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Cadmium (Cd) is a major heavy metal pollutant, and Cd toxicity is a serious cause of abiotic stress in the environment. Plants
protect themselves against Cd stress through a variety of pathways. In a recent study, we found that mitochondrial pyruvate
carriers (MPCs) are involved in Cd tolerance in Arabidopsis (Arabidopsis thaliana). Following the identification of MPCs in yeast
(Saccharomyces cerevisiae) in 2012, most studies have focused on the function of MPCs in animals, as a possible approach to
reduce the risk of cancer developing. The results of this study show that AtMPC protein complexes are required for Cd tolerance
and prevention of Cd accumulation in Arabidopsis. AtMPC complexes are composed of two elements, AtMPC1 and AtMPC2
(AtNRGA1 or AtMPC3). When the formation of AtMPCs was interrupted by the loss of AtMPC1, glutamate could supplement
the synthesis of acetyl-coenzyme A and sustain the TCA cycle. With the up-regulation of glutathione synthesis following
exposure to Cd stress, the supplementary pathway could not efficiently drive the tricarboxylic acid cycle without AtMPC.
The ATP content decreased concomitantly with the deletion of tricarboxylic acid activity, which led to Cd accumulation in
Arabidopsis. More importantly, ScMPCs were also required for Cd tolerance in yeast. Our results suggest that the mechanism of
Cd tolerance may be similar in other species.

Heavy metal stress has become increasingly severe
in the world in the past several decades. Cadmium (Cd)
pollution is the representative heavymetal contamination,

as Cd2+ is readily absorbed by leafy vegetables, fruits,
and grain crops (Wagner, 1993; Prasad, 1995; Clemens,
2006; DalCorso et al., 2008). Many Cd2+-chelating ma-
terials and transporters have been discovered, and the
tolerance mechanism has been applied to plant engi-
neering. Glutathione (GSH) is a major redox buffer in
eukaryotic cells (Quastel et al., 1923; Stewart and
Tunnicliffe, 1925; Griffith et al., 1978), and its oligo-
mers known as phytochelatins can conjugate Cd2+ and
alleviate Cd toxicity (Rauser, 1990; Steffens, 1990;
Marrs, 1996; Cobbett et al., 1998; Sun et al., 2005a).
Many transporters have also been found to function
in Cd resistance; for example, ATP-binding cassette
(ABC) transporters can pump Cd into vacuoles or out
of plasma membranes in yeast and Arabidopsis
(Arabidopsis thaliana; Li et al., 1997; Song et al., 2003; Kim
et al., 2007). The P1B-ATPase subfamily, such as heavy
metal-associated (HMA) proteins, also plays an im-
portant role in Cd allocation or detoxification by iso-
lating metal ion into vacuole (Williams and Mills, 2005;
Morel et al., 2009; Liu et al., 2017). Besides the ATP-
consuming transporters, natural resistance-associated
macrophage proteins, acting as proton-coupled metal
ion transporters, can also transport heavy metal ions
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(Thomine et al., 2000; Cailliatte et al., 2009). Although a
variety of pathways are involved in Cd tolerance, the
main pathways have yet to be discovered.
Mitochondrial pyruvate carrier (MPC) is a major

checkpoint between glycolysis and the tricarboxylic
acid cycle. MPC can transport pyruvate into mito-
chondrial matrix to generate acetyl-CoA for the tricar-
boxylic acid cycle. The function of MPC has been
investigated using genetic and biochemical approaches
since its discovery in 2012 (Bricker et al., 2012; Herzig
et al., 2012). Many groups have focused on MPCs in
animal cells or yeasts to understand their functions
in metabolism-related human diseases such as cancer
and type 2 diabetes (Bender and Martinou, 2016). In
2014, a homologous gene (MPC2-like gene) of the MPC
family, namely, NRGA1, was shown to be negatively
involved in abscisic acid (ABA)-regulated guard cell
signaling and drought stress response in Arabidopsis
(Li et al., 2014). Recently, the MPC1 homologous gene
was also shown tomediate the ABA-regulated stomatal
closure and drought response by regulating the pyru-
vate content in Arabidopsis (Shen et al., 2017).
Although these two MPC proteins were reported in
plants, neither of them has been shown to be involved
in the pyruvate metabolism and the tricarboxylic
acid cycle.
Here, we screened the functions of MPCs in plant Cd

responses. Our results showed that the MPC com-
plexes, composed of MPC1 and NRGA1 (MPC2 or
MPC3), could prevent Cd stress by sustaining the tri-
carboxylic acid cycle and ATP production and allevi-
ating the consumption of Glu to generate GSH in
Arabidopsis. More importantly, a similar Cd-sensitive
phenotype was found in the yeast MPC mutants.
Considering the similar regulation manners of MPC
in the pyruvate metabolism, tricarboxylic acid cycle,
and Glu oxidation pathway in microorganisms and
animals, the Cd tolerance pathway controlled by
MPC could be evolutionarily conserved from yeasts
to plants.

RESULTS

MPCs Function in a Conservative Process

The initial BLAST analysis using yeast MPC1 protein
(YGL080W) predicated three homologous proteins
in the yeast genome, four in the Arabidopsis genome,
and three in the human genome (Supplemental Fig. S1,
A and B). For the MPC homologous proteins in
Arabidopsis, since At4g14695 is referred to as MPC2
and the MPC2-like protein (MPC2L [At4g05590]; Herzig
et al., 2012) is named as Negative Regulator of Guard
Cell ABA Signaling1 (NRGA1; Liu et al., 2017), we
named At4g22310 as MPC3 and At5g20090 as MPC1.
Alignment analysis showed that MPCs shared con-

served domains (Supplemental Fig. S1A). Interestingly,
during the evolutionary process of all MPC mem-
bers, MPC1 conducted an independent evolutionary

pathway that is different from other MPC members
(Supplemental Fig. S1B). These results suggested that
MPC1 may have specific functions different from
other MPCs.

AtMPC1 Is Required for Cd Tolerance in Arabidopsis

To identify AtMPCs that participate in Cd tolerance,
we ordered a number of Arabidopsis T-DNA mutants,
mpc1-1, mpc1-2, nrga1, and mpc3-1, and generated two
MPC2mutants, mpc2-1 and mpc2-2, using the CRISPR/
Cas9 technology (Yan et al., 2015). Mutant lines were
confirmed by reverse transcription (RT)-PCR, RT-
quantitative PCR, and sequencing (Supplemental Figs.
S2, A and B, and S3A; Li et al., 2014; Shen et al., 2017)
and used for Cd treatment bioassays. Without the Cd
stress, the phenotype of the mutants was indistin-
guishable from that of the wild type. When cultured
with 50 mM CdCl2, the root length ofmpc1-1 andmpc1-2
was substantially shorter than that of the wild-type
plants and other mutants (Fig. 1, A and B). To fur-
ther confirm whether this Cd-sensitive phenotype
was caused by the loss of AtMPC1, we constructed
pAtMPC1::AtMPC1 to generate mpc1-1(AtMPC1)
complementation transgenic lines. With the Cd stress,
the root length-sensitive phenotype of mpc1-1 was re-
covered byAtMPC1 (Fig. 1, C andD).We also tested the
germination rate and biomass, both of which were
affected by the loss of AtMPC1 (Supplemental Fig. S4,
A–C). These results suggested that AtMPC1 is required
for Cd tolerance in Arabidopsis.

