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We tested the contribution of nucleoside triphosphate (NTP) hydrolysis, ethanol, and organic acid syntheses, and H*-pump
ATPases activity in the acidosis of anoxic sycamore (Acer pseudoplatanus) plant cells. Culture cells were chosen to alter NTP
pools and fermentation with specific nutrient media (phosphate [Pi]-deprived and adenine- or glycerol-supplied). In
vivo *>'P- and "*C-nuclear magnetic resonance (NMR) spectroscopy was utilized to noninvasively measure intracellular pHs,
Pi, phosphomonoesters, nucleotides, lactate, and ethanol. Following the onset of anoxia, cytoplasmic (cyt) pH (7.5) decreased
to 6.8 within 4 to 5 min, whereas vacuolar pH (5.7) and external pH (6.5) remained stable. The NTP pool simultaneously
decreased from 210 to <20 nmol g~ cell wet weight, whereas nuceloside diphosphate, nucleoside monophosphate, and cyt
pH increased correspondingly. The initial cytoplasmic acidification was at a minimum in Pi-deprived cells containing little
NTP, and at a maximum in adenine-incubated cells showing the highest NTP concentration. Our data show that the release
of H" ions accompanying the Pi-liberating hydrolysis of NTP was the principal cause of the initial cyt pH drop and that this
cytoplasmic acidosis was not overcome by H" extrusion. After 15 min of anoxia, a partial cyt-pH recovery observed in cells
supplied with Glc, but not with glycerol, was attributed to the H"-consuming ATP synthesis accompanying ethanolic
fermentation. Following re-oxygenation, the cyt pH recovered its initial value (7.5) within 2 to 3 min, whereas external pH
decreased abruptly. We suggest that the H"-pumping ATPase located in the plasma membrane was blocked in anoxia and

quickly reactivated after re-oxygenation.

The fall in cytoplasmic (cyt) pH following the onset
of anoxia is a common phenomenon observed in
most organisms, including plants (Roberts, 1984;
Raven, 1986; Kennedy et al., 1992; Ratcliffe, 1997).
However, the origin of the pH changes occurring in
plant cells during anoxia is not yet clearly established
as outlined by Ratcliffe (1995). Several parameters are
involved in the regulation of intracellular pHs in
anoxic plant cells, as recently reviewed by Saglio et
al. (1999). Several parameters may contribute to in-
crease the cyt H' concentration: the passive influx of
H™" ions from the external (ext) medium or from the
vacuole (vac), the hydrolysis of the pools of Mg
nucleoside triphosphate (NTP) and sugar phosphates
(Gevers, 1977; Busa and Nuccitelli, 1984), the accu-
mulation of non-processed acidic intermediates like
glycolytic compounds (Felle, 1996), the synthesis of
lactate (Davies et al., 1974), and a poor CO, removal.
Other parameters have the opposite effect: the synthe-
sis of Ala and y-aminobutyrate (Menegus et al., 1989),
the decarboxylation of organic acids (Roberts et
al., 1992), the activation of H" extrusion at acidic cyt
pH (Guern et al,, 1991; Xia and Roberts, 1996), and
the functioning of the H"-pumping ATPases located
at the plasma membrane and tonoplast (Gout et al.,
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1992). The apparent coincidence between the fall in
pH and the synthesis of lactic acid in anoxic tissues
suggested that the accumulation of lactate partici-
pates in the acidification of the cytoplasm (Roberts et
al, 1984; Rivoal and Hanson, 1993). However, anoxia
also triggers a cyt acidosis in rice shoots, although the
lactate synthesis is very low in this material (Mene-
gus et al., 1991). Furthermore, the fall of cyt pH
following the onset of anoxia in maize root tips pre-
cedes the accumulation of lactate (Saint-Ges et al.,
1991). It was also reported that there is a correlation
between the cyt pH and the size of the NTP pool
during anoxia. The hydrolysis of NTP liberates H*
ions, contributing to the decrease of the cyt pH, and
conversely, the synthesis of NTP should alkalize the
cyt pH. On the other hand, the decrease of NTP can
also limit the activity of the ATP-dependent H"
pumps of the plasma membrane and tonoplast that
have apparent K, for ATP of 0.1 to 0.2 and 0.3 to 0.5
mM, respectively (Sze, 1984), thereby preventing the
recovery of the normoxic cyt pH after the initial
acidification. Until now the evaluation of the contri-
bution of these different parameters to the initial cyt
acidosis was impeded by the absence of data ob-
tained with a unique material in which NTP level
could be easily varied and fermentation could be
prevented.

In this work experiments were set up to address the
following questions: To what extent does the H"-
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liberating hydrolysis of NTP participate in the initial
cyt pH fall? Do the H" pump ATPases extrude H*
from the cytoplasm in anoxia? What is the contribu-
tion of the synthesis of ethanol and organic acids to
the regulation of intracellular pHs during anoxia?
To answer these questions heterotrophic cell sus-
pensions from higher plants were utilized in prefer-
ence to dense tissues. This facilitated the diffusion of
gas and substrates during anoxia and improved the
homogeneity of the incubation conditions and al-
lowed specific modifications of the physiological
state of plant material (Bligny and Leguay, 1987). For
example, the importance of NTP hydrolysis in cyt
acidosis during anoxia was assessed by diminishing
or increasing the cell NTP pool by incubating cells
either in a phosphate- (Pi) free (Rébeillé et al., 1982)
or in an adenine-supplied nutrient medium (Dorée et
al., 1970). The contribution of the synthesis of lactate
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to the cyt acidosis was assessed by incubating cells
on glycerol as a unique carbon source (Aubert et al.,
1994), thereby inhibiting fermentation processes.

RESULTS

Changes in pH, Nucleotides, and Hexose
Phosphates during Anoxic and
Normoxic Transitions

