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Abstract

Sugars, the main growth substrates of plants, act as physiological signals in the complex
regulatory network of sugar metabolism. To investigate the function of different glycolytic steps
in sugar sensing and signalling we compared the effects of carbon starvation with those of
glucose, glycerol and dihydroxyacetone on carbon metabolism, proteolysis, and protease
expression in excised maize (Zea mays L.) root tips. Respiration, soluble proteins, protein
turnover and proteolytic activities were monitored as a function of time, along with in-vitro and
in-vivo analysis of a variety of metabolites (sugars, amino and organic acids, phosphoesters,
adenine nucleotides...) using *C, *!P and 'H NMR spectroscopy. Our results indicate that, in
maize root tips, endopeptidase activities and protease expression are induced in response to a
decrease in carbon supply to the upper part of the glycolytic pathway, i.e. at the hexokinase step.
Proteolysis would be controlled downstream glycolysis, probably at the level of the respiratory

substrate supply to mitochondria.
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Introduction

In plants, the variable supply of sugars to growing tissues has an effect on development and
metabolism through modifications of enzyme activities and gene expression (Koch 2004; Gibson
2005). Under environmental constraints leading to a significant decrease in photosynthesis, such
as during senescence, in post-harvest situations, or when competition occurs between sink
tissues, various parts of a plant might be temporarily or definitively subjected to carbon
starvation (Brouquisse et al. 1998; Yu 1999). Survival is correlated with the substitution of
protein and lipid catabolism for sugar metabolism through autophagic processes (Saglio and
Pradet 1980; Brouquisse et al. 1991; Contento et al. 2004). Thus, while the expression and
activity of most of the enzymes related to sugar metabolism, nitrogen assimilation, respiration,
and cell division decrease, those of enzymes related to the catabolism of proteins, amino acids,
and lipids increase (Brouquisse et al. 1992; Dieuaide et al. 1993; James et al. 1993; Fujiki et al.
2000; Hanaoka et al. 2002; Lee et al. 2004; Contento et al. 2004; Price et al. 2004). It is clear that
changes in selective synthesis or degradation of given proteins could be important in the
coordinated response to carbon restriction (Koch 1996; Yu 1999).

In plant cells, as in yeast or animal cells, protein degradation could be mediated by
several populations of proteases involved in various catabolic processes: (i) lysosomal/vacuolar
proteolysis, (ii) selective nuclear and cytosolic proteolysis, and (iii) organellar proteolysis
(Smalle and Viertsra 2004; Schaller 2004). Vacuolar autophagy has been observed in plant cells
submitted to sugar deprivation (Aubert et al. 1996; Moriyasu and Oshumi 1996; Hanaoka et al.
2002). In excised maize root tips, a vacuolar serine endopeptidase (EP) is induced in response to
glucose (Glc) starvation (James et al. 1996). This protease, named Root Starvation Induced
Protease (RSIP), accounts for about 80% of the total EP activity in the starved roots (James et al.
1996; Brouquisse et al. 1998, 2001). Cysteine protease and chymotrypsin/subtilisin-like protease
inhibitor are also induced in sugar starved maize root tips (Chevalier et al. 1995). The induction
of the proteolytic activities by the lack of carbohydrates can be reversed by the addition of sugars
in the incubation medium (James et al. 1993; Chevalier et al. 1995). Thus, since the expression
of these enzymes is directly related to the cellular sugar supply, the next step was to study how
protease expression and protein degradation processes are regulated by sugars in plant cells.

The mechanisms used by living cells to sense sugars have been extensively studied in
yeast (Rolland et al. 2001) and, there is ample evidence that sugar-sensing mechanisms are

globally conserved in animal and plant cells (Hanson 2000; Rolland et al. 2002; Koch 2004;
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Gibson 2005). The use of sugars, non metabolizable sugar analogs, or metabolic intermediates,
showed that there are several potential locations for signal input into the sugar sensing system.
Following the common catabolic pathway of sugars, the first potential sensing step is their
translocation through the plasma membrane. In Saccharomyces cerevisiae, Glc transporters
SNF3 and RGT2 act as sugar sensors which mediate the activation of different sets of other Glc
transporter genes (Ozcan and Johnston 1999). In plants, among the 59 sugar transporters
putatively identified, some sugar transporter-like proteins could act as sugar sensors analogous to
SNF3 or RGT2 (Price et al. 2004). In sugar beets the proton-sucrose symport is regulated by Suc
(Chiou and Bush 1998). In Arabidopsis thaliana, the expression of Leu zipper gene, ATB2, is
assumed to be controlled by the influx of Suc into the cell (Rook et al. 1998), and the patatin
class 1 promoter is induced by 6-deoxyglucose and 3-O-methylglucose (3-OMG), two Glc
analogs actively taken up by the cells but not metabolized further (Martin et al. 1997; Rolland et
al. 2002; Corteés et al. 2003). Furthermore, in Chenopodium rubrum, the genes encoding sucrose
synthase and apoplastic invertase are induced by 6-deoxyglucose (Roitsch et al. 1995, 2003).
However, in these latter cases, it is not possible to determine if the sugar signal is generated by
the sugar influx through the transporter or by the intracellular concentration of the sugar itself
and/or its potential interaction with a sugar-binding protein endowed with a signaling function
(Gibson 2005). Intracellular hexose concentration might be another sugar sensing element but, to
date, no methodology can reliably give access to the sugar concentrations in the different
compartments of the living cell. The next sensing step, and certainly the more extensively
investigated, is the phosphorylation of hexoses by hexokinases. In yeast (Rolland et al. 2001), as
well as in bacteria (Saier et al. 1995), animal (Hanson 2000) or plant (Moore et al. 2003) cells,
numerous studies have shown that the hexokinase is a major sugar sensing element, conserved in
eukaryotes and procaryotes, which control diverse processes and metabolic pathways. Using non-
metabolizable sugar analogs and an hexokinase inhibitor, it was demonstrated that the sugar
repression of the glyoxylate cycle genes, malate synthase (MS) and isocitrate lyase (ICL), in non-
green cucumber cells, was mediated by hexokinase (Graham et al. 1994). Similar results were
found in maize protoplasts with the repression by sugars of the transcription of three
photosynthetic genes, rubisco small subunit (RBCs), chlorophyll a/b binding protein (CAB) and
pyruvate phosphate dikinase (C4,PPDK) (Jang and Sheen 1994). The role of hexokinase as a
sugar sensor in the control of growth and development was demonstrated later from the cloning
of two Arabidopsis thaliana hexokinase genes (AtHXK1 and 2) using AtHXK1 and 2 transformed
plants and HXK1 mutants (Jang et al. 1997; Moore et al. 2003).