Loss of Function of AtMPC1 Promotes Cd2+ Influx and
Accumulation in Arabidopsis

In order to explore the loss of Cd tolerance inmpc1-1,
we measured the Cd content of 10-d-old seedlings
grown on 0.53 Murashige and Skoog (MS) medium
with 50 mM CdCl2. A higher Cd2+ accumulation was
found in mpc1-1 compared with that in the wild type
and the complementation lines (Fig. 2A). Since the Cd
content in the seeds of crops and in shoots of vegetables
is very imperative, we also measured the Cd content of
shoots and seeds in Arabidopsis. The Cd content in
shoots and seeds also showed a significant increase in
mpc1-1 compared with that in the wild type and the
complementation lines (Fig. 2B). These results indicated
that the Cd-sensitive phenotype ofmpc1-1 is likely to be
caused by the Cd accumulation.
To test whether the Cd accumulation is due to direct

absorbance of Cd2+ from plant roots, Cd2+ flux was
measured near the root epidermal zone (3 mm) at
400 mm from the root tip (Supplemental Fig. S5) using
the NoninvasiveMicrotest Technology. The ionic fluxes
of Cd were calculated based on Fick’s law of diffusion,
J = 2D0 $ (dc/dx), where J is the ionic flux, dc is the
concentration gradient, dx is the distance between the
two points, and D0 is the diffusion constant. Under
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the treatment of 50 mM CdCl2, the Cd2+ influx in roots
of mpc1-1 was much higher than that of the wild type
and the complementation lines at different time points
and the mean values at 3 min (Fig. 2, C and D). These
results suggested that AtMPC1 can prevent the accu-
mulation of Cd2+ in the plants, and the Cd2+ accumu-
lation of mpc1-1 is probably due to the enhancement of
Cd2+ absorbance or the decrease of Cd2+ exclusion.

AtMPC Complexes Are Required for Cd Tolerance
in Arabidopsis

Recently, studies found that MPC1 can form a pro-
tein complex with MPC2 in mammals and with MPC2
or MPC3 in yeast (Bricker et al., 2012; Herzig et al.,
2012). In Arabidopsis, there are four MPC members,
and AtMPC1 was found to interact with AtNRGA1
(Shen et al., 2017). However, there was no evidence
showing how the MPC members interact and function
with each other in plants. From the phylogenetic anal-
ysis, we found that MPC1 evolved in a more similar
pathway that was independent of other MPCs in the
three species (Supplemental Fig. S1B). It is likely that

MPC1s share conserved functions or interaction pat-
terns. Thus, a bimolecular fluorescence complementa-
tion (BiFC) systemwas developed to test the interaction
between AtMPC1 and AtMPC2 or AtMPC3.MLO1 and
CaM1, which were identified to interact with each
other, were used as the positive control (Kim et al., 2002;
Gookin and Assmann, 2014). As shown in Figure 3A,
the fluorescence signals were detected in the positive
control and both of the tested protein groups, while the
candidates interactingwith empty vectors did not show
any signaling. As the BiFC system cannot avoid self-
activation fluorescence, we further performed in vivo
coimmunoprecipitation (Co-IP) assay using Nicotiana
benthamiana leaves simultaneously harboring p35S::
FLAG:AtMPC1 and p35S::C-MYC:AtMPC2 or p35S::
C-MYC:AtMPC3. Total proteins extracted from the
plant leaves were used for precipitation and western
blot. Similarly, the interactions were detected between
AtMPC1 and AtMPC2 and between AtMPC1 and
AtMPC3 (Fig. 3B). In yeast, the ScMPC complexes are
composed of ScMPC1 and either ScMPC2 or ScMPC3;
ScMPC2 and ScMPC3 have not been found to coexist in
the same protein complex (Bricker et al., 2012; Herzig
et al., 2012). Considering that MPC1s could share

Figure 1. Cd tolerance test. A, Arabi-
dopsis plants grown on 0.53 MS plates
vertically without or with 50 mM CdCl2
for 10 d. Representative results from
three reproducible experiments are
shown. B, Average root length of seed-
lings cultured under the same growth
condition as in A. The root length of five
seedlings of each class was measured as
the mean value (removing the top and
lowest values). Error bars indicate SD

from three independent experiments. C,
Arabidopsis plants germinated on 0.53
MS plates vertically for 3 d were trans-
ferred to plates without or with 50 mM

CdCl2 for another 7 d. Representative
results from three reproducible experi-
ments are shown. C-1 and C-2 are two
independent complementation lines. D,
Average root length of seedlings cultured
under the same growth condition as that
in C. The root length of five seedlings of
each class was measured as the mean
value (removing the top and lowest
values). Error bars indicate SD from three
independent experiments. P values from
Student’s t test were determined for
mutants or transgenic plants compared
with wild-type (WT) plants: ***, P ,
0.001.
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interaction patterns dependent on their conserved
evolutionary pathway in yeast and Arabidopsis
(Supplemental Fig. S1B), AtMPC1 could interact with
one other AtMPC (AtNRGA1, AtMPC2, or AtMPC3) to
form three AtMPC complexes in Arabidopsis, similar
to the interactions of MPCs in yeast and animals.
According to the interaction pattern of AtMPCs, it is

possible that the functional MPC complexes are re-
quired for Cd tolerance in Arabidopsis. To explore the
function of AtMPCs for Cd tolerance in plants, we
generated mpc1-1/nrga1 and mpc1-1/mpc3-1 with a
normal hybridization method and mpc1-1/mpc2-3,
mpc1-1/mpc2-4, nrga1/mpc2-5/mpc3-2, nrga1/mpc2-6/
mpc3-3, mpc1-1/nrga1/mpc2-7/mpc3-4, and mpc1-1/
nrga1/mpc2-8/mpc3-5 using the CRISPR/Cas9 system
(Yan et al., 2015; Supplemental Fig. S3, A–C). Under the
control condition, none of the mutants showed an ab-
errant phenotype different from that of the wild type
(Fig. 3, C and D). In the presence of Cd, the double and
quadruple mutants, in which AtMPCs including
AtMPC1 were knocked out, grew shorter and weaker
compared with the wild-type plants. However, multi-
ple mutants did not enhance the Cd sensitivity com-
pared with mpc1-1 (Fig. 3D). The triple mutants, in
whichAtMPCs exceptAtMPC1were knocked out, were
also sensitive to the Cd treatment, showing a similar
phenotype to mpc1-1 (Fig. 3C). These results indicated
that other AtMPCs other than AtMPC1 are also neces-
sary in Cd tolerance. Because of the redundancy
of other AtMPCs except AtMPC1, the single mu-
tants did not show the Cd-sensitive phenotype
(Fig. 1A). In conclusion, these results showed that, in
Arabidopsis, the AtMPC complex is composed of
AtMPC1 and other AtMPCs (AtNRGA1, AtMPC2, and
AtMPC3) and exists in three forms. All three AtMPC
complexes play amain role in Cd tolerance inArabidopsis.
Moreover, bothAtMPC1and otherAtMPCs (AtNRGA1,
AtMPC2, and AtMPC3) are essential subunits of the
AtMPC complexes and required for Cd tolerance in
Arabidopsis.