In vivo *'P nuclear magnetic resonance (NMR)
spectra obtained from sycamore (Acer pseudoplatanus)
cells perfused at pH 6.5 with a Mn”"-free nutrient
medium containing 100 um Pi and supplied with O,
(normoxia) or N, (anoxia) are shown in Figure 1. The
reference spectrum (A;) shows major peaks corre-
sponding to the following compounds, from down-
field to upfield: Glc-6-P at 4.30 ppm; Man-6-P as a
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Figure 1. Proton-decoupled in vivo *'P-NMR spectra of normoxic and anoxic sycamore cells, and evolution of NTP,
intracellular pHs (cyt and vac pH), and ext pH. The cells (20 g wet weight) were positioned in a 25-mm NMR tube as
described earlier (Roby et al., 1987; Aubert et al., 1994), continuously perfused with a culture medium adjusted to pH 6.5
at time zero, and vigorously bubbled with O, or N,. In the window of NMR analysis the cells comprised about 50% (w/v)
of the total (cell + perfusion medium) volume. The spectra recorded at 20°C with a 0.6-s repetition time were the result of
1,500 transients (15 min). They are referenced to methylene diphosphonic acid peak at 16.38 ppm (not shown on the
spectra). The ext pH recording is given on curve B1. The points on the curves B2, B3, and B4 were calculated from 3-min
spectra corresponding to a representative experiment chosen in a series of five, as indicated in “Material and Methods.” The
inset centered at 3.85 ppm shows a portion of a *'P-NMR spectrum (1,024 transients) obtained from a PCA extract of anoxic
cells (1 h N, bubbling). Peak assignments: GPI and GPC, glycerylphosphoryl-inositol and -choline (note that the chemical
shift of these compounds remains constant whatever the pH variations because they are phosphodiesters).
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shoulder at 4.29 ppm; Fru-6-P at 3.78 ppm; inorganic
phosphate at 2.28 and 0.40 ppm corresponding to the
two separated pools of cyt-Pi (open arrow) and
vac-Pi (closed arrow) at pH 7.5 and 5.7, respectively;
NTP with three peaks corresponding to y-, a-, and
B-phosphorus at —5.5, —10.6, and —19.2 ppm, re-
spectively; and UDPG with two doublets at —11.0,
—11.1, and —12.7, —12.8 ppm, corresponding to (-
and a-phosphorus.

A typical response of Glc-fed sycamore cells to
anoxia (1 h) is shown on spectrum A,. The most
spectacular effects were a strong decrease of NTP
and hexose phosphates, the corresponding accumu-
lation of released Pi in the cytoplasm, and the upfield
shift of cyt Pi. Within the first 4 to 5 min following the
onset of anoxia, the cyt Pi peak shifted from 2.28 to
1.80 ppm, indicating that the cyt pH decreased from
7.5 to 6.8 (Fig. 1B,). The NTP decreased in parallel
from approximately 200 to less than 20 nmol/g cell
wet weight (Fig. 1B;). Note that after 15 min of an-
oxia, cyt pH increased and stabilized at the interme-
diate value of 7.1 (Fig. 1B,). NTP increased in parallel
from <20 to 80 to 100 nmol/g cell wet weight (Fig.
1B3). Nucleoside diphosphate (NDP) identified on
spectrum A, (with a- and B-phosphorus at —5.5 and
—10.3 ppm, respectively) averaged 40 nmol/g cell
wet weight after 1 h of anoxia. In addition, the inset
on the left of spectrum A, shows the presence, at that
time, of a pool of nucleotide monophosphates, AMP,
IMP, and UMP at 3.91, 3.89, and 3.81 ppm, respec-
tively. The sum of nucleoside monophosphate (NMP)
and NDP roughly corresponded to the disappeared
NTP. Phosphomonoesters including Glc-6-P, Fru-6-P,
and Man-6-P, which started decreasing after 10 min
of anoxia (not shown), were no longer detectable 40
min later (spectrum A,). The phosphate released dur-
ing the catabolism of nucleotides and sugar phos-
phates accumulated in the cytoplasm (Fig. 1A,). Its
concentration calculated as indicated in “Material
and Methods” was 8 to 10 mm. Although cyt Pi was
much higher than in normoxia, no sign of Pi outflow
toward vacuole or circulating medium was observed.
In contrast with cyt pH, vac pH was remarkably
stable: constant during the first minutes of anoxia, it
increased then by less than 0.02 pH unit (Fig. 1B,).
The ext pH, initially adjusted to 6.50, increased first
slightly and then remained stable (Fig. 1B,).

After re-oxygenation the cyt pH recovered the nor-
moxic value of 7.5 within 2 to 3 min and the NTP
recovered the initial value of 210 nmol g~ ' cell wet
weight within 5 to 7 min (Fig. 1, B, and Bj). It is
interesting that the pH of the perfusion (nutrient)
medium decreased abruptly by 0.2 pH units as soon
as cyt pH increased (Fig. 1B;), suggesting that the
H*-pumping ATPase located in the plasma mem-
brane was reactivated and extruded actively protons
outside. It is interesting to note that the spectrum A;
recorded 10 min after re-oxygenation displays a pro-
file quite similar to that of the spectrum A; recorded
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prior to anoxia. The pool of accumulated cyt Pi was
reused for the synthesis of the soluble P-compounds.

The parallelism in the variations of cyt pH and
NTP during anoxia, already reported in maize root
tips by Saint-Ges et al. (1991), suggested the existence
of a relationship between amplitude of cyt acidosis
and size of NTP pool, and prompted us to evaluate
the ratio of cyt pH drop versus initial NTP pool
decrease.

Relationship between Cyt Acidosis and NTP Pool
Size in Anoxic Cells

To modify the size of the intracellular NTP pool,
cells were incubated in the absence of Pi or in the
presence of Pi and adenine. After a 5-d incubation in
a Pi-deprived nutrient medium the pools of inorganic
phosphate and soluble phosphorylated compounds
become very low and the cell growth stops (Rébeillé
et al., 1982). However, unlike algae (Theodorou et al.,
1991), the Pi deprivation exerts almost no effect on
sycamore cell respiration (Rébeillé et al., 1984), indi-
cating that glycolysis (for review, see Plaxton, 1996)
delivers respiratory substrates at a normal rate in this
material. In addition, as indicated below, fermenta-
tion was not affected by phosphate deprivation. The
NTP pool of Pi-deprived cells was almost undetect-
able using in vivo *'P-NMR (Fig. 2, spectrum A),
indicating that its concentration was below 20
nmol/g cell wet weight. On the contrary, the NTP
pool concentration of Pi-supplied cells (210 nmol/g
cell wet weight) was multiplied by 5 to 6 (reaching
1.3 umol/g cell wet weight) after 12 h incubation in
the presence of 1 mm adenine (Fig. 2, spectrum C
versus B).

The intracellular pHs of Pi-deprived cells were
measured using methylphosphonate (MP) as a non-
metabolizable pH probe, as indicated in “Material
and Methods.” MP was resolved in two peaks cen-
tered at 24.2 and 22.0 ppm corresponding to vac MP
(closed arrow) and cyt MP (open arrow), respectively
(Fig. 2). The chemical shift of cyt MP in Pi-deficient
and Pi-supplied normoxic cells was identical, indi-
cating that the cyt pH of Pi-deprived cells was
7.5, like that of Suc-supplied cells. Under these
conditions the comparison of the cyt pH drop follow-
ing anoxia in Pi-deficient, reference, and adenine-
supplied cells (Fig. 2, N, anoxia) reveals that the
acidosis amplitude was related to the size of the
intracellular NTP pools (Fig. 3): approximately 0.1
pH unit in cells containing low amounts of NTP (Pi
deficient), 0.7 in reference cells, and 1 in NTP-
enriched cells (adenine supplied). Intermediate cyt
pH decreases were observed in cells partially de-
pleted or enriched in NTP (not shown). These obser-
vations suggested that the initial drop of cyt pH
following the onset of anoxia originated chiefly from
the release of H" ions, which accompanies the Pi-
liberating metabolization of NTP. To further support
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Figure 2. Proton-decoupled in vivo *'P-NMR spectra of normoxic and anoxic sycamore cells incubated in Pi-deficient (A),
standard (B), and adenine-supplied (C) media. The conditions of cell preparation and NMR acquisition are those described
in the legend of Figure 1. Adenine-supplied cells were incubated for 12 h in the presence of T mm adenine, and Pi-deprived
cells were incubated for 5 d in a Pi-free nutrient medium as described in “Material and Methods.” MP was incorporated to
cells and used as a cyt pH probe. Prior to NMR analysis all cells were incubated for 6 h in a nutrient medium containing
1 mm MP, but devoid of Pi because MP competes with Pi for the entry into the cell. Note that on the contrary to cyt Pi peak
(see Fig. 1), cyt MP peak shifts from upfield to downfield when cyt pH decreases.