4



The role played by the enzymes of Suc breakdown (invertase, sucrose synthase) and
trehalose metabolism (trehalose-P synthase, trehalose-P phosphatase, trehalase) in the sugar
regulation of growth and development has also been studied (Eastmond and Graham 2003; Koch
2004). Thus, the expression of yeast invertase in either apoplasm, cytosol or vacuole of
transgenic tobacco plants led to elevated levels of fructose and Glc in these compartments
(Hebers et al. 1996). However, high hexose levels altered gene expression only in plants
expressing invertase in the apoplasm or the vacuole, but not in plants expressing invertase in the
cytosol. It was proposed that hexose sensing mechanisms are located at the secretory membrane
system (Hebers et al. 1996). From all these experiments it was hypothesized that both hexose
translocation and phosphorylation are necessary to trigger a sugar signal. More recently,
trehalose-6-P has been shown to regulate plant growth and carbon utilization through the
regulation of glycolysis (Schluepmann et al. 2003). The knockout mutation of the trehalose-P
synthase (TPS1) gene was found to be lethal for Arabidopsis embryos when storage reserves are
remobilized and sugars are supplied to the embryos (Eastmond and Graham 2003). Interestingly,
the expression of some trehalose-P synthase and trehalose-P phosphatase genes are up-regulated
in Suc starved Arabidopsis cells (Contento et al. 2004). Such observations strongly suggest that
trehalose-6-P is involved in sugar sensing in plants, but underlying mechanisms by which it
regulates carbon metabolism are still unknown.

In animals, downstream metabolites in the glycolytic pathway are essential for Glc
sensing in pancreatic islet beta cells (Hanson 2000). By analogy, it has be inferred that,
downstream hexokinase, certain metabolites or enzymes in the glycolytic pathway trigger sugar
sensing signals in plants. Thus, in maize protoplasts, glycerol (Glyc) repressed C,PPDK, and
acetate, which presumably enters the respiration or the glyoxylate cycle via acetyl-CoA,
repressed C4,PPDK, CAB and RBCs (Sheen 1990). Conversely, acetate induced MS and ICL
gene expression in cucumber cells (Graham et al. 1994). In rice cells, pyruvate, the main
mitochondrial substrate derived from glycolysis, repressed sugar down-regulated genes (cAmy3
and A3), but did not activate the expression of sugar up-regulated genes (Ho et al. 2001). Sugar-
starved sycamore cells incubated in the presence of Glyc or pyruvate stopped growing but were
able to survive for weeks in the absence of any gluconeogenesis and did not display autophagy
symptoms (Aubert et al. 1994, 1996). The conclusion of that study was that the decline in the
supply of respiratory substrate to mitochondria was triggering autophagy in carbon-starved cells
(Aubert et al. 1996). However, it is still unknown if such a signal controls only metabolic

processes or if it also regulates gene expression. Key metabolites such as fructose 2,6 bis-
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phosphate, ester phosphates, adenine nucleotides (AdN) or Pi/PPi ratio, which regulate
carbohydrate metabolism, appear to be little or not at all involved in sugar regulation of gene
expression in the systems studied so far (Stitt et al. 1995).

Questionning the role of hexokinase as sugar sensor it was suggested that in plants, like in
yeast, changes in AdN contents or ratios (i.e. ATP/ADP and ATP/AMP) could affect the level of
almost any cellular metabolite and thus could be involved in the regulation of sugar signal
transduction (Halford et al. 1999). Such an effect has been shown to occur in developing barley
seeds, where higher ATP levels were found in tissues in which storage starch is beginning to
form (Rolletschek et al. 2004). Inorganic phosphate was also reported to inhibit the expression of
sugar-inducible genes encoding vegetative storage protein, lipoxygenase A, chalcone synthase,
proteinase inhibitor 1l and class | patatin, in the presence or absence of sugars (Sadka et al. 1994),
and could be part of, or directly interact with, sugar sensing mechanisms. However, Pi did not
relieve the repression by sugars of genes involved in glyoxylic cycle (Graham et al. 1994),
photosynthesis (Jang and Sheen 1994), or proteolysis (Brouquisse et al. 2001).

We showed previously that, in maize root tips, mannose might be considered to have the
same down-regulation effect on proteolysis as Glc, provided that Pi status is maintained
(Brouquisse et al. 2001). We later showed that, although very slowly phosphorylated by
hexokinase, 3-OMG does not repress proteolysis (Cortes et al. 2003). This led us to hypothesize
that hexokinase is a possible sensor involved in the regulation of proteolysis by sugars. In the
present work, we looked for the occurrence of a potential sugar sensing step, downstream
hexokinase, for the regulation of protease expression and the control of protein degradation
processes. For this purpose, we investigated the regulation of protease expression and protein
degradation in excised maize root tips, by studying the effects of carbon starvation, Glyc, and
DHA, on general metabolism, proteolysis, and RSIP expression. Using in-vitro and in-vivo *C
and 3P NMR spectroscopy, together with physiological and biochemical measurements, we
measured the concentrations of various metabolites (sugars, ester-phosphates, AdN, amino acids

and proteins), changes in respiration rate, proteolytic activities and RSIP amounts.

Materials and methods

Plant materials and incubation conditions



Maize seeds (Zea Mays L. cv DEA, from Pioneer France Mais, Toulouse, France) germination,
root tip preparation and incubation conditions have already been described (Brouquisse et al.
2001). Incubation medium A was composed of a mineral medium (Saglio and Pradet 1980), plus
10 mM Mes-KOH at pH 6.0. Root tip (2.5 mm) samples were either perfused in the NMR tube
for in-vivo measurements or incubated in flasks or syringes for tissue extraction, in the presence
or absence of Glyc, DHA, mannitol, 3-OMG or Glc. To monitor growth, samples of 20 root tips
were harvested at different times, dried on filter paper, weighed on tinfoil, and root tip lengths
were measured. In-vivo NMR experiments were performed as described (Brouquisse et al. 2001)
except that 4000 excised root tips were used for each experiment and the partial oxygen pressure
was regulated at 80% in the reservoir of external medium. The renewal of the medium around the
sample varied from 24 to eight times a minute between the start and the end of the experiment,
because of the growth (the average root tip length was 2.5 mm at the start and 3.7 mm after 48 h
for the Glyc or DHA-fed samples).

Measurement of root tip respiration

Maize root tip respiration was measured at 23 °C in medium A, supplemented with or without
carbon sources (Glc, 3-OMG, DHA, Glyc), with a Clark type O,-electrode system (Transidyne
General Corporation, Ann Arbor, Michigan). Five to ten root tips were transferred into 1.5 ml of
incubation medium previously flushed with pure O,, and O,-consumption was monitored for 15

min.