ScMPC Mutants Showed Similar Cd Sensitivity in Yeast

Yeast (Saccharomyces cerevisiae) is a common eukary-
otic model organism for fundamental studies of cell
biology. As such, yeast was employed to understand
the functions of MPCs in this study. As shown in

Figure 2. Cd content measurement and Cd2+ flux assay. A, Cd content
in 10-d-old seedlings. Seedlings were germinated on 0.53 MS for 3 d
and transferred to 0.53 MS with 50 mM CdCl2 for 7 d. B, Cd content in
shoot and seeds in mature soil-grown plants. Plants were grown in
normal soil until they were 4 weeks old before 50 mM CdCl2 was ap-
plied. C, Cd2+ fluxes in the roots of 10-d-old seedlings, which germi-
nated in 0.53MSmedium for 3 d andwere then transferred to 0.53MS

with 50 mM CdCl2 application, were recorded every 6 s for 3 min after
the seedlings were exposed to measuring solution with 50 mM CdCl2.
The number of plants measured was as follows: wild type (WT), five;
mpc1-1, five; C-1, three; and C-2, three. D, The mean Cd2+ fluxes in
roots of 10-d-old seedlings, which germinated in 0.53MSmedium and
were then transferred to 0.53MS with 50 mM CdCl2, were measured at
different time points for 3 min after the seedlings were exposed to
measuring solution with 50 mM CdCl2. Error bars indicate SD from three
independent experiments. P values from Student’s t test were deter-
mined for mutants or transgenic plants compared with wild-type plants:
*, P , 0.05; **, P , 0.01; and ***, P , 0.001. DW, Dry weight.
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Figure 4A, the growth of yeast cells of mpc1D was
similar to that of the wild-type strain JRY472 in the
absence of Cd. However, in the presence of Cd, the cell
population of mpc1D was significantly less than that
of the wild-type strain (Fig. 4A). To confirm the func-
tion of MPC1 in Cd tolerance in yeast, the yeast
expressing recombination vector pScMPC1::ScMPC1
was constructed. A serial dilution assay was conducted
to test Cd tolerance. As shown in Figure 4B, ScMPC1
could recover the Cd sensitivity of mpc1D. We
also tested all the yeast mutants of ScMPCs un-
der Cd treatment. The mpc1D, mpc2Dmpc3D, and

mpc1Dmpc2Dmpc3D mutants grew weaker than the
wild-type JRY472 and other mutants (Fig. 4C;
Supplemental Fig. S6, A–F). These results indicated
that both ScMPC1 and other ScMPCs (ScMPC2 and
ScMPC3) are necessary elements in Cd tolerance in
yeast (Fig. 4C; Supplemental Fig. S6E), which is
similar to the Cd-tolerant phenotype in Arabidopsis
(Figs. 1A, 3, C and D, and 4, A and C; Supplemental
Fig. S6, A–F). Considering that the MPC mutants
showed similar Cd tolerance in Arabidopsis and
yeast, the Cd tolerance mechanism regulated by
MPC could be similar.

Figure 3. MPC complex is required for
Cd tolerance in Arabidopsis. A, BiFC
assay of interactions between AtMPC1
and AtMPC2 (left) and AtMPC3 (right).
The fluorescence indicates interaction
between the indicated partner proteins.
The images were obtained from the GFP
channel, differential interference con-
trast (DIC) channel, or a merged image of
the two channels. The positive control
wasCaM1:pDOE01N-MLO1:pDOE01N,
and the negative control was AtMPC1:
pDOE01N-pDOE01C and pDOE01N-
AtMPC2 (AtMPC3):pDOE01C. EV, Empty
vector. Bars = 100 mm. B, Co-IP assay
for interaction between AtMPC1 with
AtMPC2 (AtMPC3) in vivo. Total protein
extracted from leaves of N. benthamiana
was coinfiltrated with GV3101 harboring
35S::FLAG:AtMPC1 and 35S::C-MYC:
AtMPC2 (35S::C-MYC:AtMPC3) after
about 2 d. The anti-FLAG antibody was
used to detect FLAG::AtMPC1, and the
anti-C-MYC antibody was used to detect
C-MYC::AtMPC2 and C-MYC::AtMPC3.
IB, Immunoblotting; IP, immunoprecipi-
tation. C and D, Arabidopsis plants germi-
nated on 0.53 MS plates for 3 d were
transferred to plates without or with 50 mM

CdCl2 for culturing for another 7 d. Rep-
resentative results from three reproducible
experiments are shown. WT, Wild type.
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Loss of Function of AtMPC1 Undermines the Tricarboxylic
Acid Activity during Cd Stress

As AtMPC1 is the essential component of these
three AtMPC complexes and the loss of function of
AtMPC1 showed comparable Cd sensitivity to those

mutants with the loss of all AtMPCs in Arabidopsis
(Fig. 3D), we used mpc1-1 instead of the AtMPC
quadruple mutants for further investigation of the
molecular mechanism of the AtMPC complexes in
response to Cd stress. Previously, AtNRGA1 has
been demonstrated to be localized in mitochondria
(Li et al., 2014). Since AtNRGA1 interacts with
AtMPC1 and AtMPC1 interacts with other AtMPCs,
all three AtMPC complexes might localize and work
in mitochondria in Arabidopsis. In yeast and some
animals, deletion of MPC can affect the transport of
pyruvate from the cytoplasm into the mitochondrial
matrix to generate acetyl-CoA and drive the tricar-
boxylic acid cycle. In plants, there is no evidence
showing that MPC is involved in these processes. To
verify this, the wild-type seedlings and mpc1-1 with-
out or with the Cd treatment were collected for the
acetyl-CoA measurement. As shown in Figure 5A,
the wild-type and mutant plants had a comparable
acetyl-CoA content under the control condition.
However, in the presence of Cd, the acetyl-CoA
content significantly decreased mpc1-1 compared
with the wild-type plants. Metabolic analyses
revealed that the concentration of pyruvate was el-
evated in mpc1-1 without or with Cd stress, whereas
the levels of tricarboxylic acid cycle intermediates
were significantly reduced in mpc1-1 with Cd stress
(Fig. 5, B–G).
To further identify the difference at the organelle

level, the measurement of the acetyl-CoA and pyruvate
content was conducted in the isolated Arabidopsis
mitochondria. As shown in Figure 5, H and I, both
acetyl-CoA and pyruvate concentrations were signifi-
cantly decreased inmpc1-1with Cd stress. These results
indicated that the AtMPC1 mutants could not generate
acetyl-CoA efficiently under Cd stress. Since acetyl-
CoA is the predominant substrate of the tricarboxylic
acid cycle, the lack of acetyl-CoA will interrupt the
tricarboxylic acid metabolic activity. In the absence
of Cd, the acetyl-CoA concentration in mpc1-1 was
normal, which is possibly due to the existence of a
compensatory bypass pathway for acetyl-CoA genera-
tion. However, the compensatory pathway could be
interrupted by Cd stress. Recently, several alternative
pathways have been found to sustain acetyl-CoA gen-
eration and tricarboxylic acid activity in the absence of
MPC function in animal cells. Ala can be transported
across the mitochondrial inner membrane by un-
identified Ala carriers and converted to pyruvate by
Ala aminotransferase in the mitochondrial matrix
(McCommis et al., 2015). Glu can be oxidized by Glu
dehydrogenase to supplement a-ketoglutarate (Du
et al., 2013; Bender and Martinou, 2016). The mito-
chondrial malic enzyme can convert malate to py-
ruvate and support pyruvate, which generates
acetyl-CoA inside mitochondria (Sauer et al., 1980;
Pongratz et al., 2007). All of them could provide
pyruvate and drive the tricarboxylic acid cycle
without MPC, which transports pyruvate from cy-
tosols directly.

