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Abstract : The minor form of phosphofructokinase (EC 2.7.1.11; PFK), which was suggested to be of plastid
origin from the host fraction of chickpea nodules, was isolated as a small protein with apparent molecular mass

near 220 kDa

and purified to a high degree. SDS-PAGE and western blot indicated that the enzyme was made up

of a homotetrameric structure (55 kDa). The enzyme had sharp pH profiles with maximal activities at pH 8 and
displayed Michaelis-Menten kinetics with respect to Fru-6-P and nucleoside triphosphate substrate at the pH
optimum (pH18) and at pH 7. MgATP was the most effective phosphoryl donor. Phosphoenolpyruvate was a
potent inhibitor of minor PFK activity, and the enzyme was also strongly inhibited by 3-phosphoglycerate, 2-
phosphoglyce\ te, and to a lesser extent, PPi. Minor PFK was weakly activated by KCl, NaCl and Pi, and was
inhibitory at high concentration of KCl and Pi.(Received July 8, 1998; accepted August 12, 1998)

Introduction

Symbiotic nitrogen fixation in leguminous root nodules is
:nergetically costly to the host plant. Photosynthate, translocated
nto the nodules predominantly as sucrose, is required for
1odule growth and maintenance, and to regulate the supply
of carbon substrates for the bacteroids and the assimilation

>f fixed ammonia. These processes take place under micro-
aerobic conditions which need to be maintained in the
nitrogen-fixing zone of nodules to protect the nitrogenase
complex from damage!by O,. Knowledge of how nodules
ictively metabolize carbﬁj)n substrates under these microacrobic
conditions is of considkrable interest to further our under-
standing of effective nitjtogen-fixing symbioses, and has been
studied most extensively Fn soybean (Glycine max 1.) nodules.”
Much less is known of carbon metabolism in indeterminate
nodules (such as chic]Jtpea), which differ from determinate
nodules (such as soybegm) morphologically and in the nature
of nitrogenous oompoun}ds exported into the xylem.”

The glycolytic pathwa{:y is likely to provide the major route
for the conversion of sucrose to dicarboxylic acids such as
malate, which are the preferred substrates taken up by the
bacteroids.” The phosphorylation of Fru-6-P to Fru-1,6-bisP is
the first unique reaction |of this pathway, and hence a strategic
point for regulation. Plant tissues contain two enzymes capable

pf catalyzing this step; an ATP-dependent phosphofructo-

kinase (ATP:D-fructose-6-phosphate 1-phosphotransferase, EC
2.7.1.11; PFK), which occurs in the cytosol and plastids
and catalyzes a reaction that is essentially irreversible, and a
pyrophosphate-dependent phosphofructophosphotransferase
(pyrophosphate-fructose-6-phosphate 1-phosphotranferase,
EC 2.7.1.90) which is a cytosolic enzyme that catalyzes a

readily reversible reaction.*”

Extensive studies of cytosolic
PFK from animals and plants indicate that the enzyme has
a major role in regulating the flux through the glycolytic
pathway.”” In general, fine control of PFK in the cytosol is
likely to involve a combination of mechanisms, which may
include modification of the kinetic properties in response to
changes in pH, concentration of substrates, activators and
inhibitors, changes in the states of aggregation, and phos-
phorylation/dephosphorylation of the protein.**® Knowledge
of the relative importance of these mechanisms is likely to
indicate how glycolytic activity is regulated to meet the
specific metabolic requirements of a tissue. In comparison,
the minor form of PFK from the plastids of plants has been
studied to a much lesser extent. The main goal of our
current work is the purification and characterization of the
minor form of PFK from the host fraction of chickpea
nodules. In the present report, we describe the physical and
kinetic properties of the minor form of PFK from the host
fraction of chickpea nodules, and consider the possible role
of the enzyme in the fine control of glycolysis in this
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indeterminate symbiosis.
Materials and Methods