In-vivo protein radiolabeling and protein turnover measurement

Protein synthesis (PS) and protein degradation (PD) were determined by pulse-chase experiments
after in-vivo labeling of the proteins with either [*°S]Met or [**C]Leu. One thousand excised
maize root tips were incubated as described above in 250 ml of medium A supplemented with
200 mM Glc, antibiotics-antimycotics, and either 5 mM [*S]Met (30 MBg/mmol) or 5 mM
[**C]Leu (1.48 MBg/mmol). After 24 h, root tips were abundantly rinsed with medium A
supplemented with 5 mM cold Met or Leu, and then incubated for 48 h in medium A containing
5 mM cold Met or Leu, antibiotics-antimycotics, either without carbon source, or in the presence
of 100 mM Glyc, 100 mM DHA or 200 mM Glc. Samples of 25 root tips were harvested every 6

h, rinsed with distilled water and frozen in liquid N». Proteins of the root tips were extracted in a
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glass Potter with 500 pl of an extraction medium containing 50 mM Tris, pH 7.4, 25 mM NacCl,
0.1% (p/v) Triton X100, and 5 mM B-mercaptoethanol. The crude extract was centrifuged at 25
000 g for 12 min, and the resulting supernatant was supplemented to 1 ml with water. It
constituted the clarified extract. Five hundred microliters of the clarified extract were then
desalted through an ECONO-PAC 10 DG column (Bio-Rad Laboratories, Hercules, CA)
equilibrated with 50 mM Tris, pH 7.5, and NaCl 25 mM. Aliquots of the clarified extract were
used to determine total soluble proteins (P) and aliquots of the desalted extracts were used to
determine the specific radioactivity and the total radioactivity (RA) of the soluble proteins.
Radioactivity was measured in a liquid scintillation analyzer (TRICARB 2000 CA, Packard, Palo
Alto, CA). Over 6 h incubation periods, from initial (i) to final (f) time, net protein balance
(NPB) and PD were determined as follows : NPB = Ps— P; ; PD = P; [1- (RA¢/ RA))]. PS was
calculated as the difference between PD and NPB (PS = PD — NPB).

Preparation of extracts

Metabolite and enzymic extracts were prepared from root tip samples incubated either for 4 h in
200 mM Gilc, or for 48 h in medium A supplemented with or without 100 mM Glyc, 100 mM
DHA or 200 mM Gilc.

Clarified homogenates of maize root tips. Clarified homogenates were prepared as
described (Brouquisse et al. 2001). Before enzyme activity measurements and
immunoprecipitation experiments, 0.5 to 1 ml of supernatant was first desalted through an
ECONO-PAC 10 DG column equilibrated with 50 mM Tris, pH 7.5, and 25 mM NacCl.

Acid and ethanolic extracts of maize root tips. Water soluble metabolites were extracted
either from two thousand excised root tips using perchloric acid (Brouquisse et al. 2001), or from
two hundred excised root tips using hot ethanol (Brouquisse et al. 1992). Acid extracts were used
for 1*C and *'P analysis. *C NMR spectra were recorded first. For P NMR, trans-1,2-
diaminocyclohexane-N,N,N',N'-tetraacetic acid (CDTA) was added to chelate divalent cations

and the pH was adjusted to the desired value. Ethanolic extracts were used for ‘H NMR analysis.

PEP and 3PGA extraction and analysis

Two hundred root tip samples were first lyophilized, and then extracted successively with 2 ml

80% (v/v) acetone, 50% (v/v) acetone and pure water at ambient temperature for 15 min. The
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three supernatants were combined and centrifuged for 10 min at 25 000 g. The resulting
supernatants were dried under vacuum for one night, and the dry residues were resuspended in
0.4 ml of water. PEP and 3PGA were determined using anion exchange HPLC (Dionex, Voisin
le Bretonneux, France) with conductivity detection. Elution conditions were adapted from Vogt
et al. (1998).

Enzyme activity assays

EP activities were measured, at pH 6.1, against azocasein as described (James et al. 1993). The
extinction coefficient E1o4 a70caseine in 1 M NaoOH = 37 | cm1 g1 was used to calculate the

azocaseinase activity. Phosphoenolpyruvate-carboxylase (PEPCase) activity assay was adapted
from Brouquisse et al. (1991). Except when mentioned, the assay medium contained the enzymic
extract, 50 mM tricine, pH 8.3, 5 mM MgCl,, 0.2 mM NADH, 5 units malate dehydrogenase,
and 10 mM NaHCOg3. The reaction was initiated with 5 mM phosphoenolpyruvate (PEP) and
monitored at 340 nm. PEP phosphatase activity was coupled with lactate dehydrogenase reaction
and analyzed as in Duff et al. (1989). Pyruvate kinase (PK) activity assay was adapted from
Podesta and Plaxton (1994). Except when mentioned, the assay medium contained enzymic
extract, 50 mM Hepes, pH 7.5, 10 mM MgCl,, 40 mM KCI, 2 mM DTT, 0.2 mM NADH, 5 units
lactate dehydrogenase, 500 uM sodium molybdate (a PEP phosphatase inhibitor), and 2 mM
ADP. Reaction was initiated with 1 mM PEP and monitored at 340 nm. Hexokinase activity was

measured as described (Brouquisse et al. 1991).
Other analytical methods

Proteins were quantified (Bradford 1976) using the Bio-Rad microassay reagent. Bovine vy-
globulin was used as the protein standard. SDS-PAGE, western-blot and immunoprecipitation
experiments were performed as described (Brouquisse et al. 2001). AdN were extracted by the
cold diethyl-ether/trichloroacetic acid procedure and determined by the bioluminescence method
(Saglio and Pradet 1980). Adenylate energy charge (AEC) was calculated as follows: AEC =
(ATP + 0.5 ADP)/(ATP + ADP + AMP) (Pradet and Raymond 1983).

NMR spectroscopy



Carbon and phosphorous NMR. *!P and **C NMR spectra were acquired at 162 and 100.6 MHz
respectively using an AMX400 WB spectrometer (Bruker Biospin., Wissembourg, France). For
in-vivo experiments, they were recorded alternatively for 10 and 50 min respectively, using a
dual electronically-switched 25 mm probe. Acid extracts were analyzed using a 10 mm
broadband probe. A solution composed of 50 mM methylenediphosphonic acid (MDP, ref 9508,
Sigma) and 1.3 M 3-Trimethylsilylpropionic-2,2,3,3-d4 acid sodium salt (TSP, ref 87247 Fluka)
contained in a concentric capillary provided the chemical shifts and intensity references for 3P
and *C NMR spectra. The resonance assignments were based on chemical shifts. Specific
acquisition conditions are given in the figure legends (supplemental data) and below.

Carbon chemical shifts were referenced to tetramethylsilane (TMS) using the Suc
fructosyl C2 resonance (C2f) fixed at 104.4 ppm as a secondary internal reference. In the absence
of Suc resonances in a spectrum, the resonance of TSP contained in the capillary mixture was
used as secondary external reference (chemical shift measured at - 1.47 ppm). The metabolite
amounts were determined from the NOE-free intensities of the following resonances of acid
extract relaxed spectra: C2f for Suc, C1p for glc and BCH for Asn. The absolute metabolite
amounts were calculated using the TSP resonance intensity calibrated in moles.

