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SUMMARY

Trehalose 6-phosphate (Tre6P) is an essential signal metabolite in plants, linking growth and development
to carbon metabolism. The sucrose-Tre6P nexus model postulates that Tre6P acts as both a signal and neg-
ative feedback regulator of sucrose levels. To test this model, short-term metabolic responses to induced
increases in Tre6P levels were investigated in Arabidopsis thaliana plants expressing the Escherichia coli
Tre6P synthase gene (otsA) under the control of an ethanol-inducible promoter. Increased Tre6P levels led
to a transient decrease in sucrose content, post-translational activation of nitrate reductase and phospho-
enolpyruvate carboxylase, and increased levels of organic and amino acids. Radio-isotope ('*C0O,) and stable
isotope ('3CO,) labelling experiments showed no change in the rates of photoassimilate export in plants
with elevated Tre6P, but increased labelling of organic acids. We conclude that high Tre6P levels decrease
sucrose levels by stimulating nitrate assimilation and anaplerotic synthesis of organic acids, thereby
diverting photoassimilates away from sucrose to generate carbon skeletons and fixed nitrogen for amino
acid synthesis. These results are consistent with the sucrose-Tre6P nexus model, and implicate Tre6P in
coordinating carbon and nitrogen metabolism in plants.
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INTRODUCTION

Trehalose 6-phosphate (Tre6P), the intermediate of tre-
halose biosynthesis, is an essential signal metabolite that
links the growth and development of plants to their meta-
bolic status (Lunn et al., 2014). Tre6P is synthesized from
UDP-glucose (UDPGIc) and glucose 6-phosphate (GIc6P)
by Tre6P synthase (TPS, EC 2.4.1.15), and dephosphory-
lated to trehalose by Tre6P phosphatase (TPP, EC 3.1.3.12)
(Cabib and Leloir, 1958). In Arabidopsis thaliana, loss of
AtTPS1, the predominant catalytically active TPS isoform
(Delorge et al., 2015), leads to embryo arrest, stunted vege-
tative growth and delayed flowering (Eastmond et al.,
2002; van Dijken et al., 2004; Gomez et al., 2006, 2010;
Wahl et al., 2013). Constitutive over-expression of the
Escherichia coli TPS in A. thaliana (35S:0tsA) plants gives
rise to plants with small leaves, precocious flowering and
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increased shoot branching, whereas over-expression of the
E. coli TPP (35S:0tsB) has opposite effects, implicating
Tre6P as the trigger for these developmental phenotypes
(Schluepmann et al., 2003; Yadav et al., 2014).

Tre6P levels are extremely low in carbon-starved
A. thaliana seedlings, increase more than 25-fold after
sucrose addition, and are more strongly correlated with
sucrose than with glucose, fructose or related metabolites
(Lunn et al., 2006). Diurnal fluctuations in Tre6P and
sucrose are also highly correlated in rosette leaves of soil-
grown plants (Lunn et al., 2006). Together, these observa-
tions led to the proposal that Tre6P acts as a signal of
sucrose availability (Lunn et al., 2006). The close relation-
ship between sucrose and Tre6P levels has been confirmed
by subsequent studies in A. thaliana (Wingler et al., 2012;
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Carillo et al., 2013; Martins et al., 2013; Nunes et al., 2013a;
Wahl et al., 2013; Sulpice et al., 2014; Yadav et al., 2014)
and other species (Debast et al., 2011; Martinez-Barajas
et al., 2011). Strong correlations between Tre6P and
sucrose were also seen in 35S:0tsA and 35S:otsB A. thali-
ana plants, although the ratios of Tre6P to sucrose were
higher and lower than in wild-type plants, respectively
(Yadav et al., 2014). This led to proposal of the sucrose-
Tre6P nexus model, which postulates that Tre6P acts as
both a signal and negative feedback regulator of sucrose
levels, thereby helping to maintain intracellular sucrose
concentrations within a range that is optimal for the cell
(Yadav et al., 2014). As part of the nexus model, it is envis-
aged that the set point and dynamic range of the sucrose—
Tre6P nexus vary according to the specific requirements of
various tissue and cell types at various developmental
stages (Lunn et al., 2014), and there is evidence that the
sucrose-Tre6P relationship is also adjusted in response to
changes in environmental conditions, e.g. low temperature
(Carillo et al., 2013).

Given the central role of sucrose in plant metabolism
(Lunn, 2008), and its widespread influence on gene and
protein expression at the transcriptional, translational and
post-translational levels (Lastdrager et al, 2014), the
sucrose-Tre6P nexus model may explain why perturbation
of Tre6P levels has such profound effects on plant growth
and development. However, little is known of the molecu-
lar mechanisms that link sucrose and Tre6P, and these are
difficult to investigate in tps null mutants or the constitu-
tive 35S:0tsA and 35S:0tsB lines due to their highly pleio-
tropic phenotypes.

Using ethanol-inducible otsA lines, Martins et al. (2013)
found that high night-time levels of Tre6P inhibit starch
breakdown in A. thaliana leaves, thereby limiting the rate of
sucrose synthesis at night and decreasing sucrose to very
low levels. Tre6P may also influence sucrose levels by stim-
ulating consumption of sucrose for growth. In young devel-
oping tissues, inhibition of the sucrose-non-fermenting
1-related protein kinase (SnRK1) by Tre6P may play a role in
stimulating sucrose consumption (Zhang et al., 2009).

To better understand the nexus between Tre6P and
sucrose, we used one of the ethanol-inducible otsA lines
(TPS29.2) established by Martins et al. (2013) to investigate
metabolic responses to short-term increases in Tre6P in
the daytime, when the decrease in sucrose may be less
extreme. After induction of otsA expression, increasing
levels of Tre6P were accompanied by a small decrease in
sucrose content, while the levels of several organic and
amino acids increased. The molecular mechanisms under-
lying these metabolite changes were investigated by *CO,
and "*CO, labelling experiments, revealing the influence of
Tre6P on post-translational regulation of key enzymes
involved in nitrate assimilation and provision of precursors
for amino acid synthesis.

