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Day respiration is the cornerstone of nitrogen assimilation since it provides carbon skeletons to primary metabolism for
glutamate (Glu) and glutamine synthesis. However, recent studies have suggested that the tricarboxylic acid pathway is rate
limiting and mitochondrial pyruvate dehydrogenation is partly inhibited in the light. Pyruvate may serve as a carbon source
for amino acid (e.g. alanine) or fatty acid synthesis, but pyruvate metabolism is not well documented, and neither is the
Possible resynthesis of phosphoenolpyruvate (PEP). Here, we examined the capacity of pyruvate to convert back to PEP using
3C and *H labeling in illuminated cocklebur (Xanthium strumarium) leaves. We show that the intramolecular labeling pattern in
Glu, 2-oxoglutarate, and malate after '’C-3-pyruvate feeding was consistent with '’C redistribution from PEP via the PEP-
carboxylase reaction. Furthermore, the deuterium loss in Glu after 2H3—13C—3—pyruvate feeding suggests that conversion to PEP
and back to pyruvate washed out 2H atoms to the solvent. Our results demonstrate that in cocklebur leaves, PEP resynthesis
occurred as a flux from pyruvate, approximately 0.5%. of the net CO, assimilation rate. This is likely to involve pyruvate
inorganic phosphate dikinase and the fundamental importance of this flux for PEP and inorganic phosphate homeostasis is

discussed.

It has now been 63 years since Kok described the
effect by which nonphotorespiratory CO, evolution
increases at low light levels, providing evidence for the
inhibition of leaf respiration by light (Kok, 1948). Since
then, respiration of illuminated leaves (day respira-
tion) and its inhibition has been extensively character-
ized with gas-exchange and metabolic analyses (for
review, see Atkin et al., 2000). Recent articles have
further emphasized the complex metabolic relation-
ships between day respiration and other metabolic
processes such as nitrogen metabolism, since carbon
(C) skeletons synthesized by the tricarboxylic acid
pathway (TCAP) are essential for nitrogen assimila-
tion (Paul and Pellny, 2003; Nunes-Nesi et al., 2007).
The metabolic mechanisms by which respiratory me-
tabolism is down-regulated in the light has been
summarized previously (Tcherkez et al., 2009). Essen-
tially, the activity of the TCAP has been shown to be
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strongly inhibited (Hanning and Heldt, 1993; Tcherkez
et al., 2005; Gauthier et al., 2010); therefore, the con-
sumption of pyruvate molecules synthesized in the
light by the TCAP is believed to be limited.

This raises the question of the fate of pyruvate and
acetyl-CoA produced by the pyruvate dehydrogenase
(PDH; Fig. 1, arrow 1). Acetyl-CoA is not likely to
accumulate. First, the PDH is retroinhibited by its
product acetyl-CoA (Harding et al., 1970; Rapp et al,,
1987), and PDH activity is down-regulated by phos-
phorylation (Budde and Randall, 1990; Tovar-Méndez
et al., 2003). This effect may in turn contribute to the
buildup of the pyruvate pool. Second, a significant
fraction of acetyl-CoA is directed to fatty acids pro-
duction in the chloroplast (Ohlrogge and Jaworski,
1997). Accordingly, the antisense line of Arabidopsis
(Arabidopsis thaliana) associated with PDH kinase (in
which the mitochondrial PDH reaction is thus en-
hanced) accumulated *C-labeled fatty acids when "C-
Pyr was fed to photosynthetic stems (Marillia et al.,
2003).

By contrast, pyruvate is believed to accumulate to
some extent in the light. Metabolic measurements in
leaves along a day/night cycle have shown that the
pyruvate content is roughly 2-fold larger in the light
(Scheible et al., 2000). Pyruvate is also converted to
Ala, as shown by 3¢ labeling (Tcherkez et al., 2005;
Fig. 1, arrow 2). That said, pyruvate production itself
(by pyruvate kinase, EC 2.7.1.40; Fig. 1, arrow 3) is
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Figure 1. Simplified metabolic scheme showing the potential fates of
pyruvate and the labeling pattern after '*C-3-pyruvate addition to
illuminated leaves. The labeled position in C-3-pyruvate and molecules
downstream through PDH (1), AlaAT (2), and the tricaboxylic acid
cycle is shown in black. Labeled C-atom positions coming from PPDK
(4) or reverse pyruvate kinase (PK, 3) activity are shown in gray. The
small gray-labeled C atom accounts for the fumarate/malate equilib-
rium that interconverts C-2 and C-3 atoms due to molecular symmetry.
This scheme does not take into account multiple turns of the tricar-
boxylic acid cycle and assumes little conversion of 2-oxoglutarate to
fumarate (dashed arrow, see main text and Tcherkez et al., 2009).
AspAT, Asp aminotransferase; Fase, fumarase; MDH, malate dehydro-
genase.