Materials

Chickpea (Cicer arietinum L. cv. Amethyst) seeds were
surface sterilized in 0.4% (w/v) sodium hypochlorite for 10
min, rinsed thoroughly with running tap water for 15 min,
inoculated with Rhizobium sp. (Cicer) CC1192, and sown
in moistened perlite in pots at a depth of approximately 2
cm and 3~4 cm apart. Plants were grown in . glasshouse
with average day and night temperatures of 25 and 19°C,
respectively. N-free nutrient solution” was given to the plants
every 3-4 days. Fractogel TSK-HW 55 (F) was from E.
Merck, Dammstadt, Germany, and Q-Sepharose, Blue-Sepharose
and Superose 6 Prep Grade from Pharmacia, Uppsala, Sweden.
Other biochemicals were Sigma Chemicals Co. St Louis,
MO, USA, or Bochringer-Mannheim GmbH, Mannheim,
Germany.

Purification of PFK (II)

(1) Preparation of Extracts

Nodules (50 g) from 50- to 55-day-old chickpea plants
were rinsed with distilled water and homogenized with a
mortar and pestle in 4 volumes of an ice-cold extraction
buffer A (100 mM Tris-HCl, pH 8, containing 1 mM EDTA,
5 mM MgCl,, 400 mM mannitol and 5 mM 2-mercaptoethanol).
The homogenate was squeezed through a single layer of
Miracloth (Calbiochem, San Diego, CA, USA) and cen-
trifuged at 25,000 g for 10 min. The supematant, which
contained the soluble contents from the host part of the
nodules, was used for further protein purification. If not
stated otherwise, all steps were carried out at 4°C.

(2) Ammonium Sulfate Precipitation

Solid ammonium sulfate was slowly added to the crude
extract with gentle stirring, and the protein that precipitated
between 25 and 50% was collected by centrifugation at 20,
000 g for 10 min. The precipitate was dissolved in buffer B
(5 ml of 20 mM Tris-HCI, pH 8, containing 5 mM MgCl,, 1
mM EDTA, 20 mM KCI and 5 mM 2-mercaptoethanol).

(3) Gel-Filtration Chromatography on Fractogel TSK-HW
S5(F)

The protein solution applied to a Fractogel TSK-HW 55(F)
column (115X2.5 cm) which had been equilibrated pre-
viously with buffer B and calibrated with blue dextran 2000
(Vo), thyroglobulin (669 kDa), ferritin (450 kDa), catalase
(240 kDa), aldolase (158 kDa) and BSA (66 kDa). The
chromatography was performed at room temperature (20 to
22°C) using a flow rate of 2.5 ml min~". The included
fractions, which contained the second peak of PFK activity,

were pooled.

(4) Anion-Exchange Chromatography on Q-Sepharose

Active fractions were applied to a Q-Sepharose colun:l
(25%2.5 cm) which had been equilibrated previously wi
buffer B. The column was washed with 40 ml of buffer H
and PFK (II) eluted with a gradient produced by introducin
100 ml of buffer B containing 1 M KCl into 100 ml 01
buffer B. The flow rate was 1.5 ml min~' and fractions of 4
ml were collected. Active fractions were pooled and dialyzed
overnight against 2 L of 20 mM Tris-HCl (pH 8), 1 mM
MgCl, and 1 mM 2-mercaptoethanol (buffer C).

(5) Affinity Chromatography on Green 19 Dye

The dialyzed protein solution (5 ml each) was divideq
into 0.5 ml aliquots and then applied to 10 prepacked greer
19 dye columns (4.5x0.7 cm, Sigma), which had beex
equilibrated previously with buffer C. The columns werg
washed with 15 ml of buffer C and then step-eluted with
NaCl at 0.2 and 1 M (15 and 25 ml, respectively), and thg
eluate was collected in 2 ml fractions. Fractions containing
enzyme activity were pooled and dialyzed for 2 h against 2
L of buffer D (20 mM Tris-HCI, pH 8, 1 mM EDTA, 2(
mM KCl, 5 mM MgCl, and 1 mM 2-mercaptoethanol), ang
concentrated overnight to 0.5 ml in a dialysis bag whick

was covered with sucrose.” Preparations obtained after thij
step contained less than 2% Fru-1,6-bisphosphatase, ATPase!
NADH oxidase, phosphohexose isomerase, and phosphofructo-
phosphotransferase activities, and were used for kinetic
studies. :

