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A seven fold increase in the rate of respiratory 0 2 uptake was observed 24 h after slicing 
of potato tuber disks. The maximum activity of pyrophosphate:fructose-6-phosphate phos­
photransferase (PFP) was 5 -7  times greater than that of ATP-dependent phosphofructoki- 
nase (PFK) in fresh or aged potato slices. Thus, PFP may participate in glycolysis which 
supplies respiratory substrate in potato tubers. The PFP activity of desalted extracts deter­
mined in the absence of fructose-2,6-bisphosphate (F2,6BP) increased by 4.5 fold 24h after 
slicing. However, maximal PFP activity determined with saturating (1 .̂m) F2.6BP was not 
changed. The K a values of PFP for F2,6BP was lowered from 33 to 7 nM after 24 h of aging 
treatment. This increased susceptibility of the PFP activity to its allosteric activator, F2,6BP, 
may be involved in the increased respiration in wounded disks of potato tubers. Imunoblot- 
ting experiments indicated that both the a  (66 kDa) and the ß  (60kDa) subunits of PFP were 
present in fresh or 24h aged tuber slices.

Introduction

The metabolism of dormant plant storage or­
gans, such as potato tubers and carrot roots, can 
be activated by slicing the tissue into thin disks 
and incubating of these segments in a moist atmo­
sphere (Kahl, 1974; Uritani and Asahi, 1980). 
There are many reports concerning the activity of 
the glycolytic pathway in plant storage tissues in 
response to mechanical wounding (see review by 
Kahl, 1974). Involvement of the allosteric proper­
ties of ATP-dependent phosphofructokinase 
(PFK, EC 2.7.1.11) on the respiration raise during 
wounding has been reported, although different 
mechanisms have been proposed (Black and Wed­
ding, 1968; Ashihara et al., 1972). After these pa­
pers were published, a plant specific PPi: fructose- 
6 -phosphate 1-phosphotransferase (PFP, EC 
2.7.1.90) which also catalyzes the key step of glycol­
ysis, conversion of fructose-6 -phosphate to fruc- 
tose-1,6 -bisphosphate, has been discovered (Carnal 
and Black, 1979). In contrast to mammalian cells, 
fructose-2 ,6 -bisphosphate does not activate plant 
PFK, but stimulates PFP activity (Sabularse and 
Anderson, 1981). Involvement of PFP as a glyco­
lytic enzyme of potato tubers has been argued by

Hajirezaci and Stitt (1991) . In potato tubers, PFP 
is a heterooctomer composed of a (6 6 kDa) and ß  
(60kDa) subunits (M oorhead and Plaxton, 1991). It 
has been suggested that the /?-subunit, but not a-su- 
bunit, has a binding site for PPi, while the F2,6BP 
binding site may be present in the a-subunit (Car­
lisle et al., 1990; Cheng and Tao, 1990). Thus, the a- 
and ^-subunits of PFP may have regulatory and ca­
talytic functions, respectively.

In the present study, we examined whether the 
catalytic and molecular properties of PFP were 
changed following wounding of potato tubers.

Materials and Methods

Mature tubers of potato (Solanum tuberosum  L. 
cv ‘Danshaku’) were obtained from Kyogoku-cho, 
Hokkaido, Japan. The wounding treatm ent of po­
tato tubers was performed according to the 
method of Dyer et al. (1989). Briefly, cylinders (di­
ameter 7 mm) were cut from tubers with a steri­
lized cork borer, the epidermis was removed, and 
the cores were sliced into 1.5-mm-thick sections 
with a razor blade. All tissues were maintained on 
moist sterile filter paper in Petri dishes at 26 °C for 
24h. Respiratory oxygen uptake was monitored by
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a revised version of Warburg manometric tech­
niques with an oxygen uptester (Taitec Ltd., To­
kyo, Japan).

Fresh and wounded potato tuber tissue (1 g 
fresh weight) were homogenized in 5 ml of 50 mM 
imidazole-HCl buffer (pH 7.6) including 1 m M  

NaEDTA, 2 m M  MgCl2, 0.1% (v/v) 2-mercapto- 
ethanol, 0.5% (w/v) phenylmethylsulfonyl fluoride 
(PMSF) and 0.25 g insoluble polyvinylpolypyrroli- 
done with a m ortar and pestle. The homogenate 
was centrifuged at 20,000 xg for 20 min at 4 °C, 
and the aliquot of the supernatant (2.5 ml) was de­
salted on a column of Sephadex G-25 (PD-10 col­
umn, bed vol. 9.0 ml, Pharmacia, Uppsala, Swe­
den) that had been equilibrated with the same 
buffer used for extraction. The eluted protein frac­
tion (3.5 ml) was used immediately for assays of 
enzyme activity. Protein was quantified by the 
method of Bradford (1976) with bovine serum al­
bumin as standard.