Phosphorous chemical shifts were referenced to 85% H3PO, using internal GPC as a
secondary reference (- 0.05 ppm) for in-vitro spectra and internal UDPG (- 12.65 ppm) for in-
vivo spectra (the chemical shift of MDP contained in the capillary mixture was measured at
16.72 ppm). Quantifications of acid extract spectra were done by integration of the resolved,
NOE-free, relaxed resonances and calibration of the intensities was achieved using the resonance
intensity of MDP. The concentration time courses of cyt-Pi and vac-Pi were obtained in-vivo in
the following way. First, the intensities of the assigned resonances were measured in each
spectrum, eventually corrected to take sample growth out of the detection coil into account, as
well as spectral fluctuations, and plotted as a function of time. Second, the curve obtained was
calibrated against concentration using the NOE-free intensities of a relaxed spectrum of maize

root tips fed on 200 mM Glc and the MDP reference.

Proton NMR. *H-NMR spectra of extracts were recorded at 500.16 MHz and 300 K using an
Avance spectrometer (Bruker Biospin) , a 5 mm inverse probe and XWINNMR software
(Bruker Biospin). TSP was added in each sample to a final concentration of 0.01% for chemical

shift calibration. Relaxed spectra were obtained by adding 64 FID's acquired with a resolution of
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0.1 Hz, a 90° pulse angle, an acquisition time of 2.73 s and a relaxation delay of 20 s. An
exponential apodisation with 0.5 Hz line broadening was used. Absolute quantification of
metabolite concentrations was achieved using the ERETIC method during acquisition (Akoka et
al. 1999) and the metabolite mode of AMIX (Bruker Biospin) to measure resonance areas. The

metabolite concentrations were calculated in Excel using the C1H-(a+R) Glc calibration curve.

Results

To investigate the effects of Glyc and DHA on maize root tips metabolism, proteolysis and RSIP
expression, a 48-h incubation period was chosen because the changes in enzymatic activities and
metabolite contents induced were clearly marked while remaining fully reversible (Brouquisse et
al. 2001; Cortes et al. 2003).

Effects of various carbon sources on protein content and proteolytic activities

Maize root tips were incubated in the presence of either Glc, mannitol (used as an osmotic
control), Glyc or DHA. The phosphorylated forms of Glyc and DHA enter glycolysis
downstream hexokinases. Fig. 1a reports the changes in total protein content and EP activities
(measured against azocasein) which occured in maize root tips after 48 h incubation in the
presence of the different substrates, in comparison to the control (Ctrl) and to the starvation
situation (Star). Increasing concentrations of Glc in the incubation medium led to decreased EP
activities (from 32 to 11 ng min™ tip™), and increased protein content (from 80 to 115 pg tip™).
In the presence of mannitol, and to a lesser extent Glyc, protein content decreased to 63-84 g
tip and EP activities increased to 39-48 ng min™ tip™ relative to the control and similar to what
was observed in starved tips. In tips treated with 10 to 100 mM DHA, the protein contents
decreased only moderately (110-118 pg tip™), but EP activities increased to the same extent as in
Glyc-treated material (37-40 ng min™ tip™). In the presence of 200 mM DHA, practically no net
protein degradation and no increase in EP activities occurred. This was probably due to the toxic
effect of DHA at this concentration (important drop of the respiration and browning of the tips).
These results were used to foster the next experiments on the induction of RSIP. Each
substrate was used at only one concentration for 48 h. Two hundred mM Glc is the supply

necessary to maintain the respiration rate of excised root tips at the control level (Saglio and
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Pradet 1980). Glyc, which exhibited similar effects on protein degradation and protease induction
at 100 and 200 mM, was used at 100 mM. DHA was used at the same concentration. Since
supplementation of the incubation medium with mannitol as osmolyte did not induce any
difference in respiration rate or proteolysis (data not shown) the experiments were carried out
without mannitol. Statistical analyses were performed on the results obtained in these four
conditions (Control, starvation, 100 mM Glyc, and 100 mM DHA). The protein contents were
found to be significantly different between starvation, Glyc and DHA conditions (Fig. 1a, label
X), whereas EP activities were not (Fig. 1b, label y).

The contribution of RSIP to EP activities was estimated through immunoprecipitation
experiments using polyclonal antibodies raised against RSIP. RSIP was barely present in root tips
freshly excised or incubated with Glc, and represented 14 to 28% of the total EP activities (Fig.
1b). In root tips, either starved or incubated with Glyc or DHA, the increase in total EP activity
was related to a strong increase in the amount of RSIP which was shown to represent 76 to 82%
of the EP activities. From these data, the calculated induction factors for RSIP in starved, or
DHA or Glyc incubated tips were about 22 to 28-fold (Fig. 1b).

Effects of various carbon sources on protein turnover

At any time, the protein content (Fig. 1a) is a static figure resulting from a balance between
protein degradation and synthesis. To assess protein turnover, the rates of global protein
degradation and synthesis were determined from a label-chase experiment. As shown in Fig. 2,
when Glc is removed from the incubation medium, or replaced by Glyc or DHA, there is an
immediate and significant increase in both PD rates (white bars) and PS rates (hatched bars). The
initial and transient boost in PS and PD might be related to the acclimation processes triggered
by the sudden change in carbon substrate and the induction of alternative metabolic pathways
(Brouquisse et al. 1991, 1992; Dieuaide et al. 1993; James et al. 1993, 1996). After 6 to 12 hours,
the rates of PS and PD declined to reach a quasi steady state between 18 and 48 h of incubation.
Immediately after the change in substrate supply and up to 48 h of incubation, the NPB was in
favour of degradation (Fig. 2, black bars). This indicates that neither Glyc, nor DHA, can
efficiently support PS in maize root tips. The values of total PD, PS and NPB were also
calculated over a 48h incubation period in the three conditions (Table 1). Absolute value of NPB
was significantly higher in starved root tips than in Glyc-fed ones, and in Glyc-fed root tips than

in DHA-fed ones. These NPB differences were primarily due to differences in PD rates (20 and
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30% higher in starved root tips than in Glyc- and DHA-treated root tips, respectively), since PS
rates were in the same range in the three conditions (Table 1). This means that the changes in
protein contents (Fig. 1a , label x) are representative of global PD occurring in these conditions
(Fig. 2, Table 1).

In summary, our results show that EP activities and RSIP expression increase to the same
extent in sugar-starved, Glyc-fed and DHA-fed root tips (Fig. 1a, b), but not proteolysis (Fig. 2).
This discrepancy between protease expression and proteolysis might be due to the fact that the
two processes are differentially regulated, and/or to specific secondary effects of Glyc and DHA.
This led us to investigate the growth and some aspects of the primary metabolism of maize root

tips in response to either Glyc or DHA supply.

Effects of glycerol and DHA on root tip growth and energetic metabolism

The growth of excised maize root tips incubated with 100 mM of either Glyc or DHA was very
limited compared with that of 50, 100 or 200 mM Glc-fed tips, and similar to that observed in
sugar starvation (Fig. 3). The slight increase in mass and the related increase in length, observed
during the first 15 to 20 h of incubation, could be due to the consumption of endogenous sugars
and water uptake resulting from the increase in cell osmolarity (Brouquisse et al. 1991).