(6) Gel-Filtration Chromatography on Superose 6 Prer
Grade

For further purification, the concentrated enzyme from the
Green 19 dye step was chromatographed at 20 to 22°C
through a Superose 6 Prep Grade column (47X 1 cm) using
a flow rate of 1.5 ml min~' in buffer D. Active fractions
were pooled, dialyzed against 2 L of buffer C for 2 h, con-
centrated to 1 ml in sucrose, and stored at -15°C.

Assay of enzyme activity

All enzyme assays were performed at 30°C in reactio
mixtures which had a final volume of 1 ml. The activity o
major or minor form of PFK was measured in a continuou:
assay in which the formation of Fru-1,6-bisphosphate wa
coupled to the oxidation of NADH in the presence o
excess aldolase (EC 4.1.2.13), triose phosphate isomerasg
(EC 5.3.1.1) and o-glycerol phosphate dehydrogenase (EQ
1.1.1.8), and the decrease in A, monitored.” The reaction
rate was linear for at least 5 to 10 min and was proportional
to the amount of enzyme added. Reaction mixtures for the
standard assay contained 50 mM Tris-acetate (at the pH
indicated), 2 mM MgCl,, 2 mM Fru-6-P, 1 mM ATP, 0.2
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mM NADH, 0.4 mg ASA, 1 unit (U) aldolase, 1 U triose
phosphate isomerase, 1 U o-glycerol phosphate dehydro-
zenase and an appropl"iate amount of enzyme. One U of
enzyme activity is def@ed as the amount of enzyme that
ratalyzed the formation of 1 pmol of product min™'. PFK
and the coupling enzyn:hes were free of low molecular mass
compounds prior to hse in assays with an EconoPac
desalting column (Bio-kad, Hercules, CA, USA) in 20 mM
Tris-acetate. Assay mijlnures were preincubated for 5 min
vefore initiating the reaction with either of Fru-6-P or MgATP.
For assays conducted d“uring the purification procedures, 50
mM Tris-HCl (pH 8) was used instead of Tris-acetate.

Values for K, and maximum velocity (V..) were deter-
mined from initial ra‘{e measurements from at least 10
oncentrations of Fru-6i~P between 0.05 and 4 mM, and of
he nucleoside triphophate between 5 and 200 pM. Data
were first analyzed gxl}aphically to check the linearity of

Jouble reciprocal plots, and then fitted to the Michaelis-

11)

Menten equation by nd‘nlinear regression.”” Protein concen-
tration was determined with Coomassic Blue reagent (Bio-
Rad) according to the manufacturer's instructions, using BSA
as a standard. Sucrose and 2-mercaptoethanol were removed
‘from samples for protein determination by dialysis for at
least 6 h against 2 L of 10 mM Tris-HCl (pH 8).

Electrophoresis and }Western blot analysis

SDS-PAGE with gels of 10% polyacrylamide was catried
ut by the procedure of King and Laemmli (1971).> For
estern blot analysis, %bighly enriched fractions were used.
s a control, a 25 to 0% ammonium sulfate precipitate of
soluble protein extracij;t of chickpea nodules was desalted
ith an EconoPac desialting column and also tested with
olyclonal antibodies (‘1:10()0 dilution) against the minor
orm of PFK from soybean nodule.” The nitrocellulose
embrane was blocked! with 3% gelatin (Bio-Rad) and then
cubated for 2 h withf the primary antiserum in TBS (10
Tris-HCL, pH 7.5, and 150 mM NaCl) containing 1%
elatin. The blot was subsequently washed twice for 15 min
in TBS containing 0.1% Tween 20 with 1% gelatin. For the
detection of the boun | antibodies, the blot was incubated

|day-old plants were extracted as described

for 2 h with alkaline phosphatase-conjugated goat anti-
rabbit IgG antibody (Bio-Rad) in TBS with 1% gelatin at a
dilution of 1:1000. After the blot was washed once for 15
min in TBS with 1% gelatin and twice for 15 min each in
TBS containing 0.1% Tween 20 and no gelatin, the color
reaction was carried out according to the manufacturer's
protocol (Bio-Rad).

