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Experiments were carried out to provide direct evidence that pyrophosphate: fructose-6-phosphate phosphotransferase
(PFP) can operate as a glycolytic enzyme in some circumstances. A large increase in the rate of glycolysis was produced
by adding uncoupler and alkalinising the medium of heterotrophic Chenopodium rubrum cells. Initially, a marked decrease
in phosphoenolpyruvate, 3-phosphoglycerate and hexose phosphates occurred, but no change in fructose 2,6-bisphos-
phate or inorganic pyrophosphate was observed. However, a gradual increase in the rate of O, uptake during the subse-
quent 5 min was accompanied by an increase in fructose 2,6-bisphosphate and a decrease in pyrophosphate, providing
evidence that activation of PFP contributes to the increase in rate of glycolysis. This was accompanied by partial recovery
of the adenine nucleotide energy status.

Pyrophosphate: fructose-6-phosphate phosphotransferase; Pyrophosphate; Fructose-2,6-biphosphate; Glycolysis; (Plant)

1. INTRODUCTION

In most eukaryotes, Fru2,6P; activates the ATP-
dependent PFK and acts as a ‘glycolytic signal’
[1,2]. However, Fru2,6P; has no effect on PFK
from higher plants but, instead, activates an en-
zyme called PFP [3-5]. PFP catalyses the reversible
phosphorylation of Fru6P using PP; as phosphoryl
donor. In analogy to other eukaryotes, it has been
suggested that PFP is a glycolytic enzyme and that
arise in Fru2,6P; stimulates glycolysis in plants by
activation of this enzyme [6-15]. However, there is
still no direct evidence that PFP can act as a glyco-
Iytic enzyme. Firstly, the reaction catalysed by PFP
is near to equilibrium in vivo [16,17] and Fru2,6P,
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acts to stimulate both forward and reverse reac-
tions in a similar manner [18]. This means that PFP
could catalyse the reverse reaction. Indeed, many
workers have suggested this to be its function,
either during gluconeogenesis [19] or to generate
PP; [20-22]. Secondly, there are no experimental
data which satisfy the following criteria for the role
of PFP in plant glycolysis in vivo: (i) Fru2,6P;
must increase and this rise should precede the in-
crease in flux; and (ii) the increase in Fru2,6P;
should be accompanied by a decline in PP;. A drop
in Fru6P alone [12] is not an adequate criterion,
since this would also be observed after activation of
PFK.

The following experiments were carried out on
heterotrophic cell suspensions of Chenopodium
rubrum in order to allow easy monitoring of rapid
changes in fluxes and metabolites. We added low
concentrations of uncoupler and simultaneously
alkalinised the medium to achieve marked stimula-
tion of respiration and dark fixation. The results
show that activation of PFP by rising Fru2,6P; can
indeed lead to the activation of glycolysis in plant
cells.
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2. MATERIALS AND METHODS

Heterotrophic C. rubrum cell suspension cultures were ob-
tained from a photoautotrophic culture [23] by growing cells in
darkness, and supplementing them with glucose. Every 13-14
days, 0.5 g fresh wt of cells were transferred to 80 ml fresh
Murashige-Skoog medium containing 100 mM glucose. Cells
were taken 9 days after transfer, when they had exhausted the
exogenous glucose but still contained substantial stored carbo-
hydrate.

Oxygen uptake was measured at 20°C in an O: electrode
(Hansatech, Kings Lynn, England) using 1 ml (50 mg fresh wt
of cells) of the suspension {medium pH 5.5 + 0.3). Following a
short period to allow equilibration, 15 m ACES (pH 7.3) and
0.5 xM CCCP were added. The rate of H*CO3 incorporation
(dark fixation) was measured by incubation of 1 ml cells for 30 s
with 2 mM H™CO; (6.7 x 10° Bq-mol™") in a scintillation
beaker, addition of 1 ml of 2 N HCl and evaporation of the
mixture to dryness. The commercially available NaH'*CO; was
purified to remove acid-stable contaminants [24].

Samples for metabolite analysis were prepared in parallel with
measurements of respiration using cells at an identical density
and under the same conditions. An aliquot of 300 mg fresh wt
was taken, most of the medium removed through a paper filter
using a water suction pump, and the filter and adhering layer
(1-2 mm thick) of cells then frozen in liquid N,. Extracts were
prepared and assayed for Fru2,6P; and phosphate esters as in
[25]. Adenine nucleotides were assayed as in [26]. PP; was ex-
tracted in trichloroacetic acid and determined according to [17].
All metabolite measurements were carried out using a Sigma
ZFP 22 dual-wavelength photometer.