Activity of PFP was determined by the method 
of Ashihara and Horikosi (1987) with slight modi­
fication. The standard reaction mixture (total vol­
ume 1.0 ml) composed of 50 m M  /V-2-hydroxye- 
thylpiperazine-2-ethanesulfonic acid (HEPES)- 
NaOH buffer (pH 7.2), 10 mM F 6 P, 1 \im F2,6BP, 
1 m M  PPi, 5 m M  MgCl2, 0.2 m M  NADH, and suffi­
cient amount ( > 1  unit) of desalted aldolase, triose 
phosphate isomerase and glycerol 3-phosphate de­
hydrogenase. In the case of the determination of 
the activity of PFK, 1 mM PPi was replaced by
1 m M  ATP, and F2,6BP was removed from the re­
action mixture.

K a values (concentration for half maximal acti­
vation) for F2,6BP was calculated using ‘Enzyme 
Kinetics’ software (Trinity Software, Campton, 
NH, USA).

Electrophoresis, immunoblotting and immu- 
noquantification were carried out according to 
TTieodorou et al. (1992). The final acrylamide mo­
nomer concentration in the separating gel was 
10% (w/v). The separated polypeptides were elec- 
trophoretically transferred to an Immobilon 
transfer membrane (Millipore, Bedford, MA, 
USA). The membrane was soaked in blocking so­
lution (5% non-fat dry milk and 0.25% Tween 20 
in tris [hydroxymethyl] aminomethane (Tris)-buf- 
fered saline) for 1 h. The membrane was then in­
cubated for 1 h with a mixture of 1:25,000 dilution 
of anti-(potato tuber a-subunit PFP), and 1:1,000

dilution of anti-(potato tuber /?-subunit PFP) im­
mune serum. After washing with blocking solu­
tion, the blot was incubated for 1  h with alkaline 
phosphatase-conjugated goat anti-rabbit IgG (O r­
ganon Teknika, West Chester. PA), which was di­
luted 1 :2 ,0 0 0 . TTie colour reaction was performed 
by incubation of the membrane in 100 m M  Tris- 
HC1, pH 9.6, 100 m M  NaCl, 4 m M  MgCl2, 0.1 mg 
ml - 1  nitro blue tetrazolium, 0.05 mg ml - 1  5- 
bromo-4-chloro-3-indolyl phosphate, and 1% di- 
methylformamide.

Results and Discussion

Maximum rise of respiratory 0 2  uptake in po­
tato disks was observed 24 h after slicing (Table I). 
This observation confirmed that the wound respi­
ration occurred in our potato tuber disks as found 
in several storage organs, such as tubers of potato 
and Jerusalem artichoke, and roots of carrot and 
chicory (Kahl, 1974; Hajirezaci and Stitt, 1991).

The activities of PFP and PFK were determined 
using desalted extracts from fresh or 24h aged po­
tato tuber disks (Table I). PFP activity in the pres­
ence of 1 |im F2,6BP was 5 -7  times greater than 
PFK activity in fresh and wounded disks. Thus, PFP 
may be functional as a glycolytic enzyme. These re­
sults are similar to those of Hajirezaci and Stitt 
(1991) who also suggested that PFP catalyses the 
glycolytic reaction in potato tubers. After 24 h-

Table I. Changes in respiratory 0 2 uptake, activity of 
PPi:fructose-6-P phosphotransferase (PFP), and of phos- 
phofructokinase (PFK) during aging of potato tuber 
slices. The Ka values of PFP for fructose-2,6-bisphos- 
phate (F2,6BP) are also shown.