For the detection of N-linked glycoproteins, the nitro-
cellulose membrane was decorated with concanavalin A or
an antiserum against Xyl-containing complex glycans, as
described by Faye and Chrispeels (1985) and Lauritre et al.
(1989)."

Results

The minor form of PFK was purified to a specific
activity of 125 unit/mg protein with an overall recovery of
3% from the host fraction of chickpea nodules using the
procedure summarized in Table 1. Two peaks of PFK
activity were observed when a 25~50% ammonium sulfate
precipitation from the host part of chickpea nodules was
chromatographed through a Fractogel size exclusion column.
The major peak (first peak) in the excluded fraction was
accounted for 70% of the PFK activity recovered, whereas
the minor fraction (second peak) was recovered in approxi-
mately 30% of the PFK activity. The minor form of PFK
was eluted in a single peak from the Q-Sepharose column,
with maximum activity corresponding to a KCl concentration
of 0.27 M, whereas the maximal activity of major form was
detected at 0.4 M KCl. A single peak of the activity of minor
form was also observed in subsequent chromatographic steps.

Green 19 dye affinity chromatography and Superose 6
Prep Grade gel-filtration chromatography for the minor form
of PFK was the most effective procedure for the removal of
contaminating proteins from the preparations. Although the
recovery of enzyme was less than 3% on Superose 6, it was
necessary step to obtain pure enzyme. The purified enzyme
lost less than 20% of its activity when stored for 1 week at
-15°C in 20 mM Tris-HClL, pH 8, 1 mM MgCl,, 1 mM 2-
mercaptoethanol and 50% (w/v) sucrose, but was unstable

[Table 1. Partial puriﬁcaJ:ion of the minor form of PFK from the host fraction of chickpea nodules. Nodules (50 g) from 50- to 55-

Fraction Activity Protein Specific activity Recovery Purification
(unit) (mg) (unit/mg_protein) (%) (fold)
Crude extract 48.2 351 0.14 100 1
b5~50% (NH4),S0, 39.2 108 0.36 81 3
[Fractogel 6.8 10.9 0.62 14 5
Q-Sepharose 5.6 0.9 6.3 11 45
Green 19 dye 4.1 0.1 41 8 293
Superose 6 1.5 0.012 125 3 892
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when sucrose was replaced by 50% (v/v) glycerol, 1 mM
ATP, 5 mM dithiothreitol, 5 mM Fru-6-P or 30 mM KCIl.

The native molecular mass of the minor form of PFK, as
determined by gel filtration through Fractogel TSK-HW
55(F) and Superose 6 Prep Grade, was 22145 kDa (means
+SE of 5 determinations). Three polypeptide bands, with
molecular mass of 72+1 kDa, 70+1 kDa and 55+1 kDa
(means+SE of 5 determinations), were stained with Coomassie
Blue reagent when the most highly purified preparations of
the minor form of PFK were subjected to SDS-PAGE (Fig.
1A). To determine the immunological relationship between
polypeptides of plastid PFK from the host fraction of
soybean nodules and polypeptides of PFK from the host
fraction of chickpea nodules, a polyclonal antibody against
plastid PFK from soybean nodule recognized only one
polypeptide (55 kDa) in an ammonium sulfate precipitate of
25 to 50% saturation (Fig. 1B), but did not show cross-
reaction with the major form of PFK from plant fraction of
chickpea nodules (data not shown). Furthermore, to test
whether the partially purified PFK were N-linked glycopro-
teins, they were decorated on western blots with concanavalin
A or an antibody against Xyl-containing complex N-linked
glycans from plants. Neither the lectin nor the anti-carbohy-
drate antibody bound to the proteins (data not shown).