Reliability of the extraction and analysis was checked by in-
cluding small amounts of metabolites (equivalent to the endo-
genous levels in the cells) in the deproteinising cocktail added to
cell samples. Parallel samples received no additional bio-
chemicals. Comparison of the metabolites found in both sets of
extracts gave the following values for the recovery of added bio-
chemicals via extraction with CHCl;/CH3OH (expressed as
percentage of the amount added): Fru2,6P;, 84; Glc6P, 93;
Fru6P, 112; GlciP, 85; UDPGIc, 85; 3 PGA, 82; PEP, 72;
Frul,6P,, 79; triose phosphates, 80; pyruvate, 70; ATP, 92;
ADP, 91; AMP, 73; PP;, 73. All represent the means of at least
3 replicates, the SE being less than 11% of the mean.

Extracts for measuring enzyme activities were prepared by
homogenization of 150 mg fresh wt cells in 2 ml extraction
medium containing 100 mM Hepes (pH 7.6), 5 mM MgCl,,
1 mM EDTA, 5 mM mercaptoethanol, 0.1% (w/w) bovine
serum albumin, and 50 zg - ml~' phenylmethylsulfonyl fluoride
at 4°C, followed by centrifugation for 5 min at 2000 x g. PFP
was assayed in the forward (PP;-consuming) direction in 75 mM
Hepes (pH 7.5), 2 mM Mg acetate, 7.5 mM FruéP, 10 zsM
Fru2,6P;, 0.15mM NADH, 1U-ml™! triosephosphate
isomerase, 1 U-mi~! glycerol-3-P dehydrogenase, the reaction
being initiated by addition of 0.25 mM PP;. PFK was assayed
using 50 mM Hepes (pH 7.9), 15 mM MgCl,, 0.1 mM NADH,
5 mM Fru6P, 1 U-ml™! aldolase, 1 U-ml™! triosephosphate
isomerase, 1 U-m!~! glycerol-3-P dehydrogenase, and the reac-
tion started by adding 0.25 mM ATP. Frul,6Pase was assayed
in 50 mM Mops buffer (pH 6.9), 5 mM MgCl,, 0.2 mM NADP,
3.5U-ml™' phosphoglucose isomerase and 2 U-ml™!
glucose-6-phosphate dehydrogenase, initiation of the reaction
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being via the addition of 50 uM Frul,6P;. This Frul,6P; con-
centration is 10-fold above the K, of the cytosolic enzyme. PFP
shows negligible activity under these conditions, which give a
maximal estimate of Frul,6Pase activity.

3. RESULTS AND DISCUSSION

When the medium pH was increased from pH
5.5 to 7.3, an increase in proton extrusion was
observed and dark fixation rose 4-fold without
altering the rate of respiration (not shown). When
uncoupler was added to cells, rapid doubling
(within 2 min) of the rate of respiration occurred
(not shown). By adding uncoupler and
simultaneously alkalinising the medium, we
stimulated O, uptake and dark fixation, thereby
achieving a large increase in the rate of glycolysis
(fig.1A). Oxygen uptake and dark fixation are ex-
pressed as nmol hexose consumed-g~' fresh
wt-min~!, in order to show the demand each
places on glycolysis (one hexose molecule is re-
quired for every 6 molecules of O, respired, or for
every 2 molecules of HCO; fixed via PEPCX).
These additions therefore led to 3-fold stimulation
of glycolysis within 10 min.

The process of the response can be divided into
two stages. During the first minute, the rate of
glycolysis almost doubles, due mainly to the in-
creased rate of dark fixation (fig.1B). No change
occurs in Fru2,6P; or PP; (fig.1B). However, hex-
ose phosphates decrease (fig.1C), PGA and PEP
fall dramatically (fig.1D) and the adenine
nucleotide status collapses, as revealed by the
decreased ATP/ADP ratio (fig.1F). Evidently,
strong activation of PEP utilisation takes place.
The resulting collapse in PEP concentration subse-
quently leads to activation of PFK, since the en-
zyme from plants is very sensitive to inhibition by
this metabolite [27].