© 2015 The Authors

RESULTS

Effects of TPS induction on sucrose and starch
metabolism

All of the experiments reported here were performed using
the ethanol-inducible TPS29.2 line and the AlcR line
expressing only the ethanol-binding transcription factor, as
described by Martins et al. (2013). Plants were grown
under equinoctial conditions (12 h light/12 h dark) or long-
day conditions (16 h light/8 h dark), and 4- or 3-week-old
plants, respectively, were sprayed with either water (non-
induced) or ethanol (induced) at the start of the light period
(i.e. ZTO, where ZT or zeitgeber time refers to the number
of hours after the preceding dawn). Samples were har-
vested every 2 h until the end of the day for metabolite
and enzyme analysis. The results of both diurnal cycle
experiments were qualitatively very similar. However, as
some of the more transient metabolic responses were
most evident under long-day conditions, we focus on
those experiments (Figure 1 and Figure S1). Plants grown
under a 12 h photoperiod were marginally carbon-limited,
while plants grown under long-day conditions (16 h pho-
toperiod) were carbon-replete (Sulpice et al., 2014), which
may account for the quantitative differences in their
responses to induced increases in Tre6P. The data from
the 12 h photoperiod experiment are shown in Figure S2.
Two methods of statistical analysis were used. In Figure 1
and Figures S1 and S2, asterisks indicate values from the
induced TPS29.2 plants that were significantly different
from all three of the controls (i.e. water- and ethanol-trea-
ted AlcR and non-induced TPS29.2) at that time point,
according to a one-way analysis of variance (anova) with
Holm-Sidak post hoc testing. As a more sensitive test for
weaker but consistent trends across multiple time points,
we also analysed the data using one-way repeated-mea-
sures aANovA. Metabolites that were found to be significantly
increased or decreased in the induced TPS29.2 plants by
this statistical test are shown in blue and red, respectively,
on a map of central metabolism (Figure 2 and Figure S3).
The P values from repeated-measures anova of the 16 and
12 h photoperiod experiments are given in Tables S1 and
S2, respectively.

Tre6P increased during the day under the three control
treatments, presumably reflecting the parallel increase in
sucrose levels (see also Lunn et al., 2006). From 4-6 h after
induction, the levels of Tre6P in the induced TPS29.2 plants
were significantly higher than in the three controls (Fig-
ure 1a,b), as previously observed by Martins et al. (2013).
In the 12 h photoperiod experiment, Tre6P was already sig-
nificantly higher in the induced TPS29.2 plants by 4 h after
induction (Figure S2a). In both experiments, increasing
Tre6P levels in the induced plants were accompanied by a
transient 20-30% decrease in sucrose content (Figure 1b
and Figure S2a). There was only a slight, and usually
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non-significant, increase in starch in the induced plants
compared to the controls. The ratio of starch to sucrose
was significantly higher, due mainly to the lower sucrose
content in the induced plants (Figures 1c,d and 2, and Fig-
ures S2a and S3). Glucose and fructose were slightly ele-
vated in the induced plants, especially around the middle
of the day (ZT8) in the long-day experiment (Figures S1a
and S2a). There were no obvious changes in the maximal
catalytic activities of acid or neutral invertases (Fig-
ure S2e).

Among the intermediates of sucrose biosynthesis, fruc-
tose 6-phosphate (Fru6P) and sucrose 6-phosphate
(Suc6P) were slightly lower in the induced plants in the
long-day experiment (Figure 2, and Figures S1a and S2a),
but UDPGIc was not significantly different from the con-
trols in either experiment. The levels of other hexose phos-
phates, including Glc6P, which is an allosteric activator of
sucrose-phosphate synthase (SPS), fructose 1,6-bisphos-

phate, glucose 1-phosphate, mannose 6-phosphate and
galactose 1-phosphate, were also significantly lower in the
induced plants (Figure 2 and Table S1). Levels of fructose
2,6-bisphosphate (Fru2,6BP) increased during the day in
the controls, following the increase in sucrose as previ-
ously seen (Stitt, 1990a). However, there were no signifi-
cant differences between induced and control plants in the
levels of Fru2,6BP (Figure S2a) or the maximal and selec-
tive activities of SPS (Figure S2e).

Effects of TPS induction on respiratory intermediates and
amino acids

Induction of TPS had no significant effect on phospho-
enolpyruvate (PEP) or pyruvate, although the ratio of PEP
to pyruvate was significantly lower at ZT8 in the 12 h
photoperiod experiment (Figures S1b and S2b). In the
long-day experiment, the induced TPS29.2 plants had
higher levels of citrate and fumarate, with the greatest
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The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 410-423



Tre6P promotes carbon flux into organic and amino acids 413

-~

)

Chloroplast Peroxisome / Mitochondrion
0,
RfiEeie *kKk *kKk
glycolate — glycolate = =|====-=~= -+ (glycolate —» glyoxylate —*> Gly --A------1 -+ Gly
CO,
‘ 1\ NH,*, CO,
Rul1.5BP 3PGA «— glycerate + 4 -=-=-=-=-=-3-- glycerate «—— hydroxypyruvate <«—— Ser <+ T------ F-=- Ser
f
*k Fru6P GaBP mPDH
emmmmmmmmmmms = pyruvate — acetyl-CoA
'
AY
*%% Glc6P Fru1 BBP *%% Ala <—> pyruvate 7 = * Val *** OAA citrate * %%
I Ga3P I = Loy /
P .
‘ i / \ * % *% 'malate aconitate **
* Glc1P DHAP -l DHAP «—— Frul,6BP --» 3PGA --» PEP malate = ==1----"
*%% fumarate isocitrate
l PEPC 1 I p
V *kk ,/ .
ADPGIc PEP GIy3P #% FrusP  «+—> Man6P OAA fumarate = - _ | _ -~ succinate 2-0G *
| ek 1 wkk ~ ~ \
I e Lo 1 e (L el )
starch Phe +- = shikimate *kk GIcGP GallP  *%*% Asp 5 =% Lys *% \
-7 v
Fhx *% Tyr & Tk wx RN Thr *kk 1
SUCGP *k Chloroplast ‘I
* Glm P Tre6P Asn *kk ’I
Ile *kk _’
™s RSCChe
Vactole UDPGIc —<
* Gl In *
trehalose S ; Gln
*% glucose e, - / glucose ** NO, ====- + NOy —* NH, ;
SUCrOSE 4= == = == = sucrose
is *%
fructose e : fructose NR I His
! NO;~
! +
; T
Phloem : : Xylem

glucose **
*%% SUCrose

fructose

Figure 2. Overview of metabolite changes after induction of TPS expression.