believed to be partly inhibited in the light, due to the
regulatory properties of the enzyme. In tobacco (Nico-
tiana tabacum) leaves, the total activity of pyruvate
kinase has been shown to be lower in the light com-
pared to the dark (Scheible et al., 2000), and in spinach
(Spinacia oleracea) chloroplasts, the pyruvate content
appeared lower in the light than in the dark (Santarius
and Heber, 1965). In the alga Selenastrum minutum, the
chloroplastic enzyme is inhibited by photosynthetic
intermediates (e.g. ribulose-1,5-bisphosphate) and the
cytosolic enzyme is inhibited by inorganic phosphate
(Pi) and Glu (Lin et al., 1989). Furthermore, leaf en-
zymes are inhibited by citrate or Asp (Baysdorfer and
Bassham, 1984) and activated by dihydroxyacetone
phosphate (Lin et al.,, 1989). Therefore in the light,
pyruvate kinase activity is presumed to be strongly
down-regulated in chloroplasts and finely adjusted
(by the balance between upstream and downstream
metabolites) in the cytosol.
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Still, the reverse reaction, that is, resynthesis of
phosphoenolpyruvate (PEP) from pyruvate (Fig. 1,
arrow 4), is not well documented. In principle, the
pyruvate kinase is reversible (Krimsky, 1959; Robinson
and Rose, 1972; Dyson et al., 1975), but under ordi-
nary conditions, the reaction has a large equilibrium
constant toward pyruvate production (Krimsky, 1959;
McQuate and Utter, 1959; Nageswara-Rao et al., 1979;
Supplemental Table S1). The reverse reaction, if it
happens to occur, may be assumed to rather involve
the pyruvate Pi dikinase (PPDK; EC 2.7.9.1). This en-
zyme has recently been found and characterized in
Arabidopsis leaves, in which there are two isoforms
(cytosolic and chloroplastic; for review, see Chastain
and Chollet, 2003). Furthermore, a light/dark regula-
tion of the leaf enzyme involving phosphorylation has
been demonstrated (Chastain et al., 2002). However,
the function of the enzyme remains enigmatic. Some
data suggest a role in the response to stress such as
anoxia (Lasanthi-Kudahettige et al., 2007; Doubnerova
and Ryslava, 2011). In seeds, PPDK activity seems es-
sential in controlling starch biosynthesis by providing
cytosolic pyrophosphate (PPi) and hexose phosphates
via reversed glycolysis (Kang et al.,, 2005). In leaves,
substantial midvein PPDK activity has been demon-
strated, suggesting a role in providing PEP to the shi-
kimate pathway for lignin biosynthesis (Hibberd and
Quick, 2002). Transcripts encoding cytosolic PPDK
have been shown to increase during senescence of
Arabidopsis leaves (Lin and Wu, 2004; Taylor et al.,
2010) so that PPDK activity has been assumed to
participate in nitrogen remobilization associated with
leaf senescence (Taylor et al., 2010): PEP synthesized
from pyruvate by PPDK is believed to be converted to
organic acids via PEP-carboxylase (PEPc), thus sus-
taining the production of the transport amino acid Gln.

Here, we examined the metabolic flux associated
with the possible conversion of pyruvate back to PEP
in illuminated leaves, using strong isotopic labehng
with protio-">C- and deutero-">C- pyruvate (*H,-"C-
3- pyruvate thereafter denoted as d-'>C-3- pyruvate)
The fate of ">C atoms was then followed by NMR. We
took advantage of the contrasted enrichment pattern
expected when conversion back to PEP is involved (Fig.
1): PEP resynthesis followed by PEP carboxylation
mostly redistributes the 13C label in the C-2 atom
position of Glu, whereas the ' C -3-pyruvate consump-
tion by the TCAP produces C-4-Glu. We show that
pyruvate can be converted back to PEP, although the
associated flux is quantitatively minor. Our data thus
suggest that PEP resynthesis contributes to consuming
pyruvate molecules that tend to accumulate in the light.

RESULTS
13C-Labeling Pattern in Metabolites

The "*C- labehng pattern in major metabolites after
BCO, and/or PC-3-pyruvate feeding is shown in
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Figure 2. As expected, ’C-pyruvate labeling caused an
isotopic enrichment (positional percentage '°C) up to
15% in Glu C-4 and GIn C-4, and 6% in isocitrate C-4,
reflecting the consumption of the **C label by the TCAP.
There is also a clear '°C enrichment in malate C-3 (15%)
and Glu C-3 (3.5%; and also Glu C-2, see the next
section), suggesting either the involvement of the
Production of malate from PEP resynthesized from
C-3-pyruvate, or several rounds of the TCAP cycle
(Fig. 1). However, succinate and fumarate were not
labeled, strongly suggesting that most °C atoms were
not committed into the full cycle, that is, multiple
rounds cannot account for the neat labeling in malate
C-3. ¥C-3-pyruvate was also consumed by amino acid
synthesis, such as Ala (3% 3C in C-3) and Val (34% *C
in methyl groups). The labeling was accompanied by a
small refixation of '*CO, produced by the decarboxyl-
ation of “C-3-pyruvate (by the TCA cycle). Such a
refixation was very small, with 5% *C in furano-Fru
C-2 and 3% "°C in both a-Glc and the glucosyl moiety
of Suc. Using metabolite contents, this demonstrates
that *C refixation was, at most, of 6% of the TCAP *C
commitment to Glu.

When leaves were labeled with *CO,, most sugars
showed a clear *C enrichment, as well as malate and
Asp C-2, showing the involvement of the PEPc reac-
tion from '*C-2-enriched PEP that was in turn formed
by glycolysis. When both '*C-3-pyruvate and "*CO,
were used, the effect of the double labeling was not
simply additive. In fact, the C-1 in malate was clearly
labeled (9% '*C), suggesting *C-bicarbonate fixation
by the PEPc in C-4 and subsequent equilibration to
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C-1 via fumarate; similarly, C-1, C-2, and C-3 positions
in Glu were labeled (up to 11%), indicating the con-
sumption of malate formed from "*C-enriched PEP.

