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The Arabidopsis thaliana genome contains two genes encod-
ing the mitochondrial NAD-malic enzyme (NAD-ME), NAD-
ME1 (At2g13560) and NAD-ME?2 (At4g00570). The character-
ization of recombinant NAD-ME1 and -2 indicated that both
enzymes assemble as active homodimers; however, a het-
erodimeric enzyme (NAD-MEH) can also be detected by elec-
trophoretic studies. To analyze the metabolic contribution of
each enzymatic entity, NAD-MEH was obtained by a co-expres-
sion-based recombinant approach, and its kinetic and regula-
tory properties were analyzed. The three NAD-MEs show simi-
lar kinetic properties, although they differ in the regulation by
several metabolic effectors. In this regard, whereas fumarate
activates NAD-ME1 and CoA activates NAD-ME2, both com-
pounds act synergistically on NAD-MEH activity. The charac-
terization of two chimeric enzymes between NAD-ME1 and -2
allowed specific domains of the primary structure, which are
involved in the differential allosteric regulation, to be identified.
NAD-MEI1 and -2 subunits showed a distinct pattern of accumu-
lation in the separate components of the floral organ. In sepals,
the NAD-MEL1 subunit is present at a slightly higher proportion
than the NAD-ME2 subunit, and thus, NAD-MEH and NAD-
MEI1 act in concert in this tissue. On the other hand, NAD-ME2
is the only isoform present in anthers. In view of the different
properties of NAD-ME], -2, and -H, we suggest that mitochon-
drial NAD-ME activity may be regulated by varying native asso-
ciation in vivo, rendering enzymatic entities with distinct allo-
steric regulation to fulfill specific roles. The presence of three
different NAD-ME entities, which originate by alternative asso-
ciations of two subunits, is suggested to be a novel phenomenon
unique to plant mitochondria.

Malic enzyme (ME)* decarboxylates malate to pyruvate and
CO, in the presence of a divalent metal ion using NAD or
NADP as cofactor. MEs can be classified in three different
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groups. The first group includes NADP-MEs (NADP-ME, EC
1.1.1.40), which are widely distributed in animals, plants, and
microorganisms; this type uses NADP as cofactor and can
decarboxylate oxaloacetate (OAA). The second group (NAD-
ME, EC 1.1.1.38) is composed of enzymes found in Ascaris
suum and bacteria, which use NAD and can decarboxylate
OAA in addition to malate. Third category is plant NAD-MEs,
which are not able to decarboxylate OAA (NAD-ME, EC
1.1.1.39).

MEs are widely distributed in nature, and the products of
their reaction participate in many biosynthetic pathways and in
respiratory metabolism. In plants NADP-ME:s are localized to
both plastids and cytosol (1, 2), whereas NAD-MEs are found in
mitochondria (3). Apart from being involved in C,-photosyn-
thesis and Crassulacean acid metabolism, non-photosynthetic
roles have been proposed for NADP- and NAD-ME, including
plant defense responses (4 —6), tolerance to osmotic stress (7),
lipid and lignin biosynthesis (8 —10), control of cytosolic pH
(11), and malate respiration (12).

NADP-MEs, and non-plant NAD-MEs are homooligomeric
proteins. The tetramer is the most common form, but higher
and lower structural conformations have also been reported (2,
13-16). On the other hand, plant mitochondrial NAD-MEs are
composed of two dissimilar subunits (« and () at a 1:1 molar
radio (17). Depending on the source of the enzyme, pH, and
L-malate concentration, plant NAD-MEs assemble as het-
erodimers, heterotetramers, or heterooctamers (17—19). How-
ever, NAD-MEs purified from some C, plants, e.g Eleusine
coracana, Panicum dichotomiflorum, and Amaranthus tricolor,
are octamers composed of identical subunits (20).

In Arabidopsis thaliana, two genes encoding NAD-MEs,
At2¢13560 (NAD-MEI) and At4g00570 (NAD-ME2), show
expression in all mature organs (12). The products of both
genes, NAD-ME1 and NAD-ME2, share about 65% sequence
identity and are immunological different (12). Recombinant
NAD-MEI1 and -2 are active homodimers with similar kinetic
parameters (12). Arabidopsis insertion mutants defective in
each NAD-ME gene exhibit residual NAD-ME activity, indicat-
ing that NAD-MEL1 and -2 are functional as homodimers in vivo
(12). Moreover, electrophoretic studies revealed that NAD-
ME1 and -2 can also associate to form a heterodimeric enzyme
both in vivo and in vitro (12).

Previous kinetic analyses of plant NAD-ME have been lim-
ited to enzymes that were purified from plant tissues, where the
a and B subunits always co-purified (17-19). Currently, the
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available resources and characteristics of Arabidopsis as a
model plant organism allow us to achieve a more complete
understanding of the different properties of the separated
NAD-ME oligomers. Here, we present the first biochemical
characterization of a plant heteromeric NAD-ME (NAD-MEH)
obtained by the recombinant technology and a co-expression-
based approach. The metabolic regulation of the purified NAD-
MEH was investigated and compared with that obtained with
the isolated NAD-MEL1 and -2 homodimers. In addition, the
analysis of chimeric proteins between NAD-ME1 and -2
allowed assignment of the differential regulatory properties to
specific regions of the primary structure. Finally, differential
relative protein accumulation patterns suggest that NAD-ME
activity may also be modulated by alternative associations of the
subunits in some organs of Arabidopsis.