Between 1 and 8 min, the rate of respiration con-
tinued to rise, reaching about double the initial
value. This increase was accompanied by a rise in
Fru2,6P;, suggesting that activation of PFP is in-
volved in this gradual increase in the rate of
respiration. Assuming the cytosol constitutes about
10% of the cell volume, Fru2,6P, will increase
from about 0.5 to 6 xM. Under optimal condi-
tions, PFP is already activated by nanomolar
Fru2,6P, concentrations [4,5]. However, the af-
finity for Fru2,6P; will be much lower in vivo in the
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Fig.1. Changes in respiration, dark fixation and metabolites. At time zero, 0.5 xM CCCP was added, and the pH of the medium was
increased from pH 5.5 to 7.3; (A) O: uptake (@) and dark fixation (O); (B) Fru2,6P; (®) and PP; (O); (C) Glc6(e), Fru6P (m) and
GIcIP (4); (D) PGA (@) and PEP (m); (E) pyruvate (®) and ATP/ADP ratio (O); (F) ATP (O), ADP (w) and AMP (4).

presence of Pj, anions and various phosphorylated
intermediates [28,29].

Activation of PFP could stimulate glycolysis by
(i) providing additional glycolytic capacity or (ii)
generating PP;, which can then be used to mobilise
sucrose via sucrose synthase and UDP-glucose
pyrophorphorylase. Two lines of evidence show
that PFP acts as a glycolytic enzyme in our experi-
ment. Firstly, the increase in Fru2,6P, is accom-
panied by a decline in PP; (fig.1B), as would be ex-
pected for increased PP, consumption. If PFP
were acting to produce PP;, we would expect PP; to
recover as Fru2,6P; increases. Secondly, these cells
contained large pools of free glucose (11 +4
umol-g~! fresh wt), fructose (10 + 3 ymol-g~'
fresh wt) and starch (7 + 2 ymol hexose g~ ! fresh
wt) but relatively little sucrose (2 + 1 pmol-g~*
fresh wt). It may also be noted that the cells con-
tained negligible fructose-1,6-bis-phosphatase
(0.033 umol-g~! fresh wt-min~') compared to
PFP or PFK (1.2 and 0.4 pmol-g~' fresh

wt-min~!, respectively). They also contained

negligible Frul,6P,. It is therefore unlikely that
Fru2,6P; acts to stimulate glycolysis by inhibiting
Frul,6Pase.

The increase in Fru2,6P; is a consequence of the
decrease in PGA (fig.1D), which is a powerful in-
hibitor of the plant Fru6P,2-kinase [30,31]. The
general decline of phosphorylated metabolites
(fig.1C-E) also signifies that P; will increase. This
will also contribute to the increase in Fru2,6P,,
since P; activates Fru6P,2-kinase, acting an-
tagonistically to PGA, and inhibits Fru2,6P,ase
[30,31]. The response of Fru2,6P; is delayed as its
concentration depends on the balance between the
rates of synthesis and degradation and a finite time
must elapse before a new steady concentration is
reached.

During this slow rise in respiration the hexose
phosphates (fig.1C), and PGA and PEP (fig.1D)
remained low, and Frul,6P; and triose-P remained
below the level of detection (1 nmol - g~! fresh wt).
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However, there was a gradual recovery in adenine
nucleotide energy status, as demonstrated by the
rising ATP/ADP ratio (fig.1E) and the falling level
of AMP (fig.1F). This suggests that the additional
glycolytic capacity provided by PFP supports a
higher rate of respiration which, in turn, allows the
partial recovery of adenine nucleotide status under
these extreme conditions. This bears some
resemblance to a suggestion made by Mertens et al.
[15] who observed a correlation between Fru2,6P,
and the ATP/ADP ratio during studies of anaero-
biosis. However, they did not provide any direct
evidence that the rate of glycolysis had in fact in-
creased, indeed it may have decreased [32], nor did
they present results directly demonstrating that
PFP had been activated in their experiments.

Our results also reveal that the energy status of
the adenylates and PP; can alter independently.
This underlines the potential significance of PP; as
an energy system in the cytosol of plants, and raises
the question of the source of PP;. Although PP;
could be generated by PFP when it operates in the
reverse direction, an alternative source of PP; is
needed when PFP acts as a glycolytic enzyme. Fur-
ther studies will be needed to identify the source of
PP; under these conditions, one possibility being
the reversal of the tonoplast PP;-dependent proton
pump.

In conclusion, our results show that PFP can
operate as a glycolytic enzyme in plants under con-
ditions where a large and rapid increase in the rate
of glycolysis is required, and also that PP; can act
as an energy donor in plants.
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