Specific *C Pattern in Glu

The specific *C-enrichment pattern in Glu is de-
tailed in Figure 3. The positional °C abundance found
in Glu C-1 upon "“C-3-pyruvate labeling was 1.7%,
very close to the natural abundance (1.1%, dashed line
in Fig. 3B). The 13C abundance in C-2 and C-3 was 3%
to 4%, showing the redistribution of the '*C label. The
percentage >C in C-4 was very high because it
inherited the °C label via the TCAP (Fig. 1). With
BCO,, the reverse occurred, the C-4 position being at
natural abundance, whereas the C-1 to C-3 positions
were labeled 3% to 4% °C.

The positional labeling in Glu was associated with
{¥C-3C} interactions between neighbor C atoms (Fig.
3C). Upon "*C-3-pyruvate labeling, the most labeled
position (C-4) was associated with little interaction
(6% only of ’C-4 atoms were accompanied by a °C
neighbor), whereas the interaction was 62% in C-3. In
other words, most *C-3-Glu molecules were also la-
beled on a neighbor C, whereas most 13C-4-Glu mole-
cules were not labeled on a neighbor C. This indicates
that presumably, the consumption of **C-2-oxaloacetate
molecules by the TCAP mostly used '*C-2-acetyl-CoA,
whereas the reciprocal was not true gmost BC-2-acetyl-
CoA molecules did not react with °C-2-oxaloacetate).
The C-2 atom position in Glu did not show visible {°C-
3C} interaction.
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Figure 2. Labeling patterns in visible C-atom positions in metabolites, detected with >C-NMR after '*C-3-pyruvate and/or '>CO,
labeling of illuminated cocklebur leaves for 3 h, under 400 wmol mol~' CO,, 21% O,, 23.5°C, and 300 wmol m ™2 s~' PAR. In
each cell, the color represents the positional '>C abundance in percent (%) *C (color scale on the right). C-atom positions are
numbered according to the international chemical nomenclature (for Glu, see Fig. 3). For Glc, a and b stand for alpha and beta
isomers. For the C-3 atom position in oxalo acetate, the two isomeric forms are distinguished: C=O (keto) and C-OH (enol). The
average abundance chosen here (1.1%) corresponds to the natural '*C abundance. '*C-abundance values shown here are means
of three replicates. The color scale is here restricted to 10% so as to make low *C enrichments visible. Fumarate never appears

labeled due to isotopic dilution caused by its very large content in cocklebur leaves (near 20 mmol m™

2 not shown here). The

C-5 atom position in Glu and C-4 atom position in malate are not shown here because of insufficient signal intensity or
resolution. Cit, Citrate; Fru, Fru (pyranic form); Fru-f, Fru (furanic form); Fum, fumarate; GABA, y-aminobutyrate; Glc 1b, 1a, C-1
position of alpha and beta enantiomers of Glc; Icit, isocitrate; Mal, malate; 2-OG, 2-oxoglutarate; OAA, oxalo acetate; Pyr,
pyruvate; Suc-G, glucosyl moiety of Suc; Suc-F, Fru moiety of Suc; Succ, succinate.
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Figure 3. Positional C-NMR signals in Glu,
after '*C-3-pyruvate and/or *CO, labeling of
illuminated cocklebur leaves for 3 h, under
400 umol mol™! CO,, 21% O,, 23.5°C, and
300 pmol m~2s™" PAR. A, C-atom numbering in
Glu. B, Positional ">C abundance (in % "C) in
Glu (redrawn from Fig. 2). The natural 13C abun-
dance (1.1%) is indicated with the horizontal
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dashed line. The major origin of '°C labeling in
each position is indicated with arrows, as dis-
cussed in the main text. C, {1*C-"*C} spin-spin
interactions in Glu. For a given labeled position,
numbers between arrows indicate the percentage
of C atoms having ">C labeling in the neighbor C
atoms. Bidirectional arrows indicate that two
{13C-13C} interactions were obtained, demonstrat-
ing there were two interacting, labeled neighbor
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Upon "°CO, labeling, there were substantial {**C-"*C}
interactions, with the largest value in C-2, suggesting
that '3C-2-oxaloacetate molecules were clearly cou-
pled to the input of 13C—2—acet¥1—CoA. Similarly, dou-
ble labeling with '*CO, and *C-3-pyruvate lead to
nearly 100% {*C-13C} interaction in C-3 with a clear
double interaction (on both C-2 and C-4 sides), show-
ing the concerted contribution of '*C-2-oxaloacetate
and "*C-2-acetyl-CoA to produce Glu. Furthermore,
the largest interaction values were obtained with C-2
and C-3 positions (77% and 94% versus 46% in C-4),
suggesting the involvement of '*C,-2,3-oxaloacetate
(Fig. 1). In 2-oxoglutarate, significant {’C-"°C} interac-
tion was only visible in C-4 (see also Supplemental Fig.
51), with a larger value upon double labeling that was
consistent with that found in Glu C-4. The C-2 position
in 2-oxoglutarate corresponds to the C=O (keto) C
atom and was therefore difficult to analyze by NMR
because of long relaxation time, about 30 s (remote
chemical shift region), that caused an underestimation
of corresponding resonance peaks. That said, there