Figure 4. Cd tolerance test in yeast. A, Yeast wild-type (WT) strain
and mpc1D cells were grown at 30°C in adenine-supplemented
yeast extract peptone dextrose (YPAD) liquid medium and ex-
posed to 50 mM CdCl2 at the concentration of 0.3 OD600. Cell
density was monitored with the A600 at 12, 15, 18, 21, 24, and 27 h
after treatment. Error bars indicate SD from three independent ex-
periments. B, Yeast dilution bioassay with the wild-type strain,
mpc1D transformed with pRS416, and pRS416 expressing ScMPC1
in synthetic complete medium. C, Yeast dilution bioassay withMPC
mutants and the wild-type strain in YPAD medium. Triangles rep-
resent serial 10-fold dilutions (starting concentration of 0.3 OD600).
Representative results from three reproducible experiments are
shown. EV, Empty vector.

Plant Physiol. Vol. 180, 2019 203

Plant Cd Response Involves Pyruvate Transport



MPCs Balance Glc and Glu Consumption to Maintain
Tricarboxylic Acid Activity in Arabidopsis

GSH is a well-known chelator of Cd2+ and thus al-
leviates Cd stress in the eukaryotic cells (Marrs, 1996;
Cobbett et al., 1998). GSH also functions as a major re-
dox buffer for oxidative stress tolerance caused byCd in
plants (Yadav, 2010). As shown in Figure 6A, in the
absence of Cd, the GSH content decreased significantly
in mpc1-1, indicating that the synthesis of GSH was
interrupted by the loss of function of the AtMPC com-
plexes. In the presence of Cd, the GSH level in mpc1-1
was much higher than that in the wild-type plants
(Fig. 6B). The GSH elevation was probably stimulated
by Cd accumulation (Fig. 2A). Glu is themajor source of
GSH (Quastel et al., 1923; Stewart and Tunnicliffe, 1925;
Griffith et al., 1978). In mammal cells, Glu oxidation is
the necessary bypass for maintaining the tricarboxylic
acid cycle during the impaired mitochondrial pyruvate
transport (Yang et al., 2014). In this pathway, a portion
of Glu can be converted by glutaminase and then de-
aminated by Glu dehydrogenase to drive the tricar-
boxylic acid cycle (Du et al., 2013; Bender andMartinou,
2016). However, in plants, there is no evidence of the
Glu supplement pathway.

As shown in Figure 6B, Glu decreased in mpc1-1
compared with the wild-type plants, and the decrease
was more significant inmpc1-1with the presence of Cd.
Considering that pyruvate, which is mainly generated
by Glc, needs MPC to directly participate in the tricar-
boxylic acid cycle and Glu is a putative necessary nu-
trient element, isotopic tracing analysis of Glc and Glu
metabolites was conducted by feeding stable isotope
[13C]Glc and [15N]Glu in 10-d-old Arabidopsis seed-
lings on 0.53MS hydroponic medium without or with
50 mM Cd. As shown in Figure 6, C and D, without Cd
stress, the abundance of 13C decreased in mpc1-1 com-
pared with that of the wild-type plants. However, the
abundance of 15N increased in mpc1-1 compared with
that in the wild-type lines. These results indicated that
the consumption of Glu was elevated to replenish the
loss of Glc, which is the main source of pyruvate,
caused by the impaired AtMPCs in Arabidopsis.
Upon Cd stress, the abundance of 13C also decreased in
mpc1-1 compared with that in the wild-type lines.
Nonetheless, the abundance of 15N in mpc1-1 was sim-
ilar to that in the wild-type lines (Fig. 6, C and D). It is
probable because the Cd stress reduced the efficiency of
Glu utilization. Taken together, in the presence of Cd,
without AtMPC, the bypass provided Glu to produce
more GSHs to cope with Cd stress and could not re-
plenish the tricarboxylic acid cycle efficiently. The
growth rate of mpc1-1 was affected by the decrease of
the tricarboxylic acid activity, which is at the center
of cellular energy metabolism and chemical synthesis.
To further confirm this, we added a certain concentra-
tion (50 or 100 mM) of Glu to 0.53 MS and YPAD solid
medium with 50 mM Cd. Under the same tolerance
test condition, both MPC1 mutants in Arabidopsis
and yeast significantly recovered their Cd tolerance

Figure 5. Analysis of tricarboxylic acid-related metabolites in
Arabidopsis and isolated mitochondria. A to G, Acetyl-CoA (A),
pyruvate (B), oxaloacetate (C), citrate (D), succinate (E), fumarate
(F), and malate (G) content in Arabidopsis seedlings germinated on
0.53 MS plates for 3 d and transferred to plates without or with
50 mM CdCl2 for culturing for another 7 d. H and I, Acetyl-CoA (H)
and pyruvate (I) content in mitochondria isolated from Arabidopsis
leaves treated without or with 50 mM CdCl2. Error bars indicate SD

of three independent experiments. P values from Student’s t test
were determined for mpc1-1 lines compared with the wild-type
(WT) plants without or with 50 mM CdCl2: *, P , 0.05; **, P , 0.01;
and ***, P , 0.001.
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Figure 6. The provision of Glu toMPC1mutants restored the wild-type (WT) level of Cd tolerance. A and B, GSH (A) and Glu (B)
content in Arabidopsis seedlings that were germinated on 0.53MS plates horizontally for 3 d and transferred to plates without or
with 50 mM CdCl2 for culture for another 7 d. Error bars indicate SD of three independent experiments. C and D, Isotopic tracing
analysis of stable isotopes 13C and 15N in 10-d-old seedlings. Arabidopsis seedlings were hydroponically germinated and grown
on 0.53 MS solution containing 50 mM [13C]Glc and [15N]Glu without or with 50 mM CdCl2 for 10 d. E, Arabidopsis plants
germinated on 0.53MS plates for 3 d were transferred to plates without or with 50 mM CdCl2 or 50 mM CdCl2 plus 50 mM Glu for
another 7 d. Representative results from three reproducible experiments are shown. F, Average root length of seedlings cultured in
the same growth condition as that in E. The root length of five seedlings of each class was measured as the mean value (removing
the top and lowest values). Error bars indicate SD from three independent experiments. P values from Student’s t test were
determined for mpc1-1 lines compared with the wild-type plants without or with 50 mM CdCl2: *, P , 0.05; **, P , 0.01; and
***, P , 0.001. G, Yeast dilution bioassay with ScMPC1 mutant and the wild-type strain in YPAD medium. Triangles represent
serial 10-fold dilutions (starting concentration of 0.3 OD600).
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(Fig. 6, E–G). In conclusion, the AtMPC complexes were
the key element in maintaining the acetyl-CoA pro-
duction and driving the tricarboxylic acid cycle and
thus released the Glu supplementary pathway to gen-
erate GSH to alleviate Cd stress in Arabidopsis.