this conclusion we hydrolyzed 2.5 mm ATP using an
alkaline phosphatase purchased from Sigma (St. Lou-
is; 500 wkatals for 3 mL) in a 15 mm phosphate
solution (initial pH of 7.5). Under these conditions,
which mimic the hydrolysis of cytosolic NTP in the
cytoplasm of sycamore cells, with the buffering ca-
pacity proposed by Reid et al. (1985) and Mathieu et
al. (1986), the pH of the incubation solution de-
creased by 0.6 pH units. This acidification is compa-
rable to the acidosis observed in anoxic reference
cells.

With time the cyt pH of Pi-deficient cells decreased
slowly (not shown), but no partial cyt pH recovery
was observed. Different authors relate the partial cyt
pH recovery occurring after approximately 15 min
anoxia to fermentation processes like ethanol synthe-
sis (Davies et al., 1974; Ratcliffe, 1997). However, the
prime cause of the partial re-alkalization of the cyto-
plasm was unclear. The data in the present study
suggest that the resynthesis of NTP, a proton-
consuming process, could increase the cyt pH. To
substantiate this hypothesis we further analyzed the
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relationships between fermentation, NTP pool size,
and cyt pH.

Relationships between Fermentation, NTP Pool, and
Cyt pH in Anoxic Cells

In the following experiments we utilized reference
cells incubated in a standard medium containing Glc
(Glc-fed cells) or glycerol (glycerol-fed cells) as sole
carbon source. Glycerol enters by diffusion to the
cyt compartment where it is phosphorylated to sn-
glycerol-3-P. This P monoester, which accumulates up
to 20 mM in the cytoplasm, is oxidized to dihydro-
xyacetone-P and sustains the cell respiration via the
down steps of glycolysis (Aubert et al., 1994). After 4
to 5 d of incubation in the presence of glycerol, the
Glc-6-P, Suc, and starch contents of glycerol-fed cells
become negligible since no recycling of triose-P back
to hexose-P occurs due to the competitive inhibition of
the Glc-6-P isomerase (EC 5.3.1.9) activity by glycerol-
3-P (Aubert et al., 1994). As a consequence, the cell
growth stops. In anoxic Glc-fed cells the key enzymes
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Figure 3. Anaerobic evolution of the cyt-pH of sycamore cells incu-
bated in Pi-deficient, Pi supplied (reference cells), and adenine-
supplied nutrient media. The different points on the curves were
calculated from 3-min spectra corresponding to representative ex-
periments chosen in series of five. Experiments were performed
under the conditions indicated in the legend of Figures 1 and 2. The
perfusing medium was first bubbled with O,, then with N,. The
preparation of adenine-supplied and Pi-deficient cells is described in
“Material and Methods.”

involved in the fermentation process (lactate dehydro-
genase and alcohol dehydrogenase) allow the contin-
uous oxidation of NADH to NAD", which is required
to sustain the glyceraldehyde-3-P dehydrogenase (EC
1.2.1.12) activity. On the other hand, in anoxic glycer-
ol-fed cells one additional molecule of NAD™ is re-
quired for the oxidation of glycerol-3-P to dihydroxy-
acetone-P catalyzed by sn-glycerol-3-P: NAD"
oxidoreductase (EC 1.1.1.8; Gee et al., 1988). As a
consequence, two molecules of NAD™ are required for
the metabolization of one molecule of glycerol
whereas only one molecule of NAD™ is recycled by
fermentation reactions. Therefore, glycerol should not
be metabolized in anoxia, and fermentation should
not function. This was confirmed by the "*C-NMR
spectra (Fig. 4) of normoxic (A) and anoxic (B and C)
cells. During a 6-h anoxia Glc-fed cells consumed 18%
to 20% of the Suc pool (70-80 wmol g~ ' cell wet
weight) stored in their vacuole. They simultaneously
accumulated lactate, Ala from pyruvate transamina-
tion (Vanlerberghe et al., 1991), and y-aminobutyrate
(Gaba) from Glu decarboxylation (Roberts et al., 1992;
Ratcliffe, 1995). They also produced appreciable
amounts of ethanol (spectrum A versus B) that dif-
fused freely across cell membranes and is present at
the same concentration in cells and in perfusing me-
dium (not shown). In contrast, no lactate, Ala, Gaba, or
ethanol was distinguishable in natural abundance "*C-
NMR spectra of anoxic glycerol-fed cells (spectrum C).

To improve the signal-to-noise ratio for a precise
measurement of the fermentation activity of Glc- and
glycerol-fed cells during the first minutes of anoxia,
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we utilized 100% '*C-enriched substrates b-[1-
13C]Glc and p-[3-"°C]glycerol, respectively, as indi-
cated in “Material and Methods.” The peaks of the
corresponding '*C-enriched carbon of pyruvate,
Gaba, lactate, ethanol, and Ala were positioned at
27.2,24.6,21.0,17.6, and 17.0 ppm, respectively (Fig.
5). Lactate and Ala in p-[1-'°C]Glc-fed cells were de-
tectable 3 to 5 min after the onset of anoxia. Their
accumulation rate was 6 to 7 umol h™* (gf1 cell wet
weight during the 20 first min and then it decreased
to approximately 10% of this value. In contrast, the
production of ethanol, which started after a delay of
approximately 15 min, increased steadily up to a rate
of 8 to 9 umol h™' g~' cell wet weight, confirming
that the production of ethanol starts after a phase of
induction (Davies et al., 1974, Roberts et al., 1984).
The production of ethanol by anoxic Glc-fed cells
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Figure 4. Proton-decoupled in vivo '>*C-NMR spectra (expanded scale
from 0-110 ppm) of normoxic and anoxic (A and B) Glc-fed sycamore
cells, and anoxic (O glycerol-fed cells. Normoxic and anoxic spectra
of glycerol-fed cells were not significantly different and only the
anoxic spectrum was shown. Cells were prepared for NMR analysis as
indicated in the legend of Figure 1. The spectra recorded at 20°C with
a 1-s repetition time are the result of 3,600 transients (1 h). Glycerol-
fed cells were incubated for 1 week in a nutrient medium devoid of
Suc and containing 100 mm glycerol. During NMR acquisitions they
were perfused with the same nutrient medium. Peak assignments: s,
Suc; f, Fru; g, Glc; lac, lactate; eth, ethanol; cit, citrate; mal, malate;
suc, succinate; and n.i., not identified.
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Figure 5. Proton-decoupled in vivo ">C-NMR spectra (expanded scale from 10-32 ppm) of anoxic glycerol- and Glc-fed
sycamore cells (A and B), and evolution of ethanol, lactate, and Ala. The spectra recorded at 20°C with a 1-s repetition time
are the result of 900 transients (15 min) at time O min, 15 min, and 1 h, and 3,600 transients (1 h) at time 6 h. The nutrient
medium of Gle- and glycerol-fed cells contained 250 mg of 100% '*C-enriched p-[1-"*C]Glc and b-[3-"*Clglycerol,
respectively. The different points of the curves were calculated from 7-min spectra corresponding to a representative
experiment in a series of five as indicated under “Material and Methods.” Only an upfield part of the spectra (10-32 ppm)
showing "*C-enriched methyl and methylene groups of fermentation compounds is given in this figure.