Plant Physiol. Vol. 157, 2011

Cc-2

C. For example, in C-3 Glu after pyruvate
labeling, the percentage of >C in C-3 that was
accompanied by *C in C-2 and C-4 was 62%.
In 2-oxoglutarate, {*C-'>C} spin-spin interac-
tions were only visible (distinguishable from the
background) in C-4 because of the larger *C
enrichment in that position. The value of 1% (Glu
C-2 upon "*C-pyruvate labeling) is arbitrary and
corresponds to the natural interaction ("*C natural
abundance of 1.1%). Bidirectional half arrows
indicate that a single {13C-13C} interaction oc-
curred, on one side only of the C-atom position
considered. From top to bottom, interactions
values indicated here are that observed after
BC-pyruvate labeling, >CO, labeling, and after
double labeling, in that order.

c-4

c3

appeared to be no substantial labeling in that position
(Supplemental Fig. S1).

Proton Exchange in Glu C-4

C labeling was carried out with either protonated
(CH,;-CO-COQ") or deuterated (50% CD,-CO-COO")
pyruvate. The labeling pattern in metabolites upon
d-*C-3-pyruvate was very similar to that in Figure 2
(not shown). The resolution and intensity of deuter-
ated C-pyruvate were not large enough to appreciate
deuterium content directly on the pyruvate pool.
Therefore, the fate of deuterium was followed using
the {!3C-D} interaction on Glu C-4. The NMR signal
obtained is shown in Figure 4. Clearly, a significant
fraction of *C-4-Glu molecules were also deuterated,
causing a change of around 0.25 ppm (28 Hz) on the
BC chemical shift, with the appearance of a triplet.
Deuterated Glu was found to represent 33% of total
3C-4-Glu. That value is significantly less than that in
source pyruvate (50%), suggesting a loss of deuterium
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A

d-13C-3-pyruvate

13C-3-pyruvate

Figure 4. The 33.5 to 34.5 ppm region of the NMR spectrum showing
the '* signal of the C-4 atom position in Glu in illuminated cocklebur
leaves after deutero-">C-3-pyruvate (A) or protio-'>C-3-pyruvate (B)
labeling for 3 h, under 400 umol mol ™! ]ZCOZ, 21% O,, 23.5°C, and
300 wmol m™2 5" PAR. {*C-">C} and {'*C-D} single interactions are
shown with dashed (Jc) and dash-dotted lines (J), respectively. In
A, the deuterium isotope effect on the chemical shift is indicated with
the arrow labeled a, (single deuteration, CHD) and ozD2 (double
deuteration, CD,). Peaks associated with the double deuteration are
labeled with dotted vertical lines (other peaks beyond 33.5 ppm are
not shown here). The area integration indicates that the proportion of
deuterated '*C atoms is 33% and the "*C-interacting '>C atoms is
5.0% of '*C atoms. In B, the interaction with neighbor '*C atoms
represents 4.5%.

during metabolism of pyruvate to Glu. This effect may
have come from either the hydrogen/deuterium iso-
tope effect of citrate synthase (the other two first
enzymes of the TCA cycle, aconitase and isocitrate
dehydrogenase, do not involve the CH, protons along
their mechanism) or the wash out of deuterium atoms
to the solvent due to pyruvate enolization. However,
we found no significant isotope effect on the °C
amount in Glu (37 and 41 wmol m 2 [internal standard
equivalents] with deutero- and protio-">C-3-pyruvate,
respectively), showing that the rate of >C-3-pyruvate
incorporation by citrate synthase was not slowed
down by deuterium under our conditions. The loss
of deuterium was thus caused by isotopic wash out
associated with pyruvate conversion to PEP.

90

PPDK Activity and Phosphometabolites

Total leaf PPDK activity was measured from illu-
minated leaves and also during the night (1 h 30
dark; Fig. 5C). The activity was clearly lower in the
dark than in the light. Still, the in vitro activity value
found here (0.04 umol m % s7!) in the light was very
small as compared to photosynthesis (near 10 umol
m~? 57!, data not shown). There was a significant
decrease (2-fold) of the pyruvate content in the dark,
whereas the PEP content decreased a bit less, from
2.9 to 1.7 umol m > (Fig. 5A). Leaf ATP-ADP ratio
decreased from around 2.5 in the light to 1.2 in the
dark and the ATP-AMP ratio remained unchanged
(around 3; Fig. 5B). Therefore, the mass action ratio
of pyruvate kinase ([pyruvate/PEP] X [ATP/ADP])
appeared to be less favorable to the reaction in the
light than in the dark. The corresponding mass
action ratio of PPDK ([PEP/pyruvate] X [AMP/
ATP]) was less favorable to the reaction in the dark,
provided PPi remained constant (not measured here,
not visible on NMR analyses).

The natural covariation in phosphometabolites was
investigated, using six replicates of leaves sampled in
identical photosynthetic conditions, with pyruvate
feeding (Fig. 6). Hierarchical clustering analysis shows
that PEP was in the same group as AMP, ADP, Fru-1,6-
bisphosphate, ribulose-1,5-bisphosphate, ATP, and
ADP-Glc (group II, Fig. 6C), that is, primary photo-
synthetic phosphometabolites. That is, net PEP produc-
tion covaried tightly with chloroplastic photosynthetic
activity (rather than cytosolic metabolites such as UDP-
Glc). PEP-AMP and PEP-Fru-1,6-bisphosphate ratios
were rather constant (Fig. 6B), for any UDP-Glc/UTP
values. Furthermore, when plotted against Fru-1,6-
bisphosphate, [PEP X AMP]/[ATP] increased and
so did the [PEP X ADP]/[ATP] ratio. In other words,
there was a positive relationship between the mass
action ratio of pyruvate kinase and the phospho-
hexose content.

