FEBS Letters 459 (1999) 448452

FEBS 22743

Evidence that fructose 1,6-bisphosphate specifically protects the
o-subunit of pyrophosphate-dependent
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Abstract Pyrophosphate-dependent 6-phosphofructo-1-phos-
photransferase (PFP) consists of o (regulatory) and [ (catalytic)
subunits. The o-subunit was previously reported to be much more
susceptible to tryptic digestion than the B-subunit. In this study,
ligand-induced protection of PFP subunits against proteolysis by
subtilisin was investigated in vitro and the data obtained
demonstrated that fructose 1,6-bisphosphate (Fru-1,6-P,), while
exerting negligible effect on the B-subunit, remarkably protected
the o-subunit against proteolytic degradation. Western blot
analysis revealed a good correlation between the Fru-1,6-P,
concentration and the degree of corresponding protection on the
o-subunit against proteolysis. In contrast, none of other
examined ligands including fructose 2,6-bisphosphate, fructose
6-phosphate and pyrophosphate had such protection on the
o-subunit. This finding (1) indicates that the stability of the
o-subunit can be selectively increased by Fru-1,6-P,, and (2)
suggests that Fru-1,6-P, is likely a special effector of the
o-subunit.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Pyrophosphate-dependent 6-phosphofructo-1-phospho-
transferase (PFP, EC2.7.1.90), catalyzing the interconversion
of fructose 6-phosphate (Fru-6-P) to fructose 1,6-bisphos-
phate (Fru-1,6-P,), exists in a wide range of plant tissues [1—
3], propionibacterium [4] and entamoeba [5] but not in ani-
mals. Interestingly, in plants, PFP instead of ATP-dependent
6-phosphofructo-1-kinase (PFK) shares an important modu-
lator Fru-2,6-P, with animal PFK. Fru-2,6-P, strongly acti-
vates PFP, but potently inhibits fructose-1,6-bisphosphatase
(FBPase), controlling the flux between Fru-6-P and Fru-1,6-
P, [6].

Plant PFP generally consists of o- and B-subunits [7]. How-
ever, the enzyme exists in multiple forms with different sub-
unit compositions. B, and o, are usually the major forms
[7,8]. Comparison between the kinetic and regulatory proper-
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ties of these isoforms has been made and remarkable differ-
ences in basal activity (7)), Fru-2,6-P, stimulated activity
(V¥ru-26-p2) and the activity ratio (Veru-26-p2 versus Vp) were
identified [8]. Much smaller Vj and greater activity ratio have
been recognized to be the characteristics of B, and the
o-subunit is proposed to act as the regulatory component
conferring the B-subunit, catalytic subunit, the greater basal
activity [9].

The reasons for the existence of multiple PFP isoforms
remain unknown. Recently, differential proteolysis of PFP
subunits has been reported indicating that the o-subunit is
much more susceptible to tryptic digestion than the B-subunit
[9]. Thus, instability of the o-subunit was considered part of
the reasons. Besides, the subunit composition of PFP was also
affected by the other factors. It was reported that phosphate
starvation can selectively induce accumulation of the o-sub-
unit in suspension cells of Brassica nigra [10]. However, it
remains to be determined whether such accumulation of the
o-subunit is due to increased de novo synthesis or due to
decreased proteolytic degradation of this protein. Anyhow,
changing the subunit composition of PFP (e.g. through selec-
tive accumulation of the a-subunit) seems to underlie an im-
portant mechanism by which the enzyme is regulated in vivo.
Incidentally, there are some precedents in the literature that
demonstrate the similar regulatory mechanism of other en-
zymes [11,12].