After a 48 h-incubation period, the respiration rate of carbon-starved root tips dropped by
71% relatively to the control, whereas that of Glyc-fed and DHA-fed root tips only dropped by
60%, and 46% respectively (Table 2). Thus, Glyc and DHA can partially supply respiration.
Table 2 reports the measurements of AdN contents and AEC of maize root tips incubated for 48
h in media of different composition. After a 48 h starvation period, total AN content decreased
but ATP/ADP and ATP/AMP ratios and AEC did not change significantly. This result confirms
that in normoxic tissues the energetic status of the cell does not depend on the amount of carbon
supply (Brouquisse et al. 1991, 2001; Pradet and Raymond 1983). Glyc induced a significant
decrease in the total AdN pool, and the ATP/ADP and ATP/AMP ratios decreased markedly in
comparison to carbon-starved or control root tips (Table 2). Such a Glyc effect could be
attributed to a potential limitation of Pi because of glycerol-3-P (Glyc3P) accumulation.
However, the addition of 10 mM Pi in the culture medium did not change significantly (less than
10%) either the energetic status, or the respiration rate of the root tips (data not shown).
Conversely to Glyc, DHA did not affect total AdN content, but the ATP/ADP and ATP/AMP

ratios increased in comparison to the control (Table 2). In both Glyc-fed and DHA-fed root tips
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AEC values were only marginally affected and remained in the range found in normal plant
material (Pradet and Raymond 1983). To test the potential toxicity of Glyc and DHA the growth
and the respiratory metabolism of maize root tips incubated in the presence of either 100 mM
Glyc + 100 mM Gilc, or 100 MM DHA + 100 mM Glc was studied. In both cases, growth and
respiration rates were similar to those found with 100 mM Glc alone (data not shown), indicating
that 100 mM Glyc or DHA are not toxic for the root tips.

These data show that Glyc and DHA do not sustain the growth of root tips, but supply
enough carbon skeletons to the respiration to maintain ATP-regenerating processes. However,
their opposite effect on the energetic status suggests that they also have different effects on the

primary metabolism, particularly on ATP-utilizing processes.

Effects of glycerol and DHA on carbon metabolism: in-vitro and in-vivo NMR studies

In-vitro *3C and *'P NMR spectroscopies were used to analyze the molecular composition of the
acid extracts of root tips incubated 48-h in the different physiological conditions (Table 3,
supplementary data file: Fig. S1 and S2). In-vivo *'P NMR was also used to monitor the time
course of cytoplasmic and vacuolar Pi, in parallel with respiration rate measurements (Fig. 4).
The starvation and glucose references. As established (Brouquisse et al. 2001; Cortés et
al. 2003), carbon starvation was characterized by a slowdown of respiration and a marked
decrease in the levels of Suc, Glc, most of the glycolytic intermediates, AdN, organic acids, and
free amino acids, except asparagine (Tables 2 and 3). Conversely, phosphoryl choline (P-chol)
and phosphoryl ethanolamine (P-eth), which are markers of membrane phospholipid degradation
(Roby et al. 1987), asparagine (N), which is a transient marker of protein and amino acid
degradation (Brouquisse et al. 1992), and vacuolar Pi clearly increased (Fig. 4a, Table 3).
Hexokinase activity was found to decrease by a factor 2 in carbon-starved root tips. As
previously reported (Brouquisse et al. 2001; Cortes et al. 2003), a 48 h incubation with 200 mM
Glc did not cause significant changes in metabolite content. As a consequence of Glc import and
metabolism, respiration rate and G6P content moderately increased (by 10% within 48 h), and
vacuolar Pi slightly decreased, whereas cytoplasmic Pi, P-chol, and asparagines remained
unchanged (data not shown). In these conditions, protein turnover remained steady for 48 h, and
root tip growth occurred. For these reasons, root tips incubated with 200 mM Glc for 4 h were

used as control in the experiments rather than 200 mM Glc for 48 h.
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Effects of glycerol. Glyc and Glyc3P increased markedly reaching respectively 135.6 and
20.6 nmole per root tip (Table 3, supplementary data file: Fig.S1 and S2). The cytoplasmic
concentrations of Glyc and Glyc3P were estimated to be 45 and 15 mM, respectively based on
the following criteria : an even distribution of Glyc between vacuole and cytoplasm but
cytoplasmic accumulation of Glyc3P (Aubert et al. 1996), and cytoplasm and vacuole occupying
each 45% of the total tissue volume in the root tips (Brouquisse et al. 2001). Soluble sugars, G6P
and UDP-Glc (UDPG) decreased strongly in Glyc-fed root tips (Table 3). The low levels of G6P
and soluble sugars suggest an absence of carbon flux from Glyc to the upper part of the
glycolysis. This is consistent with the known inhibition of G6P isomerase by Glyc3P (Aubert et
al. 1996). The accumulation of Glyc and Glyc3P (Table 3) indicates that these substrates do not
limit glycerol kinase and Glyc3P dehydrogenase activities, respectively. And the 6-fold increase
in 3PGA and PEP contents indicates that Glyc3P dehydrogenase activity is not limiting for
carbon substrate supply to the lower part of the glycolysis. However, the strong decrease in free
amino acids such as alanine, glutamate and aspartate (Table 3), which are in close equilibrium
with pyruvate, o-ketoglutarate and oxaloacetate, indicated that the pool of the TCA cycle
intermediates decreased. These last observations are consistent with the decline of the respiration
rate to 1.26 nmole O, min™ tip™ (Table 2, Fig. 4b), and suggest that carbon supply to the
respiration could be limited at the PK step. The significant increase in asparagine, P-chol and P-
eth (Table 3) clearly shows that protein and lipid degradation occurred. These data, as well as the
accumulation of Pi in vacuole (Fig. 4b) and the decrease in hexokinase activity (Table 3),
confirm that Glyc-fed root tips were partially carbon-starved. When root tips were supplied with
100 mM Glyc and 100 mM Glc no starvation symptoms were observed. Similarly, Glc
substitution to Glyc in the medium triggered full recovery of respiration and growth (data not
shown). These two experiments confirmed that glycerol is not toxic to the root tips.

Effects of DHA. DHA content was found to be low in root tips incubated for 48 h in
presence of this molecule (Table 3): 9.6 nmol/tip, i.e 3 mM in average concentration.
Furthermore, the growth of DHA-treated root tips was inhibited (Fig. 3) and the respiration rate
decreased (Fig. 4c, Table 2). Was DHA readily taken up by the tissue and, if so, how was it
metabolized?