DISCUSSION

The metabolism of pyruvate in illuminated C,
leaves is not very well documented and much uncer-
tainty remains on metabolic fluxes associated with
the different pathways that consume pyruvate. Here,
we used isotopic labeling to investigate whether the
resynthesis of PEP from pyruvate occurred in the
light, by the involvement of, e.g. PPDK. First, we
carried out labeling with '>C-3-pyruvate to trace the
possible redistribution of '*C in C-atom positions
derived from PEP C-3 (Fig. 1). Second, we used
deuterated '’C-3-pyruvate (double labeling) to exam-
ine whether deuterium atoms were preserved in '*C-
4-Glu. Third, we measured leaf PPDK activity and
phosphometabolites so as to better understand PEP
metabolism.

Plant Physiol. Vol. 157, 2011
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Figure 5. Leaf metabolic amounts (A and B) and PPDK activity (C) in cocklebur, in the dark and in the light (400 umol mol™’
CO,, 21% O,, 23.5°C, 300 umol mol ' PAR, no labeling). PEP content was determined by quantitative *'P-NMR from perchloric
extracts. ATP-ADP and ATP-AMP ratios were measured on the same extracts with liquid-chromatography/time-of-flight mass
spectrometry. In vitro PPDK activity (nmol PEP m™2 s™') was measured on desalted leaf extracts using a PEPc-malate
dehydrogenase coupled enzymatic assay. Values are mean * st (n = 3).

Is Pyruvate Converted Back to PEP?

After ®C-3-pyruvate labeling, we found a clear
labeling in C-atom positions (Glu C-4, Gln C-4, iso-
citrate C-4) inherited from the TCAP activity that
consumes *C-2-acetyl-CoA formed from pyruvate.
Such results are consistent with those obtained in
cocklebur (Xanthium strumarium) in similar conditions
(Tcherkez et al., 2008, 2009) and show that Glu was one
major sink metabolite after pyruvate addition (nearly
30% of total nonsugar °C in samples). Importantly,
13C atoms were also redistributed in positions inher-
ited from PEP, such as malate C-3. Furthermore, al-
though not very visible, oxaloacetate showed a very
slight increase from 1.4% to 2% BCin C-3 (Fig. 2).

It remains possible that '*C-3-pyruvate caused a
labeling in malate and oxaloacetate via several rounds
of the TCAP (Krebs cycle). However, under such an
assumption, the isotopic pattern in malate would show
a larger enrichment in C-2 than in C-3. Here, malate C-2
is not labeled (Fig. 2). In addition, previous studies in
cocklebur showed the accumulation of fumarate and
Glu, with no possible °C labeling in succinate, thereby
showing the noncyclic nature of the TCAP (Tcherkez
et al., 2009) with a 5% to 10% recovery of 2-oxoglutarate
back to citrate through the cycle. Furthermore, the
isotopic pattern found in Glu was not strictly consistent
with a cycle-based °C redistribution. We show that the
probability to observe a neighbor *C associated with
Glu C+4 is 6% to 10% (Fig. 3). Assuming this value
represents the ’C commitment to TCAP cyclicity, the
isotopic pattern expected in Glu would be C-4, 15%
(observed value), C-3,2.6% (=[15 — 1.1] X 0.1+ 1.1), and
C-2, 1.2% (=[2.6 — 1.1] X 0.1 + 1.1). We obtained here
larger °C-enrichment values (4.5% and 2.5% in C-3 and
C-2, respectively), suggesting other pathways fed the
TCAP with C.'We therefore believe that the contribu-
tion of TCAP cyclicity to "°C patterns found here was of
little importance under our conditions.

Plant Physiol. Vol. 157, 2011

The involvement of the conversion of pyruvate back
to PEP further agrees with the {"*C-"C} interactions
between atom positions in Glu. Although slight (near
4% °C), labeling in Glu C-3 was associated with that in
C-4 and C-2 (62% interaction), showing the concerted
input of BC-oxaloacetate (formed from *C-PEP) and
BC-acetyl-CoA upon "C-3-pyruvate feeding (Figs. 1
and 3).

When fed with d-"*C-3-pyruvate, the deuterium con-
tent in Glu C-4 is lower (34%) than that in source pyru-
vate (50%). Since there was no hydrogen/deuterium
isotope effect associated with the '*C-commitment
rate under our conditions, such a loss of deuterium
likely came from the isotopic wash out to the solvent
caused by the keto-enol equilibrium of pyruvate. The
spontaneous equilibrium in water disfavors strongly
the enol form (K, 2 X 107>; Esposito et al., 1999), with
a very low rate constant of keto-to-enol conversion
(around 107° s71). Such a value would give, in our 3-h
experiment, an estimated proton exchange with the
solvent of 107°s™" X 15 X 10 > mol L™" X 3 X 3,600 =
0.16 mmol L™! experiment ' that is, 1% only of source
pyruvate concentration. In other words, most of the
deuterium loss in Glu C-4 was due to metabolic
(enzymatic) effects, demonstrating that >C-3-pyruvate
molecules underwent enolization, likely back to PEP.
This process was nevertheless a dynamic equilibrium
that reformed pyruvate so that Glu C-4 was only
partially deuterated.