remained stable over several hours. This was also
observed in hypoxically pre-treated maize root tips
(Xia and Saglio, 1992). However, in contrast with
maize root tips, lactate was not excreted in the exter-
nal medium by sycamore cells, perhaps owing to
their cambial origin. It is interesting that the phos-
phate deficiency did not modify the fermentation
activity of anoxic cells with production of lactate and
ethanol as long as Glc was the carbon substrate (not
shown). In parallel to the production of fermentation
compounds during anoxia, the intracellular Suc con-
centration of Gle-fed cells (80 pwmol g~ ' cell wet
weight) decreased at a rate of 2.1 to 2.5 umol h™"' g™*
cell wet weight (Fig. 4, A and B), whereas starch
(11-12 mg g ' cell wet weight) remained constant
(not shown). This later result is in agreement with the
observations of Hill and ap Rees (1995). The absence
of starch metabolization, in addition to the arrest of
Glc transport through the plasma membrane in an-
oxic cells (see below) and to the fact that the rate of
Suc consumption matched the rate of ethanol, lactate,
and Ala synthesis, suggests that the flux of carbon
directed toward fermentation reactions originated es-
sentially from endogenous Suc metabolization. In

Plant Physiol. Vol. 125, 2001

contrast, confirming the observation with natural
!3C-abundance glycerol, it was not possible to detect
ethanol, lactate, and pyruvate on *C-NMR spectra of
anoxic p-[3-"*C]glycerol-fed cells (Fig. 5A). Only very
low amounts of Ala and Gaba (approximately 0.2
pmol/g cell wet weight) were detected after 6 h of
anoxia. This confirms that no significant fermenta-
tion reactions took place in glycerol-fed cells and it
indicates that these cells constitute a very suitable
material for the analysis of the effects of anoxia on cyt
pH when the fermentation activity is negligible.

A typical >'P-NMR spectrum of normoxic glycerol-
fed cells is shown in Figure 6A;. It differs from the
corresponding spectrum of reference cells (Fig. 1A;)
by the presence of a dominant phosphomonoester
peak of glycerol-3-P centered at 4.1 ppm, and by the
absence of Glc-6-P (Aubert et al., 1994). Following the
onset of anoxia the position of the cyt Pi peak of
glycerol-fed cells shifted from 2.28 to 1.85 ppm (Fig.
6A,), indicating that the cyt pH decreased from 7.50
to 6.85 (Fig. 6B,). This cyt acidification is confirmed
by the shift of the glycerol-3-P peak from 4.05 to 3.65
ppm. The pool of NTP decreased in parallel from
approximately 150 to less than 20 nmol/g cell wet
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Figure 6. Proton-decoupled in vivo *'P-NMR spectra of normoxic and anoxic glycerol-fed sycamore cells, and evolution of
NTP, cyt pH, vac pH, and ext pH. The conditions of cell preparation and NMR acquisition are those described in the legend
of Figure 1. Prior to NMR analysis cells were incubated for 1 week in a Suc-free nutrient medium containing 100 mm
glycerol. The ext pH recording is given on curve B1. The points on the curves B2, B3, and B4 were calculated from 3-min
spectra corresponding to a representative experiment chosen in a series of five, as indicated in “Material and Methods.”

Gly-3-P, sn-glycerol-3-P.

weight and cyt Pi increased accordingly (Fig. 6A,).
Taking into account their smaller cyt volume with
respect to the total cell volume, the early response of
glycerol-fed cells to anoxia was identical to that of
Suc-fed cells (Figs. 1 and 6). In contrast, after 15 min
of anoxia there was no partial recovery of the NTP
pool in glycerol-fed cells and their cyt pH remained
close to 6.85 (Figs. 6B, versus 1B,). Furthermore, in
correlation with the absence of fermentation, the pool
of glycerol-3-P did not decrease significantly during
anaerobiosis. When anoxia was maintained over 6 h
the cyt pH of glycerol-fed cells decreased to 6.6,
whereas vac pH increased to 6.3 (not shown). This
suggests that protons leaking from the vac to the
cytoplasm were not rejected across the tonoplast in
the absence of fermentation-linked ATP synthesis.
The cell death was observed when cyt pH was de-
creasing below 6.5.

After re-oxygenation, the cyt pH of glycerol-fed
cells rose back to 7.5 within less than 5 min (Fig. 6B,)
and the pH of the nutrient medium decreased simul-
taneously as already observed with Glc-fed cells (Fig.
6B,). It is interesting that the NTP pool remained
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hardly detectable by in vivo *'P-NMR during the first
15 min of recovery (Fig. 6, A; and B;). The simplest
explanation for this is that oxidative pentose-
phosphate pathway is not operating when the cells
are fed exclusively with glycerol (Aubert et al., 1994),
which would imply that Rib-5-P, indispensable for
net synthesis of ATP, is not synthesized. This is in
contrast with the situation observed in Glc-fed cells
(Fig. 1, A3 and Bj). Our results also indicate that a
tiny pool of NTP was sufficient to permit the func-
tioning of the plasmalemma H'-pumping ATPase
after re-oxygenation.

Arrest of Functioning of the Plasmalemma
ATPase in Anoxia

The results presented above suggest that the plas-
malemma ATPase does not operate under anoxic
conditions. To collect further arguments in favor of
this hypothesis we measured, in anoxic cells, nutrient
influxes depending on the proton gradient generated
by the H'-pump ATPase of the plasmalemma
(energy-dependent transports). Figure 7 shows that
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Figure 7. Uptake of Glc by sycamore cells during anoxia and nor-
moxia. Eight grams of reference cells were incubated into flasks
containing 200 mL of a fresh Suc-free culture medium supplied with
2 mm Glc and bubbled with N,. In one flask N, was replaced by O,
after 4 h of anoxia (arrow). The evolution of Glc uptake by cells was
determined via the measurement of the Glc present in the culture
medium, according to the method of Bergmeyer et al. (1974). The
values expressed as concentrations of Glc present in the incubation
medium are from a representative experiment chosen in a series
of five.

