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In plants, sugars are the main respiratory substrates and important signaling molecules in the regulation of carbon
metabolism. Sugar signaling studies suggested that sugar sensing involves several key components, among them hexokinase
(HXK). Although the sensing mechanism of HXK is unknown, several experiments support the hypothesis that hexose
phosphorylation is a determining factor. Glucose (Glc) analogs transported into cells but not phosphorylated are frequently
used to test this hypothesis, among them 3-O-methyl-Glc (3-OMG). The aim of the present work was to investigate the effects
and fate of 3-OMG in heterotrophic plant cells. Measurements of respiration rates, protein and metabolite contents, and
protease activities and amounts showed that 3-OMG is not a respiratory substrate and does not contribute to biosynthesis.
Proteolysis and lipolysis are induced in 3-OMG-fed maize (Zea mays L. cv DEA) roots in the same way as in sugar-starved
organs. However, contrary to the generally accepted idea, phosphorous and carbon nuclear magnetic resonance experiments
and enzymatic assays prove that 3-OMG is phosphorylated to 3-OMG-6-phosphate, which accumulates in the cells. Insofar
as plant HXK is involved in sugar sensing, these findings are discussed on the basis of the kinetic properties because the
catalytic efficiency of HXK isolated from maize root tips is five orders of magnitude lower for 3-OMG than for Glc and Man.

In plants, the supply of carbohydrates to growing
organs can vary greatly with plant development and
external conditions. Changing the sugar supply mod-
ulates cell metabolism and gene expression (Koch,
1996; Yu, 1999). An unlimited sugar supply triggers
the enhancement of carbohydrate-utilizing functions
and represses utilization of alternative carbon
sources in sinks on one hand, and on the other hand,
photosynthesis in source leaves. Conversely, a lim-
ited sugar supply has opposite effects. Thus, in
sugar-starved plants, proteins and lipids are de-
graded to supply carbon skeletons to respiration and
biosynthetic processes (Peoples and Dalling, 1988;
Yu, 1999; Brouquisse et al., 2001). In this case, protein
degradation leads to an increase in Asn (Genix et al.,
1990; King et al., 1990; Brouquisse et al., 1992), and is
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linked to the induction of exo- and endopeptidases
(Tassi et al., 1992; James et al., 1993, 1996; Chevalier et
al., 1995; Moriyasu and Ohsumi, 1996). In maize (Zea
mays L. cv DEA) root tips, sugar starvation induces a
vacuolar Ser endopeptidase, named root starvation-
induced protease (RSIP), which accounts for about
80% of the endopeptidase activity measured in vitro
(James et al., 1996; Brouquisse et al., 2001). The pro-
tease induction can be reversed by supplying sugars
(James et al., 1993; Chevalier et al., 1995; Brouquisse
et al., 2001). Thus, the expression of some proteins is
clearly related to the amount of sugars available to
the cells.

The mechanisms used by cells to sense sugars have
been extensively studied in yeast, animal, and plants,
and there is increasing evidence that sugar-sensing
mechanisms are partly conserved in eukaryotes (Jang
and Sheen, 1997; Halford et al., 1999; Johnston, 1999;
Rolland et al., 2002). In plants, sugar sensing might
involve multiple receptors and different signal trans-
duction pathways probably interact. Studies using
mutants or non-metabolizable sugar analogs, or met-
abolic intermediates, suggested that sugar transport-
ers at the plasmalemma and hexokinase (HXK) were
potential locations of signal input into the sugar sig-
naling system (Lalonde et al., 1999; Sheen et al., 1999;
Smeekens, 2000). Among the Glc analogs used to dif-
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ferentiate transport from other steps, 6-deoxy-Glc (6-
DOG) has been used because it is readily transported
into cells but cannot be phosphorylated by HXK. Sim-
ilarly, 3-O-methyl-Glc (3-O-methyl-p-glucopyranose,
3-OMGQG) is known to be transported into the cell and
said not to be phosphorylated by HXK (Jang and
Sheen, 1997; Lalonde et al., 1999; Smeekens, 2000; Rol-
land et al., 2002). Therefore, it has been widely used to
investigate hexose transport (Reinhold and Eshhar,
1968; Gogarten and Bentrup, 1983; Sauer and Stadler,
1993; Wiese et al., 2000) or sugar signaling (Graham et
al., 1994; Jang and Sheen, 1994; Godt et al., 1995;
Martin et al., 1997; Fujiki et al., 2000; Ichimura et al.,
2000; Ho et al., 2001; Oesterhelt and Gross, 2002). In
most cases, 3-OMG did not trigger a sugar signal
(Graham et al., 1994; Jang and Sheen, 1994; Ho et al.,
2001; Oesterhelt and Gross, 2002), supporting the con-
clusion that HXK phosphorylation of Glc is required
for sugar perception in plant cells. In some cases, a
sugar signal was triggered by 6-DOG (Godt et al.,
1995; Roitsch et al., 1995) or 3-OMG (Martin et al.,
1997), suggesting a sensing mechanism and a signal-
ing pathway independent of HXK. However, 3-OMG
can be phosphorylated in vivo in rat (Rattus norvegi-
cus) heart (Gatley et al., 1984), yeast (Saccharomyces
cerevisiae; Gancedo and Gancedo, 1984), and probably
in the mycoplasma Acholeplasma laidlawii (Tarshis et
al., 1976). Moreover, beef heart and yeast HXK cata-
lyze the phosphorylation of 3-OMG in vitro, although
at maximal rates three orders of magnitude lower than
those observed for Glc (Malaisse-Lagae et al., 1986).
These somewhat conflicting data prompted us to
reinvestigate the effects and fate of 3-OMG in hetero-
trophic plant cells, asking the following questions: Is
3-OMG phosphorylated by HXK, is it a respiratory
substrate, and to what extent can it be used to study
sugar signaling? To answer these questions, we char-
acterized the biochemical and physiological responses
of excised maize root tips and isolated plant cells
when 3-OMG was substituted for Glc in the culture
medium. For root tips, the time courses of metabolite
concentrations (sugars, ester-phosphates, adenine nu-
cleotides [AdNs], and amino acids) were monitored in
vivo using *C and *'P NMR along with respiration
rate measurements. The effects of 3-OMG on protein
contents, proteolytic activities, and RSIP amounts
were observed after a 48-h incubation period, after
which time the changes in enzymatic activities and
metabolic contents are clearly marked and yet fully
reversible (Brouquisse et al., 1991). We also looked for
3-OMG phosphorylation in the maize root tips and in
suspension-cultivated cells of Arabidopsis and tomato
(Lycopersicon esculentum Mill.). Last, we studied
3-OMG phosphorylation by HXK purified from maize
roots. Our results support two major conclusions:
First, 3-OMG is phosphorylated to 3-OMG-6-phos-
phate (3-OMG-6P) by HXK in heterotrophic plant
cells; and second, proteolysis is induced in 3-OMG-fed
root tips in the same way as in sugar-starved or
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6-DOG-fed root tips, which means that 3-OMG is not
sensed as a sugar by the cells. This dual effect does not
contradict the hypothesis of HXK as a sensor if we
take into account the kinetic properties of HXK; the
catalytic efficiency of HXK is five orders of magnitude
lower for 3-OMG than for Glc and Man.