In a series of Tris-acetate, imidazole-acetate and tri-

Fig. 1. SDS-PAGE (A) and western blot (B) of the minor form
of PFK from the host fraction of chickpea nodules. Electro-
phoresis was performed in a 10% gel according to the method of
King and Laemmli (1971). The sample applied to the lanes was: 2
ug of Superose 6 fraction (A) and 10 pg of 25~50% (NH,).SO.
fraction (B). Same molecular mass standards were used in (A) and

®)

Unit/mg protein

pH
Fig. 2. Effect of pH on activity of miner form of PFK. Reaction
mixtures were as described for standard assay except that Tris-
acetate (@), imidazole-acetate (0) and triethanolamine-acetate (A
were used at the pH values indicated.

ethanolamine-acetate buffers, the purified enzyme had sharp

pH profiles with maximum activity at pH 8 and activities o
80% or more of the maximum between pH 7.5 and 8.5 (Fig
2). Studies of the kinetic properties were performed at th
optimum pH (pH 8) and at a pH nearer to the physiologi
value (pH 7), where activity was approximately 60% of th
maximum. The variation of three buffers was not observe
with the minor form of PFK.

The enzyme displayed typical hyperbolic kinetics whe:
MgATP and Fru-6-P were the varied substrates at pH 7 an
pH 8. Data from initial velocity experiments with bo
substrates gave linear double reciprocal plots and fitted we
to the Michaelis-Menten equation. With ATP and MgCl, a
concentration of 1 mM and 5 mM, respectively, the K,
values for Fru-6-P were 0.99+0.06 mM at pH 7 and 1.1+
0.09 mM at pH 8 (Table 2). The K, values for MgATP
were approximately 33.1 uM and 23.2 uM at pH 7 and pH
8, respectively. MgCTP, MgGTP, MgITP and MgUTP were
also able to act as the phosphoryl donor; the K, values with
these nucleoside phosphates were 1.2 to 1.8 fold higher thar
for MgATP, and V,./K, was between 51~87% of that
with MgATP (Table 2).

The enzyme had no activity when MgCl, was omitted
from the reaction mixtures at pH 7 and pH 8. In the
presence of 1 mM ATP, activity was maximal with 5 m
MgCl, at pH 7 and 8 (Fig. 3A). An excess of MgCl, ove
ATP caused only slight inhibition, whereas an excess o
ATP over MgCl, was strongly inhibitory. The activity o
minor form of PFK was stimulated a maximum of 1.7-fold
at pH 7 and 1.4-fold at pH 8 by KCl (and NaCl) at a
concentration of 30 mM, but increasing the concentration of
KCl above this level led to a decline in activity (Fig. 3B).
P, at 4 mM stimulated the activity 1.4-fold at pH 7 and pH 8
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Table 2. Kinetic paraméters of the minor form of PFK from
the host fraction of chickpea nodules. Reaction mixtures were
as for the standard aq‘say. An excess of 5 mM MgCl, was
maintained over the concentration of the nucleoside triphosphate.
K, is in pM and dex in unit/mg protein. The values are

the means + SE of 3 rephicate experiments

pH 7 pH 8

Substrate

K. Vo Kin K, Vi Kan
MgATP 32.1+0.8 70+2 232104 134+5
MgCTP 39.1+0.9 59+5 30.1+0.2 103+4
MgGTP 44.5+1.2 51+7 41.3+18 69+12
MgITP 40.1+0.5 58+5 32.7+0.4 95+5
MgUTP 38.2+1.1 61+4 28.6+0.5 99+7
F-6-P 990+ 60 22102 1,0934+90 3.1+0.2

SE: Standard error of the mean.

(Fig. 3C). Higher concentrations of P; were inhibitory.