Glc, which is cotransported with a proton (Bush,
1993), was not significantly taken from the incuba-
tion medium maintained at pH 6.5 until oxygenation
was restored. In a similar manner, the transport of
amino acids and Pi from the incubation medium by
proton-coupled symporters was not functioning in
anoxia (not shown). In addition, anoxic cells did not
incorporate the paramagnetic cation Mn**, which is
incorporated to cells within minutes under normoxia
(Roby et al., 1988). This latter observation indicates
that the potential gradient (A¢) maintained across the
plasmalemma by the H -pump ATPase in normoxia
was collapsed in anoxia. Taken together, these obser-
vations reinforce the hypothesis that the plasma-
lemma ATPase was not functioning in anoxic cells
and raise the question of the cause for this blockage.

The cause of the blockage of the plasmalemma
H'-pump ATPase was not the decrease of the NTP
pool, because the cyt pH was normally regulated in
normoxic Pi-deficient cells containing much lower
amounts of NTP (Fig. 2). One could hypothesize that
the significant accumulation of NDP and NMP ob-
served in anoxia (Fig. 14,) inhibited the functioning
of the plasmalemma ATPase. To check this possibil-
ity reference cells were incubated in the presence of
200 uM cyanide, which blocks the mitochondrial elec-
tron chain at the level of the cytochrome ¢ oxidase.
Under these conditions the NTP pool decreased by
60% to 70%, with a corresponding increase of NMP
and NDP, thus mimicking the effect of anoxia (not
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shown). However, after a transient acidification con-
comitant to the partial hydrolysis of the NTP pool,
the cyt pH of cyanide-incubated cells returned to 7.4
to 7.5 in the absence of NTP pool recovery. This
indicates that the H"-pump ATPase of the plasma-
lemma was functioning in cyanide-incubated cells
despite the presence of significant NDP and NMP
pools. One other hypothesis is that the enzyme activ-
ity was blocked by a transducer of anoxia signal
released during anoxia. It is interesting that Subbaiah
et al. (1994) showed that calcium ions are released
from intracellular stores in the cytosol of anoxic cells
and Lino et al. (1998) observed that free Ca** ions
trigger the blockage of the proton pumps. To sub-
stantiate the hypothesis of a calcium-mediated block-
age of the proton pumps in anoxic sycamore cells we
utilized cells cultivated in a calcium-free nutrient
medium. After 7 d the calcium content of sycamore
cells was reduced by approximately 80%. When sub-
mitted to anoxia the cyt pH of these calcium-
deprived cells decreased by only 0.2 to 0.3 pH unit
(not shown). On the other hand, the sequestration of
external Ca?* with 1 mm EGTA added in the incu-
bation medium did not affect the cyt acidosis consec-
utive to anoxia, suggesting therefore that Ca**
should derive from a cell compartment and not from
the external medium.

DISCUSSION

The results presented in this article demonstrate
that the proton-releasing metabolization of NTP was
at the origin of the cyt acidosis established in sy-
camore cells immediately after the imposition of an-
oxia. The metabolization of the pools of hexose phos-
phates starts after the initial decrease of NTP and did
not participate in the initial cyt pH change. The am-
plitude of the cyt pH decrease was related to the size
of the NTP pool present in cells before the onset of
anoxia (Fig. 3); negligible in Pi-deficient cells contain-
ing very little NTP, but maximum in adenine-
supplied cells enriched in NTP. It would be interest-
ing to determine if there was a tight proportionality
between the decrease of NTP and the decrease of cyt
pH. It is unfortunate that the quantification of the
contribution of NTP hydrolysis to cyt pH acidifica-
tion in anoxia is hampered by the uncertainty as to
the buffering capacity of the cytosol where NTPs are
hydrolyzed and where the released Pi (the NMR
pH-probe) accumulates. However, assuming a buff-
ering capacity of 15 umol H" /g cell wet weight per
pH unit, and admitting that the hydrolysis of one
molecule of MgNTP liberates three protons, one can
estimate that the initial cyt pH decrease (0.7 pH unit)
corresponds roughly to the liberation of protons fol-
lowing the hydrolysis of approximately 2.5 mm NTP,
which is the NTP concentration in the cytosol of
reference cells. This estimate is consistent with the
decrease of pH measured in vitro during the hydro-
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lysis of 2.5 mm ATP in an incubation medium ini-
tially adjusted to pH 7.5 and buffered by 15 mm Pi. In
cells containing five times more NTP (adenine sup-
plied), the increase of the pH drop consecutive to
anoxia remained, however, lower than expected (Fig.
3). This discrepancy may be explained by a low ac-
tivity of the H" pumps in anoxia when cyt pH falls
markedly below neutrality (Xia and Roberts, 1996). In
addition, the buffering capacity of cyt cell compart-
ments varies according to their pH (Oja et al., 1999).

A second observation in favor of the existence of a
tight relationship between the variations of cyt pH
and the variations of the NTP pool size in anoxic cells
is that cyt pH increased in parallel to the partial
recovery of the NTP pool 15 min after the onset of
anoxia (Fig. 1). The synthesis of ATP from ADP and
Pi, which is an alkalizing process, permitted the in-
crease of cyt pH from 6.85 to 7.1. In anoxic Glc-fed
cells the partial recovery of the NTP pool was con-
comitant to the start of a continuous production of
ethanol (Fig. 5). On the contrary, in glycerol-fed cells
characterized by the absence of fermentation, there
was no partial NTP recovery and we observed no cyt
pH increase. As a consequence, these results confirm
that in anoxic cells the short-term fluctuations of cyt
pH are NTP-dependent and indicate that ethanolic
fermentation permitted, via the regulation of the
NTP pool size, the increase of cyt pH up to a new
equilibrium state.

The long-term steady-state regulation of intracellu-
lar pHs starting after approximately 20 min anoxia
does not seem to be dominated by the NTP pool size
in sycamore cells. For example, in Pi-deficient anoxic
cells cyt pH remained stable to 7.4 to 7.3 despite the
very low NTP pool. This confirms the observations of
Xia et al. (1995) in acclimated root tips poisoned with
fluoride to lower the NTP pool size, and suggests
that long-term cyt pH regulation involved other
mechanisms. One can recall the synthesis of lactate
(Davies et al., 1974), the metabolism of succinate,
malate, and amino acids (Roberts et al., 1992), and the
ethanolic fermentation (for review, see Tadege et al.,
1999). According to Roberts et al. (1984) and Fox et al.
(1995), the production of ethanol by anoxic tissues is
induced by the acidification of the cytoplasm. Here
ethanol was steadily produced after an induction
phase during which the cyt pH was below 7.0 (Fig.
1B,). After the 1st h of anoxia the rate of ethanol
synthesis (8-9 pmol h™' g™' cell wet weight, Fig. 5)
was approximately 5 times higher than the rate of
lactate, Ala, and Gaba synthesis, which was declin-
ing. Ethanol was the major metabolic end product
during long-term anaerobiosis in sycamore cells, con-
firming the observations of Good and Muench (1993)
on barley root tissue. Assuming that the H" pump of
the plasma membrane was not functioning, our data
suggest that the cyt pH regulation in the long-term
involved an equilibrium between acidifying and al-
kalizing processes like the syntheses of lactate, Ala,
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and Gaba. Our results indicate that in anoxic sy-
camore cells, the synthesis of Ala and Gaba matched
that of lactate (Figs. 4 and 5).