AtMPC Is Required for Cd2+ Exclusion through
ATP Support

Cd2+ transporters play a major role in plant Cd2+

accumulation or exclusion. Various types of Cd2+

transporters have been identified in plants, such asABC
transporters and HMAs (Mills et al., 2005; Kim et al.,
2007; Morel et al., 2009). These transporters can be di-
vided into two groups according to their subcellular
localization: cell membrane- and tonoplast-Cd2+ trans-
porters; the former group includes AtHMA4 and
AtPDR8, which can transport Cd2+ out of cells (Mills
et al., 2005; Kim et al., 2007), and the latter includes
AtHMA3, which can drive Cd2+ into vacuoles (Morel
et al., 2009). All these Cd2+ transporters consume
ATP to remove Cd2+ from cytosols to protect basic
metabolism from Cd2+ interruption. ATP is primarily
produced through the tricarboxylic acid cycle, and
acetyl-CoA is the main source. As shown in Figure 5A,
the acetyl-CoA content decreased in mpc1-1 under Cd
stress and consequently reduced the ATP production.
Considering that root is the predominant tissue to
absorb or exclude Cd2+, we measured the ATP content
of root protoplasts ofmpc1-1 and thewild-type plants at
the same growth condition. Consistent with the change
of the acetyl-CoA content, the ATP level also decreased
in mpc1-1 under the Cd treatment (Fig. 7A). With the

deletion of ATP, Cd2+ transporters in the cellular
membrane system could not drive Cd2+ sufficiently.
Some Cd2+ transporters localized in root epidermal cell
membranes, such as AtPDR8, can transport Cd2+ out of
plantlets from root directly (Kim et al., 2007). Previ-
ously, exogenous ATP has been identified to be asso-
ciated with plant physiological reactions in plant roots
(Kim et al., 2006). Thus, to verify whether ATP affects
Cd2+ absorption or exclusion in epidermal cells of roots,
Cd2+ flux was measured in the same place of wild-type
plants and mpc1-1 without or with 1 mM ATP
(Supplemental Fig. S7). As shown in Figure 7, B and C,
the Cd2+ influxes were significantly influenced and
changed into effluxes by adding 1 mM ATP in the roots
of both the wild-type lines and mpc1-1. Moreover, the
Cd fluxes in the wild-type lines changed more signifi-
cantly than those in mpc1-1. The Cd flux changed from
about 210 to about 70 pmol cm22 s21 compared with
that from about220 to about 20 pmol cm22 s21 (Fig. 7,
B and C). It seems that ATP helps to export Cd2+ more
efficiently in the presence of MPC. In conclusion, our
results explain why the Cd2+ influx was elevated in the
root of mpc1-1 (Fig. 2, C and D), as the activity of the
Cd2+ transporters localized in the epidermal cells of
roots were interrupted by the decrease of the ATP level
caused by the loss of function of the AtMPC complexes
under the treatment of Cd.

DISCUSSION

Loss of function of allMPCs in Arabidopsis and yeast
is viable in 0.53MS and rich medium (Figs. 3D and 4C;
Supplemental Fig. S6F). These results were consistent

Figure 7. ATP changes Cd2+ flux in Arabidopsis roots. A, ATP content in root cells of Arabidopsis seedlings that were germinated
on 0.53MS plates for 3 d and transferred to plateswithout or with 50mMCdCl2 for culture for another 7 d. Error bars indicate SD of
three independent experiments. P values from Student’s t test were determined for mpc1-1 lines compared with the wild-type
(WT) plants without or with 50 mM CdCl2: *, P , 0.05. B, The mean Cd2+ fluxes in the roots of 10-d-old seedlings, which were
germinated in 0.53 MS medium and then transferred to 0.53 MS with 50 mM CdCl2, were measured at different time points for
3 min after exposing the seedlings to measuring solution with 50 mM CdCl2 or 50 mM CdCl2 plus 1 mM ATP. Error bars indicate SD

from three independent experiments. P values from Student’s t test were determined for mpc1-1 compared with the wild-type
plants. C, Cd2+ fluxes in the roots of 10-d-old seedlings, whichwere germinated in 0.53MSmedium and then transferred to 0.53
MSwith 50mM CdCl2, were recorded every 6 s for 3min after the seedlingswere exposed tomeasuring solutionwith 50mM CdCl2
or 50 mM CdCl2 plus 1 mM ATP. The number of plants measured was as follows: wild type treated with Cd, five; mpc1-1 treated
with Cd, five; wild type treated with Cd and ATP, five; and mpc1-1 treated with Cd and ATP, five.
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with previous studies in yeast (Bricker et al., 2012;
Herzig et al., 2012; Timón-Gómez et al., 2013), which is
due to the bypasses involving Glu utilization (Du et al.,
2013; Vacanti et al., 2014; Yang et al., 2014). In this
study, without Cd stress, even the AtMPC pathway is
interrupted. It appears that the Glu bypass could
complement the loss of acetyl-CoA and ATP through
the tricarboxylic acid cycle (Fig. 8A). In the presence
of Cd, AtMPC maintains the tricarboxylic acid cycle
and ATP production. Moreover, AtMPC alleviates the
consumption of Glu for tricarboxylic acid activity,
which generates more GSH to enhance Cd tolerance in
plants (Fig. 8B). Without AtMPC, the main pathway for
the generation of acetyl-CoA is interrupted, and Glu is
shared to generate GSH to regulate Cd stress. With the
consumption of Glu, there is insufficient Glu to sup-
plement the tricarboxylic acid cycle, leading to a de-
creased tricarboxylic acid activity and ATP production
(Fig. 8B). Additionally, since most Cd transporters
in plants, such as ABC transporters, HMA family
members, vacuolar pumps, and a set of tonoplast
transporters, need ATP to accomplish their functions
(Finkemeier et al., 2003; Sharma et al., 2004, 2016; Kim
et al., 2007; Morel et al., 2009), the deletion of ATP will
interrupt the absorbance or exclusion of Cd2+. In the
long-time evolutionary process, plants have evolved
plenty of transporters, which can be used to prevent the
invasion of heavy metals or metal ions by segregating
them mainly into vacuoles and removing them from
cells or even the plant.

For Cd transporters localized in tonoplast or other
membrane systems in the cytosol, the deletion of ATP
will affect their ability to transport Cd2+ into vacuoles
or membrane systems. For Cd2+ transporters localized
within the cell membrane, the deletion of ATP will af-
fect their ability to remove Cd2+ from cells. Since some
Cd2+ transporters localized in root epidermal cells, such
as AtPDR8, exclude Cd2+ from the root directly (Kim
et al., 2007), the deletion of ATP will interrupt the Cd2+

efflux from the root. This explains why the Cd2+ influx
increased near root epidermal cells (Figs. 2, C and
D, and 7, B and C). The GSH level was elevated in
mpc1-1, suggesting that more damage inside cells was
caused by the higher Cd content (Sun et al., 2005b; Tang
et al., 2005) compared with the wild-type plants, and
the cells need to produce more GSH to remove the ex-
cessive Cd2+ (Figs. 2A and 6A). Supposedly, as with the
deletion of ATP, both of the types of Cd2+ transporters
cannot transport Cd2+ efficiently and cause more
damage to the cytosolic metabolism. Overall, the Cd
toxicity and loss of pyruvate, which import from cyto-
sol, result in the decreases of acetyl-CoA and ATP
content in the AtMPC1 mutants. More importantly,
MPC is also required for Cd tolerance in yeast. How-
ever, the Cd2+ accumulation did not change in the types
of yeasts tested with 50 mM Cd (Supplemental Fig. S8).
Compared with the plant, yeast is the primary monad
and has its Cd transporters, such as YOR1P or YCF1
(Li et al., 1997; Nagy et al., 2006). As the ATP level de-
creases, both Cd transporters will be affected, and the
Cd content of the whole cell will not be changed. For
Arabidopsis, the transporters have evolved more ad-
vanced functions and been distributed in different tis-
sues, such as AtPDR8, which specifically outflows Cd2+