RESULTS

Effects of 3-OMG on Protein Content, Proteolytic
Activities, and RSIP Expression

Figure 1, A and B, report the changes in total
protein content and endopeptidase activity (mea-
sured against azocasein) that occurred in maize root
tips incubated for 48 h in the presence of either 200
mw Glc or increasing concentrations of 3-OMG, or in
the absence of any sugar. In comparison with the
control (freshly excised root tips incubated for 4 h in
200 mm Glc), sugar starvation triggered a 50% de-
crease in protein content and a 5-fold increase in
endopeptidase activity, whereas small changes oc-
curred in Glc-fed root tips. In the presence of 3-OMG,
protein content and endopeptidase activity changed
nearly as much as in sugar-starved root tips. How-
ever, high concentrations of 3-OMG in the incubation
medium (100 and 200 mm) led to slightly higher
protein content and lower endopeptidase activity
than lower concentrations (10 and 50 mm). Because of
the similar effect of 100 and 200 mm 3-OMG on
proteolysis and protease induction, 100 mM was rou-
tinely used. The expression of the RSIP and its con-
tribution to endopeptidase activity were estimated
through western-blot and immunoprecipitation ex-
periments, using polyclonal antibodies raised against
RSIP (Fig. 1C). RSIP was barely present in control
root tips or root tips incubated with 200 mm Glc,
where it represented 18% and 28%, respectively, of
the total endopeptidase activity in vitro. In root tips,
either starved or incubated with 100 mm 3-OMG, the
increase in total endopeptidase activity was related
to an increase in the amount of RSIP, the activity of
which represents respectively 82% and 76% of the
endopeptidase activity. From these data, the induc-
tion factors for RSIP were calculated to be 1.7, 20, and
17, respectively, in Glc-fed, -starved, and 3-OMG-fed
root tips. Incubation of root tips for 48 h with 100 mm
6-DOG triggered a decrease in protein, and an in-
crease in endopeptidase activity and RSIP expres-
sion, similar to that observed for starved root tips
(data not shown). Therefore, at this stage, the bio-
chemical response of the plant cells to 3-OMG is
similar to the responses observed for starved or
6-DOG-fed cells. Our results are consistent with the
concept that 3-OMG does not repress the sugar star-
vation response because, although transported into
eukaryotic cells, it is not metabolized. To check this
point, we investigated the effects of 3-OMG on respi-
ratory metabolism in maize root tips.
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Figure 1. Effects of 3-OMG on protein content
(A), proteolytic activity (B), and RSIP expression
(C) in maize root tips. Incubation of freshly ex-
cised root tips during 4 h in 200 mm Glc, de-

fined as control (Ctrl). Otherwise, excised root
C tips were incubated for 48 h without carbon
substrate (Star), with 200 mm Glc (Glc), or in the
presence of 10, 50, 100, or 200 mm 3-OMG,
and analyzed for proteins (A), endopeptidase
activity (B), and western-blot RSIP detection (C)
as described in “Materials and Methods.” C,
Total proteins from one root tip equivalent (be-
tween 134 and 65 ug protein according to A)
were loaded in each lane for western-blot RSIP
analysis. The percentage of endopeptidase ac-
tivity due to RSIP in control (Ctrl), 200 mm Glc-
fed (Glc), Glc-starved (Star), and 100 mm
3-OMG-fed root tips was measured after immu-
noprecipitation experiments with anti-RSIP an-

17 tibodies. Data are the mean of five (protein),
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Effects of 3-OMG on Growth and
Respiratory Metabolism

The growth of excised maize root tips incubated
with 3-OMG was very limited compared with that of
Glc-fed tips and similar to the growth observed in
sugar starvation (Fig. 2). The slight increase of mass
and the related increase in length, observed during
the first 15 to 20 h of incubation, are attributed to the
consumption of endogenous sugars and to water up-
take resulting from the increase in cell osmolarity
(Brouquisse et al., 1991).

After a 48-h incubation period, the respiration rate
of 3-OMG-fed root tips dropped by 75% and was close
to that of carbon-starved root tips (Table I). Thus,
3-OMG was not able to sustain cell metabolism, and
3-OMG-fed root tips became rapidly carbon starved.
AdN contents of maize root tips incubated for 48 h in
media of different composition were measured (Table
I). The total AAN content decreased in 3-OMG-treated
root tips as in starved root tips, but the ATP to ADP
ratio and AEC remained high (around 5 and 0.90,
respectively), as in the control. The addition of 10 mm
Pi in the incubation medium did not change either the
total AAN content or the AEC value significantly.
Together, these data show that 3-OMG triggers the
same effects as starvation on common indicators of
growth and respiratory metabolism.

Effects of 3-OMG on the Metabolite Contents
13C and *'P in Vivo NMR Study

13C and *'P NMR spectroscopy were used to mon-
itor the time course changes in major pools of metab-
olites in excised root tips. Figures 3 and 4 display
typical '°C and °'P spectra obtained with root tips
successively fed with 200 mm Glc, 100 mm 3-OMG,
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three (endopeptidase activities), and two (immu-
noprecipitation) independent experiments. sDs
are less than 15%.
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and 200 mwm Glc again. '*C NMR (Fig. 3) was used to
measure the amounts of Suc, 3-OMG, and Asn, a
transient marker of protein degradation (Brouquisse
etal., 1992). *'P NMR (Fig. 4) was used to analyze the
most abundant phosphorylated compounds, such as
Glc-6-phosphate (G6P); phosphorylcholine (P-chol),
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Figure 2. Growth of excised maize root tips in different nutritive
media. Three sets of maize root tips were incubated either with or
without the hexose indicated by symbols. Each point was obtained
from a sample of 20 root tips. Data are the mean = sp of two
independent experiments.
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Table 1. Effect of 3-OMG on respiration, adenine nucleotide contents, ATP/ADP ratio, and AEC in maize root tips

Except for control, defined as a 4-h incubation in 200 mm Glc, root tips were incubated for 48 h without carbon substrate or with 100 mm
3-OMG. When not mentioned, Pi concentration was 0.25 mm. AdNs were extracted and analyzed, and the values of = AdN and adenylate energy
charge (AEC) were calculated as described in “Materials and Methods.” These data represent the mean of at least two (3-OMG and 3-OMG +

Pi), four (starvation), and six (control) independent experiments.

Condition Respiration ADP AMP 3 AdN ATP/ADP AEC

nmol O2 min~" tip~’ pmol tip~!
Control 3.45 = 0.30 2,130 = 382 360 = 66 49 £26 2,540 * 465 5.92 0.91
Starvation 0.70 = 0.10 1,213 =273 225 * 34 33 %17 1,471 = 324 5.40 0.90
3-OMG (100 mm) 0.85 = 0.15 1,239 = 141 216 = 15 30+ 8 1,485 = 164 5.74 0.91
3-OMG (100 mm) + Pi (10 mm) 0.78 = 0.15 1,364 = 367 270 = 66 43 £ 30 1,677 = 463 5.05 0.89

which is a marker of membrane degradation (Roby et
al., 1987); cytoplasmic phosphate (cyt-Pi) and vacuo-
lar phosphate (vac-Pi); UDP-Glc (UDPG); and nucle-
oside triphosphates (NTPs). The growth of root tips
was taken into account for the quantification of me-
tabolites throughout the experiment.