In order to gain insight into this intriguing mechanism, we
investigated the ligand-induced protection of PFP subunits by
analyzing limited proteolytic digestion of purified potato tuber
PFP in vitro. Interestingly, the data obtained demonstrated
that in marked contrast to the effects of other examined li-
gands including Fru-2,6-P,, Fru-6-P and pyrophosphate (PPi),
Fru-1,6-P, remarkably and specifically protected the o-sub-
unit against proteolytic degradation while exerting negligible
effect on the B-subunit. Therefore, this finding (1) indicates
that the stability of the o-subunit can be selectively increased
by Fru-1,6-P, and (2) suggests that Fru-1,6-P, is likely a spe-
cial effector of the o-subunit.

2. Materials and methods

2.1. Materials

Subtilisin was obtained from Boehringer Mannheim. Fru-1,6-P;,
Fru-6-P, Fru-2,6-P,, aldolase, glycerol-3-phosphate dehydrogenase,
triose phosphate isomerase, goat anti-rabbit immunoglobulin anti-
body conjugate to horseradish peroxidase, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), molecular weight
markers: phosphorylase b (97 kDa), bovine serum albumin
(66 kDa), egg albumin (45 kDa) and carbonic anhydrase (29 kDa)
were purchased from Sigma. Cellulose phosphate P-11 and DEAE-
Cellulose DES2 were from Whatman.
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2.2. PFP activity assay

PFP activity was measured spectrophotometrically as described ear-
lier [8]. 1 ml assay mixture consisted of 50 mM Tris-HCl, pH 7.5,
2 mM Fru-6-P, 1 mM PPi, 5 mM MgCl,, 0.14 mM NADH, 1 unit
aldolase, 10 units triose phosphate isomerase, 2.5 units glycerol-3-
phosphate dehydrogenase and 1 uM Fru-2,6-P, (unless indicated oth-
erwise).

2.3. Purification of PFP.

PFP was rapidly purified from potato tuber through 6-14% poly-
ethylene glycol (PEG, average M, 6000) fractionation and sequential
column chromatography on DEAE-Cellulose DE52 and cellulose
phosphate P-11. The protocol was similar to that described in [13]
except for the following modifications: (1) heat treatment step was
omitted, and (2) dialysis of PFP samples was replaced by 20% PEG
precipitation. All the purification steps were carried out at 4°C in the
presence of protease inhibitors.

2.4. Preparation of monospecific antibodies against PFP subunits

The o~ and B-subunits of purified potato tuber PFP were separated
by preparative SDS-PAGE (8.5% separation gel). After brief staining,
the gels containing the o~ and B-subunits were separately excised and
extensively washed in phosphate-buffered saline (PBS, 20 mM phos-
phate buffer, pH7.4, 0.15 M NaCl) with agitation. Then the gel pieces
were smashed following six cycles of freezing-thawing and emulsified
in Freund’s complete or incomplete adjuvant for immunizing New
Zealand white rabbits following a standard protocol [14]. After four
injections, antisera were collected and antibodies(IgG) were purified
through 0-50% saturation ammonium sulfate fractionation and chro-
matography on DEAE-Cellulose DES2 [14]. Monospecific antibodies
against the o~ and B-subunits were further prepared by affinity puri-
fication following the protocol described in [15], respectively.

2.5. SDS-PAGE and Western blotting

SDS-PAGE was performed using 10% separation gel (unless indi-
cated otherwise) [16]. The resolved polypeptides were either visualized
by silver stain [17] or transferred electrophoretically onto nitrocellu-
lose (NC) membrane [18]. Western blotting was performed according
to the method described earlier [14] except for the following modifi-
cations: after primary antibody incubation and subsequent washes,
the NC membrane was incubated with the horseradish peroxidase-
conjugated goat anti-rabbit antibodies; finally, the blot was either
developed using 4-Cl-1-naphthol and H,O, [14] or visualized by en-
hanced chemiluminescent (ECL) method following the manufacturer’s
instructions (Amersham). For reprobing, the blotted NC membrane
was treated with two changes of 2% (w/v) SDS solution at 80°C for
30 min to wash away the antibodies of initial blot completely. Follow-
ing extensive washes with PBS, the membrane was reblotted as above.
For reblotting, the antigen-antibody complexes were visualized by the
ECL method through exposure of X-ray film.