Differing from starvation, soluble sugar concentrations decreased only by 45%, G6P did
not vary and UDPG level even increased by 50% in comparison to control (Table 3). Glyc3P
increased by 50% to reach 0.64 nmol/tip (approximately 0.3 mM in the cytoplasm). This

concentration does not inhibit the G6P isomerase and DHA might supply the upper part of
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glycolysis with carbon skeletons. However it can be inferred from the absence of growth that cell
wall components were not synthesized. The increase in DHA content shows that DHA uptake
was not limiting for DHA kinase activity. Furthermore, the respective 3 and 1.5-fold increase in
3PGA and PEP amounts (Table 3), indicates that DHA kinase activity was not limiting for
carbon substrate supply to the lower part of glycolysis. But the decrease in the respiration rate
and in alanine and glutamate levels (Fig. 4c, Table 3) indicates that the carbon supply to the
respiration might be limited downstream PEP, as already observed with glycerol.

The increase in Asn, P-chol and P-eth levels (Table 3, supplementary data file: Fig. S1
and S2) and the vacuolar accumulation of Pi (Fig. 4c), and the decrease in hexokinase activity
(Table 3), indicate that DHA-treated root tips were carbon-starved and that proteins and lipids
were degraded. However, the high Asn content (116.2 nmol/tip) associated to a limited NPB (-
31 pg.tip?.48 h!, Fig. 1 and 2, Table 1), indicates that asparagine accumulation could result not
only from the catabolism of amino acids but also from the assimilation of nitrogen. Similarly,
glutamine content increased by a factor of 3 (Table 3), as well as phenylalanine, tyrosine,
tryptophan, threonine, valine and isoleucine contents (data not shown). This can be interpreted as
follows. DHA feeds both the lower part of the glycolysis, up to PEP, and the higher part of the
glycolysis up to G6P (G6P isomerase is not inhibited without a significant amount of Glyc3P). In
these conditions, the pentose phosphate pathway can operate and regenerate the reducing power
(NADPH) necessary for nitrate reduction and assimilation. Thus, the availability of reducing
power and carbon skeletons, via PEP carboxylase (PEPCase), could explain the increased levels
in asparagine, glutamine and other amino acids in a context where growth is stopped and net
proteolysis is moderate (Fig. 1-3, Tables 1 and 3). Growth and respiration were normal in
experiments of co-feeding (100 mM DHA + 100 mM Glc) and re-feeding (100 mM Glc
substitution to 100 mM DHA). This confirmed that 100 mM DHA is not toxic to the root tips.

Effects of glycerol and DHA on PEPCase, PK and PEP phosphatase activities

To understand the increase of PEP and 3PGA amounts in Glyc- and DHA-fed root tips,
and the concomittant decrease in respiration rate, we investigated the fate of the three PEP
metabolizing enzymes in position to feed carbon skeletons to the TCA cycle: PEPCase, PK and
PEP phosphatase (Table 4). First, we measured their total activity in the different physiological
situations. In comparison to the control, PEPCase and PK activities decreased by 45% in 48 h

carbon-starved roots, but PEP phosphatase doubled. In either Glyc- or DHA-fed root tips

16



PEPCase activity was maintained close to control level, PK activity decreased by 30%, and PEP
phosphatase increased as in carbon-starved roots (Table 4). Supplementation of the incubation
medium containing 100 mM Glyc with 10 mM Pi did not change significantly the activities of
the three enzymes (data not shown).

Second, we checked the effects of pH and various effectors on the activity of PEPCase
and PK. Indeed, the post-translational regulation of these enzymes involves their sensitivity to
pH and/or various effectors, or their phosphorylation state (Plaxton 1996). The variations in
cytoplasmic and vacuolar pH during the time course of the experiments could be assessed using
in-vivo *!P NMR. Cytoplasmic pH values of carbon-starved, Glyc-fed and DHA-fed root tips
decreased from 7.5 to 7.35 within 24 h, whereas that of vacuolar pH remained stable at 5.5
(Table 3). The activities of PEPCase and PK were then measured at cytoplasmic pH (7.35), and
that of PEP phosphatase at vacuolar pH (5.5), in the presence of different compounds in control,
carbon-starved, Glyc-fed and DHA-fed root tips (Table 5). The cellular concentration of each
compound was estimated from its content in the root tips (Tables 2 and 3; Fig. 4) and its
potential location in the cells to determine the assay conditions. G6P, 3PGA, UDPG and ATP
were considered to be located in the cytoplasm; sugars, amino acids and organic acids were
estimated to be located both in the cytoplasm and the vacuole; cytoplasmic and vacuolar Pi
concentrations were drawn from in-vivo NMR data. As shown in Table 5, depending on the
assay conditions and in reference to standard conditions, PEPCase and PK activities were 26 to
47 % inhibited and PEP phosphatase activity was 88 to 95% inhibited. The strong inhibition of
PEP phosphatase was essentially due to Pi, the vacuolar concentration of which being in the
range 3 to 20 mM (Fig. 4). These data are consistent with previous studies showing a strong
sensitivity of PEPCase, PK and PEP phosphatase activities to pH and effector concentrations
(Duff et al. 1989; Podesta and Plaxton 1994; Hu and Plaxton 1996).

Thus, taking into account both the decrease in total activity (Table 4), and the effects of
pH and effectors (Table 5), the PK activity measured in Glyc-fed and DHA-fed root tip extracts
was calculated to be 50 and 44 %, respectively, lower than that in control root tip extract. Similar
calculations showed that PEPC activity was 26 and 20 % lower in Glyc-fed and DHA-fed root tip
extracts than in control root tip extract while PEP phosphatase activity was 28 and 93 % higher.
These results show that the activities of PEPCase, PK and PEP phosphatase depend strongly on
local conditions and are lower in-vivo than when measured in optimal conditions in-vitro. They

also indicate that, in Glyc- and in DHA-fed root tips, the supply of carbon substrates to
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mitochondria might be limited in-vivo at the PK step. It would be a clue for the accumulation of

PEP and 3PGA and the decrease in respiration rate.

Correlation between respiration and protein degradation

The data assembled in Fig. 1, 2 and 4, and Tables 1 and 2, show (i) that PD rate is not
related to global protease activities and RSIP expression level, (ii) that the changes in protein
contents are representative of PD processes, and (iii) that PD rate is low when the respiration rate
is high, and high when respiration rate is low. This suggested that PD processes would be related
to the carbon supply to the respiration, independently of the regulation of protease expression and
activity. To test this hypothesis, maize root tips were incubated for 48 h, either without carbon
source, or in the presence of various substrates (Glc, DHA, Glyc or 3-OMG) at different
concentrations (10, 50, 100 and 200 mM). In each assay condition, protein content, respiration
rate and EP activity were measured. Then, respiration rate and EP activity were plotted as a
function of protein content (Fig. 5). It appears clearly that protein content is highly correlated to
respiration rate, but not with proteolytic activity. High protein contents were indeed observed in
presence of high EP activities. These observations support the hypothesis that, in limited carbon

supply conditions, PD rate might be related to the carbon supply to the respiration.