Activity of minor form of PFK was influenced by several
metabolites. Phosphoenolpyruvate was the most potent in-
hibitor, with concentrai}tions of less than 10 pPM inhibiting
ctivity by 50% at pH‘y 7 and pH 8 (Table 3). The enzyme
as also strongly inhih}aited by 2-phosphoglycerate, with the
s value of 9.8 uM at|pH 7 and 36 UM at pH &, <nd to a
esser degree by 3-pho§phoglycerate and pyrophosphate. In-
ibition by these metabolites was more sensitive at pH 7

han pH 8.

Discussion

The partially puriﬁeh enzyme from the host fraction of
chickpea nodules corresponded to a protein with an apparent
native molccular mass of 220 kDa. It is likely that the
enzyme was from host fraction of the nodules, since PFK
activity was not detected in the bacteroids of chickpea
nodules.® A similar paftern of the minor form of PFK was
found in carrot root jand soybean nodule,”” which had
molecular mass of approximately 400 and 200 kDa, respec-
tively, but, in contrast, the minor form of PFK was not

found in tomato fruits.
the partially purified c

®To detect the disaggregated state of
hickpea nodule PFK by MgATP, the

enzyme was not disaggregated on exposing state of 10 mM

MgATP in contrast to

the major form of PFK from other

plant tissues.**'" On purification of the minor form of PFK,

nodules.”"”

heteropolymer. In rel

not possible to concl

comparable specific activities were reported for other highly
purified preparations of the minor form of PFK from plants,
including the host fra(ction of potato tuber and soybean

Highly purified prebarations of the minor form were
resolved by SDS-PAG

E into three polypeptides, but it was
nde that the enzyme was to be a
iltionship between native molecular

mass and subunits of t#]e minor form, it might be suggested

Unit/mg protein

Unit/mg protein
N

— 0\\
SO
1 0.
0} ‘ ‘ .
o 100 200 300 400 500
KCI (mM)
4
C
3
=1
2
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°E° 2
=
=
)
1
0} , e —
0 10 20 30 40 50

Pi (mM)
Fig. 3. Effect of MgCl,, KCl and Pi on activity of the minor

form of PFK. Reaction mixtures were of the composition described
for the standard assay at pH 7 (O) and pH 8 (@®).

that the minor form of PFK is a homotetramer with 55 kDa
subunit, but it was not possible to be native molecular mass
with three subunits (72, 70 and 55 kDa) or only two
subunits (72 and 70 kDa). Furthermore, in regard to the
result of the western blot, it could also support that the
minor form of PFK had a tetrameric structure with 55 kDa
subunits. Highly purified PFK from castor bean leucoplasts
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Table 3. Effect of inhibitors on the minor form of PFK from
the host fraction of chickpea nodules. Reaction mixtures were
of the composition described for the standard assay. Con-
centrations that inhibited PFK by 50% (I,)) are in pM and
are the means+ SE from 3 replicate experiments

Inhibitor ks (M)
pH 7 pH 8
Phosphoenolpyruvate 4,0£0.1 9.1+0.1
2-Phosphoglycerate 9.84+0.2 36+2
3-Phosphoglycerate 5.0+0.1 30017
Pyrophosphate 190412 2,200+ 189

and Selenastrum minutum contained only a single poly-
peptide.™™ In contrast, the multiple polypeptides were
reported to be present from cucumber seeds and soybean
nodules.*”

In the immunological studies, the polyclonal antibody of
the minor form of PFK from soybean nodules were specific
for the minor form of PFK from chickpea nodules and did
not cross-react with the major form of PFK from chickpea
and soybean nodules. Unlike the major form of PFK from
the host fraction of chickpea nodules and soybean nodules,
these results strongly supported the hypothesis that the
minor form of PFK from chickpea nodules had a molecular
similarity with the minor form of PFK from soybean
nodules.” Furthermore, in studying N-linked glycoprotein
of the partially purified PFK, similar results were obtained
with the minor form of PFK from castor oil seed and
soybean nodule, which supported the proposal that the
enzyme was located in the cytoplasm or plastid.**