2.6. Limited proteolytic digestion of PFP

Purified potato tuber PFP was desalted through a Sephadex G-25
column (1.6 X 15 cm) at 4°C into buffer A (20 mM Tris-HCI, pH 7.5,
10% glycerol, 0.5 mM dithiothreitol). Before proteolysis, the desalted
enzyme was preincubated without or with appropriate ligands (sub-
strates, effector or a cocktail of them as indicated) at 30°C for 20 min.
Then subtilisin was added to start proteolysis. Digestion was carried
out at 30°C for indicated lengths of time, then terminated by addition
of 100 mM phenylmethylsulfonyl fluoride (PMSF) to make a final
concentration of 2 mM. Aliquots of the samples were analyzed by
SDS-PAGE and Western blotting. The residual PFP activity was also
assayed. Protein concentrations were determined as described by
Bradford [19] using crystalline bovine serum albumin as a standard.
The experiments reported in this paper were repeated at least twice
and the same results were obtained.

3. Results

PFP used in all the experiments of this report was purified
from potato tuber following a simplified purification protocol
with special attentions paid to minimizing the potential pro-
teolysis of the enzyme during preparation [20,21]. The purified
enzyme was a heterotetramer of o3, as determined by chro-
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Fig. 1. Limited proteolytic digestion of PFP in the presence of Fru-
2,6-P, (A) or Fru-1,6-P, (B). A: Purified potato tuber PFP (150 pg/
ml) was preincubated without (upper panel) or with (lower panel)
500 uM Fru-2, 6-P, at 30°C for 20 min, then proteolysis was car-
ried out with 5 pg/ml subtilisin at 30°C for indicated lengths of
time. Lane 1, molecular weight markers (values in kDa); lane 11 in
upper panel, subtilisin (15 pg). B: Purified potato tuber PFP
(150 pg/ml) was preincubated without (lanes 2,4,6,8,10) or with
(lanes 3,5,7,9,11) 10 mM Fru-1,6-P»/10 mM MgSO4 at 30°C for
20 min. Proteolysis was carried out with 10 pg/ml subtilisin at 30°C
for indicated lengths of time. Aliquots of samples were analyzed by
SDS-PAGE and the resolved polypeptides were visualized by silver
stain. Indicated on the right side are the deduced molecular weights
of the corresponding polypeptides (values in kDa).

matography on a calibrated Sephacryl S-300 column (data not
shown) and SDS-PAGE (Fig. 1). For partial proteolysis of
PFP, subtilisin instead of trypsin [9] was chosen because it
is an unspecific protease and presumably able to sense more
signals reflecting conformational changes of substrate protein
(i.e. PFP) than a specific protease like trypsin [9].

As shown in Fig. 1A, the o-subunit (66 kDa band) was
readily degraded by subtilisin and completely disappeared
after being digested for 35 min. A 55 kDa band, which was
identified later by Western blotting (see Fig. 2B) as proteolytic
product of the 60 kDa B-subunit, appeared and accumulated
gradually. Except for some minor differences, the proteolytic
profiles of purified potato tuber PFP in the absence (Fig. 1A,
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Fig. 2. Western blot analysis of proteolytic products of PFP in the
presence of Fru-1,6-P2. Purified potato tuber PFP (100 pg/ml) was
preincubated with 10 mM Fru-1,6-P,/10 mM MgSO4 at 30°C for
20 min, then proteolysis was carried out with 10 pg/ml subtilisin at
30°C for indicated lengths of time. Polypeptides were resolved by
SDS-PAGE and electrophoretically transferred onto nitrocellulose
membrane. Then the membrane was blotted with monospecific anti-
bodies against the o (A) or the B (B) subunits, respectively. Indi-
cated on the right side are the deduced molecular weights of the
corresponding polypeptides (values in kDa).