Discussion

Metabolic effects of glycerol and DHA

The data presented in this work show that neither Glyc nor DHA is able to feed efficiently the
carbon metabolism of excised maize root tips. With both substrates, the stop of growth (Fig. 3),
the decrease in respiration rate (Fig. 4, Table 2), hexokinase activity (Table 3), glycolytic
compounds and protein content (Fig. 1, Table 3), and the increase in carbon starvation markers
(Fig. 4, Table 3), EP activity and RSIP expression (Fig. 1), clearly indicate that the root tips are
carbon-starved.

Conversely to most yeasts that can use Glyc as a carbon substrate in aerobic conditions,
plant cells do not use it efficiently as a growth substrate and their metabolism is imbalanced by

Glyc. Thus, in mesophyll cells from barley leaves, Glyc triggers an accumulation of Glyc3P, at
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the expense of intracellular Pi and impairs phosphate metabolism and photosynthesis (Leegood et
al. 1988). In Glyc-fed sycamore cells, the accumulation of Glyc3P led to the competitive
inhibition of G6P isomerase, cystathionine synthase and threonine synthase (Aubert et al. 1994).
It was correlated to an impairment of pentose phosphate pathway, nitrogen assimilation and
amino acid synthesis. Intracellular autophagy was not observed in sugar-depleted cells supplied
with Glyc (Aubert et al. 1994, 1996). A similar accumulation of Glyc3P was observed in maize
root tips supplied with Glyc (Table 3). In this case however, respiration decreased, growth
stopped and intracellular autophagy was observed. Glyc supply could not meet the demand of
cell respiration in excised maize root tips, essentially because of the limitation of the carbon flux
downstream PEP. A priori, Glyc-fed root tips were not limited by Pi since Pi accumulated in the
vacuole during the 48-h incubation period (Fig. 4), and no significant change was observed in
respiration rate, energetic status or enzyme activity when 10 mM Pi was added to incubation
medium.

The inhibition of growth and the stop of the use of sugars in the root tips incubated with
DHA are puzzling (Fig. 3, Table 3). However, preliminary experiments carried out in our
laboratory showed that DHA inhibits sucrose synthase activity in-vitro (R Brouquisse and M-H
Andrieu unpublished observations). In-vivo, the inhibition of sucrose synthase by DHA could
slow down the Suc cycle, which is ATP consuming. This would lead to the observed increase of
the ATP/ADP ratio (Table 2). It should be noted that DHA concentration was low in the root tips
as compared to Glyc concentration (Table 3). This indicates that DHA entering the cells is
rapidly phosphorylated into DHAP, presumably by a DHA kinase (Lerner and Avron 1977). The
increase in 3PGA and PEP amounts indicates that DHA transport and phosphorylation do not
limit the feeding of the root tips in carbon skeletons and that respiration limitation occurs
downstream PEP.

Three PEP-metabolizing enzymes are in position to feed carbon skeletons into the TCA
cycle, and susceptible to be down regulated in Glyc- and in DHA-fed root tips: PEPCase, PK and
PEP phosphatase. The different regulation levels and control mechanisms involved in the
modulation of PEPCase and PK activity have been reviewed in the literature (Plaxton 1996,
1998). In the present study, the effects of pH and effectors were tested (Tables 4 and 5). We
show particularly that PK, which supplies directly respiration with carbon substrates, is 50%
inhibited when measured in "Glyc or DHA conditions" compared to control ones. Although we

did not take into account all the regulation levels of PEPCase and PK activities, our data provide
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good arguments to explain the decrease in respiration rate in-vivo. Tissues supplied with Glyc or
DHA would stop growing because of the partial inhibition of PEPCase and PK in this situation.
The increase in PEP phosphatase activity is consistent with the increase in neutral
phosphatase activity previously observed in carbon-starved material (Cortés et al. 2003). In this
situation, phosphatase activities are supposed to contribute remobilizing the carbon moiety of
phosphorylated compounds to feed respiration in response to carbon deprivation (Cortés et al.
2003). PEP phosphatase has been shown to be up-regulated in Pi-starved plants, and to constitute
a “PK bypass” to allow PEP to pyruvate conversion when ADP becomes limiting for PK activity
(Duff et al. 1989, Plaxton 1998). However, in the present study, PEP phosphatase activity is
strongly inhibited by high Pi concentration in the vacuole (Table 5) and its contribution to

pyruvate production is probably very low.

Regulation of EP activities and RSIP

Studying the effects of mannose and 3-OMG on maize root tips metabolism we drew the
conclusion that sugar-dependent EP activities and RSIP expression were regulated at the
hexokinase level (Brouquisse et al. 2001; Cortes et al. 2003). The present data confirm these
conclusions and suggest that no sensing step occurs downstream hexokinase for the regulation of
protease expression. When root tips were incubated in the presence of Glc, EP activities and
RSIP amounts remained at the control level, whereas they strongly increased in root tips either
starved or incubated with mannitol, Glyc or DHA (Fig. 1). Neither Glyc nor DHA prevented
protease induction and they did not limit the supply of carbon skeletons into glycolysis (Table 3).
Therefore, the occurrence of a sugar sensing step downstream hexokinase (between F6P and
PEP) should be excluded.

It could be argued that, in starved, Glyc-fed, or DHA-fed root tips, the decrease of the
carbon flux, downstream PEP and through the respiration, could be the regulatory signal for
protease expression. This is unlikely since after a 48 h incubation period with Glc, Glyc or DHA,
no correlation between respiration rate, and EP activities and RSIP amount was observed (Fig. 1,
4 and 5, Table 2). Alternately, it has been suggested that sugar-induced changes in ATP level,
ATP/ADP or ATP/AMP ratios could be regulatory signals (Halford et al. 1999). Our data rule
out this hypothesis. First, protease induction occurred as much in Glyc- or starvation-treated root
tips, where ATP level decreased, as in DHA-treated root tips where the ATP level increased (Fig.
1, Table 2). Second, the ATP/ADP and ATP/AMP ratios did not change significantly between
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control, Glc-fed or starved conditions when RSIP expression patterns clearly differed, or even
increased in DHA-treated root tips where RSIP was strongly expressed (Fig. 1, Table 2).
Previous works support these observations since energy charge or ATP/ADP ratio are
independent of the carbohydrate level in normoxic plant cells (Pradet and Raymond 1983). Other
studies showed that, in spite of the decrease of sugar and AdN pools, ATP/ADP ratio remained
high throughout carbon starvation (Brouquisse et al. 1991; Saglio and Pradet 1980; Roby et al.
1987). It is thus unlikely that AdN levels or ratios trigger a sugar deprivation signal.