Transition from 200 mm Glc to 100 mm 3-OMG
induced a rapid accumulation of 3-OMG in the root
tips. After 20 h of incubation, its intracellular content
reached 330 nmol tip~' (about 120 mm) and then
stabilized (Fig. 5A). As previously observed in sugar-
starved root tips (Saglio and Pradet, 1980; Brouquisse
et al., 1991), endogenous Suc and Fru were totally
consumed within 15 h. Unexpectedly, Glc was also
totally consumed within 15 h after the transition to

Ref Control
C4suc
WWNWMW"A’MM / M
C3B 3-OMG
After 48h 3-OMG
C30.3-OMG
C2 Asn
C4 suc
Then 8h Glucose
C3B 3-0MG

C2 Asn
/ W

58 57 56 55 54 53 52

"87 86 85 84 83 82 81

ppm
Figure 3. ">C NMR spectra of excised maize root tips in different
nutritive media: regions used for quantification of sugars and amino
acids. Excised maize root tips were first perifused with a medium
containing 200 mm Glc during 4 h (Control, top). Then, 100 mm
3-OMG was substituted for Glc for 48 h (middle). Finally, root tips
were perifused with 200 mm Glc (bottom). Ref, '*CH, resonance of
ethanol contained in a capillary. Spectra were acquired at 100.61
MHz with a free induction decay (FID) resolution of 1.4 Hz, a 45°
radiofrequency (RF) pulse (45 us), and 3,000 transients repeated
every 1 s.
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3-OMG (data not shown) instead of stabilizing at 30%
of its initial value (Brouquisse et al., 1991). Such a
decrease in Glc content may be explained by the
stimulation of Glc efflux in response to 3-OMG up-
take (Gogarten and Bentrup, 1983). Respiration rate
dropped quickly by 50% after the transition to
3-OMG, but decreased at a lower rate beyond 10 h
(Fig. 5B). After a transient increase, the concentra-
tions of NTP (Fig. 5B) and UDPG (Fig. 5D) continu-
ously decreased to reach about 60% of their initial
values after 48 h of 3-OMG treatment. Cyt-Pi concen-
tration evolved with kinetics similar to NTP (Fig.
5D), whereas the Cyt-Pi resonance chemical shift in-

P-eth + F6P + G3P

GPC Control

//J\NMWM

G6P + | 3-OMG-6P

vac-Pi

After 48h 3-OMG

P-eth + F6P + G3P Then 44h Glucose

i
i

Pl
v v cytPi

G6P | P-chol

ppm

Figure 4. *'P NMR spectra of excised maize root tips in different
nutritive media: regions used for quantification of phosphoesters and
nucleoside phosphates. Excised maize root tips were first perifused
with a medium containing 200 mm Glc during 4 h (Control, top).
Then, 100 mm 3-OMG was substituted for Glc during 48 h (middle).
Finally, the sample was perifused with 200 mm Glc (bottom). GPC,
glycerylphosphorylcholine. Spectra were acquired at 161.98 MHz
with an FID resolution of 1.7 Hz, a 45° RF pulse (32.5 us), and 1,000
transients repeated every 0.6 s.
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dicated cytoplasmic acidification (data not shown). in respiration rate and in NTP and UDPG concentra-
In the same time, the concentrations of P-chol, vac-Pi, tions, and the steady accumulation of P-chol, vac-Pi,
and Asn, three common markers of intracellular au- and Asn (Fig. 5), added to the protein decrease and
tophagy (Roby et al.,, 1987; Genix et al.,, 1990), in- the induction of proteolytic activities (Fig. 1), charac-
creased during the incubation with 3-OMG (Fig. 5C). terize carbon starvation (Journet et al., 1986; Brou-

To summarize, in 3-OMG-fed root tips, the decrease quisse et al., 1991; Yu, 1999).

450 4 3
A B
~ 4007 -
2 oY = |
3 350 . ol .
E s X PE ’ .N:'-r
— ] * g el
= 300 o I § = | " PRI
- & . lo) Ve el o
- —
3 250 & °t . E ® * .
o & . % E \ ‘.. —~—
S ® o £ 2]. N % 9 5
= ] : o —_ [} . . ﬁf 3
5 200 - . o |° . 3
5 o 3 . ~ §
— ] ] o 1 X
5 150 ° ‘%.hg ] g : 2
— °© . %o r4 11
g 100 = ° g \
=) e © ° o 4
e" . o %
501 o .
SN o
0 T [1] T T T T 0
1] 20 40 60 80 100 0 29 40 60 80 100
time (h) time (h)
L | A SSaSaSa——-——
Glc 3-OMG Glc Glc 3-OMG Glc
200 20 30 12
C D
180 1 00 r18
‘? 000 254
2 1601 o r16 - S
3 3 a2 3
£ E ° F - = g
£ o Y 14 3 3 20 =
- . ® g c ~
0 1201 X .~ r12 £ = 2
- L] — — a
c 'o& %o L] 0 o
2 1001 &2 % F10 = T 157 S
k-] ®o 3 o ]
£ g0 3 9 =
5 80 e g O
O T ? 10+ =
- 601 - “© 3
£ " 2
Ly 40 o 5- >
20 1
0 T T T T 0 0 T T T T 0
0 20 40 60 80 100 0 20 40 60 80 100
time (h) time (h)
| SaSaa————————
Glc 3-OMG Glc Glc 3-OMG Glc

Figure 5. Time courses of respiration and metabolite contents in excised maize root tips. Metabolite concentrations,
deduced from spectral intensities as described in “Materials and Methods,” are plotted as a function of the incubation time.
The composition of the external medium is indicated at the bottom. Data are from one representative experiment of three.
A, Time courses of intracellular hexose concentrations. B, Time courses of respiration rate and NTP concentration. C, Time
courses of concentrations of starvation markers: Asn, P-chol, and vac-Pi. D, Time courses of concentrations of cyt-Pi, UDPG,
and C6 hexose phosphates.
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Starvation was still reversible after 48 h of incuba-
tion in 100 mM 3-OMG. Replacing 100 mm 3-OMG
with 200 mm Glc in the external medium induced a
bimodal efflux of 3-OMG together with a boost in Suc
content and respiration rate (Fig. 5, A and B). Suc was
de novo synthesized at a high rate (Fig. 3, bottom) and
transiently accumulated up to 400 nmol tip ' (115
mwM) before returning to standard levels. In the same
time, NTP, cyt-Pi, and UDPG pools (Fig. 5, B and D)
gradually returned to levels close to the control. The
decrease in Asn and P-chol contents (Fig. 5C) matches
the cessation of protein and lipid remobilization.

Accumulation of an Unusual Phosphomonoester

In control root tips, the chemical shift of the G6P
resonance is 4.3 ppm (Fig. 4; Saint-Ges et al., 1991;
Roscher et al.,, 1998; Brouquisse et al., 2001). Upon
replacement of Glc by 3-OMG in the external medium,
the 4.3-ppm resonance first decreased by 15% (Fig.

B o Control

l 48 h 3-OMG

3-OMG-6P

I

48 h 3-OMG + 0.4 mM G6P

P-Chol

48 h
starvation

ppm

Figure 6. >'P NMR spectra of acid extracts of maize root tips. Sam-
ples of 2,000 excised root tips were filtered and frozen in liquid N,
after 4-h incubation with 200 mm Glc (Control, top spectrum), or
48-h incubation with 100 mm 3-OMG (second spectrum from top), or
48-h incubation without substrate (bottom spectrum). The third spec-
trum from top was recorded after an addition of 0.4 mm G6P into the
extract of 3-OMG-treated root tips. Acid extracts were prepared as
described in “Materials and Methods” and pH was adjusted at 7.5.
Spectra were acquired at 161.98 MHz with an FID resolution of 0.6
Hz, a 60° RF pulse (15 ps), and 2,048 transients repeated every 3.5 s.
The exponential apodization was 0.5 Hz.
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5D). Then, the intensity of a resonance progressively
centered at 4.2 ppm increased dramatically (Figs. 4
and 5D). This resonance, which arises from at least one
phosphomonoester, might have been attributed to
G6P on a chemical shift basis because this parameter is
very sensitive to pH (Robitaille et al., 1991). However,
the intensity of this 4.2-ppm resonance evolved quasi-
linearly as a function of time (Fig. 5D), revealing a
quite unusual rate of accumulation for G6P. When Glc
was substituted for 3-OMG in the external medium,
not only did the accumulation of this molecule cease,
but the intensity of the 4.2-ppm resonance decreased
quickly down to a point where a resonance centered at
4.3 ppm could be easily distinguished (Fig. 4).