in root epidermal cells (Kim et al., 2007). Since the root
epidermis is the main tissue for plants to absorb Cd2+

and the first line of defense for plants to exclude Cd2+,
the root-specific Cd transporter will change the Cd
content of the whole plant. Although the Cd trans-
porters are different in plants and yeasts, the basic
Cd tolerance mechanism should be similar.
Previous studies on heavy metal tolerance have been

conducted in animals, plants, and microorganisms. The
pathways and elements that regulate Cd stress are
significantly different in each species. Chelating mate-
rials, transporters, and systems maintaining the cell
environment are involved in heavy metal detoxifica-
tion. Although some Cd tolerance pathways have been
well established in plants andmicroorganisms, they are
not consistent with those in animals. For example, some
transporters and Glc can transport Cd2+ into vacuoles
to alleviate Cd stress (Li et al., 1997; Song et al., 2003; Shi
et al., 2015), and some Cd resistance genes are specifi-
cally expressed in roots (Kim et al., 2007; He et al., 2016).
Since MPC functions that refer to tricarboxylic acid
activities and Glu supplementary pathways should be
conserved in plants and animals (Jacoby et al., 2012;
Zhang and Fernie, 2018), the tolerance mechanism is
possibly appropriate for animals as well. Diseases
caused by dietary intake of Cd are a significant human

Figure 8. Proposed model of MPC function in Cd tolerance. Loss of
MPC in the control situation (A) and in the presence of MPC or loss of
MPC under Cd stress (B) is shown. Thick black full lines indicate en-
hanced pathways; black full lines indicate normal pathways; black
segment lines indicate reduced pathways; black dotted lines indicate
substantially reduced pathways; red full lines indicate increased con-
tent; and yellow full lines indicate reduced content or activity.
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health concern (McLaughlin et al., 1999;Waalkes, 2003).
Thus, our results also provide a basis for developing
strategies to prevent Cd toxicity in animal bodies.

The MPC proteins were firstly identified in 2012
(Bricker et al., 2012; Herzig et al., 2012). The major bi-
ological energy source is Glc, which can be converted to
ATP and pyruvate in glycolysis. During the past several
years, studies mainly focused on the understanding of
the MPC function in human cancers and related dis-
eases in animals andmicroorganisms. Our group found
that AtNRGA1 (AtMPC2L) and AtMPC1, two mem-
bers of the AtMPC family, interact with each other and
are involved in the ABA-related stoma regulation
(Li et al., 2014; Shen et al., 2017). These AtMPC proteins
may regulate drought tolerance in Arabidopsis. How-
ever, there are no studies on the function of pyruvate
metabolism and the tricarboxylic acid cycle in plants.
Technically, it is difficult to test the difference of growth
phenotypes and tricarboxylic acid products in plants by
using nutritional selection for the selection of the
metabolism pathways (Bricker et al., 2012; Herzig et al.,
2012). In this study, the results indicated that AtMPC
was required for Cd tolerance in plants. Both of them
are imperative in plant growth and development,
including seed germination and root elongation. In the
presence of Cd, with the deletion of acetyl-CoA, nearly
all metabolites produced in the tricarboxylic acid cycle
would be deleted. Taken together, this tolerance regu-
lation mechanism involves multiple important ele-
ments. Considering the conserved regulationmanner of
MPC in plants, microorganisms, and animals, MPC is
supposedly the conserved regulator of Cd resistance.
Manipulation of the expression ofMPC can be used as a
strategy to regulate Cd stress in plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type Columbia-0 (SALK_6000) and
T-DNA insertion mutant nrga1 (SALK_050950) have been described previously
(Li et al., 2014). Singlemutantmpc1-1 (SALK_008945) andAtMPC1 complement
lines (C-1 and C-2) driven by its native promoter were kindly provided
by Jianlin Shen as described previously (Shen et al., 2017). Mutants
mpc1-2 (SALK_007363C) and mpc3-1 (SALK_11024) were obtained from the
Arabidopsis Biological Resource Center and confirmed for the T-DNA insertion
through PCR analysis. Mutants mpc2-1 and mpc2-2 were created using the
CRISPR/Cas9 system with the Columbia background. Double mutants
mpc1-1nrga1 and mpc1-1mpc3 were generated by a normal hybridization
method. Double mutants mpc1-1mpc2-3 and mpc1-1mpc2-4 were created using
the CRISPR/Cas9 system with the mpc1-1 background. Triple and quadruple
mutants nrga1mpc2-5mpc3-2, nrga1mpc2-6mpc3-3, mpc1-1nrga1mpc2-7mpc3-4,
and mpc1-1nrga1mpc2-7mpc3-5 were also generated using the CRISPR/Cas9
system, including double target adopter cassettes with the nrga1 and
mpc1-1nrga1 background. Arabidopsis plants were grown in a controlled en-
vironment at 22°C/20°C in a 16-h-light/8-h-dark photoperiod. Seeds used for
phenotypic assays were harvested at the same time. The tolerance test was
performed on plates with 0.53MS solid medium without or with 50 mM CdCl2
or first cultured seeds were germinated on plates without stress for 3 d and then
transferred to plates with 50 mM CdCl2 for another 7 d.

For the Cd2+ concentration measurements, Arabidopsis plants were grown
in soil for 4 weeks and then bottom flooded once with 0.4 L of 50 mM CdCl2
solution per pot (pot size of 0.4 L) followed by normal watering without Cd
until maturity. Shoots and seeds were collected for sampling. For 10-d-old

seedlings, the Cd2+ concentration was measured as previously described (Gong
et al., 2003) with minormodification. The Cd2+ contents were measured with an
atomic absorption spectrometer (Shimadzu; AA-7000).

Nicotiana benthamiana plants were grown in soil in a controlled environment at
28°C with a 14-h-light/10-h-dark photoperiod. Infiltration was done on 3- to
4-week-old plants. Single clones of GV3101 carrying different vectors were in-
oculated in the yeast extract peptone agar medium containing 10 mg mL21

rifampicin and 50mgmL21 kanamycin and then grown for 1 to 2 d at 28°C.A total
of 1 mL of near-saturation Agrobacterium tumefaciens was inoculated in 20 mL of
fresh yeast extract peptone agar medium containing 10 mg mL21 rifampicin and
50 mg mL21 kanamycin and then grown for about 6 h (until the absorbance
[OD600] reached 0.8). Cells were collected by centrifugation (4,000 rpm, 5 min),
resuspended in 10 mL of 0.53 MS medium with 50 mM acetosyringone, and
continued to incubate for another 2 h. An equal volume of infiltration buffer (10mM

MgSO4, 200 mM acetosyringone, and 10 mM MES) was mixed with the samples
before the infiltration was performed using a syringe. For the Co-IP assay, two
different samples with different proteins were mixed equally and then mixed with
infiltration buffer. After infiltration, plants were kept in a dark chamber with high
humidity for one night and then placed in a normal growth chamber for about 2 d.