upper panel) and presence (Fig. 1A, lower panel) of Fru-2,6-
P, share high similarity, indicating that Fru-2,6-P, virtually
did not exert significant protection on the o-subunit as well as
the B-subunit against proteolysis. Fig. 1B shows a comparison
between the proteolytic profiles of PFP in the absence (lanes
2,4,6,8,10) and presence (lanes 3,5,7,9,11) of Fru-1,6-P,. The
results demonstrated that in marked contrast to the effect of
Fru-2,6-P,, Fru-1,6-P, remarkably protected the o-subunit
against proteolytic degradation. This observation was con-
firmed by Western blot analysis (Fig. 2A). As shown in Fig.
2A, under protection of Fru-1,6-P,, the majority of the 66 kDa
o-subunit remained intact in the period of 90 min proteolytic
digestion; in contrast, the a-subunit of the control sample was
completely degraded within 20 min (Fig. 1B, lane 6). Roughly,
the half life of the o-subunit was increased about 10-fold by
Fru-1,6-P,. A 60 kDa proteolytic product of the c-subunit
was identified by the corresponding monospecific antibody
(Fig. 2A). This band, which has the same molecular weight
as the B-subunit, virtually existed in lots of the PFP samples
purified from various plant tissues [9]. Such coincidence sug-
gests the chemical resemblance of the present in vitro partial
proteolysis to the natural proteolytic process in vivo. In
marked contrast to the o-subunit, the 60 kDa B-subunit was
degraded into a predominant 55 kDa band and a minor 39
kDa band (Fig. 2B), which was found to be virtually invar-
iable among the proteolytic profiles of PFP in the absence or
presence of tested ligands as assessed by electrophoretic and
Western blot analyses (Figs. 1-4). These results collectively
indicate that the stability of the o-subunit instead of the
B-subunit actually can be greatly and specifically increased
by Fru-1,6-P,.
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PFP activity was assayed to evaluate the influence of pro-
teolytic digestion on the biological functions of the subunits.
Before proteolysis, the purified potato tuber PFP had an ac-
tivity ratio (Vgru-26-p2/ Vo) of 6. After 30 min proteolytic di-
gestion, the residual 7, Vew-26-p2 and activity ratio of the
Fru-1,6-P,-protected sample (see Fig. 3, lane 6 for the proteo-
lytic profile) virtually remained unchanged, indicating that
Fru-1,6-P, not only protected the a-subunit from proteolysis
but also effectively protected the biological functions of PFP
subunits; in contrast, the residual ¥y of the control sample
(see Fig. 3, lane 2 for proteolytic profile) became barely de-
tectable while about 35% of initial V-2 6-p> Was retained, the
activity ratio rose sharply to about 35. Apparently, these
changes in Vy, Vpw-26-p2 and activity ratio of the control
sample were due to proteolytic degradation of the o-subunit,
implying that the o-subunit plays an important role in con-
ferring the B-subunit the greater activity and mediating regu-
lation of PFP by Fru-2,6-P,. This result provides additional
support for the proposal of the previous report [9]. Interest-
ingly, this implies that the 55 kDa truncated B-subunit, despite
missing 5 kDa, was still fully functional.