Metabolite data from the experiment described in Figure 1 are displayed on a map of central metabolism. Solid arrows represent single-enzyme reactions and
dashed arrows represent multiple reactions or transport between compartments. Data were analysed by one-way repeated-measures anova with Holm-Sidak
post hoc testing (see Table S1). Asterisks indicate statistically significant differences between the induced TPS29.2 and control sample: *P < 0.05, **P < 0.01 and
*#%P < 0.,001. Colours indicate which metabolites were significantly increased (blue) or decreased (red), or unchanged (black). Metabolites shown in grey were

not measured.

differences towards the end of the day, while the level of
2-oxoglutarate (2-OG) was higher around the middle of
the day (Figure 1e,f and Figure Sic). The repeated-mea-
sures ANOvA additionally revealed that aconitate and
malate levels were likely to be higher in the induced
TPS29.2 plants (Figure 2 and Table S1), although there
were no significant differences between induced and con-
trol plants at any individual time point (Figure S1c). The
induced TPS29.2 plants in the 12 h photoperiod experi-
ment showed no differences in citrate content, but did
have elevated levels of 2-OG, fumarate and malate (Fig-
ures S2c and S3).

Even stronger responses to elevated Tre6P were
observed for several amino acids. Within 4-6 h of induction
in both experiments, the induced TPS29.2 plants showed
significantly increased levels of Ala and Asp (Figure 1g,h
and Figure S2d). There were also significantly higher levels
of Val, Asn, Thr, Lys and lle in the induced TPS29.2 plants
(Figure 2 and Figure S1d), and a particularly marked
increase in Gly (Figure S1d and S2d). Ser showed a ten-

© 2015 The Authors

dency to be decreased in the induced TPS29.2 plants in the
12 h photoperiod experiment, but not under long-day con-
ditions (Figure 2, and Figures S1d, S2d and S3). Neither
Glu nor GIn was significantly altered in the induced
TPS29.2 plants compared to the controls at any time point,
but overall there was a significant trend towards higher
Glu and GIn levels in the induced plants (Figure 2 and Fig-
ure S1d). The total amino acid content of the induced
TPS29.2 plants was higher than in the control plants when
grown under a 16 h photoperiod (Figure S1d), but was not
significantly different from the controls in the 12 h pho-
toperiod experiment (Figure S2d).

Under long-day conditions, the total amount of carbon
in tricarboxylic acid (TCA) pathway intermediates and
amino acids was higher in the induced TPS29.2 plants than
the controls from ZT6 until the end of the photoperiod (Fig-
ure Sda). The differences between the induced TPS29.2
and control plants were smaller when soluble sugars (su-
crose, glucose and fructose) were included in the calcula-
tion (Figure S4b), and almost disappeared (significant

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 410-423
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difference only at ZT6) when starch was also included
(Figure S4c). These comparisons suggest there was only a
minor increase, if any, in the net carbon assimilation rate
in the induced TPS29.2 plants, and that the increased
amounts of carbon in the TCA pathway intermediates,
amino acids and hexoses were largely offset by the
decrease in the pool of carbon in sucrose (Figure 1b).
There were a few very minor differences between the
induced TPS29.2 and control plants in terms of their car-
bon pool sizes when grown under a 12 h photoperiod (Fig-
ure S4d-f), indicating that the increases in some individual
organic and amino acids were completely offset by the
decrease in sucrose (Figure S2a).

TPS induction alters photoassimilate partitioning into
sucrose and organic acids

The metabolic responses to increasing Tre6P levels were
investigated further by single-leaf 'C-labelling experi-
ments (Kolling et al, 2013) using induced TPS29.2 and
control plants. Plants grown under long-day conditions
were induced at ZT1, and leaf 4 was supplied with "CO,
as a 5 min pulse at ZT7 and ZT13 (i.e. 6 and 12 h after
induction), then returned to '>CO, for a 1 h chase period
before harvesting. The distribution of label was analysed
separately in leaf 4 and the rest of the rosette. In leaf 4
from the induced TPS29.2 plants (labelled at ZT13), there
was significantly less "C in the neutral fraction (containing
soluble sugars) and more in the acidic fraction (containing
organic acids and phosphorylated intermediates) than in
the control plants, but no difference in the labelling of the
basic fraction (containing amino acids) (Figure Sba-c).
Similar but not statistically significant trends were
observed after pulse labelling at ZT7. There were no signif-
icant differences between the induced TPS29.2 and control
plants in terms of incorporation of the label into starch, or
in the amount of label exported from leaf 4 to the rest of
the rosette (Figure S5d,e).

TPS induction promotes carbon flux into organic acids

The elevated organic acid levels of the induced TPS29.2
plants and the '“C-labelling results suggested that the
decrease in sucrose triggered by increasing Tre6P levels
was mainly due to increased flux of carbon into respiratory
pathways. To test this hypothesis, TPS29.2 plants grown
under long-day conditions were induced at ZT0, and whole
rosettes of induced and control plants were pulse-labelled
with "3CO, from ZT4 to ZT10, at which time Tre6P was
expected to be significantly increased in the induced
TPS29.2 plants. Samples were taken at ZT4 (before the
pulse) and at ZT6, ZT8 and ZT10 for analysis of organic
acid isotopomers by LC-MS/MS.

Tre6P levels were very similar to those observed in pre-
vious experiments, with Tre6P levels in the induced
TPS29.2 plants increasing significantly above the controls

from 6 h after induction (Figure S6a). The amounts of TCA
pathway intermediates were also similar to previous exper-
iments, with the induced plants having higher 2-OG and
fumarate levels than the controls (Figure S6b-h). There
was substantial "C enrichment of Tre6P in all of the plants
(>80% at ZT10; Figure 3a). Although there were no signifi-
cant differences between the induced TPS29.2 and control
plants in terms of "C enrichment of Tre6P, the total
amount of Tre6P (and thus the total amount of 'C in
Tre6P) was clearly higher in the induced TPS29.2 plants
(Figure S6a), which is consistent with increased flux of "3C
into Tre6P in the induced plants. The "*C enrichment of
most of the measured organic acids, including citrate,
aconitate, isocitrate, 2-OG, malate and fumarate, was sig-
nificantly higher in the induced TPS29.2 plants than in the
controls (Figure 3b-h). The only exception was succinate,
which showed no significant differences between induced
and control plants (Figure 3f). The increases in "*C enrich-
ment (Figure 3) were greater than the increases in the total
amounts of organic acids (Figure S6), reflecting the sensi-
tivity of "3C enrichment as an indicator of flux changes in
the metabolically active pools (Szecowka et al., 2013).