EXPERIMENTIAL PROCEDURES

Heterologous Expression and Purification of Arabidopsis
NAD-ME]1, -2, and -H—For the co-expression of NAD-ME1
and -2, the cDNA fragment corresponding to the mature NAD-
ME2 (12) was cloned in the pET29a vector using the BamHI and
Sall sites. The pET29-NAD-ME2 construction expresses the
mature NAD-ME2 without any fusion vector-coded sequence
because the cloned cDNA has a stop codon in their 5" end.
BL21(DE3) Escherichia coli cells were simultaneously trans-
formed with pET29-NAD-ME?2 and pET32-NAD-ME1, which
expresses NAD-MEI1 as a His-tag fusion protein (12). The cells
containing both vectors were selected on LB-agar plates sup-
plemented with 100 ug/ml ampicillin (pET32 selection agent)
and 30 pg/ml kanamycin (pET29 selection agent). The
co-transformed cells were grown in LB medium until the cul-
ture reached an A, of 0.6. The inductor lactose (1% w/v) was
added, and the cells were cultured for a further 16 h at 16 °C.
The cells were then harvested by centrifugation and resus-
pended in Buffer A (20 mm Tris-HCL, pH 7.9, 5 mMm imidazole,
and 2 mm phenylmethylsulfonyl fluoride), sonicated, and cen-
trifuged for 10 min at 7000 X g at 4 °C. The supernatant was
loaded onto a nickel-nitrilotriacetic acid column previously
equilibrated with Buffer A. The co-expressed proteins were
eluted with Buffer A containing 200 mm imidazole. Purified
NAD-MEH was treated with enterokinase to remove the His
tag fusion in NAD-MEL1 and stored as previously described for
the separated recombinant proteins (12). The expression and
purification of NAD-ME1 and NAD-ME?2 fusion proteins by
pET32-NAD-ME1 and pET32-NAD-ME2 vectors were per-
formed as previously described (12). The amino-terminal
sequences encoded for by the expression vectors were removed
using enterokinase, and the mature proteins were stored as pre-
viously described (12). The typical protein yield of NAD-ME1
or -2 was nearly 1.5 mg/200 ml of bacterial culture. For NAD-
MEH, the typical protein yield was lower, nearly 0.5 mg/200 ml
of bacterial culture.

Construction and Purification of Chimeric NAD-ME1q and
-2q—For the generation of NAD-ME chimeric protein NAD-
ME1q, a PCR reaction was conducted using as template the
NAD-ME2 full-length ¢cDNA and the following primer pairs:
NAD-ME2F (5'-GGATCCTGCATCGTCCACAAGCGT-3')
and NAD-ME2Pstl-HindIIl (5'-CTGCAGCAGCGACATA-
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CATGACAAGCTTTCCAA-3"). The cloned product was
treated with the restriction enzymes BamHI and HindlIII, and
the purified fragment was ligated to the fragment pET32-NAD-
ME]1 treated with the same endonucleases (Fig. 4B). For the
generation of the chimeric protein NAD-ME2q, the amplifica-
tion product obtained as indicated above was treated with the
restriction enzymes BamHI and Pstl, and the purified fragment
was ligated to the fragment pET29-NAD-ME2 treated with the
same endonucleases. The ligation product obtained has a
c¢DNA of NAD-ME?2 with a HindIII site at the position 530, not
present in NAD-ME2 sequence. This construction was treated
with HindIII and Sall, and the fragment obtained was purified
and ligated to the vector pET32-NAD-ME1 digested with
HindIII and Sall (Fig. 4B). The inserts of the chimeric con-
structs (pET32-NAD-ME1lq and pET32-NAD-ME2q) were
sequenced to verify correct swapping of the corresponding
fragments and assume that no mistakes were introduced during
the subcloning procedures. BL21(DE3) E. coli was transformed
with the pET32 plasmid containing the chimeric NAD-MEs.
The induction and purification of NAD-MElq and NAD-
ME-2q were performed as previously described (12). The ami-
no-terminal sequences encoded by the expression vectors were
removed using enterokinase, and the mature proteins were
stored as previously described (12).

Gel Filtration Chromatography—The molecular mass of
NAD-MEH was evaluated by gel filtration chromatography on
a fast protein liquid chromatography system using a Superdex
200 10/300 GL column (Amersham Biosciences). The column
was equilibrated with 25 mm Tris-HCI, pH 7.5, or with 50 mm
Mes-NaOH, pH 6.5, and calibrated using molecular mass
standards. The sample, and the standards were applied sepa-
rately in a final volume of 50 ul at a constant flow rate of
0.5 ml/min.

Enzyme Activity Measurements—The enzymatic activity was
determined spectrophotometrically using a standard reaction
mixture containing 50 mm Hepes (pH 6.4 or 6.6 depending on
the enzyme), 10 mm MnCl,, 4 mm NAD, and 10 mM L-malate in
a final volume of 0.5 ml. The reaction was started by the addi-
tion of L.-malate. Initial velocity studies were performed by vary-
ing the concentration of one of the substrates around its K,
value while keeping the other substrate concentration at satu-
rating levels. All kinetic parameters were calculated at least in
triplicate using free concentrations of all substrates (21). Data
were fitted to the Michaelis-Menten equation. In the case of
sigmoidal kinetics, initial rates were fitted to the Hill equation
by nonlinear regression. When testing different compounds as
possible inhibitors or activators of the enzymatic activity,
NAD-ME activity was measured in the presence of 0.5 or 2 mm
concentrations of each effector and non-saturating concentra-
tions of malate (K, L.-malate value of each enzyme, Table 1).

The apparent activation constant (A,,) values were obtained
by varying the concentration of activator while keeping the
NAD concentrations at saturating levels and the r-malate at
non-saturating concentrations. Data were fitted, by nonlinear
regression to Equation 1,

V, X A
Aso + A

V=yv,+ (Eq.7)
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where v, is the rate in absence of activator; V,, is the maximum
activated rate, A is the concentration of activator, and A, is the
concentration of activator that gives the 50% V.

In the case of the activation by CoA for NAD-ME2 and
NAD-MEH, the studies involved varying of concentration of
a substrate while keeping the other substrate concentration
fixed and at saturating levels and with varying concentra-
tions of CoA. For NAD-ME2, the resulting data were fitted to
Equation 2,

(1 + DA/K,)
Vimax ( 0 + AIKY) )
(0 + AK,) (Ea.2)
m <(1 + A/K,;))

V=

where Vis the activity measured at a specific L-malate concen-
tration (S), V., is the maximum activity, K, and K, are the
dissociation constants of the activator (A) for the enzyme free
and for the enzyme plus malate, respectively, and @ is the ratio
between k2 and k1. This last value (P) should be high than 1, as
the activity when the allosteric site is occupied is high than
when it is empty.

The model of activation that fit best to the kinetic data
obtained is shown as Scheme 1, where the activator (CoA) can
bind to the free enzyme and to the enzyme complexed with the
substrates.