In well-oxygenated cells the H"-pumping activity
of the plasma membrane plays a major role in coun-
teracting cytoplasmic acidification (Gout et al., 1992).
Since it is highly sensitive to cyt pH (Slayman, 1987),
it was expected to combat against the acidosis in-
duced by anoxia as long as the pool of ATP was not
limiting. Nevertheless, several observations indicate
that the proton pump of the plasmalemma was not
operating under anaerobiosis: (1) the capacity of cells
to incorporate metabolites cotransported with pro-
tons like Glc or phosphate was abolished (Fig. 7); (2)
H™" ions accumulated in the cytoplasm during the
hydrolysis of NTP were not ejected into the external
medium during anoxia; and (3) upon re-oxygenation
the cyt pH increased immediately, whereas ext-pH
decreased, indicating that the functioning of the plas-
malemma ATPase was quickly restored. The cyt pH
recovered the initial value of 7.5 within 2 to 3 min
and remained stable due to the central role played by
the plasmalemma H"-pumping ATPase in the ho-
meostasis of the cyt pH in normoxic higher plant cells
(Gout et al., 1992). What may be the cause for the
arrest of functioning of the plasmalemma ATPase in
anoxia? Different hypotheses were proposed such as:
it is a consequence of the diminution of the ATP pool;
NDP and NMP that accumulated significantly fol-
lowing the onset of anoxia exert an inhibitory effect;
and the enzyme activity is blocked by the absence of
O, directly or via a messenger released under
anaerobiosis.

The first hypothesis can be rejected for two reasons:
An NTP pool much lower than that present in anoxic
Glc-fed cells was sufficient to sustain the full recovery
of cyt pH in glycerol-fed cells after re-oxygenation
(Fig. 6, B; and B,); and the cyt pH of Pi-deprived cells
is regulated at 7.5, like the cyt pH of reference cells,
despite the very small size of the NTP pool (Fig. 2).
The second hypothesis seems also unlikely since the
cyt pH is regulated at the normal pH of 7.4 to 7.5 in
cyanide-treated cells in which the NTP pool de-
creased by 60% to 70% and the NMP + NDP pools
increased correspondingly. In support of the third
hypothesis, our observation that the cyt acidosis fol-
lowing anoxia was lower in calcium-deficient cells
than in normal cells suggests that calcium ions are
released from intracellular stores and block the func-
tioning of the proton pumps. This is in good agree-
ment with the observations of Lino et al. (1998) and
Subbaiah et al. (1994, 1998). According to these later
authors, calcium is released in anoxic maize cells by
depolarized mitochondria. Upon return to normoxia
the recovery of the normoxic intracellular pHs, with
a concomitant acidification of the outer medium, was
observed within 2 to 3 min (Fig. 1, B; and B,). It is
interesting that Sedbrook et al. (1996) observed that
free Ca®" ions disappear quickly from anoxic cells

Plant Physiol. Vol. 125, 2001



following re-oxygenation. We suggest that this per-
mits the immediate activation of the plasmalemma
H"-pumping ATPase. Calcium is also implicated in
the expression of various genes, including those en-
coding glycolytic and ethanolic fermentation en-
zymes (Sedbrook et al.,, 1996; Ratcliffe, 1997). As a
consequence, the release of free Ca’" in the cytosol of
anoxic cells should favor the induction of the ethan-
olic fermentation activity that was observed after the
15 first min of anoxia. In an indirect manner, it
should favor the partial recovery of the NTP pool and
the increase of cyt pH.

The anoxia-induced increase in the glycolytic flux
(Pasteur effect) tends to restore, at least partially, the
NTP pool. Given the accumulation of fermentation
compounds (10-11 umol h™! ;:Jf1 cell wet weight),
and the value of cell respiration in normoxia (17-20
pmol O, h™' g™ cell wet weight; Rébeillé et al.,
1985), one can estimate that the glycolytic flux is
enhanced by 70% to 80% in anoxia. However, it is far
from sufficient to sustain a rate of NTP synthesis
close to the normoxic value since the oxidation of one
molecule of Glc permits the production of only two
molecules of ATP in anoxia (corresponding to glyco-
lytic steps of Glc metabolization) versus 38 in nor-
moxia. The initial stock of vacuolar Suc (70-80 umol
g ! cell wet weight), which was consumed by only
18% to 20% after 6 h of anoxia (Fig. 4), seems suffi-
cient to sustain a stronger glycolytic flux and permits
the maintenance of significant pools of phosphory-
lated carbohydrates in anoxia. Nevertheless, the hex-
ose phosphate pool decreased below the *P-NMR
threshold of detection within less than 1 h of anoxia
(Fig. 1A,). It recovered its initial value shortly after
re-oxygenation (Fig. 1A;). In anoxic maize root tips,
Bouny and Saglio (1996) demonstrated that the major
limiting step of glycolysis was the phosphorylation
of hexoses by kinases. For these authors the mainte-
nance of the glycolytic flux in hypoxically pretreated
tissues is explained by a combination of a rise in
kinase activities and decreased inhibition due to
higher cyt pH and ATP pools. However, according to
Chang et al. (2000), acclimation to anoxia requires
more than just enhanced fermentation via increased
levels of enzymes. In anoxic sycamore cells there was
no Glc transport through the plasmalemma and no
starch metabolization. As a consequence, the main
pool of available carbohydrates was the Suc present
in the vacuole. Our results suggest that in this case,
the release of Suc from the vacuole could be the
limiting factor of the glycolytic activity. The utiliza-
tion of Suc as a source of energy depends on its
cleavage into hexoses catalyzed by invertase (EC
3.2.1.26), which cleaves Suc into the two monosac-
charides or Suc synthase (EC 2.4.1.13), which con-
verts Suc in the presence of UDP into UDP-Glc and
Fru. Besides isoforms of vacuolar and extracellular
invertases, most plant species contains isoforms of at
least two cytosolic invertases (Sturm, 1999) with pH
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optima between 7.0 and 7.8 (Gallagher and Pollock,
1998). It is surprising that the UDP-Glc pool that is in
equilibrium with the hexose phosphate pools in nor-
moxic cells did not decrease in anoxia (see UDPG after
1 h of anoxia, Fig. 1A,) despite the disappearance of
hexose phosphates. This can be explained considering
that the pyrophosphate-dependent 6-phosphofructo-
1-phosphotransferase (EC 2.7.1.90), which generates
PPi for UDP-Glc pyrophosphorylase (EC 2.7.7.9) func-
tioning is inhibited by inorganic phosphate (Stitt,
1990) and that Pi accumulates considerably in the
cytosol of anoxic cells. It is also possible that the excess
of Pi present in the cytosol under anaerobiosis exerts a
direct effect on UDP-Glc pyrophosphorylase activity.
Because starch and UDP-Glc seem to be not utilized
under anaerobiosis we are forced to conclude that in
the absence of oxygen Suc is channeled via invertase
to sustain the glycolytic pathway. On a physiological
point of view, this limitation of carbohydrate con-
sumption could be beneficial to tissues enduring pro-
longed anoxic situation in so much that it avoids the
exhaustion of carbohydrates and consequently favors
the recovery process after re-oxygenation. The block-
age of the plasmalemma H"-pumping ATPase is also
beneficial to anoxic tissues because it limits the con-
sumption of ATP during a period when the recycling
of this nucleotide is drastically reduced due to the
absence of oxidative phosphorylation.