The kinetics of Fru-1,6-P;-induced protection of the o-sub-
unit against proteolytic degradation was determined. The re-
sults presented in Fig. 3A and B demonstrated that the Fru-
1,6-P, concentration was apparently proportional to the
amount of the residual intact o-subunit after limited proteo-
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Fig. 3. Correlation between the Fru-1,6-P, concentration and the
degree of corresponding protection on the a-subunit. Purified potato
tuber PFP (100 pg/ml) was preincubated with indicated concentra-
tions of Fru-1,6-P, at 30°C for 20 min, then proteolysis was carried
out with 10 ug/ml subtilisin at 30°C for 30 min. Digested samples
were analyzed as in Fig. 2. A: Silver stained gel. B,C: Western blot
for the a (B) and B (C) subunits, respectively. Lane 1, purified pota-
to tuber PFP (no digestion control). Indicated on the right side are
the deduced molecular weights of the corresponding polypeptides
(values in kDa).
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lytic digestion, revealing a good correlation between the Fru-
1,6-P, concentration and the degree of the corresponding pro-
tection on stability of the o-subunit. In contrast, Fig. 3C
showed that the 55 kDa polypeptide was invariably the pre-
dominant proteolytic product of the B-subunit in all the sam-
ples tested, unambiguously demonstrating that Fru-1,6-P; ex-
erted a negligible effect on the B-subunit.

In addition to Fru-1,6-P, and Fru-2,6-P,, we further exam-
ined the effects of Fru-6-P and PPi on the proteolytic profiles
of potato tuber PFP. The results presented in Fig. 4A and B
indicate that Fru-1,6-P, was virtually the only ligand that
significantly protected the o-subunit from proteolysis (Fig.
4, lanes 5-7). In contrast, the proteolytic profiles of the
B-subunit in all the analyzed samples were strikingly similar
(Fig. 4C), consistently demonstrating the high specificity of
Fru-1,6-P,-induced protection on the o-subunit. By the way,
it is noteworthy (1) that Fru-1,6-P, alone (Fig. 4, lane 5)
seemed to have the comparable degree of protection on the
o-subunit to Fru-1,6-P,/Mg?t (Fig. 4, lane 6), indicating that
Mg?*t is not indispensable for this effect; and (2) that inclu-
sion of Fru-2,6-P, into the Fru-1,6-Po/Mg?* sample (Fig. 4,
lane 7) did not make significant difference in the effect.

In order to gain further insight into the nature of PFP
subunits, we investigated the susceptibility of the SDS-dena-
tured PFP subunits to proteolytic digestion. The denatured
PFP was found to be much more susceptible to proteolysis
by subtilisin than the native enzyme. The protease concentra-
tion used to digest the denatured PFP (0.1 pg/ml) (Fig. 5) was
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Fig. 4. Limited proteolytic digestion of PFP in the presence of dif-
ferent ligands. Purified potato tuber PFP (100 pg/ml) was preincu-
bated with indicated ligand(s) at 30°C for 20 min. Then proteolysis
was carried out with 10 pg/ml subtilisin at 30°C for 30 min. Di-
gested samples were analyzed as in Fig. 3. A: Silver stained gel.
B,C: Western blot for the a (B) and B (C) subunits, respectively. In-
dicated on the right side are the deduced molecular weights of the
corresponding polypeptides (values in kDa).
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Fig. 5. Limited proteolytic digestion of the SDS-denatured PFP sub-
units. Purified potato tuber PFP (200 pug/ml) was denatured by 2%
SDS at 100°C for 5 min, then proteolysis was carried out with
0.1 pg/ml subtilisin at 30°C for indicated lengths of time. Digested
samples were analyzed as in Fig. 3. A: Silver stained gel. B,C:
Western blot for the oo (B) and B (C) subunits, respectively. Lanes
1-6 represent samples digested for 0, 10, 20, 30, 45 and 60 min, re-
spectively.

about two magnitude orders smaller than that used to digest
the native enzyme (10 pg/ml) (Fig. 1B). Obviously, peptide
folding somehow greatly stabilizes the PFP subunits. More
notably, the data presented in Fig. SA and B demonstrated
that the denatured o-subunit was still much more susceptible
to proteolytic digestion than the denatured B-subunit (Fig.
5C). These results are in excellent agreement with the obser-
vations on the native proteins (Fig. 1B [9]), implying that the
primary structure of the o-subunit underlies the instability of
this protein.