Hypothesis on the regulation of proteolysis

Although in starved material protease induction and proteolysis occur simultaneously, it
appears from the present work that these two processes are not regulated in the same way in
response to variations in sugar supply. Indeed, in opposition to RSIP expression, the extent of
protein degradation is clearly not related to hexose phosphorylation or to hexokinase activity. In
the presence of DHA, protein content only moderately decreased, whereas RSIP expression was
strongly induced as in starved, mannitol- or Glyc-treated root tips (Fig. 1). Similarly, the supply
of carbon skeletons to the lower part of the glycolysis does not seem to control proteolysis since
significant protein degradation occurred, despite an increase in the 3PGA and PEP pools when
Glyc was supplied to the roots (Fig. 1, Tables 1 and 3). Moreover, as discussed above, it is
unlikely that the amounts of AdN or the ATP/ADP and ATP/AMP ratios are involved in the
regulation of the proteolysis. They are not correlated to proteolytic markers when incubation
conditions change (compare for instance protein content, protein turnover, nucleotide content and
ATP/ADRP ratio in starved, Glyc- or DHA-fed root tips in Fig. 1 and 2, Tables 1 and 2). Our data
show rather that a positive correlation exists between the respiration rate and the protein content
either in the control or in the starved, DHA-, Glyc- or 3-OMG-treated root tips (Fig. 5). These
different results suggest that, in maize root tips, carbon starvation-induced proteolysis might be
metabolically controlled after the glycolysis, downstream PEP. Such observations agree with
previous work carried out with Suc-starved sycamore cells refed with either glycerol, or pyruvate
(Aubert et al. 1994, 1996). In this later case, following the addition of Glyc or pyruvate in the
incubation medium, the inhibition of autophagy was related to the bearing of a steady respiration
rate. It was concluded that the signal giving rise to the autophagic processes (among them,

vacuolar proteolysis) originates from the declining supply of respiratory substrates to
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mitochondria. Our present results give support to the hypothesis that proteolysis is metabolically

controlled independently from the regulation of protease expression.

Conclusion

The data presented in this study show that when maize root tips are supplied with carbon
substrates by-passing the hexokinase step such as Glyc or DHA, sugar-repressed EPs and RSIP
are up-regulated. In these conditions, the extent of protein degradation is inversely related to the
respiration rate. Taken together with previous studies using mannose or 3-OMG, the present
results indicate that in sugar-limited maize root tips the regulation of protease (RSIP) expression
and the control of protein degradation, presumably via autophagic processes, occur at different
metabolic levels. We suggest that the sugar signal involved in the regulation of the protease
expression is mediated by the hexokinase step, whereas a metabolic signal triggering proteolysis
could be initiated downstream glycolysis. This signal might be related to the amount of carbon

supply to the mitochondria.
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Figure legends

Fig. 1la, b Effects of Glyc and DHA on protein content, proteolytic activities and RSIP
expression in maize root tips. Incubation of freshly excised root tips during 4 h in 200 mM Glc
defined the control (Ctrl). Otherwise, excised root tips were incubated for 48 h without carbon
substrate (Star), with 200 mM Glc or in the presence of 10, 50, 100 or 200 mM Glyc or DHA,
and analyzed for proteins and EP activities (a) and RSIP abundance by Western-Blot (b) as
described in Materials and methods. b Total protein from one root tip equivalent (between 136
and 64 pg protein according to a) were loaded on each lane for Western-blot RSIP analysis. The
percentage of RSIP specific EP activity in control (Ctrl), 200 mM Glc-fed (Glc), starved (Star),
and 100 mM Glyc- or DHA-fed root tips was measured after immunoprecipitation experiments
with anti-RSIP antibodies, as described in Materials and methods. Data are the mean of 7
(protein), 5 (EP activities) and 2 (immunoprecipitation) independent experiments. Standard
deviations are below 15%. Significant difference of 5% (x), and no significant difference (y),

when compared to each other according to Student t-test

Fig. 2 Effects of starvation, Glyc and DHA on the turnover of proteins in maize root tips. Root
tips were incubated for 24 h in the presence of 200 mM Glc and either [**S]-methionine or [**C]-
leucine, and then transferred (arrow) for 48 h in medium either without carbon source, or
containing 100 mM Glyc or 100 mM DHA. Every 6 h, proteins were extracted and amount and
radioactivity were measured. Protein synthesis (hatched bars), protein degradation (open bars)
and net protein balance (black bars) were calculated as indicated in Materials and Methods. This

is a representative experiment out of four independent experiments

Fig. 3 Growth of excised maize root tips in different nutritive media. The maize root tips were
prepared as described under "Materials and Methods" and six batches were incubated either
without carbon source, or with Glc, Glyc or DHA at the indicated concentration. Each point was

obtained from a sample of 20 root tips. Data are the mean = SD of two independent experiments

Fig. 4a-c Time courses of respiration, of cytoplasmic and vacuolar Pi in excised maize root tips.
Respiration rate and in-vivo Pi concentrations were measured as described in Materials and
methods and plotted as a function of the incubation time. The composition of the external
medium is starvation (a), 100 mM Glyc (b) and 100 mM DHA (c). Cyt-Pi, cytoplasmic Pi; Vac-

Pi, vacuolar Pi. Data are the mean + SD of three independent experiments
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Fig. 5 Correlation plots of protein content with either respiration, or endopeptidase activity, of
excised maize root tips incubated in different nutritive media. Excised maize root tips were
incubated either for 4 h in a medium containing 200 mM Glc (Control), or for 48 h in a medium
containing either no carbon substrate, or Glc, or Glyc, or DHA, or 3-O-methylglucose, each
substrate at 10, 50, 100 or 200 mM. Closed symbols, respiration; open symbols, endopeptidase

activity. EP, endopeptidase. Data are from 5 independent experiments
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Supplemental data file

Fig. S1 Sugar (a) and amino acid (b) regions of *H decoupled **C NMR spectra of acid extracts
of excised maize root tips. Excised maize root tips were incubated either for 4 h in a medium
containing 200 mM Glc (Control), or for 48 h in a medium containing no carbon substrate
(Starvation), 100 mM Glyc or 100 mM DHA. Suc, sucrose; Fru, fructose; Glc, glucose; A,
alanine; E, glutamate; N, asparagine; P, proline; Q, glutamine, tACN, trans-aconitate. Spectra
were acquired at 100.61 MHz with a FID resolution of 0.7 Hz, a 60° RF pulse (10 us) and 2048

transients repeated every 3.5s. Exponential apodisation (0.5 Hz)

Fig. S2 Phosphoesters region of *H decoupled 3P NMR spectra of acid extracts of excised maize
root tips:. Excised maize root tips were incubated either for 4 h in a medium containing 200 mM
Glc (control), or for 48 h in a medium containing no carbon substrate (starvation), 100 mM Glyc
or 100 mM DHA. Pi, inorganic phosphate; G6P, glucose-6-P; Glyc3P, Glyc-3-P; 3PGA, 3-
phosphoglyceric acid; P-eth, phosphorylethanolamine; P-chol, phosphorylcholine. Spectra were
acquired at 162 MHz with a FID resolution of 0.6 Hz, a 60° pulse angle (15 us) and 2048

transients repeated every 3.5 s. Exponential apodisation (0.5 Hz)
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