The metabolic flux associated with the conversion of
pyruvate back to PEP may be roughly estimated with
the C-enrichment pattern in Glu C-4 and C-2 (Fig.
1). The "“C-percentage excess (compared to natural
abundance) in C-4 was nearly 15 — 1.1 approximately
14% and that in C-2 was 3 — 1.1 approximately 2%.
Neglecting multiple rounds of the TCAP cycle, the
relative commitment of pyruvate to PEP and oxaloac-
etate was then 2/14 = 14% of the commitment of

91



Tcherkez et al.

Figure 6. Natural variations in phosphometabo- A
lite content in illuminated cocklebur leaves,
under 400 wmol mol™! CO,, 21% O,, 23.5°C,
300 pmol mol™" PAR, fed with pyruvate through
the transpiration stream. A, Array representation of UMP
the phosphometabolome. Metabolites were quan- Fru-6P
tified by liquid chromatography/time-of-flight mass P-EA
spectrometry (ATP, ADP, AMP, UDP-Glc, ADP- DHAP
Glc, UTP, UDP) and *'P-NMR (others). The hierar- UDP-Glc
chical clustering (left) was carried out with the AMP
cosine correlation on mean-centered metabolite PEP
contents. The range of the natural variation of Fru—BD
phosphometabolites is £50% (color scale on NADP
top). Column numbers on top (1-6) are bio- RUBP
logical replicates. DHAP, Dihydroxyacetone
phosphate; G3P, glyceraldehyde-3-phosphate; GPC, ATP‘
glyceryl-phosphophorylcholine; P-Cho, phosphoryl- P-Cho .
choline; PEA, phosphatidyl-ethanolamine; P-EA, Total-P1
3-phosphoryl-ethanolamine; PGA, phospho- ADP
glycerate; RuBP, ribulose-1,5-bisphosphate. ADP-Glc
B, Mass action ratio of phosphometabolites PEA
on the pyruvate kinase (PEP.ADP/ATP, white Glc-6P
symbols) and PPDK (PEP.AMP/ATP, black sym- GPC
bols) as a function of Fru-1,6-bisphosphate. C, PCA
PEP content relative to Fru-1,6-bisphosphate c3p
(black symbols) or AMP (white symbols) as a UTP
function of UDP-Glc-UTP ratio, an indicator UDP
of Suc synthesis. In both B and C, metabolite
concentrations are given in umol m~2. Con- 20l ) T ] " T ' g
tinuous and dashed lines represent the appar- ' ¢  PEP.AMP/ATP B ® PEP/FBP c
ent trends of the curves. & RERSUEALE 2 FEFIAMP
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pyruvate to the TCAP via acetyl-CoA. Tcherkez et al.
(2008) estimated that under similar conditions (pyru-
vate feeding in the light), the pyruvate-decarboxylating
TCAP activity is 0.02 umol m 2 s™! and so the flux
associated with conversion back to PEP would be near
0.002 umol m 2 s~ . In intact illuminated leaves, as-
suming a day respiration rate of 0.5 wmol m ?s ™' and
a natural TCAP activity of around 0.05 umol m ™ s™"
(near 10% of the day CO, evolution rate), PEP resyn-
thesis would be of 0.005 umol m 2 s™! (say, roughly
0.5%o only of the net assimilation rate).

Which Is the Enzyme of PEP/Pyruvate Metabolism?

PEP resynthesis from pyruvate may involve pyru-
vate kinase or PPDK. Pyruvate kinase has been shown
to be reversible, with a huge equilibrium constant of
10 toward pyruvate production (nearly irreversible;

92

Nageswara-Rao et al., 1979; Supplemental Table S1).
Still, proton exchange between pyruvate and solvent
water has been demonstrated (Robinson and Rose,
1972; Rose et al., 1991), showing the ability of the
enzyme to catalyze the reverse reaction. However, the
mass action ratio [pyruvate X ADP]/[PEP X ATP] is
less favorable in the light than in the dark, with a
larger leaf ATP-ADP ratio in the light (Fig. 5). Subcel-
lular analysis of barley (Hordeum vulgare) protoplasts
also showed that the ATP-ADP ratio was larger in both
the chloroplast and cytosol in the light (Gardestrom,
1987, but see Stitt et al., 1982), thereby disfavoring the
pyruvate kinase activity, which is inhibited by ATP
(Baysdorfer and Bassham, 1984). In vitro studies have
further shown that major compounds such as Glu
inhibit cytosolic pyruvate kinase and photosynthetic
intermediates inhibit chloroplastic pyruvate kinase
(Lin et al., 1989). It is therefore believed that both
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chloroplastic and cytosolic pyruvate kinase activity is
down-regulated in illuminated leaves (Plaxton, 1996).