The decarboxylation of OAA was monitored by measuring
the disappearance of OAA at 260 nm (€,40 ,,, = 850M ™ 'cm ™ 1)
in an assay medium containing 50 mMm Mes-NaOH, pH 5.5, 1
mM OAA, and 10 mm MnCl, in a final volume of 0.25 ml. The
reported velocities were corrected for the background rate
resulting from the nonenzymatic OAA decarboxylation cata-
lyzed by the divalent metal ion.

One unit is defined as the amount of enzyme that catalyzes
the formation of 1 wmol of NADH min~" under the specified
conditions. Protein concentration was determined by the
method of Sedmak and Grossberg (22) using bovine serum
albumin as standard.

Protein Crude Extract Preparations—Different organs (leaf,
stem, flowers, and roots) of 6-week-old Arabidopsis were
ground in N,, and the resulting powder was suspended in a
buffer containing 50 mm Mes-NaOH, pH 6.5, 5 mm MnCl,, 1
mM EDTA, 10 mMm 2-mercaptoethanol, 0.05% Triton X-100,
20% glycerol, and 1 mMm phenylmethylsulfonyl fluoride). The
homogenates were clarified by centrifugation and subjected to
electrophoresis. Homogenates enriched in mitochondrial frac-
tion from leaves were prepared by rounds of centrifugation, as
previously described (12).
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PAGE and Western Blot Analysis—Denaturing PAGE (SDS-
PAGE) was performed in 8% (w/v) or 10% (w/v) polyacrylamide
gels according to Laemmli (23). Proteins were visualized with
Coomassie Blue or electroblotted onto a nitrocellulose mem-
brane for immunoblotting. Antibodies against Arabidopsis
NAD-MEI1 or -2 were used for detection (12). When indicated,
a mixture of purified antibodies against NAD-ME1 (1:500) and
-2 (1:200) in a 1:1 relation were used. Bound antibodies were
visualized by linking to alkaline phosphatase-conjugated goat
anti-rabbit IgG according to the manufacturer’s instructions
(Sigma). Alkaline phosphatase activity was detected colori-
metrically. Quantification of the intensity of the bands was con-
ducted by image analysis software in at least three independent
blots.

Native PAGE was performed using a 6% (w/v) acrylamide
separating gel. Electrophoresis was run at 150 V at 10 °C. Gels
were electroblotted onto a nitrocellulose membrane and sub-
jected to Western blot analysis.

Circular Dichroism (CD) Spectra—CD spectra were made
with a Jasco J-810 spectropolarimeter using 0.1-cm path
length cell and averaging 10 repetitive scans between 250
and 200 nm. Typically, 50 ug of the wild type or chimeric
NAD-ME in phosphate buffer (20 mm NaP;, pH 6.5) were
used for each assay. Mean residue ellipticity (®) was
obtained by the equation.

[P] =D X Myge/10 X d X ¢ (Eq.3)
in which 111.42 was used as Mgy (the mean amino acid res-
idue weight), d is the cell path in cm, and ¢ is the concentration
of the protein in mg/ml.

RESULTS

Heterologous Co-expression of Arabidopsis NAD-MEI and -2
and Purification of NAD-MEH—To obtain the heteromeric
Arabidopsis NAD-ME (NAD-MEH), NAD-MEI1 fused to a His
tag and NAD-ME2 without the His tag were co-expressed in
E. coli. After induction of the expression, the bacterial extracts
showed the presence of both proteins with the expected molec-
ular masses of 80 kDa in the case of NAD-MEI] fusion protein
and 58 kDa in the case of NAD-ME2 (Fig. 14, lane I). NAD-
ME1 and -2 co-eluted after elution with imidazole (Fig. 14, lane
3). To rule out the possibility of a nonspecific interaction of
NAD-ME2 with the affinity column, E. coli expressing only
NAD-ME2 without the His tag was similarly treated (Fig. 14,
lanes 5-7). In this case, NAD-ME2 mature protein was detected
in bacterial extracts (Fig. 14, lane 5) and the washing fractions
(Fig. 14, lane 6), but it was absent in the fraction eluted from the
column after imidazole treatment (Fig. 14, lane 7), indicating
its failure to bind to the column due to the lack of the His tag.
Moreover, specific antibodies against NAD-ME1 or -2 reacted
with the respective proteins, indicating that the lower band that
co-eluted with NAD-MEL1 corresponds to NAD-ME2 and was
not a partial proteolysis of NAD-MEL1 (Fig. 1B). Densitometric
analysis of the bands obtained after SDS-PAGE of the eluted
fraction indicated that NAD-ME1l and -2 co-purify in an
equimolar ratio (Fig. 1B, lane I). These results indicate that the
co-elution of NAD-ME1 and -2 is due to specific protein-pro-
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tein interactions resulting in an heteromeric assembly (1:1) of
NAD-ME1 and -2 (NAD-MEH).

Structural Properties of NAD-MEH—The purified recombi-
nant NAD-MEH was analyzed by Western blot after native
PAGE using a mixture of antibodies against NAD-MEL1 and -2.
NAD-MEH showed an immunoreactive band with similar
mobility to the major immunoreactive band observed in Arabi-
dopsis leaf mitochondrial extracts (Fig. 1C). Previous work
demonstrated that this band is composed of both NAD-ME1
and -2, and it reacts with antibodies against NAD-MEL1 or -2
used separately (12). Apart from this band, mitochondrial
extracts also show bands corresponding to NAD-ME1 and -2
homodimers (Fig. 1C).

The native molecular mass of NAD-MEH determined by size
exclusion chromatography was 125 * 10 kDa. Thus, NAD-
MEH is a dimer composed of NAD-ME1 and -2 in a 1:1 ratio. By
the same technique, the native molecular mass of NAD-ME1

A co-expression of
pET32/NAD-ME1
and pET29/NAD-ME2

expression of
pET29/NAD-ME2

a1 2 3 4 5 6 7
80 Memh Saet 'camd
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FIGURE 1. Purification of recombinant NAD-MEH by co-expression of
NAD-ME1 and NAD-ME2. A, purification steps from E.coli BL21 cells
co-transformed with pET32-NAD-ME1 and pET29-NAD-ME2 (lanes 1-3) or
E. coliBL21 cells transformed with pET29-NAD-ME2 (lanes 5-7) were analyzed
by Western blot after SDS-PAGE using a mixture of antibodies against NAD-
ME1and NAD-ME2. Lanes 1and 5,20 ug of E. coli crude extract afterinduction;
lanes 2 and 6, last nickel-nitrilotriacetic acid column fraction wash; lanes 3 and
7, elute fraction with 200 mm imidazole. Purified NAD-ME1 fusion protein (3
g) was loaded in lane 4. B, shown is Coomassie Blue-stained SDS-PAGE (lane
1,10 ng) of purified NAD-MEH after enterokinase digestion. The same protein
was analyzed by Western blot using antibodies against NAD-ME1 (Lane 2, 2
ng) or against NAD-ME2 (Lane 3, 2 pg). MM, molecular weight marker.
C, shown is a Western blot analysis after native-PAGE of recombinant NAD-
MEs using a mixture of antibodies against NAD-ME1 and NAD-ME2. Approx-
imately 5 ug of NAD-MET1, -2, and -H were loaded. A mitochondrial leaf crude
extract (mle, 30 ng) was also loaded on the gel. Molecular weight markers
(MM) were run in parallel and stained with Coomassie blue.