Time after slicing (h) 0 24

0 2 uptake (|i mol g 
FW “1 h “1)

1.25 ±0.56 (100) 9.23 ±2.63 (738)

PFP (nkat mg protein“1)

N o F2.6BP 
1 |xm F2.6BP

0.031 ±0.0017 (100) 
1.59±0.34 (100)

0.140 ±0.052 (452) 
1.69±0.25 (106)

PFK (nkat mg protein-1) 0.219±0.028 ( 100) 0.359 ±0.047 (164)

K a value of PFP for 
F2.6BP (nM)

33 ± 1 * 7±1*

All values represent mean ± SD (n = 4). The values 
in parentheses show the percentage of the initial value 
(° h).
* K a values obtained from Hanes-Woolf plots. Kinetic 
data were subject to linear regression analysis and the 
correlation of the points to the lines was more than 
0.995.
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wounding, maximum catalytic activity of PFP in the 
presence of 1 jj,m F2,6BP was similar to that of fresh 
disks. However, the PFP activity without F2,6BP 
increased 4.5-fold 24 h after slicing and Ka values of 
PFP for F2,6BP declined from 33 nM to 7 nM during 
wounding. Typical Hanes-Woolf plots (Cornish- 
Bowden 1976) of the enzyme for F2,6BP are shown 
in Fig. 1. The activity of ATP-dependent PFK 
increased approximately 1 .6 -fold during wounding 
(Table I).

[ F 2 , 6 B P ]  ( n M )

[F2 ,6BP]/ V-V o B

[F2,6BP] (nM)

Fig. 1. Typical Hanes-Woolf plots ([F2,6BP] vs. [F2,6BP]/ 
[v-v0]) of PPi:fructose-6-P phosphotransferase from 
fresh and 24-h aged potato disks. Velocity is expressed 
as nkat mg-1 protein. v0 means velocity without F2,6BP. 
(A) Fresh disks, (B) aged disks.

Compared with the marked increase in respira­
tion, only no or little increase in the maximum ac­
tivity of PFP and PFK was observed. Thus, it is 
unlikely that these respiratory rises are caused by 
the simple coarse control, i.e., increase in PFP and 
PFK proteins. The PFP from 24 h-wounded potato 
disks exhibited a more than 5-fold greater affinity 
for F2,6BP than the PFP from fresh disks did. Sim­
ilar changes in K a values of PFP have been re­

ported in Brassica nigra suspension cells during Pi 
starvation (Theodorou et al., 1992) and in castor 
bean cotyledons during germination (Podesta and 
Plaxton, 1994). The PFP from Pi-starved B. nigra 
cells exhibited a greater affinity for F2,6BP (Ka: 
90 nM) than the enzyme from nutrient-sufficient 
cells (K a: 320 nM ). These changes in B. nigra cells 
were accompanied by apparent changes in subunit 
composition of PFP. The PFP from Pi-sufficient 
cells consisted of /3-subunits, but PFP from Pi-defi- 
cient cells which exhibited high affinity for F2,6BP 
had both a- and /3-subunits.

Immunoblotting studies using rabbit anti-(po- 
tato tuber PFP) immune serum were carried out 
to examine the molecular properties of the PFP 
from fresh and wounded potato tuber disks. Figure
2 showed the results of the immunoblots. Both a- 
( 6 6  kDa) and ß- (60 kDa) subunits were detected 
in the extracts from fresh and wounded potato 
disks. The ratio of a- and ß-subunits was almost 
constant when different amounts of proteins (15- 
120 ng) were used. Thus, it is concluded that the 
different Ka values observed in PFP from fresh 
and wounded potato disks are not related their 
subunit composition. This is contrast to the phe­
nomena observed in Pi-starvation of B. nigra cells. 
In B. nigra cells, in addition to greater affinity of 
PFP for F2,6BP, the 20-fold increase in Vmax of 
PFP has been observed after Pi-starvation (Theod­
orou et al., 1992).

The molecular mechanism responsible for the 
reduction in the Ka value of PFP for F2,6BP dur­
ing wounding of potato disks has not yet been elu­
cidated. Changes in this property of PFP may be 
involved in the control mechanisms of wound res­
piration of potato tubers. Enhanced activation of 
PFP by F2,6BP during wound respiration of po­
tato tuber disks has been supported from the fluc­
tuation of glycolytic metabolites during wounding, 
because the levels of the products of PFP, fructose-

A B

_  _  — a (66kDa)
*  —  ß(60kDa)

Fig. 2. Immunoblots of PPi:fructose-6-P phosphotransf­
erase from fresh and 24-h aged potato disks. Equal 
amounts of protein (30 jig) were loaded on each lane. 
(A) Fresh disks, (B) aged disks.
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1 ,6 -bisphosphate and triose phosphate, increased, 
but that of a substrate, PPi, decreased after slicing. 
The potent activator, F2,6BP, itself also increased 
by ca. 5-fold during early phase of potato tuber 
wounding (Hajirezaci and Stitt, 1991). Thus, PFP 
activity may be greatly stimulated during wound­
ing potato tubers.
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