Such an increase in the G6P resonance was unex-
pected for several reasons. First, it is known that G6P
content decreases in sugar-starved cells (Roby et al,,
1987; Brouquisse et al., 2001). Second, variations in
UDPG and G6P concentrations are usually correlated.
The phosphoglucomutase and UDPG pyrophosphory-
lase enzymes generally function near equilibrium and
stabilize the G6P to UDPG ratio (ap Rees, 1988;
Roscher et al., 1998). This is clearly not the case in
3-OMG-fed root tips (Fig. 5D). Third, demethylation of
3-OMG, which could provide Glc to HXK to generate
G6P, is very limited in vivo (Csaky and Wilson, 1956;
see C observations below). These considerations led
us to hypothesize that, during 3-OMG treatment, the
accumulated phosphomonoester was not G6P but
possibly a phosphorylated form of 3-OMG.

Identification of 3-OMG-6P in Tissue and Cell Extracts
31P NMR Analysis of Maize Root Tip Acid Extracts

To test the hypothesis of 3-OMG phosphorylation,
we proceeded toward the formal identification of
3-OMG-phosphate (3-OMG-P) in acid and ethanolic
extracts of excised maize root tips and suspension-
cultured cells incubated with 3-OMG for 48 h by
analyzing >'P and '*C NMR spectra of these extracts.
Figure 6 presents the spectral region of the phospho-
monoester resonances in a >'P NMR spectra of plant
material. In the spectrum of the control extract, G6P
is characterized by the two resonances of the a- and
B-anomers, at 4.38 and 4.34 ppm, respectively. With
sugar-starved root tips, the starvation symptoms
clearly appear through an increase in the P-chol and
P-ethanolamine resonance intensities and a decrease
in the G6P one. In the spectrum of the 3-OMG-fed
root tips, an increase is also observed for the P-chol
and P-ethanolamine resonances, but contrary to
sugar starvation, there is a significant increase of the
intensities of two unassigned resonances at 4.36 and
4.30 ppm. These intensities are in the proportion of
60% to 40%, as usually measured for the B- and
a-resonances of G6P, respectively. A small amount of
G6P was added directly to the extract (0.4 mm final)
and a new spectrum was recorded. The appearance
of a resolved B-G6P resonance demonstrated that the
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intense resonances of the 3-OMG spectrum do not
arise from G6P (the a-G6P resonance 0.4 ppm upfield
is hidden). The chemical shifts of these unassigned
resonances sustain the hypothesis of a phosphoryla-
tion of 3-OMG in C6 because the *'P resonance of
Cé6-phosphohexoses always lie in the 5- to 4-ppm
interval at neutral pH (Fan, 1996).

G6P Enzymatic Assay of Maize Root Tip Ethanolic Extracts

To confirm this hypothesis, G6P contents were mea-
sured in ethanolic extracts using an enzymatic assay.
The G6P concentrations were 3.2 = 0.6, 2.4 * 0.4, and
1.3 = 0.4 nmol tip_1 in control, 48-h-starved, and 48-h
3-OMG-fed (100 mm) root tips, respectively (mean =
sD of five independent experiments). Thus, G6P con-
tent decreased from control to starvation, as ex-
pected (Roby et al., 1987; Brouquisse et al., 2001),
but decreased even more in root tips incubated with
3-OMG. This proved definitely that the phospho-
monoester accumulated in 3-OMG-fed root tips was
not G6P.

13C NMR Analysis of Maize Root Tip Ethanolic Extracts

The *C spectra of phosphomonoesters being char-
acteristic of their molecular structure, ethanolic ex-
tracts of maize root tips were analyzed by '*C NMR
spectroscopy. Because the attribution of the reso-
nances is based on the spectra of pure compounds,
3-OMG-P was produced in vitro from 3-OMG using

Purified 3-OMG-6P

1 1o 3p 30 5p
I e

yeast HXK (Gancedo and Gancedo, 1984) and puri-
fied. It was thoroughly characterized with 'H and "*C
NMR and shown to be 3-OMG-6P (M. Gromova, S.
Cortes, A. Heyraud, R. Brouquisse, and C. Roby,
unpublished data). The *C spectra of 3-OMG (Bock
and Pedersen, 1983) and 3-OMG-6P (Fig. 7, top) were
identified among the different spectra arising from
the more abundant components in the extract of
3-OMG-fed maize root tips (Fig. 7, bottom). Quanti-
fication of the amounts of 3-OMG and 3-OMG-6P
from the '*C NMR spectra of the extracts indicated
that 8% = 1% of the substrate had been phosphory-
lated in planta after 48 h.

NMR Analysis of Arabidopsis and Tomato Cell Acid Extracts

To generalize this finding to other plants, we also
looked for 3-OMG phosphorylation in two dicotyle-
don species, Arabidopsis and tomato, by analyzing
acid extracts of heterotrophic cells incubated for 24 h
with 50 mM 3-OMG. In analogy to Figure 6, Figure
8A shows that the *'P NMR resonances of the phos-
phomonoester accumulated in tomato cells have the
same chemical shift as 3-OMG-6P. Figure 8B proves
that 3-OMG-6P is present in the acid extract of Ara-
bidopsis. Determination of the amounts of 3-OMG
and 3-OMG-6P from the "*C NMR spectrum indi-
cated that 12% = 1% of the substrate had been phos-
phorylated in Arabidopsis cells.
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Figure 7. ">C NMR identification of 3-OMG-6P. Synthesis of 3-OMG-6P from 3-OMG and ATP using yeast HXK, and
isolation using exclusion-diffusion chromatography as described in “Materials and Methods.” Top, '>*C NMR spectrum of
purified 3-OMG-6P. Bottom, '*C NMR spectrum of an ethanolic extract of 1,000 maize root tips incubated with 100 mm
3-OMG for 48 h. Arrows and bold labels indicate the resonances of 3-OMG-6P, whereas italic labels identify 3-OMG
resonances. Spectra were acquired at 100.61 MHz with an FID resolution of 0.7 Hz, a 60° RF pulse (10 us), and 2,048
transients repeated every 1.75 s. The exponential apodization was 0.5 Hz.
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Figure 8. NMR identification of 3-OMG-6P in extracts of different species. A, *'P NMR spectra of tomato cell extracts. Cell
extracts were prepared from 4-d-old cells incubated during 24 h with 100 mm 3-OMG. The figure shows the phospho-
monoester resonance interval of the *'P NMR spectra of one acid extract before (top) and after (bottom) addition of 2 mm
G6P in the sample. It contained 80 mm trans-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid (CDTA) and pH was
adjusted to 6.9 to improve resolution in this spectral interval. These spectra are the sum of 1,024 transients obtained with
the acquisition parameters reported in Figure 6. B, ">*C NMR spectra of maize root and Arabidopsis cell extracts. Comparison
of two intervals of the *C NMR spectra of acid extracts of maize root tips (top) and Arabidopsis cells (bottom) proving the
presence of 3-OMG-6P in these cells incubated for 24 h with 100 mm 3-OMG. The selected 3-OMG-6P resonances (bold
labels) are characteristic of the ">*C NMR spectrum of this molecule (Fig. 7). The intense 3-OMG resonances (italic labels)
reveal the accumulation of the precursor in the cells. No CDTA was added to this sample, and pH was 7.0. Spectra were
obtained by adding 6,144 transients recorded with the acquisition parameters reported in Figure 7.