TABLE 1
Kinetic properties of recombinant Arabidopsis NAD-ME1, -2, and -H

Arabidopsis Mitochondrial Malic Enzyme

and -2 was previously estimated (120.0 and 117.5 kDa, respec-
tively (12)).

Kinetic Properties of Arabidopsis NAD-ME1, NAD-ME2, and
NAD-MEH—A Kkinetic characterization of the recombinant
NAD-MEH was performed, and the results were compared
with those obtained with NAD-ME1 and -2 homodimers.
NAD-MEH has a pH activity optimum of 6.5 (Table 1), a value
similar to those of NAD-MELI and -2 (12). The k_,, and the K|,
values for NAD of NAD-MEH were also similar to those
reported for the homodimers (Table 1). On the other hand,
NAD-MEH displayed a non-hyperbolic kinetic behavior with
respect to malate, showing sigmoidal kinetics (n;; = 2). This
kinetic response was also observed for NAD-ME1 but not for
NAD-ME2 (Table 1 (12)). Despite the different kinetics that
were observed with respect to malate, the three enzymes
showed similar affinity toward this substrate (Table 1). Hence,
the three Arabidopsis NAD-MEs display similar catalytic effi-
ciency (k.,./K,,) for both NAD and malate (Table 1). Finally, as
in the case of NAD-ME1 and -2, NAD-MEH was unable to
decarboxylate OAA.

Regulatory Properties of Arabidopsis NAD-ME1, NAD-ME?2,
and NAD-MEH—Several intermediates of glycolysis and the
tricarboxylic acid (TCA) cycle were tested as possible effectors
of the individual NAD-ME activities. The results indicated that
each NAD-ME responds differentially to the effectors tested
(Fig. 2). Interestingly, succinate and fumarate showed opposite
effects on the activity of the homodimers (Fig. 2). Although
NAD-MEI1 was strongly activated by these organic acids, NAD-
ME2 was inhibited. The activation effect of succinate and fuma-
rate was also observed in the case of NAD-MEH (Fig. 2). On the
other hand, although PEP and FBP were the strongest activators
of NAD-ME2 and -H (nearly 400% activation with 2 mm PEP or
EBP), they did not modify the activity of NAD-MEL1 (Fig. 2). The
three NAD-MEs were activated by 2-ketoglutarate, whereas
OAA activated NAD-MEL1 and -H but did not modify the activ-
ity of NAD-ME2 (Fig. 2). NAD-ME2 and -H were activated
more than 2-fold in the presence of CoA or acetyl-CoA,
whereas the activity of NAD-ME1 was not significantly modi-
fied (Fig. 2). Finally, phosphorylated nucleosides (AMP and
ATP) did not significantly modify the activity of the NAD-MEs
even at high concentrations (Fig. 2).

The apparent activation constant (A, activator concentra-
tion that gives 50% of activation) was estimated in the case of
FBP, PEP, and fumarate (Table 2). The results showed that
NAD-MEH is more sensitive with respect to FBP and PEP than
NAD-ME2, exhibiting a 5.2- and 4.8-fold decrease in the A,

The indicated values are the average of at least three different experiment with no more than 5% S.D. among them.

pH k. K,, NAD k. /K, NAD K,, L-malate k. /K,, L-malate
optimum
st mm mm
NAD-ME1“ 6.4 31.1 0.50 60.2 3.0°(1.9) 10.3
NAD-ME2“ 6.6 44.1 0.50 88.2 3.0 14.7
NAD-MEH 6.5 39.0 0.55 67.0 2.7 (2.0) 14.2
NAD-MElq 6.6 32.1 0.52 61.7 0.2 160.5
NAD-ME2q 6.4 11.4 0.58 19.6 4.0 (2.1) 2.9

“ Values previously obtained (12) are included for comparison.
bS5 the calculated Hill coefficient (1) is indicated in parentheses.
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FIGURE 2. Regulatory properties of recombinant NAD-ME1, -2, and -H. NAD-MET1, -2, and -H activities were measured at the optimum pH in the absence or
presence of each effector. L-Malate concentration was kept at the K, value for each enzyme (Table 1). The results represent the % of activity in the presence of
each effector in relation to the activity measured in the absence of the metabolites (100%). Assays were done at least by triplicate, and error bars indicate S.D.
Bars with dark gray and parallel lines, significant inhibition (less than 70% residual activity). Bars with light gray and crossed lines, significant activation (more than

140%).

TABLE 2
Apparent activation constant (A,,) for FBP, PEP, fumarate, and CoA

The indicated values are the average of the values obtained from at least three
different data sets with no more than 5% S.D. among them. —, no activation was
observed (Fig. 2).

TABLE 3

Kinetic parameters of NAD-ME2, -H, and -1q in the presence of
50 um CoA

The indicated values are the average of at least three different experiment with no
more than 5% S.D.

FBP PEP Fumarate CoA
M mm mm um
NAD-ME1 - - 1.1 -
NAD-ME2 115 0.48 — 15.0
NAD-MEH 22.0 0.10 0.84 16.1

value, respectively (Table 2). NAD-MEH displays a similar
apparent affinity (A5, values) for fumarate as NAD-ME1
(Table 2).