By contrast, chloroplastic PPDK is activated in the
light due to its reversible dephosphorylation by Pj,
which is in turn converted to PPi (Chastain et al., 2002;
Chastain and Chollet, 2003). The inactivation of the
enzyme involves phosphorylation by ADP, converted
to AMP. Therefore, both Pi-PPi and ADP-AMP ratios
may be of importance to control PPDK (de)phosphor-
ylation. Furthermore, such ratios have a thermody-
namic effect on the reaction catalyzed by PPDK, the K,
of which is around 100 only (Supplemental Table S1).
That is, the reaction is much more reversible than
pyruvate kinase. We found an ADP-AMP ratio of 1.3
and 2.3 in the light and in the dark, respectively (Fig. 5).
In illuminated isolated chloroplasts, a low ADP-AMP
ratio was observed, whereas the Pi concentration was
quite high (up to 25 mmol L™'; Santarius and Heber,
1965) and PPi concentration was believed to be very
low (Edwards et al., 1978). It is thus likely that both the
dephosphorylation of PPDK and the PEP-forming re-
action of the equilibrium are promoted by light in
chloroplasts. In the cytosol, Pi concentration is certainly
lower, less than 1 millimolar (Bligny et al., 1990) and
more probably near 70 umol L™! (Pratt et al., 2009). By
contrast, PPi is predominantly in the cytosol, up to 0.3
mmol L™! (Weiner et al., 1987), possibly due to the
absence of cytosolic inorganic pyrophosphatase (Farré
et al., 2006, but see Rojas-Beltran et al., 1999). Further-
more, the cytosolic ATP-AMP ratio is similar (7-8) in
the light and in the dark (Stitt et al., 1982). The PPDK-
catalyzed reaction is thus slightly less favorable in the
cytosol than in the chloroplast under illumination, but
may still be driven by the very large ATP-AMP ratio.

We thus hypothesize here that the conversion of
pyruvate back to PEP involves PPDK rather than pyru-
vate kinase. Accordingly, our results indicate that the
leaf PPDK activity in the light is larger than in the dark
(Fig. 5), as already shown elsewhere (Chastain and
Chollet, 2003).

Rationale of PEP Resynthesis from Pyruvate

Leaf PPDK activity is influenced by light/dark
conditions (see just above) and therefore, the biological
significance of the PPDK flux is certainly related to the
control of day respiration and pyruvate metabolism.
We nevertheless recognize that at the leaf level, PPDK
activity is believed to be heterogenous, with larger
values in vein tissues (Hibberd and Quick, 2002). It is
therefore possible that the PPDK activity observed
here was partly associated with vascular cells, which
require PEP for lignin biosynthesis. However, the
labeling in major metabolites associated with PEPc-
catalyzed C fixation (malate) or nitrogen fixation (Glu)
was very clear (Fig. 2), suggesting a wider implication
of the PPDK flux in cocklebur leaves. In fact, PEP
resynthesis by the PPDK has been assumed to be
involved in nitrogen assimilation. First, in senescing
Arabidopsis leaves, the conversion of pyruvate back to
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PEP sustains oxaloacetate synthesis via the PEPc,
thereby promoting GIn production for nitrogen remo-
bilization (Taylor et al., 2010). Second, transcripts
encoding PPDK have been reported to be more abun-
dant in roots of rice (Oryza sativa) lines overexpressing
Ala aminotransferase (AlaAT) as compared to the wild
type (Beatty et al., 2009). Since AlaAT promotes ni-
trogen uptake and subsequent metabolism by the
downstream catalysis of Ala to pyruvate (with the con-
comitant usage of 2-oxoglutarate and the formation of
Glu), this suggests a role of PPDK in the recovery of
oxaloacetate for Glu production.

In illuminated leaves, the PPDK activity may have
further roles. As stated above, cytoplasmic pyruvate
consumption is believed to be lower in the light
compared to the dark, due to the partial inhibition of
the PDH and the substantial inhibition of the TCAP.
It is therefore plausible that PEP resynthesis contrib-
utes to preventing from pyruvate overaccumulation.
In addition, PEP may be exchanged between the
chloroplast and the cytoplasm (exchanged against Pi)
through specific transporters (PPT1 and PPT2 in
Arabidopsis; for review, see Linka and Weber, 2010).
In the chloroplast, PEP is a fundamental precursor of
aromatic amino acids and fatty acids (via pyruvate)
and activates ADP-Glc synthesis (Ghosh and Preiss,
1966). Pyruvate (with glyceraldehyde-3-P) is also the
precursor of methylerythritol, a key intermediate of
chloroplastic isoprenoid synthesis (Rohmer et al., 1993,
1996). Isoprenoid production is believed to be sub-
stantial in illuminated leaves at moderate to high
temperature, with the accumulation of 2-C-methyl-p-
erythritol 2,4-cyclodiphosphate, which may in turn se-
questrate most of stromal phosphate (Rivasseau et al.,
2009). Therefore, sustaining the chloroplast with PEP
molecules of cytosolic origin might be beneficial to
maintain stromal pyruvate and Pi contents.

The PPDK consumes Pi and synthesizes PPi, thereby
affecting the phospho balance of the cell. Typically, the
cytoplasmic PPDK-catalyzed reaction may contribute
to maintaining a low cytoplasmic Pi content, for which
homeostatic regulation appears critical (Rebeillé et al.,
1983; Pratt et al., 2009) and/or PPi synthesis as an
energy donor (Weiner et al., 1987; Dancer et al., 1990) at
the expense of ATP.