4. Discussion

We report with convincing data the important discovery
that Fru-1,6-P, can significantly and specifically protect the
o-subunit of potato tuber PFP against proteolytic degrada-
tion by subtilisin in a concentration-dependent manner. Pre-
viously the a-subunit was found to be much more susceptible
to tryptic digestion than the B-subunit [9] and instability of
the a-subunit was considered part of the reasons for the ex-
istence of multiple PFP forms. The presented data now, on
one hand, convince us that the instability of the o-subunit is
determined to some degree by its primary structure. On the
other hand, these data indicate that the stability of the o-
subunit actually can be selectively increased by Fru-1,6-P;.
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Under protection of Fru-1,6-P,, the o-subunit was much more
resistant to proteolytic degradation than the B-subunit. We
believe that the increased stabilization of the o-subunit solely
results from its conformational changes caused by Fru-1,6-P,,
which lead to alterations in the accessibility of proteolytic sites
thereon to subtilisin, since (1) to date no one has reported that
Fru-1,6-P; is an inhibitor of subtilisin activity, and more no-
tably (2) the B-subunit, whose susceptibility to proteolytic
digestion was not affected by Fru-1,6-P,, virtually served as
an excellent control for the whole set experiments in this re-
port. Similar phenomena of other proteins (enzymes) have
been studied previously. For instance, (1) the conformation
and stability of vitamin D receptor are affected by binding of
its ligands [22,23]; (2) the accessibility of the phosphorylation
site near the N-terminus of maize C; phosphoenolpyruvate
carboxylase to its light-regulated serine/threonine protein ki-
nase is altered by its feedback inhibitor L-malate [24,25]. In
light of those studies, the striking specificity of Fru-1,6-P,-
induced protection of the o-subunit strongly suggests that
Fru-1,6-P, acts through its direct interaction with the o-sub-
unit, or in another word, that Fru-1,6-P, is likely a special
effector of the aA-subunit. Thus Fru-1,6-P; is possibly a dual-
functional ligand of PFP: (1) as a substrate in gluconeogenic
direction and (2) as an effector stabilizing the o-subunit.

By virtue of this finding, we can look into an intriguing
mechanism by which the subunit composition of PFP is regu-
lated by metabolites like Fru-1,6-P,. Such regulatory mecha-
nism is of obvious importance to PFP for its operation in
gluconeogenesis under limiting concentration of cytoplasmic
Fru-2,6-P,. It is well known to us that PFP was studied
mostly as a glycolytic enzyme in the past [26], whose activity
is greatly stimulated by Fru-2,6-P,. However, the Fru-2,6-P,
level in plant cells is under tight control by many metabolites
such as 3-phosphoglycerate (3-PGA) and dihydroxyacetone
phosphate (DHAP) through activating Fru-2,6-bisphospha-
tase and inhibiting Fru-6-P,2-kinase [6]. When carbon metab-
olism shifts from glycolysis to gluconeogenesis, increases in
pool size of 3-PGA and DHAP, which usually form the driv-
ing force for gluconeogenesis, will consequently cause a sig-
nificant decrease in the cytoplasmic Fru-2,6-P, level through
inhibition of its synthesis and activation of its degradation.
This metabolite-mediated regulation of Fru-2,6-P, level in
plant cells is physiologically necessary to relieve the severe
inhibition of FBPase, an important enzyme for gluconeogen-
esis catalyzing the conversion of Fru-1,6-P, to Fru-6-P, and to
deactivate the glycolytic enzymes. However, before the Fru-
2,6-P, level decreases until it is low enough to activate
FBPase, The Fru-1,6-P, pool size will presumably fluctuate
significantly. During this period, increased stabilization of
the a-subunit by the elevated level of Fru-1,6-P, and ensuing
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changes in subunit composition of PFP due to selective accu-
mulation of the a-subunit would enable the enzyme to operate
in gluconeogenesis or in PPi turnover despite lack of activa-
tor.
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