TPS induction leads to post-translational activation of PEP
carboxylase and nitrate reductase

PEP carboxylase (PEPC) catalyses the anaplerotic conver-
sion of PEP and bicarbonate (HCO3™) into oxaloacetate
(OAA\) in the cytosol, which may subsequently be transam-
inated to Asp, reduced to malate or fumarate, or fed
directly into the TCA pathway in the mitochondria to gen-
erate other organic acids (Plaxton and Podesta, 2006). The
increased flux of 'C into organic acids in the induced
TPS29.2 plants suggested that PEPC may have been acti-
vated. PEPC activity is regulated by multiple mechanisms,
including protein phosphorylation and mono-ubiquitina-
tion, which activate and deactivate the enzyme, respec-
tively, by affecting the sensitivity to inhibition by malate
(Hartwell et al., 1999; O’Leary et al., 2011b). We analysed
the activation status of PEPC in induced TPS29.2 and con-
trol plants by immunoblotting of samples harvested at 6 h
after induction. This was the time at which we observed
some of the earliest statistically significant effects on
metabolite levels in previous experiments, presumably
reflecting primary responses to increased Tre6P.

We first used a polyclonal antibody raised against the
castor bean (Ricinus communis) PPC3 isoform of PEPC
(anti-RcPPC3), which recognizes two PEPC proteins in
A. thaliana leaf extracts: a 107 kDa protein corresponding
to a non-ubiquitinated plant-type PEPC polypeptide (p107),
and a 110 kDa protein corresponding to a mono-ubiquiti-
nated polypeptide (p110) (O’Leary et al., 2011a). In castor
bean, comparable p107 and p110 PEPC proteins were
shown by peptide mass spectrometry to be derived from
the same RcPEPC gene (Uhrig et al., 2008). Likewise, the

© 2015 The Authors
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p107 and p110 proteins in harsh hakea (Hakea prostrata)
and sorghum (Sorghum bicolor) were confirmed to have
single-gene origin from the corresponding HpPEPC and
SbPEPC genes (Shane et al, 2013; Ruiz-Ballesta et al.,
2014), suggesting that a similar relationship may exist for
the p107 and p110 PEPC proteins in A. thaliana. The per-
centage of p110 was approximately 40% lower in the
induced TPS29.2 plants than in the controls (Figure 4a).
Immunoblotting with an anti-pSer11 polyclonal antibody,
which recognizes the activated phospho-Ser11 form of
plant-type PEPC (Gregory et al., 2009), revealed the pres-
ence of phosphorylated p107 subunits in the positive con-
trol plants (Pi-starved seedlings) and induced TPS29.2
plants, but not in the negative controls (Figure 4b). Phos-
phorylated and non-phosphorylated forms of PEPC were
resolved by electrophoresis in polyacrylamide gels con-
taining Phos-tag reagent, which retards the migration of
phosphorylated  proteins  (Kinoshita et al, 2006).
Immunoblotting with the anti-RcPPC3 antibody revealed

© 2015 The Authors

ZT (h) ZT (h)

the presence of an immunoreactive protein with an appar-
ent molecular mass of approximately 140 kDa in the
induced TPS29.2 samples but not in the control samples,
while two of the smaller polypeptides were absent or
greatly decreased in the induced TPS29.2 samples (Fig-
ure S7). These results indicate a shift from the deactivated
(non-phosphorylated and mono-ubiquitinated) form of
PEPC to the activated (phosphorylated and non-ubiquiti-
nated) form in induced TPS29.2 plants.

In addition to the carbon skeletons provided by the res-
piratory and anaplerotic pathways, amino acid synthesis
also requires a source of reduced nitrogen. Therefore, we
investigated whether there was any change in the activity
of nitrate reductase (NR), which catalyses the first step in
nitrate assimilation and is a regulatory enzyme in this path-
way. The maximal catalytic activity of NR (Vax) was simi-
lar for all lines and treatments, but the selective activity
(Vsel), measured in an assay (Kaiser and Huber, 2001) that
favours the activated (non-phosphorylated) form of the

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 410-423
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Figure 4. TPS induction leads to post-translational modifications of PEPC.

Three-week-old TPS29.2 and AlcR plants, grown under long-day conditions (16 h photoperiod), were sprayed with water or 2% v/v ethanol at dawn (ZT0) and

harvested at ZT6.

(a) Anti-RcPPC3 immunoblot showing the mono-ubiquitinated (p110) and non-ubiquitinated (p107) forms of PEPC. The histogram shows the fraction of mono-

ubiquitinated PEPC expressed as a percentage of total PEPC.

(b) Anti-pSer11 immunoblot showing the phosphorylated form of PEPC (p107). The histogram shows the abundance of the phosphorylated form of PEPC

expressed as a percentage of the control (Pi-starved A. thaliana seedlings).

Lanes 1-3, AlcR (water); lanes 4-6, AlcR (ethanol); lanes 7-9, TPS29.2 (water); lanes 10-12, TPS29.2 (ethanol); lane C, control. Values are means + SD (n=3),
and the significant difference between the induced TPS29.2 and control samples is indicated by asterisks: ***P < 0.001 (one-way Anova, Holm-Sidak post hoc

testing). ZT, Zeitgeber time (hours after dawn).

enzyme, was significantly higher in the induced TPS29.2
plants (Figure 5). Very similar changes were seen in sam-
ples from the 12 h photoperiod experiment (Figure S2e).
Protein samples from plants grown under equinoctial
conditions and harvested at 6 h after induction were sub-
jected to phosphopeptide enrichment and analysed by
mass spectrometry. The normalized ion intensity for the
(oxM)A(pS")IDAQLR phosphopeptide from the predomi-
nant PEPC isoform in leaves (PPC2; At2g42600) (Shi et al.,
2015) was approximately twofold higher in the induced
TPS29.2 plants than in the controls (Figure 6a), whereas
total PPC2 peptide abundance was similar in all samples
(Figure 6b). The SV(pS®**TPFMNTTAK phosphopeptide,
derived from the most abundant NR isoform in leaves
(NIA2, At1g37130) (Wilkinson and Crawford, 1991), was
found in all three of the controls, with similar normalized
ion intensities, but not in the induced TPS29.2 samples
(Figure 6¢). The total NIA2 peptide abundance did not dif-
fer significantly between the induced and control plants

(Figure 6d). Representative spectra for the analysed phos-
phopeptides are shown in Figure S8.

DISCUSSION
Higher Tre6P triggers a decrease in sucrose levels

The ethanol-inducible otsA lines established by Martins
et al. (2013) enabled us to investigate the short-term meta-
bolic responses to increases in Tre6P in plants that are
essentially wild-type in character before induction. Signifi-
cant increases in Tre6P were seen within 4-6 h of induction
(Figure 1a and Figure S2a), as reported by Martins et al.
(2013).

In both the long-day and equinoctial photoperiod experi-
ments, sucrose was among the first of the measured
metabolites to show a significant response, decreasing
below the levels in the control plants within 6 h of induc-
tion. Martins et al. (2013) also observed a tendency for
sucrose to decrease in the TPS29.2 plants after induction,
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Figure 5. TPS induction leads to activation of NR.