In other words, conversion of pyruvate back to PEP
likely play multiple roles upon illumination to: (1)
promote PEP resynthesis for PEPc-catalyzed oxaloac-
etate synthesis associated with nitrogen assimilation
or chloroplastic isoprenoid metabolism and (2) im-
pede possible increase in cytoplasmic ATP-Pi ratio
(e.g. under large photorespiratory conditions that gen-
erates substantial reducing equivalents in the mito-
chondrion). In fact, the PEP content appeared tightly
correlated to ATP or photosynthetic phosphorylated
metabolites and furthermore, the apparent mass action
ratio of pyruvate kinase seemed to increase with Fru-
1,6-bisphosphate content (Fig. 5). PEP resynthesis
from pyruvate might thus be involved in catabolic
versus photosynthetic adjustments. We nevertheless
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recognize that the control exerted by pyruvate-to-PEP
conversion on the whole respiratory pathway is prob-
ably minor since the associated flux is rather small
under our experimental conditions. Further work is
needed (e.g. characterizing PPDK mutants) to identify
which one of the metabolic roles mentioned above is
the most significant.

MATERIALS AND METHODS
Plant Material and Gas Exchange

Growth conditions of cocklebur (Xanthium strumarium) plants and gas-
exchange techniques were already described in Tcherkez et al. (2009). The
third or fourth leaf (from the apical bud) was used for all measurements.
Detached leaves were placed in a large gas-exchange cuvette connected to the
open system Li-Cor 6400. In all experiments, photosynthesis was allowed to
stabilize before labeling and then leaves were labeled for 3 h (**CO, and /or °C
pyruvate). *CO, (99% *C) and CO, were purchased at Eurisotop and Air
Liquide, respectively. For NMR analyses, the leaf was instantly frozen at the
end of the labeling period with a freeze-spray system: Liquid nitrogen was
sprayed instantly, that is, 0.1 s after the puncture of the upper wall of the
chamber. The leaf sample was then kept at —80°C.

NMR Analyses

NMR measurements were carried out as described in Tcherkez et al. (2005)
from perchloric acid extracts prepared from approximately 7 g of frozen leaf
material. Spectra were obtained using a Bruker spectrometer (AMX 400,
Bruker) equipped with a 10-mm multinuclear probe tuned at 100.6 (**C) and
161.9 MHz (*'P). The assignment of *C and *'P resonance peaks was carried
out according to Gout et al. (1993) and Bligny et al. (1990), respectively. Peak
intensities were normalized to a known amount of the internal reference
compound (maleate for '*C and methyl-phosphonate for *'P) that was added
to the sample (internal standard). Two types of control were done for NMR
analyses: experiments with water (no labeling substrates) and those with 2C
substrates. The latter control was required to normalize the °C signal after *C
labeling so as to calculate the '*C percentage (% "C).

Liquid-Chromatography Time-of-Flight
Mass Spectrometry

A 500-uL aliquot of the perchloric extract (see above, “NMR Analyses”)
was preleved and stored at —80°C for further use. Ten microliters of phos-
phoric acid (50%) were added to the extract and then a double solid phase
extraction was carried out, using Strata-X-C and Strata-A-W columns (Phe-
nomenex). Eluates were speed-vac dried and resuspended in water. Samples
were injected in the UPLC Acquity equipped with the column UPLC-HSS T3
(2.1 X 100 mm, 1.8 um; Waters) under an ammonium acetate/methanol
gradient (99/1-0/100%, 6 min). Electrospray mass spectrometry was carried
out with the MicrOTOF II (Bruker Daltonics) with N, (spray gas) upon
negative ionization. All compounds analyzed here were measured against a
calibration curve with pure standards purchased at Sigma-Aldrich.

PPDK Activity

The procedure used to determine PPDK leaf activity was inspired from
Aoyagi and Bassham (1983) and Nakamoto and Edwards (1983). About 1 g
of leaf frozen material was ground at 4°C using a cold mortar and 1 mL
extracting buffer (0.1 m Tris-HCl, pH 7.5, 10 mm MgCl,, 5 mm sodium
pyruvate, 2 mm K,HPO,, 1 mm EDTA, 1% w/v sodium ascorbate, 10 mm
B-mercaptoethanol, 1% w/v polyvinylpyrrolidone). The homogenate was
filtered through one layer of nylon mesh (30-um pore size), then briefly
centrifugated (1 min at 990 rpm) and desalted with a NAP-5 column (GE
Healthcare) previously equilibrated with 0.1 m Tris-HCl, 10 mm MgCl,, 1 mm
EDTA, 1% w/v sodium ascorbate, 10 mm B-mercaptoethanol at pH 7.5. PPDK
activity was assayed spectrophotometrically (PEPc-malate dehydrogenase
coupled assay) as described previously (Edwards et al., 1980).
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Chemicals

Chemicals for assays and isotopic products, *C-3-pyruvate (99% °C in
C-3) and d—wC—?)—pyruvate (50% D and 99% °C in C-3), were purchased at
Isotec Sigma-Aldrich. d-">C-pyruvate (50% D; used as an isotopic control for
labeling experiments) was synthesized from natural pyruvate incubated for 48
h in deuterium oxide (D,0) at 21°C, after Long and George (1960). In all cases,
the final pyruvate concentration used in the experiments was 0.015 mol L™,
The solutions were fed to leaves through the transpiration stream. d-'>C-3-
pyruvate solutions used in experiments were prepared just before the onset of
labeling, to minimize the spontaneous keto-enol equilibrium of pyruvate.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. NMR signal of C-2 and C-4 atoms in 2-oxoglutarate.

Supplemental Table S1. Thermodynamic properties of pyruvate kinase
and PPDK.
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