090, At4G22310 and
At4G26780), and the phylogenetic analysis showed that these
proteins are classified into 3 categories: MPC1 (At5G20090),
MPC2-like proteins (At4G14695, At4G22310 and At4G05590)
and At4G26780 (Fig. 1A). A complementation analysis in yeast
showed that AtMPC1 and NRGA1 together functionally com-
plement the absence of a native pyruvate transport protein.8 To
assess whether MPC1 has direct interaction with NRGA1 or
other putative MPC proteins, we performed yeast 2-hybrid assay.

However, the result turned out that, no interaction was found
between any of the different MPC protein combinations
(Fig. 1B and C).

Immunoprecipitation and native gel electrophoresis con-
ducted by Bricker et al.1 suggest that the MPC is a large hetero-
complex, potentially with unequal stoichiometry between the 2
proteins, thus the interaction between MPC1 and NRGA1 might
needs the help of other proteins essential for mitochondrial pyru-
vate transport in Arabidopsis. Alternatively, the yeast 2-hybrid
system based on transcriptional activation may not be suitable to
detect the interaction of MPCs for that their interactions may
not occur in the nucleus. Other experimental systems, such as co-
immunoprecipitation or bimolecular fluorescence complementa-
tion (BiFC), will be needed further to identify the protein com-
plex of MPCs in Arabidopsis.

Functional analysis with the high-affinity MPC inhibitor
UK50999 implicated MPC1 as a crucial mediator of pyruvate
transport activity. Since the yeast mpc2Dmpc3D cells were rescued
by coexpressing MPC1 and NRGA1,8 the products of these
genes presumably had a similar subcellular localization pattern.
The subcellular localization of MPC1 was determined by tran-
siently expressing in Arabidopsis mesophyll protoplasts a fusion
of GFP to the MPC1 terminus driven by the CaMV 35S pro-
moter. Previously 35S::NRGA1-GFP was shown to be targeted to
mitochondria.8 To confirm the location of MPC1, the 35S::
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MPC1-GFP was co-transformed into protoplasts along with
35S::NRGA1-RFP. As the GFP and RFP signals substantially
overlapped one another (Fig. 2A), the conclusion was that
MPC1 is also deposited in the mitochondria and co-localized
with NRGA1. Our previous work has demonstrated that ABA
treatment induced NRGA1 transcription, we next asked if MPC1
had a similar expression pattern to NRGA1 in response to ABA.
We also show that external application of pyruvate is able to reg-
ulate stomatal movements and enhance the ABA sensitivity.8 To

make clear the role of pyruvate itself or together with ABA in reg-
ulating the transcription of NRGA1 andMPC1, quantitative RT-
PCR was performed by using the wild type seedlings over a time
course exposed to ABA, pyruvate or ABA and pyruvate. The
result revealed that, the transcription of NRGA1 was induced sig-
nificantly by 200 mM pyruvate or 100 uM ABA at 6 h and 24 h,
and pyruvate obviously enhanced the ABA induced NRGA1 tran-
scription (Fig. 2B). Although pyruvate- or ABA- induced tran-
scription of MPC1 was not as obvious as that of NRGA1, it

showed similar response pattern to NRGA1,
and MPC1 transcripts also increased signifi-
cantly when pyruvate and ABA were added
simultaneously (Fig. 2C). The combined
data suggest that MPC1 may associate with
NRGA1 and act in mitochondrial pyruvate
transport and ABA mediated stomatal
movements in Arabidopsis, and we are
investigating this further.

Figure 1. Gene structure and protein interac-
tions in yeast. (A) Phylogenetic analysis of
putative MPC proteins in Arabidopsis. The
amino acid sequences of these proteins were
aligned by CLUSTALX, and the phylogenetic
tree was constructed using the neighbor-join-
ing method with the following parameters:
bootstrap (replicates 1000), poisson model and
complete deletion. The numbers at the nodes
indicate the bootstrap values. (B) The interac-
tion between the different MPC protein pairs.
32: pDEST32 for generation of the bait plasmid,
22: pDEST22 for construction of the prey plas-
mid. wt (pEXP22-RalGDS-wt), m1(pEXP22-
RalGDS-m1) or m2 (pEXP22-RalGDS-m2) is con-
trol plasmid which shows strong, weak and
undetectable interaction with pEXP32-Krev1,
respectively. The transformed yeast cells grow
on SC/-Leu-Trp (SC-L-T), SC/-Leu-Trp-Ura (SC-L-
T-U), or SC/-Leu-Trp-His (SC-L-T-H) medium
containing 50 mM 3-AT and aX-gal assay for
b-galactosidase activity of the transformants
grown on YPAD. (C) Test of protein interactions
using a “swapped” 2-hybrid approach. The sys-
tem is the same as shown in (B).

Figure 2. Subcellular localization of MPC1 and
its gene transcription behavior. (A) Colocaliza-
tion of GFP-tagged MPC1 and RFP-tagged
NRGA1. The yellow signal indicates areas of
overlap between the green and red signals.
Quantitative RT-PCR of NRGA1 (B) and MPC1
(C) transcript under 200 mM pyruvic acid,
100 mM ABA or both were analyzed. Transcript
levels relative to that of ACTIN2 are presented
for each treatment. Each value represents the
mean§SE of 3 independent measurements.
The *, ** represent significant difference deter-
mined by the Student’s t-test at P < 0.05 and P
< 0.01 respectively. Bars D 10 mm.
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Sugar signaling pathways closely interact with phytohormones.10

Genes involved in ABA biosynthesis and signaling have been suc-
cessfully isolated in sugar-response screens.11-15 In Arabidopsis,
the early seedling development repression has been widely used
as a convenient way of identifying mutants affected in sugar-sens-
ing or signaling processes.13,14 In our laboratory, evidence that
external application of pyruvate is able to inhibit the seed germi-
nation and enhance the ABA sensitivity has been acquired (data
not shown). Together with the observation that pyruvate regu-
lates stomotal movements and gene expression, we hypothesize
that pyruvate serves as a signal molecule and crosstalk with ABA
to regulate the plant growth, development and responses to the
changing environment. More physiological, biochemical and

molecular approaches will be further needed to study pyruvate
responses in plants.
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