The minor form of PFK displayed typical Michaelis-
Menten kinetics with respect to the nucleoside triphosphate
substrate at pH 7 and pH 8. The enzyme exhibited broad
specificity towards the nucleoside triphosphate substrate,
although comparison of the values of the parameter V,./K.,
which gives a measure of the rate of interaction of an

enzyme with a substrate at low concentrations, indicated

that MgATP was the most effective phosphoryl donor. The
K. for MgATP was within the range of values (10~35 uM)
generally reported for PFKs from other plant sources.””*
Broad specificity for the nucleoside triphosphate substrates
appeared to be a property of PFK from plants, animals and
bacteria. Unlike cytosolic PFK from the developing endosperm
of Ricinus communis, the enzyme was inhibited by increas-
ed concentrations of ATP, and was similar to the plastid
PFK from soybean nodules and the developing endosperm
of R. communis.”™

Under the conditions used in this study,  hyperbolic
kinetics were also observed when Fru-6-P was the varied
substrate at pH 7 and pH 8. The minor form of PFK from

host fraction of chickpea nodules was similar to the enzyme

Unit/mg protein

0 20 40 60 80 100
Phosphoenolpyruvate (M)

Unit/mg protein
N

1

OM
0 005 01

ﬂ‘
—0—

—5
25 0.3

0.15 0.2 0.

2-Phosphoglycerate (mM)
4
C
3
g
2
2
é‘,; 2
=
=
-
1,
ol Q- O .
0 1 2 3 4 5
3-Phosphoglycerate (mM)

Fig. 4. Effect of phosphoenolpyruvate, 2-phosphoglycerate and
3-phosphoglycerate on activity of the minor form of PFK.
Reaction mixtures were of the composition described for the
standard assay at pH 7 (O) and pH 8 (@), with metabolite added
as indicated.

from the cytosol of developing castor bean leaves and
Phaseolis vulgaris seeds,” as well as PFK from cucumber
seeds and tomato fruits.*™ In contrast, the kinetics for the
interaction of Fru-6-P with PFK from other plants have
been reported to be affected by pH, the ratio of Mg* to
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ATP, and inhibitors and activators. In general, saturation
curves for Fru-6-P with these enzymes tend to be sigmoidal
n the presence of inhibitors and hyperbolic in the presence

»f activators.*”

Activity of the minor form was weakly stimulated by

KCl (NaCl) and Pi and

was inhibitory at high concentration

of KCl and Pi. In this|regard, the partially purified enzyme
was similar to the plastid PFK from a number of plant

tissues, as well as the

animals.”” In contrast,

more of a stimulatory

from cytoplasm® and

enzyme from soybean nodules and
KCl and Pi appeared to have much
effect on the major form of PFK
might not inhibit activity at high

concentration. Like PFK from other plants, the minor form

of PFK from chickpea

nodules was not affected by Fru-2,6-

bisphosphate, which was the most potent activator of PFK
from mammalian tissues.””

Inhibition by phosph#)enolpyruvate and 3-phosphoglycerate

would coordinate the
enzymes of glycolysis

éctivity of the minor form and other
}in chickpea nodules. Copeland et al.

(1995) suggested that regulation of phosphoenolpyruvate
carboxylase in the host fraction of chickpea nodules was
important in controlling the supply of carbon substrates for

the bacteroids and the

possibly 3-phosphogly
these conditions could

ipssimilation of fixed ammonia. Thus,

when a demand for carbon substrates was reduced, inhibition
of phosphoenolpyruvate| carboxylase by malate, 3-phosphogly-
cerate, and 2-phosphoglycerate would decrease the rate of
formation of oxaloacetate from phosphoenolpyruvate. An
increase in the concentration of phosphoenolpyruvate, and

cerate and 2-phosphoglycerate, under
reduce activity of the minor form of

FFK, and, in turn, the flux through the glycolytic pathway.
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