This work shows that the metabolic activity of
normoxic cells prior to experiments interferes little
with the initial acidosis following the onset of anoxia,
shedding a doubt on the claim that acidifying pro-
tons arise from non-processed substrates like glyco-
lytic and respiratory intermediates (Felle, 1996). In
support of this conclusion we observed that anoxia
triggered a comparable cyt acidosis in cells contain-
ing very different organic acid pools, but similar NTP
pools like Glc- and glycerol-fed cells (Figs. 4 and 6),
and that the amplitude of the cyt pH decrease in
Pi-deficient cells is small despite a normal fermenta-
tion activity. In addition, the synthesis of potentially
acidifying organic acids accumulated during fermen-
tation, like lactate, did not contribute to the initial cyt
pH drop since it started later, confirming the obser-
vations of Saint-Ges et al. (1991) with maize root tips.
These latter results are consistent with the observa-
tion that rice shoots exhibit a decrease in cyt pH
immediately after the beginning of anaerobiosis even
though these tissues are almost devoid of lactic acid
fermentation (Rivoal et al., 1989; Menegus et al.,
1991); and, in maize root tips, a stronger anoxia-
induced acidosis was observed when the induction of
fermentation pathway was inhibited by cyclohexi-
mide pretreatment (Chang et al., 2000).

MATERIAL AND METHODS

Suspension-cultured sycamore (Acer pseudoplatanus)
cells were grown at 20°C in a liquid nutrient medium
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containing Suc (or Glc) as sole carbon source (Bligny, 1977).
The culture medium was kept at a volume of 250 mL and
stirred continuously at 60 rpm. Under these conditions the
cell number doubling time is 40 to 48 h after a lag phase of
approximately 1 d. The maximum cell density is attained
after 7 to 8 d of growth. Cell suspensions were maintained
in exponential growth by weekly subcultures. The age of
cells refers to the day of subculturing. The so-called refer-
ence cells were 4-d-old cells. In addition, Pi-deprived and
glycerol-fed cells were used. Pi-deprived cells were refer-
ence cells that were rinsed three times by successive
resuspensions in a fresh Pi-free culture medium and incu-
bated in the same medium for 5 d. Glycerol-fed cells were
reference cells that were rinsed three times with a cul-
ture medium devoid of Suc and placed in a Suc-free culture
medium containing 100 mM glycerol as unique carbon
source for 5 d. The growth of Glc- and Suc-fed cells was
identical. The growth of Pi-starved and glycerol-fed cells
stopped after 2 to 3 d of culture, but it could restart readily
after the addition of Pi or Suc. The cell wet weight was
measured after straining culture aliquots for 20 s onto a
glass-fiber filter (pressure of suction, 9 X 10* Pa).

NMR Analyses
In Vivo Measurements

Spectra were recorded on a spectrometer (AMX 400, WB,
Bruker, Billerica, MA) equipped with a multinuclear
25-mm probe tuned at 161.9 and 100.6 MHz for *'P- and
1BC-NMR, respectively. To optimize the homogeneity of
the cell incubation conditions and to maximize the signal-
to-noise ratio we utilized an experimental arrangement
derived from that of Roby et al. (1987). Cells (20 g wet
weight) were introduced in the 25-mm NMR tube on a
porous plate placed near the bottom of the tube. The po-
rous plate was crossed by a central output glass tube; two
short tubes (inlet and safety output tubes) were positioned
2 cm above the surface of the sedimented cells. A peristaltic
pump attached to these tubes circulated the nutrient me-
dium (200 mL) through the cells, and then through the
porous plate, and recycled it via a 500-mL reservoir. In this
reservoir the medium was bubbled with O, or N,. The
composition of the incubation medium was 1 mm KCl, 5
mm KNO;, 0.5 mm MgSO,, 0.5 mm Ca(NO;),, with or
without 0.1 mm KH,PO,, and 4 mm Glc or 8 mm glycerol.
The pH of the external medium was adjusted to 6.50 before
experiments and recorded using a pH electrode (Urectron
6, Tacussel, France), which tip was immersed in the reser-
voir of perfusing medium.

Conditions for >'P-NMR acquisition utilized 70-ps
pulses (50°C) at 0.6-s intervals and a sweep width of 9.8
kHz. Broad-band decoupling at 2.5 W during acquisition
and 0.5 W during the delay was applied using the Waltz
sequence; the signal was digitized at 4,000 data points
zero-filled to 8,000 and processed with a 2-Hz line broaden-
ing. Spectra were referenced to methylene diphosphonic
acid (pH 8.9) contained in a coaxial capillary that was in-
serted inside the output tube (Roby et al., 1987) at 16.38 ppm.
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Conditions for *C-NMR acquisition utilized 70-us pulses
(90°C) at 5.6-s intervals and a sweep width of 20.73 kHz.
Broad-band decoupling at 4 W during acquisition and 0.5 W
during the delay was applied using the Waltz sequence; the
signal was digitized using 16,000 data points zero-filled to
32,000 and processed with a 2-Hz line broadening. Spectra
were referenced to hexamethyldisiloxane at 2.7 ppm. To
improve the detection of the fermentation products during
anoxia p-[1-">C]Glc and sn-p-[3-"°C]glycerol were used as
carbon source in nutrient media at the concentration of 1
mg/mL, as specified in text. These compounds were pur-
chased from Leman (St. Quentin, France).

To set up anoxia the bubbling gas was switched from O,
to N,. The CO, produced by cell respiration, ethanolic
fermentation, or Glu decarboxylation to Gaba was evacu-
ated to the atmosphere by the gas bubbling in the medium
reservoir (gas flow, 1 L/min). To limit the formation of a
CO, gradient between the top and the bottom of the per-
fused mass of cells, the nutrient medium was circulated at
120 mL/min.