Molecular Construct

Binary vectors p35S::FLAG:AtMPC1 and p35S::C-MYC:AtNRGA1 for Co-IP
were provided by Jianlin Shen as previously described (Shen et al., 2017). For
the constructs AtMPC2 and AtMPC3, the open reading frame (ORF) without
the ATG codon was PCR amplified from cDNA with the primer sets AtMPC2-
1F/AtMPC2-1R and AtMPC3-1F/AtMPC3-1R, respectively. The fragments
were inserted into pCAMBIA1307 with C-MYC using the XbaI and XhoI sites to
yield p35S::C-MYC:AtMPC2 and p35S::C-MYC:AtMPC3.

For the BiFC vectors, the AtMPC1 ORF without the stop codon was am-
plified with the primer set AtMPC1-F/AtMPC1-R and then inserted into the
BamHI site on pDOE01 (Gookin and Assmann, 2014) using the In-Fusion HD
cloning kit (catalog no. 011614; Clontech) to yield the vector AtMPC1:NYFP-
CYFP. The AtMPC2 and AtMPC3ORFs without the stop codon were amplified
with the primer sets AtMPC2-2F/AtMPC2-2R and AtMPC3-2F/AtMPC3-2R
and then inserted into SnaBI on pDOE01 harboring AtMPC1:NYFP or pDOE01
separately to yield the constructs AtMPC1:NYFP-AtMPC2:CYFP, AtMPC1:
NYFP-AtMPC3:CYFP, NYFP-AtMPC2:CYFP, and NYFP-AtMPC3:CYFP.

For the yeast (Saccharomyces cerevisiae) expression vectors, the ScMPC1 ORF
was PCR amplified from cDNA of S. cerevisiae strain JRY472 with the primer set
ScMPC1-F/ScMPC1-R and then inserted into the BamHI site on pRS416 using
the In-Fusion HD cloning kit (catalog no. 011614; Clontech).

For theCRISPR/Cas9vectors, target sequencesandprimersof thetargetadopters
were designed according to the descriptions on the Web site http://crispr.mit.edu
and the published protocol (Yan et al., 2015). For the target adopters ofAtMPC2 and
AtMPC3, which were generated by annealing, the primers were ligated with the
small guide RNA (sgRNA) vector digested with BsaI to yield intermediate vectors
separately. Cassettes of the target adopter in fusion with the sgRNA sequence were
cut from the intermediate vector with SpeI. For single target modification, the cas-
sette containing the target adopter ofAtMPC2 orAtMPC3was inserted into the SpeI
site on pCAMBIA1300-pYAO:Cas9 (Yan et al., 2015) separately. For double target
editing, the sgRNA vector with the AtMPC3 target adopter was digested with SpeI
and NheI to yield the cassette containing AtMPC3 target adopter with sgRNA, and
then the cassette was ligated with the sgRNA vector containing the AtMPC2 target
adopter digestedwith SpeI to form an intermediate construct harboring two types of
cassettes. The two ligated cassette fragment was cut with SpeI from the sgRNA
vector and inserted into pCAMBIA1300-pYAO:Cas9 to form a double target mod-
ification construct. All primers are listed in Supplemental Table S1.

RT-Quantitative PCR

RNA extraction was conducted using TRIzol reagent (Sigma). Reverse
transcription was performed using a PrimeScript RT reagent kit with gDNA
Eraser (catalog no. RR047A; TaKaRa). RT-quantitative PCRwas conductedwith
SYBR Premix Ex Taq (catalog no. 4913914001; Roche) with Actin2 (At3g18780)
as the internal control. All primers are listed in Supplemental Table S1.

Measurements of Net Cd2+ Fluxes

The net Cd2+ fluxes were measured using the Noninvasive Microtest
Technology (NMT100; YoungerUSA) and iFluxes/imFluxes 1.0 (YoungerUSA)
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software at Xuyue (Beijing) Science and Technology. The Cd2+ microsensors
were prepared as described previously (Ma et al., 2015) with minor modifica-
tion. Prepulled and silanized microsensors (F1.5 6 0.5 mm; XY-CGQ-02;
YoungerUSA) were first filled with a backfilling solution (50mM CdCl2 + 0.1mM

KCl) to approximately 1 cm from the tip. The micropipettes were front filled
with 40- to 50-mm columns of selective liquid ion-exchange cocktails (Cd2+ LIX,
XY-SJ-Cd; YoungerUSA). An Ag/AgCl wire electrode holder (XY-DJGD;
YoungerUSA) was inserted into the back of the electrode to make electrical
contact with the electrolyte solution. A YG003-Y05 (YoungerUSA) was used as
the reference electrode. Before the Cd2+ flux measurement, the microelectrodes
were calibrated in 50 mM CdCl2. Only the electrodes with a Nernstian slope
greater than 22 mV per decade were used.

Seedlings were germinated on 0.53 MS solid medium for 3 d and then
transferred to 0.53 MS with 50 mM CdCl2 for 7 d. Roots were rinsed with
double-distilled water and incubated in the measuring solution to equilibrate
for 5 min. After that, roots were transferred to a measuring chamber containing
15 mL of a fresh measuring solution. Cd2+ was monitored in the following
measuring solutions (0.1 mM KCl, 0.05 mM CdCl2, and 0.3 mM MES, pH 5.8)
without or with 1 mM ATP. The measuring chamber was mounted on the mi-
cromanipulator, and the electrodes were positioned close to the roots of seed-
lings at 400mm from the tip (Fig. 3A). Cd2+fluxesweremeasured bymoving the
Cd2+-selective microelectrode between two positions in a preset excursion of
20 mm in a perpendicular direction to the cell surface, completing a 6-s-per-
point cycle for more than 3 min. All experiments were repeated using inde-
pendent lines at least three times, and their mean values 6 SD are presented.

In Vivo Co-IP Assay

N. benthamiana leaves coinfiltrated with two types of constructs were
harvested and ground with 2 mL of immunoprecipitation buffer (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, and 1% [v/v] Triton X-100) with freshly prepared
DTT (1mM) and 13 protease inhibitor cocktail (catalog no. 04693132001; Roche)
on ice. Protein extracts were centrifuged at 14,000g for 30 min at 4°C. A total of
100 mL of supernatant was stored at 280°C for input immunoblot, and the
remaining 0.8 mL of supernatant was incubated with 20 mL of magnetic beads
(catalog no. 88804; Thermo) with or without anti-FLAG antibody (1:400; catalog
no. CW0287M; CWBio) overnight at 4°C. The beads were washed four times
with the immunoprecipitation buffer and then boiled for 5 min with 30 mL of
loading buffer for western blot using anti-C-MYC antibody (1:5,000; catalog no.
CW0259M; CWBio).

Western Blot

Input and immunoprecipitated protein samples (20 mL) were loaded onto
15% (w/v) SDS-PAGE gels and transferred to Amersham Hybond-P (catalog
no. RPN303B; GE Healthcare) using a Mini-PROTEAN Tetra system (Bio-Rad).
The membranes were washed with TBST (20 mM Tris-Cl, 150 mM NaCl, and
0.05% [v/v] Tween 20), blocked with TBST containing 5% (w/v) nonfat milk
(TBSTM) for 2 h, and incubated with anti-FLAG antibody (1:5,000; catalog no.
CW0287M; CWBio) or anti-C-MYC antibody (1:5,000; catalog no. CW0259M;
CWBio) in TBSTM for 5 h at room temperature. The membranes were washed
four times (5 min each) and then incubated with goat anti-mouse IgG (catalog
no. CW0110s; CWBio) in fresh TBSTM for about 2 h. After the membranes were
washed six times with TBST, the bound antibodies were monitored with the
enhanced chemiluminescence substrate (catalog no. 32132; Thermo).