Activity and Kinetic Parameters of Maize HXK

Purification of maize root HXK was undertaken to
assess consistently HXK involvement in the phos-
phorylation of 3-OMG. High neutral phosphatase
(measured at pH 7.5) and G6P phosphatase activities
were found in clarified homogenates of freshly ex-
cised maize root tips (Table II). Moreover, as com-
pared with the control, neutral phosphatase and G6P

Table Il. Activities of HXK, neutral phosphatase, and G6P phos-
phatase in clear homogenates of maize root tips and in partially
puritied HXK fraction

Excised root tips were incubated either during 4 h with 200 mm
Glc (control) or during 48 h in a medium either devoid of carbon
substrate (starvation) or containing 100 mm 3-OMG. Data are the
mean of three independent experiments for clarified homogenates
and for purified HXK. n.d., Not determined.

. Neutral Go6P

Condition HXK Phosphatase Phosphatase
nmol min~" tip™'
Control 4.8*0.8 4.45 * 0.15 09 £0.5
Starvation 29*0.7 9.1 = 0.1 1.9 *+0.6
3-OMG (100 mm) 2.7 £0.7 10.1 = 0.8 1.8 = 0.5
wmol min~" mg protein’
Purified HXK 2.5*0.3 0.024 = 0.001 n.d.
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phosphatase activities doubled in 48-h-starved and
48-h 3-OMG-fed root tips, whereas HXK activity de-
creased by a factor of 1.7 (Table II). Considering the
slow kinetics of 3-OMG phosphorylation in vivo (Fig.
5D), contaminating phosphatase activities are likely
to impair the in vitro measurements of 3-OMG phos-
phorylation kinetics. Thus, the activity and kinetic
parameters of maize HXK against 3-OMG, Glc, and
Man were investigated with a HXK preparation de-
void of phosphatase activity.

The HXK-specific activity was 100-fold higher than
that of phosphatase activity in the HXK-enriched
fraction obtained after a five-step purification proce-
dure (Table II). Remaining phosphatase was inhib-
ited (>95%) with the use of phosphatase inhibitors
(Pi, phosphatase inhibitor cocktail II). The K, and
Vmax Values of purified HXK for Glc, Man, and ATP
are given in Table IIIl. ADP inhibited HXK activity
measured against 2 mMm ATP in a partially noncom-
petitive mode (data not shown). The K, and
Vnax/ K values found for Glc and ATP, as well as
inhibition by ADP, were similar to those previously
found for the organelle-bound maize root HXK
(Galina et al., 1995; da-Silva et al., 2001). As com-
pared with Glc and Man, the affinity of maize root
HXK for 3-OMG and the V_,, are two and three
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Table Ill. Maize root HXK kinetic parameters for the phosphorylation of hexoses

The K, and V,,,, values were calculated using the Lineweaver-Burk reciprocal plot method. Data are the mean of three measurements from
two independent HXK preparations.

Glc? Man 3-OMG? ATP
K., (umol L") 76 £ 9 105 = 40 21,000 = 7,000 42 + 8
Vinax (kmol min~" mg protein™') 2.52 £ 0.31 1.26 = 0.06 0.007 = 0.002 2.16 = 0.32
10° X V,,,/K,, (min~' mg protein™" L) 33 12 3.10 51

*HXK activity was inhibited to the same extent with either Glc (2 mm) or 3-OMG (50 mm), when measured in the presence of either 10 mm
ZnCl, (55% inhibition) or 0.5 mm ADP (15% inhibition). With 10 mm mannoheptulose, Glc and 3-OMG phosphorylations were inhibited by 31%

and 78%, respectively.

orders of magnitude lower, respectively. Phosphory-
lation of 3-OMG by purified maize HXK was inhibited
by HXK inhibitors such as ZnCl,, ADP, and manno-
heptulose (Table III). Thus, maize root HXK does
phosphorylate 3-OMG in vitro, and probably in vivo
(Fig. 5D), but with a catalytic efficiency (V,,.,/K,,) five
orders of magnitude lower than for Glc and Man.

Overall metabolism of 3-OMG

Maize root tips were incubated for 48 h in the
presence of 100 mm [methyl-'*C]3-OMG. During
this period, the production of ['*C]CO, was mea-
sured and root tip samples were harvested after 24
and 48 h for ["*C] metabolite analysis. As reported
in Table IV, after 24 and 48 h of incubation, respec-
tively, 88% and 84% of the total radioactivity were
recovered in neutral fractions. Anions represented
8% to 11% of the total radioactivity. After treatment
of the anionic fractions with alkaline phosphatase
and fractionation on an anionic exchange column,
more than 98% of the radioactivity was retrieved in
the neutral fraction obtained. This result and that
presented in Figure 5D indicate that the radioactiv-
ity of the anionic fraction was associated with ester-

phosphates, most being 3-OMG-6P. This matches a
previous observation showing that after 6 d, 8% of
the radioactivity incorporated as [U-'*C]3-OMG
comigrated with sugar phosphates in Chenopodium
rubrum suspension cells (Gogarten and Bentrup,
1989). In the present study, less than 5% of the
radioactivity was either respired or retrieved in cat-
ionic and insoluble fractions (1.06%, 0.73%, and
2.17%, respectively, of the total incorporated
3-OMG after 48 h). It was calculated from the data in
Tables I and IV that 3-OMG is respired about 600
times slower than Glc, which agrees with the in
vitro kinetic data (Table III). Moreover, by compar-
ing the amount of ['*C]CO, released by the root tips
during the 40- to 48-h incubation period (data not
shown), and the respiration rate measured during
the same time (Fig. 5B), we calculated that [methyl-
14C13-OMG contributed less than 0.1% to the re-
spired substrates. Taken together, these results
show that 3-OMG is poorly metabolized in excised
maize root tips. First, demethylation of 3-OMG oc-
curs very slowly in vivo (less than 4 pmol min ™’
tip~1). Second, 3-OMG does not contribute much to
respiration and biosynthetic processes.

Table IV. Metabolism of [methyl-"*C]3-OMG in maize root tips during an incubation of 24 and 48 h

Root tips were incubated with 100 mm [methyl['*C]3-OMG. After 24 and 48 h, 100 root tips were
harvested and the different fractions were prepared and analyzed as described in “Materials and Meth-
ods.” Data are mean values of two independent experiments.

Metabolized [Methyl-"C]3-OMG

Fraction
24 h 48 h

(nmol tip™") % (nmol tip™") %
Respiration® 0.85 0.34 2.85 1.06
Neutrals 221.00 88.20 227.00 84.64
Anions® 20.30 8.09 29.90 11.40
Cations 2.75 1.10 1.95 0.73
Insolubles® 5.70 2.27 5.85 2.17

Total 250.60 100 267.50 100

?Respiration data refer to the amounts of 3-OMG respired by root tips between 0 and 24 h and
between 0 and 48 h of incubation. Values were calculated from the amounts of ['*C]CO, released by
the root tips and trapped in KOH solution. PAfter treatment of the anionic fraction with alkaline
phosphatase and separation on anionic exchange resin, more than 98% of the radioactivity was
retrieved in the neutral fraction, indicating that anions were almost totally ester-
phosphates. “Insolubles refer to starch, cell wall, and water- and ethanol-insoluble compounds.
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DISCUSSION
3-OMG Phosphorylation in Plant Cells

The present study shows that 3-OMG is phosphor-
ylated steadily in monocotyledon and dicotyledon
plant cells (Figs. 4, 6, and 8). It also demonstrates that
in planta 3-OMG is phosphorylated at C6 (Figs. 7 and
8B), and that in vitro it is phosphorylated by maize
root HXK, as are Glc and Man, but at a very slow rate
(Table III). Soluble and membrane-bound HXK activ-
ities have been characterized in whole maize roots
(Galina et al., 1995; Galina and da-Silva, 2000; da-
Silva et al., 2001). On the basis of its kinetic param-
eters and ADP sensitivity, it appears that we purified
the membrane-bound HXK form, which has been
associated with hexose sensing (da-Silva et al., 2001).
It would be interesting to know if the soluble form of
HXK also phosphorylates 3-OMG.