Three-week-old TPS29.2 and AlcR plants, grown under long-day conditions
(16 h photoperiod), were sprayed with water or 2% v/v ethanol at dawn
(ZT0).

(a) NR maximal activity (Vi ax)-

(b) NR selective activity (Vse).

(c) NR activation state (Vinax/Vser)-

Values are means £SD (n = 3). Asterisks indicate statistically significant dif-
ferences between the induced TPS29.2 and control samples: *P < 0.05,
##P < 0,01 and ***P < 0.001 (one-way anova, Holm-Sidék post hoc testing).
ZT, Zeitgeber time (hours after dawn).

but their data were more variable and the differences were
not statistically significant. This change in sucrose content
is consistent with the sucrose-Tre6P nexus model, which
predicts that increasing Tre6P will trigger a decrease in

© 2015 The Authors

sucrose concentration (Yadav et al, 2014). The nexus
model was partly based on the low levels of sucrose
observed in 35S:0tsA plants. Caution is required when
interpreting any of the phenotypic traits of these plants,
due to confounding secondary effects when Tre6P levels
are permanently elevated. However, our results for the
ethanol-inducible otsA line provide compelling evidence
that a decrease in sucrose is among the earliest responses
to a increase in Tre6P, supporting the concept of Tre6P
being a negative feedback regulator of sucrose concentra-
tions. An even more dramatic and rapid decrease of
sucrose was observed by Martins et al. (2013) after induc-
ing otsA expression in the night-time, in this case due to
inhibition of starch degradation.

The observed decrease in daytime sucrose levels in the
rosettes of induced TPS29.2 plants might be brought about
in several different, but not mutually exclusive, ways:
(i) decreased synthesis due to lower rates of CO, assimila-
tion or partitioning into sucrose, (ii) increased export, and
(iii) increased consumption by respiration and growth-
related processes.

Considering the first possibility, a decrease in the total
supply of photoassimilates may be ruled out, as the total
amount of carbon in the major metabolite pools (starch,
soluble sugars, TCA pathway intermediates and amino
acids) was not different or, if anything, was slightly
increased in the induced TPS29.2 plants (Figure S4). Fur-
thermore, no differences in CO, assimilation rates were
observed between induced TPS29.2 and control plants
when measured directly by gas exchange analysis (Martins
et al., 2013). However, the "*C-labelling data suggested that
a smaller proportion of total photoassimilate was parti-
tioned into sucrose in the induced TPS29.2 plants, and
more was partitioned into organic acids (Figure Sba,b).
Sucrose synthesis is controlled primarily by the cytosolic
fructose-1,6-bisphosphatase (FBPase) and SPS (Stitt et al.,
1988; Huber et al., 1989). FBPase activity is regulated by
Fru2,6BP (Stitt and Heldt, 1985; Stitt et al., 1985), but the
levels of this inhibitor were not affected by TPS induction.
SPS is subject to allosteric regulation by Glc6P (activator)
and Pi (inhibitor), and by multi-site protein phosphoryla-
tion mediated by SnRK1 and calcium-dependent protein
kinases (CDPKs) (Huber et al., 1989). The decrease in the
levels of the product (Suc6P, Figure S1a) is consistent with
a decrease in SPS activity. Although the maximal (Vax)
and selective (V) activities of SPS were unaffected in the
induced TPS29.2 plants (Figure S2e), there was a decrease
in the content of one of the substrates (FruéP) and the
allosteric activator (Glc6P) (Figure 2, and Figures S1a, S2a
and S3). This indicates that sucrose synthesis is decreased
due to a decrease in the supply of hexose phosphates.
Export of photoassimilates from leaf 4 to the rest of the
rosette was not significantly affected in the induced
TPS29.2 plants (Figure Sbe).

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 410-423



418 Carlos M. Figueroa et al.

(@)

(4)

4)

Normalised ion intensity
(oxM)A(pS)IDAQLR

20

15| (111) (103)
(112) (112) [

05

Normalised ion intensity
At2g42600
o
—

0.0

()

(1) @

05

Normalised ion intensi
SV(pS)TPFMNTTAK
o
HR
C]

0.0
a, 3r (d)
‘0
&
- (28)
=& ol
=2
S
- O (26) @n @7
°s
2< | I
£
=
=]
-4
0
AlcR AlcR TPS29.2 TPS29.2
water ethanol water ethanol

Sucrose levels may also decrease if there is an increase
in sucrose catabolism. The slightly higher glucose levels in
the induced TPS29.2 plants (Figure 2) may be an indication
of increased sucrose catabolism via invertases. No differ-

Figure 6. TPS induction leads to changes in the phosphorylation of PEPC
and NR.

Four-week-old TPS29.2 and AlcR plants, grown under equinoctial conditions
(12 h photoperiod) were sprayed with water or 2% v/v ethanol at dawn
(ZT0) and harvested at 6 h into the photoperiod (ZT6).

(a) PEPC phosphopeptide (oxM)A(pS'")IDAQLR.

(b) Total PEPC peptides (PPC2, At2g42600).

(c) NR phosphopeptide SV(pS***TPFMNTTAK.

(d) Total NR peptides (NIA2, At1g37130).

Values are means +SD (n=4), and the number of spectra analysed is
shown in parentheses. Asterisks indicate statistically significant differences
between the induced TPS29.2 and control samples: *P < 0.05 (one-way
anova, Holm-Sidak post hoc testing).

ences in the maximal acid and neutral invertase activities
were seen in the induced plants (Figure S2e). However, we
cannot exclude the possibility that invertase activities were
modulated by other mechanisms (Gao et al., 2014; Lin
et al., 2015), or that transport of sucrose across the tono-
plast allowed increased hydrolysis by vacuolar invertase.
Thus, increased sucrose hydrolysis may contribute to the
decrease in sucrose, in combination with decreased rates
of synthesis due to a decrease in hexose phosphate levels.

Measurement of starch content and 'CO, labelling
revealed only a minor and inconsistent increase in the rate
of starch synthesis (see also Martins et al., 2013). In con-
trast, there was a substantial increase in the partitioning of
%C into acidic components, such as organic acids, in the
induced TPS29.2 plants (Figure Sbb). Further evidence for
increased flux to organic acids is provided by the slight
decrease in the levels of most phosphorylated intermedi-
ates and the increase in the levels of many organic acids
(Figures 1 and 2 and Figures S1-S3), and the faster
increase in "*C enrichment of most organic acids after sup-
plying ®*CO, (Figure 3).