CoA Activation of NAD-ME2 and NAD-MEH—CoA is a typ-
ical activator of plant NAD-MEs, and it is present at high levels
in mitochondria (24). Thus, the activation of NAD-ME2 and
NAD-MEH by CoA was further analyzed. In the presence of 50
uM CoA, NAD-ME2 and NAD-MEH optimum pH was shifted
to a more alkaline value (pH 6.8; Tables 1 and 3). In addition, in
the presence of CoA, the NAD saturation curves of NAD-ME?2
and NAD-MEH did not significantly differ from the ones
obtained in the absence of CoA (not shown), but the kinetic
behavior of both enzymes with L-malate was dependent on the
CoA concentration (Fig. 3). The CoA activation effect was

11874 JOURNAL OF BIOLOGICAL CHEMISTRY

50 uv CoA
pH K,, L-malate Kot k.,/K,, malate
mm 57!
NAD-ME2 6.8 0.20 69.1 345
NAD-MEH 6.8 0.80“ 40.6 51
NAD-MElq 6.8 0.06 45.0 750

“Sos Ny = 1.3,

examined by varying L-malate concentration at several fixed
concentrations of the activator. In the case of NAD-ME2, the
analysis of the hyperbolic malate saturation kinetics obtained in
the presence of CoA indicated that the activator increased both
the maximal catalytic rate and the affinity toward malate (Fig.
3A).In the presence of 50 um CoA, a 1.6-fold increase in the k_,,
value (Fig. 34) and a 15-fold decrease in the K, for 1.-malate
were observed in comparison to the enzyme without activator
(Fig. 3C, Tables 1 and 3). Hence, the catalytic efficiency (k,,/K,,
L-malate) was increased by 24-fold in the presence of 50 um
CoA (Tables 1 and 3). The kinetic data obtained for the activa-
tion by CoA of NAD-ME2 fitted to an equation corresponding
to a mixed activation mode (Equation 2) gave K, and K, values

QsE
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FIGURE 3. Effect of CoA on NAD-ME2 (A) and NAD-MEH (B) activity as a func-
tion of the malate concentration is shown. Assays were done at4 mmNAD and
10 mm MnCl, in the presence of the indicated CoA concentration. The K|, for
L-malate of NAD-ME2 (C) and S, 5 for malate of NAD-ME-H (D) as a function of
CoA concentration is indicated as an inset in each graph. The estimated k.
and K, or S, 5 for L-malate of each enzyme in the presence of 50 um CoA are
indicated in Table 3.

of 17.2 and 2.2 um, respectively. The apparent activation con-
stant (A,) for CoA was 15.0 um (Table 2).

In the case of NAD-MEH, the increase in CoA concentration
resulted in a decrease in the 7, value, with a concomitant
decrease in the S, ; for L.-malate and no significant modification
of the k_,, (Fig. 3, B and D). Thus, the catalytic efficiency of
NAD-MEH was increased by 3.6-fold in the presence of 50 um
CoA (Table 1 and Table 3). The A, value for CoA was similar to
that of NAD-ME2 (16.1 uM, Table 2). No further variations in
the kinetic parameters of NAD-ME2 and NAD-MEH were
observed with CoA concentration higher than 50 um (Fig. 3, C
and D).

Synergistic Activation of NAD-MEH by Fumarate and CoA—
The analysis presented above indicated that the individual
NAD-MEs showed differential activation by several metabo-
lites (Fig. 2). Among the different metabolites tested, fumarate
was the strongest activator of NAD-ME], whereas low concen-
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trations of CoA activated NAD-ME2 (Fig. 2, Table 2). As fuma-
rate and CoA increased the activity of NAD-MEH (Fig. 2, Table
2), it was important to analyze if these compounds are able to
simultaneously modify the activity of NAD-MEH. The results
obtained showed that the A, for CoA decreases at increasing
fumarate concentration, e.g. in the presence of 5 mm fumarate,
the A, for CoA was 4.5 uM, a value more than 3-fold lower than
that obtained in the absence of fumarate (16.1 um, Table 2). The
converse experiment in which the A, for fumarate was esti-
mated in the presence of different CoA concentrations also
demonstrated the synergistic effect of both activators on the
NAD-MEH activity (not shown). In the presence of CoA (0.1
mM), the A, for fumarate was 0.30 mm, a value nearly 3-fold
lower than that obtained without CoA (0.84 mm, Table 2).

Construction, Expression, and Characterization of Chimeric
NAD-MEs—At the amino acid level, Arabidopsis NAD-ME1
and -2 share 65% identity, exhibiting the most sequence diver-
gence at the amino-terminal end (Fig. 44). To determine
whether this segment of the primary structure is responsible for
the differences in regulatory properties, two chimeras (NAD-
ME1q and NAD-ME2q) were constructed by interchanging the
first 176 amino residues between NAD-ME1 and -2 (Fig. 4B).
Both chimeric proteins were expressed in E. coli and purified to
homogeneity. NAD-ME1q and -2q showed enzymatic activity
and, thus, were kinetically and structurally characterized. The
comparison of CD spectra of all chimeric and parental proteins
did not indicate substantial changes (not shown), suggesting
that the construction of the chimeric proteins did not result in
a loss of overall structural integrity.

After native electrophoresis, purified NAD-ME1q presented
a similar mobility to that of NAD-ME2, whereas NAD-ME2q
mobility was similar to that of NAD-MEI1 (supplemental Fig. 1).
These results indicate that, as in the case of the parental pro-
teins, the chimeric proteins assemble as dimers, and the amino-
terminal segment of each NAD-ME homodimer is responsible
for the differential mobility of NAD-MELI and -2.

The kinetic characterization of NAD-ME1lq and -2q indi-
cated that the k_,, value of NAD-ME1q was similar to the one
obtained for NAD-MEL1 (Table 1). However, the k., value of
NAD-ME2q was 4-fold lower than that of NAD-ME2 (Table 1).
Both chimeric proteins showed K, NAD values similar to those
of the parental enzymes (Table 1). Nevertheless, although
NAD-ME2q affinity for L-malate was slightly lower than that of
NAD-ME1 and -2, NAD-ME1q affinity for L-malate was 15-fold
higher than that of the parental enzymes (Table 1). Moreover,
the kinetic behavior of NAD-ME1q with respect to malate was
hyperbolic, whereas NAD-ME2(q presented sigmoidicity (1, =
2.1, Table 1).