In animal and yeast systems fed with '*C-labeled
3-OMG, previous studies found that a phosphory-
lated molecule in the anionic phase extract was
radioactively labeled, and it was concluded that this
molecule was 3-OMG-P (Gancedo and Gancedo,
1984; Gatley et al., 1984). Similar measurements,
performed with HXK isolated from these organisms,
led to the conclusion that 3-OMG was phosphory-
lated by HXK (Malaisse-Lagae et al., 1986). Even
though these previous reports did not fully charac-
terize the phosphorylated molecule, from now on it
can be assumed that HXK phosphorylates 3-OMG in
eukaryotes.

3-OMG Metabolism

The present work also shows that the product of the
reaction, 3-OMG-6P, accumulates in the cytoplasm
(Figs. 4 and 5D), and is practically not used as a
respiratory substrate. The drop in rezpiration rate (Fig.
5B), and the very low amount of ['*C]CO, produced
by ["*C]3-OMG-fed root tips (Table IV) proves this
directly. As a consequence, endogenous proteins and
lipids are mobilized to support respiration and mini-
mal biosynthetic processes (Fig. 5C), in analogy with
sugar-starved plant cells where the amounts of pro-
teins and lipids decrease strongly (Saglio and Pradet,
1980; Journet et al., 1986; Brouquisse et al., 1991). Also,
as already observed (James at al., 1996; Brouquisse et
al., 2001), protein degradation is related to an increase
in total endopeptidase activity and RSIP expression
(Fig. 1). Thus, 3-OMG is not recognized as a metabo-
lizable sugar despite being phosphorylated. In com-
parison, metabolism of 3-OMG was more extensive in
the alga Galdieria sulfuraria, where 14% of the radio-
activity was lost in CO, and 9% retrieved in insoluble
compounds (Oesterhelt and Gross, 2002).

Cellular bioenergetics were modified during the
48-h 3-OMG treatment (decrease in respiration rate,
NTP, and Cyt-Pi; Fig. 5, B and D) in a way similar to
starvation (Table I). However, despite the intracellu-
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lar accumulation of a large amount of phosphomo-
noesters (Figs. 4 and 5D), there was no imbalance in
energy metabolism (Table I). Replacement of 3-OMG
by Glc triggered a return to the reference metabolic
state (Fig. 5). When root tips were fed again with Glc
after 48 h of treatment with 3-OMG, their prompt
respiratory and metabolic response (Fig. 5, A and B)
was typical of a healthy organ. Thus, 3-OMG is not
toxic to plant cells, in contrast to other Glc analogs
such as Man, 2-DOG, and glucosamine, which induce
Pi starvation, a drop in AdN content and in the AEC
value, and an imbalance of metabolism (Herold and
Lewis, 1977; Brouquisse et al., 2001). As a conse-
quence, the metabolic observations reported herein
present a reliable basis for discussing the use of
3-OMG in signaling studies.

Phosphatase Activities in 3-OMG-Fed and -Starved
Root Tips

Along with phosphorylation of 3-OMG, a dephos-
phorylation of 3-OMG-6P was observed in living root
tips (Figs. 4 and 5). The two in vivo activities, esti-
mated from the rates of accumulation and consump-
tion of the substrate and product, appear to be of the
same order of magnitude. This observation reveals
the existence of a non-negligible ester-phosphate
phosphatase activity in maize root tips that has been
estimated in clarified homogenates (Table II). The
presence of phosphatase activities in root tips and
their increase after 3-OMG feeding (Table II) can
explain in vivo the slowing of accumulation of
3-OMG-6P in 3-OMG-fed root tips after 40 h, and the
decrease in the 3-OMG-6P pool after Glc refeeding
(Fig. 5D). In plants, phosphatase activities, mainly
acid isoforms, have been shown to increase in
response to Pi starvation, thus remobilizing the Pi
moiety of phosphorylated compounds to maintain Pi
turnover and cell metabolism (Plaxton, 1998; Rag-
hotama, 1999). With 3-OMG, such an increase could
also contribute to remobilizing the carbon moiety of
phosphorylated compounds to feed respiration and
biosynthetic processes in response to carbon starva-
tion. Thus, the increase in phosphatase activities and
the subsequent accumulation of vacuolar Pi (Fig. 5;
Roby et al., 1987; Brouquisse et al., 2001) could be
considered as a marker of carbon starvation, like
protease induction and Asn accumulation (Brou-
quisse et al., 1992; James et al., 1993).

Use of Glc Analogs

The question of sugar sensing is only indirectly ad-
dressed when studying the metabolic and physiolog-
ical consequences of 3-OMG substitution for Glc. It is
the biochemical response of the integrated system to
the sugar signal that is observed over 48 h, and not the
signal transduction process itself. However, when
carefully screening the metabolic responses to Glc
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analogs, one can make some interpretations in terms
of signaling from these systemic properties. In previ-
ous work, after making sure that the observed re-
sponses were not the result of a metabolic imbalance
caused by Pi starvation, we have shown that Man
could be considered to have the same signaling effect
as Glc (Brouquisse et al., 2001). Here, we show that in
3-OMG-fed excised maize root tips, 3-OMG readily
accumulates in large amounts while sugar starvation
occurs (Figs. 1-5). This confirms that 3-OMG does not
trigger any apparent sugar signal (Smeekens, 2000;
Rolland et al., 2002). Considered together, our Man
and 3-OMG data support an involvement of HXK in
the perception of sugar supply and the regulation of
starvation-induced proteolysis. The finding that
3-OMG is phosphorylated by HXK (Table 1V), but
does not trigger a sugar signal, in no way invalidates
the hypothesis that HXK might be a hexose sensor in
plants. It supports the idea that dynamic processes can
have a significant function in sensing.

In yeast, it was concluded recently that HXK sugar
sensing was correlated to the onset of catalysis by the
eventual formation of a stable transition intermediate
(Hohmann et al., 1999; Kraakman et al., 1999). On this
basis, we looked at the kinetic properties of the maize
HXK presumably involved in sugar sensing (da-Silva
et al., 2001) to understand the impact of different
hexoses in plant sugar signaling. The affinity and the
V max Value of maize root tip HXK are about 300 times
higher for Glc than for 3-OMG, giving a catalytic
efficiency five orders of magnitude higher for Glc
than for 3-OMG (Table IV). The ratios are of the same
order of magnitude when comparing Man with
3-OMG. We point out the correlation between the
very low phosphorylation rate of 3-OMG and the
starvation-like response. If HXK is the first element
in a chain of signal transduction (Sheen et al., 1999;
Smeekens, 2000), the large conformational change of
this enzyme occurring upon binding of the substrates
and/or product release could be the triggering signal
itself, in plants (Jang and Sheen, 1997) as in yeast
(Kraakman et al., 1999).