Thus, we conclude that diversion of photoassimilates
away from sucrose synthesis and into respiratory path-
ways is the main reason for the decrease in sucrose trig-
gered by increasing Tre6P levels in the induced TPS29.2
plants.

Tre6P diverts carbon into organic and amino acid
metabolism via post-translational activation of PEPC and
NR

The classical route for entry of carbon into organic acids is
via glycolysis and the TCA pathway. The main product of
glycolysis, pyruvate, is imported into the mitochondria,
where it is decarboxylated by mitochondrial pyruvate
dehydrogenase (mPDH) to give acetyl-CoA, which then
enters the TCA pathway as citrate via condensation with
OAA by citrate synthase (Figure 2). Oxidation of citrate via
the TCA pathway generates NADH, FADH, ATP and CO.. In
parallel with the TCA pathway, anaplerotic synthesis of
OAA by PEPC in the cytosol provides a supplementary
source of dicarboxylates. OAA itself may be imported into
the mitochondria, or may first be reduced to malate and

© 2015 The Authors
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then to fumarate by cytosolic malate dehydrogenase and
fumarase, respectively (Pracharoenwattana et al., 2010).
Within the mitochondria, imported dicarboxylates feed into
the TCA pathway, allowing other intermediates, such as
2-0G, to be withdrawn as carbon skeletons for amino acid
synthesis. Although the TCA pathway operates in cyclic
flux mode in leaves at night, it operates in illuminated
leaves in a linear flux mode with two separate branches,
both linked to photorespiratory processes. In one branch,
citrate that accumulated during the previous night is con-
verted to 2-OG (Gauthier et al., 2010; Tcherkez et al., 2012),
which is necessary to re-assimilate ammonium released by
photorespiration, while in a separate branch, OAA is
reduced to malate and fumarate, enabling excess reducing
equivalents from glycine decarboxylation to be exported
out of the mitochondria.

A. thaliana has four genes encoding PEPC (AtPPC1-4),
but only AtPPC1 and AtPPC2 are highly expressed in
rosettes, and the corresponding isoforms account for the
majority of PEPC activity in leaves (Shi et al., 2015). In the
induced TPS29.2 plants, we observed a simultaneous
increase in phosphorylation and a decrease in mono-ubi-
quitination of PEPC (Figures 4 and 6a,b). Both of these
post-translational modifications enhance PEPC activity by
decreasing the enzyme's sensitivity to inhibition by malate,
as well as increasing its affinity for its substrate, PEP, and
its activator, GIc6P (Uhrig et al., 2008; Gregory et al., 2009;
O’Leary et al., 2011a). Our results are consistent with the
proposal that these two opposing types of post-transla-
tional modification of plant-type PEPC are mutually exclu-
sive (O’Leary et al., 2011b).

The molecular mechanisms linking high Tre6P levels to
post-translational activation of PEPC remain to be eluci-
dated. They may involve regulation of PEPC kinase, or
more indirect mechanisms. NH,* has been implicated as a
potential trigger for activation of PEPC in the green alga
Selenastrum minutum, in which dark carbon fixation via
PEPC is linearly related to the NH,* assimilation rate (Van-
lerberghe et al., 1990). Exogenous supply of NH,* to iso-
lated leaf cells of poppy (Papaver somniferum) or spinach
(Spinacia oleracea) rapidly increased incorporation of
%CO, into pyruvate, citrate, malate, 2-0OG and closely
related amino acids (e.g. Ala, Asp and GlIn) at the expense
of sucrose synthesis, with no effect on starch accumulation
(Paul et al., 1978; Larsen et al., 1981). These metabolic
changes were attributed to activation of pyruvate kinase
and PEPC, and are strikingly similar to those observed in
the induced TPS29.2 plants (Figures 1-3 and Figures S1-
S3). In wheat (Triticum aestivum), nitrate has been impli-
cated in the activation of PEPC and the diversion of carbon
from sucrose to organic acids (Champigny and Foyer,
1992; Champigny et al., 1992; Duff and Chollet, 1995).

There are three main sources of NH,* in leaves: (i) pho-
torespiratory release of NH," in the glycine decarboxylase

© 2015 The Authors

reaction, (i) delivery of NH,* from the roots via the xylem,
and (iii) reduction of nitrate. The predominant source of
NH," in leaves during the day is thought to be photorespi-
ration. Martins et al. (2013) compared net CO, assimilation
rates at different intracellular CO, partial pressures (C;), but
found no significant differences between induced TPS29.2
plants and non-induced or AlcR controls. The absence of
any differential response of net assimilation to increasing
C; suggests there are no differences in the rates of pho-
torespiration, and (by implication) no differences in the
rates of photorespiratory NH,* release. Our plants were fer-
tilized with NH,NO3, so both NH,* and NO;~ are trans-
ported to the leaves in the xylem. NO3™ is assimilated by
reduction to nitrite (NO, ) in the cytosol by NR, and then
reduction of NO,~ to NH,* in the chloroplasts by nitrite
reductase (Stitt et al., 2002). We observed a significant
increase in the activity of NR measured under selective
assay conditions that favour the post-translationally acti-
vated (i.e. dephosphorylated) form of the enzyme (Figure 5
and Figure S2e) (Kaiser and Huber, 2001). NR activity is
regulated by phosphorylation of a highly conserved Ser
residue (Serb34 in A. thaliana) and subsequent binding to
a 14-3-3 regulatory protein in the presence of Mg%, lead-
ing to a complex that has no detectable activity (Su et al.,
1996; Kaiser and Huber, 2001). The NR selective activity
results were confirmed by analysis of NIA2 (phospho)pep-
tides by mass spectrometry (Figure 6¢,d). Plant cells gener-
ally contain excess nitrite reductase activity to avoid
accumulation of toxic NO,~. Therefore, activation of NR
activity is expected to result in increased NH,".