The effect of CoA, acetyl CoA, fumarate, and succinate on
the enzymatic activity of the chimeras was analyzed and com-
pared with the results obtained with the parental enzymes. As
in the case of NAD-ME2, NAD-ME1q was activated by CoA
and acetyl-CoA (Fig. 4B). On the other hand, NAD-ME2q activ-
ity was not modified by these effectors, as in the case of NAD-
ME]1 (Fig. 4B). Moreover, although NAD-ME2q was activated
by fumarate and succinate, NAD-ME1q activity was not modi-
fied by these compounds, which were strong activators of
NAD-MEI1 and inhibitors of NAD-ME2 (Figs. 4B and 2). The
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tion might not directly parallel the
level of transcript, Western blot anal-
ysis of crude extracts from different
organs was performed using a mix-
ture of specific antibodies against
NAD-MEL1 and -2. To quantify the
amount of immunoreactive protein
detected in each organ, NAD-MEH
was used as control, as it is composed
of NAD-ME1 and -2 in a 1:1 protein:
protein ratio (Fig. 1). The relative
expression of NAD-MEI and -2 was
determined by densitometric analysis
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FIGURE 4. Chimeric NAD-MEs constructed and analyzed in the present work. A, sequence alignment of
the amino-terminal end of NAD-ME1 and -2 is shown. The sequences correspond to the first 200 amino acids
of the mature NAD-ME1 and -2 obtained after eliminating the predicted mitochondrial targeting peptide
(ARAMEMNON). The region with the most significant differences is underlined. The amino acid residues homol-
ogous to the residues involved in fumarate activation of human NAD(P)-ME and A. suum NAD-ME are indicated
in light gray (33,41, 42). The arrow indicates the site where the sequences of NAD- ME1 and -2 were exchanged
for the generation of the chimeric proteins NAD-ME1q and -2q. B, shown are the regulatory properties of
NAD-ME1q and -2q. The restriction sites Hindlll and Pstl of the parental enzymes (NAD-ME1 and NAD-ME2)
were used to construct the reciprocal chimeric enzymes. The modulation of activity by CoA, acetyl-CoA, fuma-
rate, and succinate of the parental and chimeric NAD-MEs are indicated on the right. A, activated; |, inhibited; N,
no effect. C, shown are the postulated regions in the NAD-ME1 and -2 primary structure involved in allosteric
activity modulation. Postulated CoA/acetyl CoA and fumarate/succinate binding sites in the parental NAD-ME

sequences are indicated.

estimated A, value for fumarate of NAD-ME2q (0.88 mm) as
well as the A, value for CoA of NAD-MElq (24.5 um) was
similar to those of the respective parental enzymes (Table 2),
indicating that the binding sites for these metabolites were con-
served in the chimeric enzymes.

The CoA activation effect on NAD-ME1q was further ana-
lyzed, and the kinetic parameters were estimated in the pres-
ence of 50 um CoA (Table 3). The results obtained show that, in
the presence of CoA, the apparent K, L-malate value of NAD-
ME1q decreased 3-fold, whereas the k_,, value increased 1.4-
fold (Tables 1 and 3). Finally, as in the case of NAD-ME2 and
-H, the pH optimum of NAD-ME1q moved to a more alkaline
value in the presence of CoA (Tables 1 and 3).

Relative Organ-specific Accumulation of NAD-MEI and -2—
Previous work indicated that the transcripts of NAD-ME]I and -2
can be detected in leaf, stem, flower, and root (12). Moreover, the
comparison of the abundance of each transcript was very similar in
all mature organs (12). However, as the level of protein accumula-
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the relative abundance of NAD-ME1
and -2 was not significantly different
from the control (Fig. 5A).

To further analyze NAD-ME1
and -2 protein accumulation in
inflorescences, Western blot analy-
sis was performed in the separated
parts of the flowers (gynoecium,
sepals, filaments, and anthers). The
densitometric analysis of the immu-
noreactive bands obtained indi-
cated that the relative level of NAD-
ME1 and -2 in gynoecium and
filaments did not differ from the one
estimated in leaves (not shown).
However, NAD-ME1 was prevalent
in sepals, whereas only NAD-ME2
was found in anthers (Fig. 5B). In
addition, crude extracts from sepals,
gynoecium, filaments and anthers were analyzed by Western
blot after native PAGE (Fig. 5C). Whole flowers, gynoecium,
and filaments showed three immunoreactive bands with mobil-
ities corresponding to NAD-ME], -2, and -H (Figs. 5C and 1C).
On the other hand, in sepals, two immunoreactive bands cor-
responding to NAD-MEH and NAD-ME1 were detected (Fig.
5C), whereas in anthers only a band corresponding to NAD-
ME2 was found (Fig. 5C).

Transgenic Arabidopsis lines expressing the GUS reporter
gene (12) were used to analyze the activity of NAD-MEL1 and -2
promoters in inflorescences. In mature flowers, NAD-ME] is
expressed in the filaments, vasculature of sepals, and apical part
of the gynoecium (supplemental Fig. 2). In developing flowers, a
weak activity could be observed in the sepals. GUS expression
driven by the NAD-ME?2 promoter was found in the filaments,
apical part of the gynoecium, and mature pollen grains
(supplemental Fig. 2). It should be noted that the differential
expression pattern observed is consistent with AtGenExpress
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FIGURE 5. SDS- and native-PAGE of extracts of Arabidopsis organs ana-
lyzed by Western blot. A, shown is a Western blot of crude extracts of differ-
ent Arabidopsis organs after SDS-PAGE. To assess the relative NAD-ME1 and -2
immunoreactivity toward the antibodies, 50 ng of NAD-MEH, which has a 1:1
protein:protein relationship between NAD-ME1 and -2, was loaded in the first
lane (NAD-MEH). Fifty ug of total soluble protein from leaf (L), stem (S), flower
(F), and root (R) were loaded. Molecular masses of the immunoreactive bands
are shown on the right (kDa). The assay was performed using a mixture of
specificantibodies against NAD-ME1 and -2. The relative quantification of the
immunoreactive bands of NAD-ME1 and -2 for each line is shown in the upper
graph. Standard deviations of the densitometric analysis among at least three
different Western blots are shown, and the asterisk indicates a significant
different relative level of expression (p < 0.05). B, shown is a Western blot of
the separated components of Arabidopsis flowers after SDS-PAGE. Fifty ug of
total soluble protein from leaf (L), flower (F), gynoecium (G), sepal (Sp), fila-
ment (Fi), and anther (A) were loaded. Molecular masses of the immunoreac-
tive bands are shown on the right (kDa). The assay was performed using a
mixture of specific antibodies against NAD-ME1 and -2. C, shown is a Western
blot of the separated components of Arabidopsis flowers after Native-PAGE.
Fifty ug of total soluble protein from flower (F), gynoecium (G), sepal (Sp),
filament (Fi), and anther (A) were loaded. The assay was performed using a
mixture of specific antibodies against NAD-ME1 and -2. Molecular mass mark-
ers (MM) were run in parallel and stained with Coomassie Blue. The mobility of
purified NAD-MET1, -2, and -H in native gels (Fig. 1C) is indicated on the right.