CONCLUSION

The present work shows that 3-OMG is phosphor-
ylated by HXK in heterotrophic plant cells, but not
used as a respiratory and growth substrate. Proteol-
ysis and RSIP expression are induced in 3-OMG-fed
as in carbon-starved tissues. Thus, despite being
phosphorylated, 3-OMG is not sensed as a sugar and
behaves as a transported, but not phosphorylated,
Glc analog. Considering the low catalytic efficiency
of HXK for 3-OMG, it remains valid to use this ana-
log for further study of the potential role of HXK
phosphorylation rate in sugar sensing.
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MATERIALS AND METHODS

Preparation and Incubation of Excised Maize
(Zea mays L. cv DEA) Root Tips

Maize (Pioneer France Mais, Toulouse, France) seed germination, root tip
preparation, and incubation conditions were described (Brouquisse et al.,
2001). Incubation medium containing minerals (Saglio and Pradet, 1980),
plus 10 mm MES-KOH at pH 6.0, is medium A. Root tip samples were either
perifused in the NMR tube for in vivo measurements (2-mm root tips) or
incubated in flasks or syringes for tissue extraction (3-mm root tips), in the
presence or absence of 3-OMG (M-4879, Sigma, St. Quentin-Fallavier,
France) 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 4,000 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 2.3 mm
at the start, 3.3 mm for the 3-OMG-fed sample after 48 h, and 7 mm at the
end of the experiment).

Preparation of Suspension-Cultured Cells

Arabidopsis cells (ecotype Columbia), obtained from Pierre Carol (Unité
Mixte de Recherche 5575, Grenoble, France) originated from the cell sus-
pension culture described by Axelos et al. (1992). They were grown in the
dark at 21°C in Gamborg medium containing 52 mm Suc. They were
subcultured by diluting 50 mL of cell solution in 200 mL of fresh medium in
500-mL flasks continuously agitated on an orbital shaker (Laboshake, Ger-
hardt, Bonn) at 100 rpm. During the first 3 weeks, they were subcultured
once a week and after that adaptation period in the dark they were subcul-
tured every 5 d.

Tomato (Lycopersicon esculentum Mill. var cerasiformae cv Sweet 100)
cells, obtained from Jean-Luc Montillet (DEVM, Commissariat a 1’Energie
Atomique, Cadarache, France), were grown at 23°C in Murashige and Skoog
medium containing 166 mm Glc instead of Suc. They were kept in the dark
and continuously agitated on a rotary shaker (HT, Infors AG, Bootmingen,
Switzerland) at 150 rpm. Cells were subcultured every 5 d by diluting 10 mL
of cell solution in 90 mL of fresh medium in 250-mL flasks. Initial cell
density was 60 mg fresh weight mL™".

Preparation of Extracts
Clarified Homogenates of Maize Root Tips

Clarified homogenates were prepared as described (Brouquisse et al.,
2001). Before HXK and phosphatase activity measurements and immuno-
precipitation experiments, 0.5 to 1 mL of supernatant was first desalted
through an ECONO-PAC 10 DG column (Bio-Rad Laboratories, Hercules,
CA) equilibrated with 50 mm Tris (pH 7.5) and 25 mm NaCl.

Acid Extracts of 3-OMG-Fed Plant Materials

Water-soluble metabolites were extracted using perchloric acid (Brou-
quisse et al., 2001) from plant materials conditioned in the following way. For
maize, 2,000 excised root tips were incubated for 48 h in medium A supple-
mented with 100 mm 3-OMG. For cells, 14 g of 5-d-old Arabidopsis cells and
9 g of 4-d-old tomato cells were incubated for 24 h in their own nutritive
medium plus 100 mm 3-OMG. Plant materials were harvested by filtration
and quickly rinsed with a 3-OMG-free medium before freezing in liquid N,.
13C NMR spectra were recorded first. For *'P NMR, CDTA was added to
chelate divalent cations and the pH was adjusted to the desired value.

Ethanolic Extracts and Fractionation of
Ethanol-Soluble Compounds

Ethanol-soluble compounds were extracted by the boiling ethanol/water
method and resuspended in 1 mL of water after evaporation (Brouquisse et
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al., 1992). Neutral, anionic, and cationic compounds were then fractionated
on cationic (AG 50W-X8 Superfine, NH, " form, Bio-Rad Laboratories), and
anionic (AG 1-X8 Superfine, OH™ form, Bio-Rad Laboratories) columns
according to the manufacturer’s instructions.

14C Experiments

Two hundred excised maize root tips were incubated for 2 d in a 50-mL
syringe containing 40 mL of medium A supplemented with antibiotic-
antimycotics (A-7292, Sigma) and 100 mm [methyl-'*C]3-OMG (0.37 MBq
mmol !). The syringe was connected on-line with four assay tubes, changed
every 4 to 8 h, each containing 3 mL of 2% (w/v)KOH. More than 98% of the
CO, produced by the root tips was trapped in the KOH solution. After 24
and 48 h, samples of 100 root tips were harvested, thoroughly rinsed, and
frozen at —193°C. Ethanol-soluble and -insoluble compounds, and then
cationic, anionic, and neutral fractions, were prepared as described. The
radioactivity in the KOH solution, and in neutral, anionic, cationic, and
ethanol-insoluble fractions, was measured using a liquid scintillation ana-
lyzer (TRICARB 2000 CA, Hewlett-Packard, Palo Alto, CA). For each frac-
tion, disintegrations per minute were converted to nanomoles of 3-OMG
using the specific activity of [methyl-'*C]3-OMG.

Synthesis and Purification of 3-OMG-6P

The phosphomonoester 3-OMG-6P was synthesized at 22°C from a
2.5-mL solution containing 100 mm 3-OMG, 50 mm KH,PO,, 10 mm MgCl,,
1 mm Mg-ATP, 100 mm phosphoenolpyruvate, 5 units of pyruvate kinase,
and 10% (v/v) D,O at pH 7.7. The addition of 45 units of yeast (Saccharo-
myces cerevisine) HXK (1426362, Roche Molecular Biochemicals, Grenoble,
France) started the reaction, which was stopped after 7 d with boiling
ethanol. The sample was evaporated and resuspended in water. Three steps
of exclusion diffusion chromatography were used to isolate 3-OMG-6P. The
extract was first chromatographed at 60°C on a BIO-GEL P2 column (1.5 X
200 cm, Bio-Rad Laboratories) equilibrated with water. The fractions con-
taining 3-OMG-6P were concentrated and chromatographed again on the
same column equilibrated with 50 mm NaNO;. New 3-OMG-6P fractions
were desalted, using an HPLC system, through an HW 40-50 F column (50 X
2.1 cm, Interchim, Montlugon, France) equilibrated with water. The enrich-
ment in 3-OMG-6P was assessed using 'H and *C NMR spectroscopy.
Commercial yeast HXK was checked for potential enzymatic contamina-
tions. No phosphotransferase activity was detected. The only relevant con-
taminant activities were isomerase and phosphatase, each with a ratio
(1:30-60) with respect to the formation rate of 3-OMG-6P.