In spinach leaves, NR may be phosphorylated by CDPKs
and SnRK1, and thereby inactivated (Bachmann et al.,
1995, 1996; Sugden et al., 1999). Both types of protein
kinase are inhibited by Glc6P and other sugar phosphates
(Bachmann et al., 1995; Toroser et al., 2000; Nunes et al.,
2013b). This is unlikely to explain the activation of NR seen
after an induced increase in Tre6P, because sugar phos-
phate levels were decreased. SnRK1 activity is also inhib-
ited by Tre6P (Zhang et al., 2009), apparently offering a
simple explanation for the observed decrease in phospho-
rylation of the NR protein and increase in NR selective
activity in induced TPS29.2 plants with high Tre6P levels.
However, several considerations argue against this simple
scenario. First, NR is located primarily in photosyntheti-
cally active (mesophyll) cells in the source leaves, in which
SnRK1 is relatively insensitive to Tre6P due to the absence
of an unknown protein factor that confers sensitivity to
Tre6P inhibition (Zhang et al., 2009). Second, we found no
evidence of changes in the activation state of SPS, which,
like NR, is also regulated via protein phosphorylation by
SnRK1 and CDPKs (Huber et al., 1989). Activation by Tre6P
of the protein phosphatase that dephosphorylates the
phosphorylated Ser534 residue of NR cannot be excluded
as a potential mechanism for the observed activation of NR.
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Tre6P stimulates carbon flux to citrate and 2-oxoglutarate

Together, our "*CO, and CO, labelling experiments show
that Tre6P has an especially large impact on the flux of
photoassimilate to citrate and its immediate derivatives in
the TCA pathway (aconitate, isocitrate and 2-OG). The syn-
thesis of citrate via citrate synthase is restricted during the
day because mPDH is inhibited in the light (Budde and
Randall, 1990; Gemel and Randall, 1992); thus, citrate is
mainly produced via this route in the dark (Gauthier et al.,
2010; Tcherkez et al, 2012; Ishihara et al., 2015). In the
long-day experiment, there was a gradual decrease in
citrate levels in the control plants during the day, but a
striking increase in citrate levels in the induced TPS29.2
plants (Figure 1e). This was corroborated by the results of
the '3CO, labelling experiment, which showed enhanced
incorporation of ®C into citrate and downstream interme-
diates in the TCA pathway, i.e. aconitate, isocitrate and 2—
OG (Figure 3b-e). This implies that synthesis of acetyl-CoA
by mPDH in the light is stimulated by Tre6P. The multiplic-
ity of mitochondrial and plastidial PDH isoforms and the
lack of mPDH-specific antibodies hindered the performance
of experiments to test the effects of increased Tre6P levels
on mPDH activity, but addressing this question is clearly of
interest in future investigations.

mPDH is inhibited by its products (acetyl-CoA and
NADH) and by protein phosphorylation via a protein kinase
that is itself inhibited by pyruvate and activated by NH,*
(Tovar-Mendez et al., 2003). The activation of PEPC in the
induced TPS29.2 plants stimulates flux of '3C into malate
and fumarate. If malate is transported into the mitochon-
dria, it may be decarboxylated to pyruvate by NAD*-malic
enzyme (NAD-ME), providing an alternative source of sub-
strate for mPDH and potentially stimulating mPDH activity
by inhibiting mPDH protein kinase (lgamberdiev et al.,
2014). Entry of fumarate into the mitochondria may pro-
mote this cascade by relieving inhibition of the NAD-ME
by malate (Tronconi et al., 2015). Increased flux of organic
acids through the mPDH, isocitrate dehydrogenase, 2-0G
dehydrogenase and NAD-ME reactions accelerates produc-
tion of NADH in the mitochondria. However, oxidation of
NADH by the mitochondrial electron transport chain to
drive oxidative phosphorylation is not needed in the light,
as photosynthesis provides all of the ATP needed by the
leaf. If there is insufficient capacity to export reducing
equivalents from the mitochondria via the OAA/malate
shuttle, the mitochondrial NAD(H) pool is likely to become
more reduced. This in turn may alter the poise of the
glycine decarboxylase reaction, with a higher concentra-
tion of glycine being needed in the mitochondria to main-
tain flux through the glycine decarboxylase reaction. Thus
enhanced anaplerotic carbon fixation by PEPC in the
induced TPS29.2 plants may explain not only increased
synthesis of malate and fumarate (Figure 3g,h), but also

the observed increases in citrate, other TCA pathway inter-
mediates and glycine.

In conclusion, induced short-term increases in Tre6P
lead to a decrease in sucrose levels, as predicted by the
sucrose-Tre6P nexus model. The most likely explanation
for the decrease in sucrose is diversion of photoassimilates
away from sucrose synthesis towards synthesis of organic
and amino acids. Increasing Tre6P levels are associated
with activation of NR and PEPC by post-translational modi-
fications, implicating the protein kinases, protein phos-
phatases and other enzymes (e.g. E3 ligase and
deubiquitinating enzyme) involved in these modifications
as potential primary targets of Tre6P. Our results also
suggest that Tre6P activates flux via mPDH and citrate syn-
thase. Although many of the molecular details remain to
be elucidated, our results reveal an important role for
Tre6P in coordinating carbon and nitrogen metabolism in
plants. It is well known that nitrate and ammonium stimu-
late the synthesis of organic acids to act as acceptors for
the assimilated nitrogen, and that the assimilation of inor-
ganic nitrogen sources is restricted when the carbon sup-
ply is low (Stitt et al., 2002; Foyer et al., 2006; Nunes-Nesi
et al., 2010). It may be envisaged that Tre6P plays an
important role in coordinating the rates of nitrate assimila-
tion and organic acid synthesis with the supply of sucrose.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Seeds of the Arabidopsis thaliana [L.] Heynh. TPS29.2 and AlcR
lines were germinated on soil mixed with vermiculite (1:1) as
described by Martins et al. (2013). After germination, seedlings
were transferred to 10 cm diameter pots (four or five seedlings
per pot), and grown in a controlled environment chamber (Perci-
val Scientific, http://www.percival-scientific.com) with an irradi-
ance of 150 pmol m~2 sec™" and a constant temperature of 20°C,
under either a 12 h or 16 h photoperiod. Plants were sprayed with
either water or 2% v/v ethanol at the start of the day when they
were 3 weeks old (16 h photoperiod) or 4 weeks old (12 h pho-
toperiod). Whole rosettes were harvested in the light and immedi-
ately quenched in liquid nitrogen, with four or five plants from the
same pot being pooled for each biological replicate. Frozen plant
tissue was ground to a fine powder at —70°C in a robotized cryo-
genic grinder (Labman Automation Ltd, http://www.labman.co.uk)
and stored at —80°C until use.

Metabolite extraction and measurement

Tre6P, phosphorylated intermediates and organic acids were
extracted with chloroform/methanol, and measured by high-per-
formance anion-exchange liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS) as described by Lunn et al.
(2006), with minor modifications (see Methods S1 for further
details). Soluble sugars (glucose, fructose and sucrose) were
extracted using ethanol and enzymatically assayed as described
by Stitt et al. (1989). Amino acids were measured in the ethanolic
extract by HPLC with fluorescence detection as described by
Watanabe et al. (2013). Starch was enzymatically determined in
the insoluble material remaining after the ethanolic extraction

© 2015 The Authors

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2016), 85, 410-423


http://www.labman.co.uk

Tre6P promotes carbon flux into organic and amino acids 421

(Hendriks et al., 2003). Fru2,6BP was extracted using 10 mm KOH
as described by Draborg et al. (2001), and measured by its activa-
tion of potato tuber diphosphate-fructose-6-phosphate 1-phos-
photransferase (EC 2.7.1.90; Stitt, 1990b) using a 96-well
microplate.