BiFC Assays

BiFC constructs including MOL1 and CaM1 (positive control; Gookin and
Assmann, 2014) were transiently expressed in tobacco (Nicotiana benthamiana)
leaves by A. tumefaciens-mediated infiltration. The YFP fluorescence of tobacco
leaves was imaged 2 d after infiltration using a Zeiss LSM780 confocal laser
scanning microscope.

Mitochondria Isolation

Arabidopsis plants were grown in soil for 3 weeks and then bottom flooded
once using 0.2 L of water without or with 50mMCdCl2 per pot (pot size of 0.2 L),
followed by normal watering without Cd. Mitochondria were isolated from
Arabidopsis leaves 1 week after the 50 mM CdCl2 treatment as described
(Whelan and Murcha, 2015).

Acetyl-CoA and ATP Quantification

Acetyl-CoA was extracted from the seedlings and isolated mitochondria,
and its concentration was estimated as previously described (Xu et al., 2016)
with minor revisions. Seedlings were germinated on 0.53 MS in a controlled
environment at 22°C/20°C in a 16-h-light/8-h-dark photoperiod for 3 d and
transferred to plates with orwithout 50mMCdCl2 for 7 d. The 10-d-old seedlings
were ground, and the tissue powder (about 0.1 g) was recorded and used for
protein quantification (Bradford, 1976). For the measurement of the acetyl-CoA
concentration in the isolated mitochondria, 100 mL of mitochondria solution
was used for each sample (Bradford, 1976). The acetyl-CoA content in both
the whole seedlings and isolated mitochondria was measured according to
the manufacturer’s protocols (Sigma; MAK039).

The ATP content was measured using the luciferin-luciferase method
(Manfredi et al., 2002) in the isolated root protoplasts. Roots (2 cm from the tip)
of the 10-d-old Arabidopsis seedlings were cut into small fragments and in-
cubated in the enzyme solution (1.5% [w/v] cellulase, 0.1% [w/v]Macerozyme,
0.8 M mannitol, 0.2 M KCl, and 0.1 M MES, pH 5.7) at room temperature for 3 h.
The enzyme solutions with the root fragments were filtered, and the cells were
collected at 100 g for 5 min. After washing with the W5 solution (3 M NaCl, 1 M

CaCl2, 0.2 M KCl, 0.1 Glc, and 0.1 M MES, pH 5.7) twice, the cells were incubated
with or without 50 mM CdCl2 for 2 h. To avoid metabolic degradation of ATP,
cells were suspended in 2.5% (v/v) TCA and then neutralized by 0.75 M Tris-
acetate buffer (pH 7.75). Cellular ATPwas measured by ENLITEN rLuciferase/
Luciferin reagent (Promega) according to the manufacturer’s instructions.
Luminescence was measured using a multimode microplate reader (centro XS3

LB 960; Berthold Technologies). For the measurements, a 3-s delay time after
rLuciferase/Luciferin reagent loading was used. Another 25 mL of cell sus-
pension was disrupted by ultrasound and used for protein quantification.

Measurement of GSH, Pyruvate, Glu, and Tricarboxylic
Acid Intermediates

Arabidopsis seedlings were germinated on 0.53 MS in a controlled envi-
ronment at 22°C/20°C in a 16-h-light/8-h-dark photoperiod for 3 d and
transferred to plates with or without 50 mM CdCl2 for 7 d. Tissues were
homogenized in liquid nitrogen and stored at 280°C before the measurement.
During the analysis of the contents of GSH, pyruvate (including pyruvate in
isolated mitochondria), and tricarboxylic acid intermediates, the protein con-
tents from the same sample loading solution were measured according to a
classical method (Bradford, 1976). For the Glu analysis, the same growth con-
dition and treatment were conducted as mentioned above. The fresh weight of
seedlings was measured, and the seedlings were frozen quickly in tubes with
liquid nitrogen. The measurement of GSH, pyruvate, and Glu in tissues
was carried out by Suzhou Comin Biotechnology using reverse-phase
HPLC according to published methods (Priscila del Campo et al., 2009;
Paulose et al., 2013).

Stable Isotopic Tracing Assay

Stable isotopic tracing analysis was conducted by an IsoPrime100 mass
spectrometer (Isoprime) as described with minor revision (Agnihotri et al.,
2014). Briefly, Arabidopsis seedlings were hydroponically grown in 0.53 MS
liquid solution with 50 mM [13C]Glc and 50 mM [15N]Glu (IsoReag) with or
without 50 mM CdCl2. Ten-day-old seedlings were washed five times by clean
water and then collected and dried at 60°C for 48 h. The dried samples (50 mg
each) were packed in tin cups and then burned in the combustion tube (heated
to about 1,000°C). Air generated by burning solid samples was passed through
the reduction tube (heated to about 600°C) filled with activated metallic copper
and reduced toN2 andCO2. N2 andCO2were separated by passing through the
chromatographic column (70°C for N2, 100°C for CO2) and introduced to the
mass spectrometer to measure the abundance of 13C and 15N according to
the abundances of standard samples. At the same time, total C and N were
measured in a separate procedure. The valueswere calculated as the percentage
of 13C and 15N compared with the total C and N.

Yeast Cd Stress Assay

S. cerevisiae JRY472 wild type and mutants were grown in the YPAD liquid
solution, and the transformed yeast cells were grown on SC selection liquid
medium. Overnight cultures in the YPAD or SC solutions with essential
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supplements were diluted to OD600 of about 0.1 and grown to OD600 of 0.3.
After 10-fold serial dilution, 3 mL of each sample was spotted onto YPAD solid
plates with orwithout 50mMCd and incubated at 30°C for 2 d. For growth curve
tests, overnight cultures in the YPAD solutions were diluted to OD600 of about
0.1 and grown to OD600 of about 0.5. The cultures with an OD600 of about 0.5
were diluted to OD600 of 0.3 with or without 50 mM Cd and incubated with
shaking. After 12 h, the OD600 of the cultures was measured every 3 h until 27 h.

Statistical Analysis

Student’s t test was used to test the significance of root length, fresh weight,
Cd content, Cd2+ flux, metabolite, 13C in total C element (percentage), 15N in
total N element (percentage), ATP concentration, and transcript abundance
between wild-type lines and AtMPC1 mutants or transgenic lines.

Accession Numbers

Sequence data can be found in The Arabidopsis Information Resource
database under accession numbers At5g20090 (AtMPC1), At4g05590 (AtMPC2L/
AtNRGA1), At4g22310 (AtMPC3), and At4g14695 (AtMPC2) and in The Saccha-
romyces Genome database under accession numbers ygl080w (ScMPC1),
yhr162w (ScMPC2), and ygr243w (ScMPC3).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. MPC homolog proteins in the indicated species.

Supplemental Figure S2. Transcript abundance identification.

Supplemental Figure S3. Sequences of mutant alleles of MPC2 or MPC3
edited by the CRISPR/Cas9 system.

Supplemental Figure S4. Phenotyping analysis of mpc1-1, wild-type, and
AtMPC1 complemental plants without or with Cd.

Supplemental Figure S5. Localization of microelectrodes in roots.

Supplemental Figure S6. The growth curve of wild-type JRY472 and mpc
mutants.

Supplemental Figure S7. Localization of microelectrodes in roots.

Supplemental Figure S8. Cd concentration in yeast cells.

Supplemental Table S1. Primer sequences.
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