data from the Genevestigator microarray data base (25). Thus,
the different NAD-MEL1 and -2 protein levels detected (Fig. 5)
are due to differential expression of the corresponding tran-
scripts, although regulation at the posttranscriptional level can-
not be ruled out.

DISCUSSION

Reconstitution of an Active NAD-MEH through a Co-expres-
sion-based Approach—Previous studies indicated a hetero-
meric association between NAD-ME1 and -2 in Arabidopsis
mitochondria (12). However, the homodimeric forms of NAD-
MEI1 and -2 were also active in vitro and in vivo (12). To com-
pare the properties of the different native associations between
Arabidopsis NAD-ME1 and -2, the heteromeric Arabidopsis
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NAD-ME (NAD-MEH) was successfully obtained by a recom-
binant approach (Fig. 1). NAD-MEH was active as a dimer com-
posed of NAD-ME1 and -2 in a 1:1 ratio. The maximum cata-
Iytic rate and the affinity toward the substrates were very
similar among the three native associations (Table 1). Native
molecular masses assessed by gel filtration chromatography
were very similar and in all cases compatible with a dimer. Nev-
ertheless, differential migration in native gels was observed for
the three NAD-MEs (Fig. 1C), which may indicate a different
net charge of the oligomeric forms.

NAD-ME], -2, and -H Are Differentially Regulated by Key
Metabolites—The very distinct regulatory patterns obtained
for NAD-ME], -2, and -H (Fig. 2) suggest different metabolic
contribution of each NAD-ME in Arabidopsis. Fumarate, suc-
cinate and OAA behaved as activators of NAD-ME1 and NAD-
MEH (Fig. 2). Because of the structural similarity of these
organic acids, the activation observed could be a result of the
existence of a unique allosteric site in the NAD-MEL1 subunit.
The low A, values of fumarate of NAD-MEL1 and -H (nearly 1
mM, Table 2) and the high levels of this compound found in
Arabidopsis leaves (26) suggest that the regulation of NAD-ME
activity by this organic acid should have physiological signifi-
cance in vivo. Fumarate and 1L-malate can be used to replenish
the TCA cycle pool and as a carbon source for mitochondrial
respiration. During the day, Arabidopsis leaves accumulate
great amounts of these organic acids, which are metabolized
during the following night (26). Total NAD-ME activity is
enhanced at the end of the night period due to a higher tran-
scriptional activity of NAD-ME1 and -2 genes (12). By the onset
of darkness, when the fumarate levels are high, the allosteric
activation of NAD-ME1 and -H by this organic acid would fur-
ther increase the NAD-ME activity in addition to the transcrip-
tional up-regulation. In addition, fumarate, succinate and OAA
levels increase by cold stress (27). Low temperatures reduce the
availability of P; and adenylates, and thus, a lower supply of
pyruvate to the mitochondria via the pyruvate kinase reaction is
expected (28). However, a respiratory homeostasis has been
reported in plants stressed by low temperature (29). Thus, in
these situations increased concentrations of organic acids
would stimulate the supply of pyruvate by increasing mito-
chondrial NAD-ME activity. Interestingly, fumarate and succi-
nate behave as inhibitors of NAD-ME2 (Fig. 2). These com-
pounds could inhibit the activity of this enzyme by competing
with the substrate L-malate in the active site as a result of struc-
tural homology.

The strong effect of the products of the two irreversible reac-
tions of glycolysis, FBP and PEP, on the enzymatic activity of
NAD-ME2 and -H (Fig. 2) is consistent with the hypothesis that
NAD-ME would supply pyruvate when pyruvate kinase is
inhibited. NAD-MEH showed the highest sensitivity to FBP
and PEP (Table 2), suggesting that this enzyme could be
involved in such function in vivo. In this regard, plant mito-
chondria can import PEP from the cytosol by a PEP/H™ sym-
porter or a PEP/ATP antiporter (30). Moreover, the PEP con-
centration in plant cells is in the micromolar range (31), and it
increases by conditions that limit the pyruvate kinase reaction,
e.g. by cold stress or low phosphate (28).

JOURNAL OF BIOLOGICAL CHEMISTRY 11877



Arabidopsis Mitochondrial Malic Enzyme

B

Different NAD-ME
associations
(22
Al
U
- @c
\ (H)

A

>

Succinate <

FIGURE 6. A, the scheme shows the most relevant metabolites regulating NAD-ME1 or NAD-ME2 activity.
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CoA is a typical activator of plant NAD-ME that has been
shown to activate all enzymes characterized so far (24). In con-
trast to this, the results of this study clearly show that the activ-
ity of NAD-MEL1 is not modulated by CoA, whereas the cata-
lytic efficiency of NAD-ME2 was drastically increased by this
compound (Tables 1 and 3). The kinetic data suggest a mixed
mechanism of activation of NAD-ME2 with modification of the
maximal catalytic activity and the affinity toward L-malate (Fig.
3, Table 3). On the other hand, the catalytic efficiency of NAD-
MEH showed a moderate increment due to an increased affin-
ity toward L-malate. The K, (and K,) and A, values for CoA
(Table 2) of NAD-ME2 and NAD-MEH are in the micromolar
range, and thus, it is possible that both enzymatic activities are
subjected to metabolic control in vivo. Moreover, CoA and
fumarate showed a synergistic activating effect on NAD-MEH
because each metabolite increases the affinity of the enzyme for
the other metabolite, as was observed for the purified NAD-ME
from cauliflower (32). In addition, this work shows that fumar-
ate and CoA bind to different subunits on the heterodimer sur-
face. Thus, the binding of one of the effectors may produce
changes in the heterodimer interface that are transmitted to the
allosteric site for the other activator.