Enzyme activity assays

Enzymes (NR, acid and neutral invertases, and SPS) were extracted
and assayed as described by Gibon et al. (2004), with the NR
assays based on Kaiser and Brendle-Behnisch (1991). The SPS
assay conditions were optimized to distinguish the activated and
deactivated forms of the enzyme as described by Trevanion et al.
(2004). The SPS V;,ax assay mixture contained 6 mm UDPGlc, 6 mwm
Fru6P and 21 mm GIc6P, while the Vi, assay mixture contained
6 mm UDPGIc, 2 mm Fru6P, 7 mm Glc6P and 6 mm KH,PO,.

Protein electrophoresis and immunodetection of PEPC

Proteins were extracted using pre-heated sample buffer and
immediately subjected to SDS-PAGE in 8% polyacrylamide gels.
Proteins were transferred to nitrocellulose membranes and
probed using a polyclonal rabbit anti-RcPPC3 antibody for detec-
tion of non-ubiquitinated (p107) and mono-ubiquitinated (p110)
plant-type PEPC polypeptides (O’Leary et al., 2011a). Phosphory-
lated plant-type PEPC subunits were detected using a polyclonal
rabbit antibody raised against a phospho-Ser11 containing pep-
tide (Gregory et al, 2009). Alternatively, samples were elec-
trophoresed in 7% polyacrylamide gels supplemented with 25 um
Phos-tag acrylamide (Wako Chemicals, http://www.wako-chemi
cals.de) and 50 um MnCl,, transferred to nitrocellulose mem-
branes, and probed with anti-RcPPC3 for detection of the phos-
phorylated PEPC isoform (Gregory et al, 2009). Chromogenic
detection was performed using goat anti-rabbit IgG (Fc) conju-
gated to alkaline phosphatase (Promega, http://www.promega.de).
Immunodetections were performed at least twice, and representa-
tive results are shown. Band intensities were analysed using the
Lablmage Platform version 3.2.0 (Kapelan Bio-Imaging, http://
www.kapelan-bioimaging.com).

1%C0, single-leaf labelling

Plants grown under a 16 h photoperiod were used for single-leaf
labelling (Kolling et al., 2013). Three-week-old plants were sprayed
with either water or 2% v/v ethanol at ZT1, and leaf 4 was supplied
with 11.1 MBq "CO, (specific activity 15.7 MBq mol~") for 5 min
at 6 and 12 h after spraying (ZT7 and ZT13, respectively). The
pulse was followed by a 1 h chase period at ambient CO, in the
light, and samples were quenched in boiling 80% v/v ethanol for
10 min. Each sample was then separated into three fractions:
water-soluble (soluble metabolites), insoluble (starch, proteins
and cell wall) and ethanol-soluble (lipids, pigments and waxes).
The amount of ™C incorporated in each fraction was added to
obtain the total "C incorporated into each tissue (leaf 4 or
rosette). Single leaves and rosettes were used to estimate the
carbon export rate. Partitioning of C into neutral, acidic and
basic components in the water-soluble extract from leaf 4 was
determined as described by Kolling et al. (2013). A detailed
description of these procedures is given in Methods S2.

3C0, whole-rosette labelling

Three-week-old plants grown under a 16 h photoperiod were
sprayed with either water or 2% v/v ethanol at the start of the day.
Four hours after spraying, plants were placed in labelling cham-
bers and supplied with "*CO, (isotopic purity 99 atomic percent;
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Campro Scientific GmbH) Campro Scientific GmbH, http:/
www.campro.eu) for 6 h as described by Ishihara et al. (2015).
Samples were harvested immediately before the start of the pulse
and at 2, 4, and 6 h into the labelling period, and isotopomers
were measured in chloroform/methanol extracts by LC-MS/MS as
described in Methods S3. The isotopomers analysed are listed in
Table S3.

Analysis of peptides and phosphopeptides by mass
spectrometry

Samples (100 mg fresh weight) from plants grown under equinoc-
tial conditions and harvested at ZT6 were used for analysis of
peptides and phosphopeptides by LC-MS/MS. Protein preparation,
phosphopeptide enrichment, LC-MS/MS of peptides and phospho-
peptides, mass spectrometric data analysis, and statistical analysis
were performed as described by Wu et al. (2014). Further details
are presented in Methods S4.

Data analysis and statistics

The number of biological replicates (n) in each experiment is indi-
cated in the figure legends. Data from individual time points over
the 12 and 16 h time periods were analysed using one-way ANOVA
followed by an all, pairwise, multiple comparison procedure
(Holm-Sidak method). Differences between the induced TPS29.2
and control plants were considered significant only when the post
hoc test showed significant differences (P < 0.05) between the
induced TPS29.2 samples and each of the controls. The data were
also analysed using one-way repeated-measures AnovA followed
by the same post hoc test. All statistical analyses were performed
using SigmaPlot 12.5 (Systat Software, http://www.systat.com).
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Figure S1. Changes in metabolites after induction of TPS over-
expression under long-day conditions.

Figure S2. Changes in metabolites and enzyme activities after
induction of TPS over-expression under equinoctial conditions.
Figure S3. Overview of metabolite changes after induction of TPS
expression.

Figure S4. Changes in carbon accumulation after induction of TPS
over-expression.

Figure S5. Effect of TPS induction on carbon fluxes.

Figure S6. Effect of TPS induction on Tre6P and organic acid
levels.

Figure S7. TPS induction leads to changes in the phosphorylation
status of PEPC.

Figure S8. Fragmentation spectra for PEPC and NR phosphopep-
tides.

Table S1. Changes in metabolites after induction of TPS over-
expression under long-day conditions.

Table S2. Changes in metabolites after induction of TPS over-
expression under equinoctial conditions.
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Table S3. Parent and product ions analysed by LC-MS/MS in sam-
ples from the '*C labelling experiment.

Methods S1. Analysis of metabolites by LC-MS/MS.

Methods S2. “CO, single-leaf labelling.

Methods S3. '*CO, whole-rosette labelling.

Methods S4. Analysis of peptides and phosphopeptides by mass
spectrometry.
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