Intracellular pH were estimated from the chemical shift
(8) of the cyt and vac Pi pools as described by Gout et al.
(1992). In the case of Pi-deprived cells MP was utilized as a
very suitable probe for cyt pH measurements using >'P-
NMR (Pugin et al., 1997). Sycamore cells incorporated an
average of 0.8 to 1 umol MP/g cell wet weight after a 6-h
incubation in a Pi-free culture medium containing 1 mm
MP. The incorporated MP split into 5 mm cyt MP and 0.2
mwM vac MP. Using cells containing Pi and Pi + MP, it was
verified that the intracellular pHs measured from the
chemical shift of Pi or MP were identical.

In Vitro Measurements

Perchloric acid (PCA) extracts were prepared from 10 g
of cells as described by Aubert et al. (1996). Spectra were
obtained on a spectrometer (AMX 400) equipped with a
10-mm multinuclear probe tuned at 161.9 and 100.6 MHz
for >'P- and "*C-NMR, respectively. The deuterium reso-
nance of *H,O (100 pL added per milliliter of extract) was
used as a lock signal.

Conditions for *>'P-NMR acquisition utilized 15-ps
pulses (70°C) at 3.6-s intervals and a sweep width of 8.2
kHz. Broad-band decoupling at 1 W during acquisition and
0.5 W during delay was applied using the Waltz sequence;
the signal was digitized using 8,000 data points zero-filled
to 16,000 and processed with a 0.2-Hz line broadening.
Spectra were referenced to methylene diphosphonic acid
(pH 8.9) at 16.38 ppm. Divalent paramagnetic cations were
chelated by the addition of corresponding amounts of 1,2-
cyclohexylenedinitrilotetraacetic acid.

Conditions for ">C-NMR acquisition utilized 19-ps
pulses (90°C) at 6-s intervals and a sweep width of 20 kHz.
Broad-band decoupling at 2.5 W during acquisition and 0.5
W during the delay was applied using the Waltz sequence;
the signal was digitized using 32,000 data points zero-filled
to 64,000 and processed with a 0.2-Hz line broadening.
'3C-NMR spectra are referenced to hexamethyldisiloxane
at 2.7 ppm. Mn>" ions were chelated by the addition of 1
mM 1,2-cyclohexylenedinitrilotetraacetic acid.
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Identification and Quantification

The assignment of resonance of inorganic phosphate and
soluble Pi-containing compounds to specific peaks ob-
served on in vivo *'P-NMR spectra was carried out with
the help of the spectra of PCA extracts prepared from the
samples frozen immediately after in vivo analyses (Roberts
and Jardetzky, 1981; Roby at al., 1987; Aubert et al., 1994).
The assignments of resonance of '>C peaks were carried out
according to Gout et al. (1993). In all experiments the
spectra of standard solutions of known compounds were
compared with that of PCA extracts of sycamore cells. The
definitive assignments were made after running a series of
spectra obtained by addition of the authentic compounds
to the PCA extracts at different pHs.

Identified compounds were quantified from the surface
of their resonance peaks using fully relaxed conditions for
spectra acquisition (pulses at 20-s intervals). Peak intensi-
ties were calibrated by comparison with spectra obtained
after the addition of known amounts of the corresponding
authentic compounds. The average extraction rate of the
soluble cell compounds using the technique of PCA extrac-
tion was estimated to 75% to 80% according to Aubert et al.
(1996). The in vivo quantification of ethanol was done by
comparison of the surface of its resonance peaks with those
of other quantified compounds, taking into account the free
ethanol diffusion across cell membranes and the relative
cell volume in the NMR-analyzed area (50%). To calculate
intracellular concentrations, the knowledge of the relative
volume of the different cell compartments is required.
Subcellular volumes were estimated from electron micro-
graphs of cells according to Winter et al. (1994). In 1 g of
Glc-fed cells there was typically 0.13 mL cyt and 0.80 mL
vac, and in 1 g of glycerol-fed cells there was 0.08 mL cyt
and 0.86 mL vac. According to Aubert et al. (1994), this
difference originates from the fact that the vac volume of
glycerol-fed cells increases before cell growth stops, but not
the cyt volume. In both types of cells the cytosol occupied
nearly 60% of the cyt volume.

Each NMR experiment was repeated at least five times
with cells originating from independent cultures.

Measurement of Glc and Starch: Uptake of Glc by Cells

Glc was measured with hexokinase and Glc-6-P dehy-
drogenase (EC 1.1.1.49) as described by Bergmeyer et al.
(1974). For starch determination, cells (200 mg wet weight)
were rinsed, dropped into 3 mL of ice-cold 0.5 M NaOH,
and left at 0°C for 15 min. Portions (1 mL) were vigorously
stirred in a Potter-Elvehjem homogenizer to disrupt cells
and plastids, and were neutralized with 10 M HCL. Aliquots
(500 nL) were then incubated for 1 h at pH 4.6 and 35°C
with 500 uL of 1 mg/mL amyloglucosidase (EC 3.2.1.3;
Sigma) in sodium acetate. Glc released from starch hydro-
lysis was measured as indicated above.

The uptake of Glc by cells was measured as follows: 8 g
of 4-d-old sycamore cells was incubated in 200 mL of a
fresh Suc-free culture medium containing 2 mm Gle. Frac-
tions of 1 mL of cell suspension were taken with time and
placed in 1.5-mL Eppendorf tubes for 1 min to permit the
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sedimentation of cells and the separation of the superna-
tant. Then, 200-uL aliquots of the cell-free supernatant
were taken for the measurement of Glc. The uptake of Glc
was measured from the disappearance of Glc from the
supernatants.

Cell Enrichment with p-[3-">C]Glycerol and p-[1-*C]Glc

Glycerol-fed cells were rinsed three times with a
glycerol-free culture medium to eliminate the unlabeled
glycerol initially present in cells and replace it by 100%
'3C-enriched p-[3-'*C]glycerol (1 mg/mL perfusion medi-
um). Glycerol diffuses freely across cell membranes and
equilibrates between outside medium and cell compart-
ments within 1 to 2 min (Aubert et al., 1994). We verified
that this equilibration was not dependent upon cell
oxygenation.

On the contrary, Glc was not incorporated to cells in
anoxia (see “Results”). For this reason, intracellular carbo-
hydrates pools were labeled with *C prior to experiments.
After a 24-h incubation in a Suc-free nutrient medium to
decrease unlabeled sucrose by 90% (Rébeillé et al., 1985),
cells were incubated for 12 h in the presence of 100%
3C-enriched p-[1-"°C]Glc (1 mg/mL) to restore Suc with
13C-enrichment on the C-1 and C-6 carbon atoms of the
glycosyl and fructosyl moieties of the molecule (Keeling et
al., 1988).

Received July 13, 2000; modified September 6, 2000; ac-
cepted November 3, 2000.
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