The mitochondrial NAD-ME enzyme occupies a key posi-
tion in mitochondrial carbon metabolism, providing a means
whereby organic acids can be partitioned between replenish-
ment of mitochondrial pools and complete oxidation (Fig. 6A).
As such, it would not be surprising that NAD-ME represents an
important regulatory site for the control of mitochondrial car-
bon flux. The different NAD-ME entities, originated by alter-
natives assembly of two proteins, could be a mechanism to
respond to differential allosteric regulation, rendering isoforms
best suited to fulfill specific roles or to act under specific meta-
bolic situations (Fig. 6B). Furthermore, the kinetic behavior
with respect to L-malate is also modified by alternative associ-
ations. In this regard, the strong activation by fumarate and
succinate and its sigmoidal kinetics to L-malate renders NAD-
ME1 best suited for physiological situations where organic
acids are the main substrates for mitochondrial respiration (Fig.
6A). On the other hand, NAD-ME2 responds to the glycolytic
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Differential properties

Hyperbolic response to L-malate
Activation by CoA, PEP and FBP

Highest activation by PEP and FBP
Synergistic activation by fumarate and CoA

Sigmoid response to L-malate
Activation by C4 organic acids

intermediate PEP and CoA (Fig.
6A), suggesting a concerted func-
tion with phosphoenolpyruvate car-
boxylase under situations where the
pyruvate supply to the TCA cycle by
the pyruvate kinase reaction is
diminished. Finally, NAD-MEH is a
form that can integrate the several
forms of regulation and respond
synergistically to activators of
NAD-ME1 or NAD-ME2.

The Amino-terminal Region of
NAD-MEI and -2 Is Critical for
Activation by C, Organic Acids and
CoA—NAD-ME1 and -2 signifi-
cantly diverge at the amino-termi-
nal end where the differences
mostly reflect changes of charge
(Fig. 4A). The analysis of the recom-
binant chimeras NAD-ME1q and -2q indicated that the amino-
terminal regions of NAD-MEL] and -2 are associated with dif-
ferences in the regulatory properties observed in these proteins;
that is, activation by CoA and the C,-organic acids fumarate
and succinate (Fig. 4, B and C).

As fumarate activates both NAD-ME2q and NAD-ME]1 (Fig.
4B), it is concluded that an allosteric site responsible for such
activation is present in the amino-terminal region of NAD-
MET1 (Fig. 4C). This segment of NAD-MELI possesses homolo-
gous residues to those of the human NAD(P)-ME that are
involved in fumarate binding at an allosteric site: Arg-67, Arg-
91, and Asp-102 (Fig. 4A) (33). However, these residues are also
present in NAD-ME2, which is inhibited by this metabolite.
Thus, there may be additional factors controlling the binding
capacity and response to fumarate in the plant enzyme. In addi-
tion, the activation of NAD-ME2q by succinate further sup-
ports the hypothesis of an allosteric site for organic acids at the
amino-terminal region of NAD-ME1 (Fig. 4C). However, fur-
ther studies are necessary to establish the existence of this site.

On the other hand, NAD-ME1q was activated by CoA and
acetyl CoA but not by the C,-organic acids fumarate and suc-
cinate (Fig. 4B). Thus, residues of the amino-terminal region of
NAD-ME2 are involved in the regulation by CoA and acetyl-
CoA (Fig. 4, B and 4C), probably by binding at the same allo-
steric site. Notable it the high affinity for malate of this chimeric
enzyme, which displays a nearly 15-fold decrease in the K,
value for malate with respect to the parental enzymes (Table 1).
This increase in affinity may be due to a particular arrangement
of the amino acid residues in the malate binding site of NAD-
MEIq by participating residues from the both segments that
were swapped. Finally, the fact that the kinetic behavior with
respect to L.-malate was hyperbolic for NAD-ME1q and sigmoi-
dal for NAD-ME2q suggests that some amino acids residues of
the amino-terminal end of the NAD-MEs would also be impli-
cated in the L-malate binding.

Is the Formation of Alternative Oligomeric Forms a Fine-tun-
ing Mechanism to Regulate NAD-ME Activity in Arabidopsis
Mitochondria?—During the evolution of vascular plants, NAD-
MET1 and -2 likely arose through gene duplication and subse-
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quently evolved unique regulatory features. Although NAD-
MEI and -2 genes show a similar pattern of expression in
mature organs of Arabidopsis (12), it cannot be ruled out that
the proteins accumulate at different levels due to differences in
stability or because the proteins are produced at different rates.
Such changes in the protein ratio can influence the formation of
the different NAD-ME native associations. In this regard, in
mid-vein tissues of Arabidopsis, NAD-ME functions as a het-
erodimer, and NAD-ME2 can form an active homodimer, at
least when NAD-MEI1 is not present (34). In contrast, NAD-
MEI1 gene product is unable to form functional homodimers in
cells of the mid-vein (34).

In this work, we show that NAD-MEL1 and -2 proteins accu-
mulate at different levels in the separate parts of Arabidopsis
inflorescences (Fig. 5B). In this respect, NAD-MEL is present at
higher proportions than NAD-ME2 in sepals (Fig. 5B), and
thus, NAD-MEH and NAD-MEI1 can act in concert in this tis-
sue (Fig. 5C). On the other hand, NAD-ME2 homodimer is
dominant in anthers (Fig. 5, B and C). As NAD-ME2 responds
mostly to CoA and intermediates of the glycolytic pathway but
not to intermediates of the TCA cycle (Fig. 6), it is possible that
in anthers, where mitochondrial respiration is highly active,
NAD-ME activity could be linked to the rate of glycolysis.

In plants, multisubunit composition and changes in oligo-
meric assembly, depending on the tissue and the metabolic sit-
uation, are properties of important glycolytic and TCA cycle
enzymes such as pyruvate kinase, NAD-isocitrate dehydrogen-
ase, and PP;,-dependent phosphofructokinase and phos-
phoenolpyruvate carboxylase (35-39). These characteristics
represent a mechanism of allosteric regulation of enzymes of cen-
tral metabolic pathways (40). The presence of three different
NAD-MEs originating by alternative associations of NAD-ME1
and -2 may be a novel phenomenon unique to plant mitochondria.
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