Partial Purification of HXK

One hundred grams of primary maize roots were homogenized in a
blender (Waring, New Hartford, CT) using 500 mL of a 50 mm Tris buffer at
pH 8.0, containing 5 mm MgCl,, 1 mm Na-EDTA, 5 mm B-mercaptoethanol,
and 5% (w/v) glycerol (medium B), in the presence of 0.5% (w/v) polyvi-
nylpolypyrrolidone. The homogenate was filtered through eight cheesecloth
layers and centrifuged at 15,000¢ for 15 min. The supernatant was brought
to 30% (w/v) saturation with ammonium sulfate, and centrifuged at 15,000
for 15 min. The resulting supernatant was brought to 80% (w/v) saturation
with ammonium sulfate and centrifuged again. All the precipitated proteins
were resuspended in medium B, and loaded, ata 1 mL min ™! flow rate, onto
a Sephacryl S200-HR (Amersham Biosciences, Orsay, France) gel filtration
column (2.5 X 70 cm) equilibrated with medium B. HXK containing frac-
tions were then loaded, at a 1 mL min~! flow rate, onto a Sepharose Q Fast
Flow (Amersham Biosciences) column (1.6 X 40 cm) equilibrated with
medium B. Bound proteins were eluted with a 0 to 1 m NaCl gradient.
Active fractions were diluted three times with medium B and loaded onto
an FPLC MONO-Q 5/5 HR (Amersham Biosciences) column equilibrated
with medium B, at a flow rate of 0.5 mL min~'. HXK activity was separated
from phosphatase activity through the use of the following discontinuous
NaCl gradient: from 0 to 150 mm NaCl during 10 min, 150 mm NaCl for 6
min, from 150 to 250 mm NaCl during 14 min, and from 250 mm to 1 M NaCl
during 20 min. Active fractions were diluted three times with medium B and
the MONO-Q fractionation step was performed once again. After this last
step, fractions with a HXK/phosphatase activity ratio >100 were pooled
together and used for HXK kinetic parameter determination. Purified frac-
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tions typically yielded the following HXK activities: 2.5 * 0.3 umol Glc
min~! mg protein~!, and 0.81 + 0.04 pmol Fru min~' mg protein~'. The
fructokinase activity was assayed with 40 mm Fru.

Enzyme Activity Assays

Endopeptidase activity was measured, at pH 6.1, against azocasein
(James et al., 1993). The azocaseinase activity was calculated using the
extinction coefficient Eqo, (w/v) azocascine in 1 m NaOH, 440 = 37 Lem ™~ 'g ™1 HXK
activity assay medium with Glc and Man contained the enzymatic extract,
50 mm Tris (pH 7.5), 5 mm MgCl,, 3 mm dithiothreitol (DTT), 2 mm ATP, 1
mM NAD, and 5 units of G6P dehydrogenase (from leuconostoc mesen-
teroides). Reactions, run at 25°C, were routinely initiated with 2 mm Glc or
Man and monitored at 340 nm. When Man was used as a substrate, the
reaction medium was supplemented with 5 units of phospho-Man isomer-
ase and 10 units of phospho-Glc isomerase. To assess the HXK activity with
3-OMG, the assay medium (final volume = 2 mL) contained 0.5 to 1.5 units
of purified enzyme, 200 mm Tris (pH 7.5), 3 mm DTT, 2 mm ATP, 5 mm
MgCl,, 1% (v/v) phosphatase inhibitor cocktail II (P5726, Sigma), and 20
mM KH,PO,. Reaction was initiated by the addition of [methyl-'*C]3-OMG
(4 MBq mmol ') at varying concentrations (10, 20, 50, and 100 mm), and run
at 25°C. Reactions were stopped by adding 3 mL of boiling ethanol to the
600-uL samples after 0, 90, and 180 min. Samples were dried in a rotary
evaporator and the residue resuspended in 1 mL of water. The molecules
3-OMG and 3-OMG-6P were separated through a 1.5-mL anionic column
(AG-1, CI” form). Radioactivity was measured in the anionic fraction and
disintegrations per minute were converted to nanomoles using the specific
radioactivity of [methyl-'*C]3-OMG. Neutral phosphatase assay was con-
ducted in 0.5 m Tris (pH 7.5). The reaction, measured at 25°C, was initiated
with 5 mm p-nitrophenyl phosphate and the appearance of p-nitrophenol
was monitored at 420 nm (E, nitrophenolazo0 = 75.75 em~' mm~'). G6P
phosphatase assay medium (1 mL at 25°C) contained 250 to 500 uL of
desalted extract in 50 mm Tris (pH 7.5), 25 uM chymostatin, and 5 mm G6P.
Aliquots of 200 uL were sampled every 10 min and the reaction stopped by
adding 500 pL of boiling water. After 5 min at 100°C, samples were dried
in a rotary evaporator and the residues resuspended in 1 mL of water.
Residual G6P in the samples was measured at 340 nm, in a 50 mm Tris buffer
(pH 7.5) containing 3 mm MgCl,, 3 mM DTT, 0.5 mMm NAD, and 5 units of G6P
dehydrogenase. The Glc produced was measured subsequently after addition
of 2 mm ATP and 3 units of yeast HXK.

Other Analytical Methods

Proteins were quantified (Bradford, 1976) using the Bio-Rad microassay
reagent. Bovine y-globulin was used as the standard. SDS-PAGE, western-
blot, and immunoprecipitation experiments were performed as described
(Brouquisse et al., 2001). AdNs were extracted by the cold diethyl-ether/
trichloracetic acid procedure and determined by the bioluminescence
method (Saglio and Pradet, 1980). Because AMP was too low to be confi-
dently measured by this method, it was calculated from the adenylate
kinase mass action ratio, K.y = (ATP X AMP)/ (ADP)?, using the measured
mean values of ATP and ADP, and assuming that K., = 0.8 (Pradet and
Raymond, 1983). The total AdN content, 3 AAN = (ATP + ADP + AMP),
and AEC = (ATP + 0.5ADP)/(ATP + ADP + AMP), were then calculated.

NMR Spectroscopy

All the NMR measurements were performed using an AMX400 WB
spectrometer (Bruker S.A., Wissembourg, France): >'P and *C NMR spectra
were acquired at 162 and 100.6 MHz, respectively. During in vivo experi-
ments, 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. General acquisition conditions
have been described (Brouquisse et al., 2001) and specific acquisition pa-
rameters are given in the figure legends.

A solution composed of 50 mm methylenediphosphonic acid (MDP; 9508,
Sigma) and 8 M ethanol contained in a concentric capillary provided the
chemical shifts and intensity references for all spectra. The resonance as-
signment of metabolites was based upon chemical shifts. The concentration
time course of a given metabolite was obtained in vivo in the following way.
First, the intensity of its characteristic resonance was measured in each
spectrum, eventually corrected to take sample growth out of the detection
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coil into account (normalization to the initial number of root tips within the
detection coil), as well as spectral fluctuations, and plotted as a function of
time. Second, the curve obtained was calibrated against concentration as
described below for each isotope.

Carbon NMR

The chemical shifts were referenced to tetramethylsilane 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 resonances of
ethanol contained in the capillary mixture were used as secondary external
reference (their chemical shifts were measured at 58.25 and 18.03 ppm). The
Suc amount was derived from the intensity of the C2f resonance, the 3-OMG
amount was derived from the sum of the intensities of the C38 (86.2 ppm),
and C3a (83.6 ppm) resonances and Asn amount was derived from the
intensity of the BCH resonance at 35.6 ppm. These intensities were corrected
for the saturation effect arising from the fast acquisition procedure and for
the nuclear Overhauser enhancement developed during the relaxation delay
(the correction factor was calculated from three interleaved standard and
relaxed spectra). The absolute metabolite amounts were calculated from the
corrected intensities using the ethanol CH, resonance intensity calibrated
itself in moles.

Phosphorous NMR

Chemical shifts were referenced to 85% (w/v) H;PO, using internal
glycerylphosphorylcholine 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). Quantification of acid extract spectra was done by integration of the
resolved resonances and calibration of the intensities was achieved using
the resonance intensity of MDP. The in vivo data were calibrated using the
intensities of a relaxed spectrum of maize root tips fed on 200 mm Glc. The
intensities, devoid of nuclear Overhauser enhancement, were calibrated
against concentrations using the MDP reference. The amounts of G6P and
3-OMG-6P could not be determined separately from in vivo spectra because
there is an overlap of their resonances.

Distribution of Materials

Upon request, all novel materials described in this publication will be
made available in a timely manner for noncommercial research purposes,
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the requestor.
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