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Abstract-A procedure is described using affinity chromatography on Blue Sepharose and on an immobilized 
ATP column by which phosphofructokinase has been purified by 260-fold from tomato fruits. The properties 
of the enzyme are affected by the pH at which the preparation is made and maintained. At the pH optimum, 
pH 8.0, the enzyme is very heterogeneous with up to three forms present differing in MW. At pH 7.5 a single 
major form of MW 180000 is present, and evidence that raising the pH to 8.0 promotes dissociation of the 
enzyme is discussed. 

INTRODUCTION 

It is generally agreed that the control of glycolysis in 
plants is dominated by the interaction between phos- 
phofructokinase (PFK) and pyruvate kinase although 
other control points may be involved to some extent 
[l]. PFK has been implicated in the control of the 
increased glycolytic flux [2,3] which accompanies the 
rise in respiration during the ripening of the climateric 
fruits [4]. Although PFK from animal and microbial 
sources has been extensively purified and its proper- 
ties studied in some detail [5,6] reports of similar 
studies on the enzyme from plant sources are few. 
This is partially due to the fact that the plant enzyme 
is often rather unstable and hence difficult to purify 
[7]. The present paper describes the use of affinity 

chromatography to purify the enzyme. This work 
forms part of a study of the kinetic regulation of the 
enzyme during the ripening and senescence of tomato 
fruits [8]. 

RESULTS AND DISCUSSION 

Purification of PFK from tomato fruits 

Table 1 shows the application of various proce- 
dures for the partial purification of PFK from tomato 
fruits. Initially various methods of concentrating the 
crude extract prior to chromatography were tried but 
as shown in Fig. 1, PFK is inhibited by many in- 
organic ions such as SO,‘-, NO*-, NOa- and Cl-, but 
the inhibition by Cl- was much less than with the 

Table 1. Purification of PFK (all purifications done at pH 7.5) 

Preparation 
Wt of tissue Vol. Act/ml Protein Sp. act. Total act. Yield 

(g) (ml) (pkat) (pglml) (pkatlpg protein) (&at) (%) Purification 

1. 
Crude extract 150 365 32.3 823.4 0.039 11800 100 1 
Blue Sepharose 18 492.3 91.4 5.4 8860 75.2 137 
ATP-Sepharose 9 630.8 61.3 10.3 5680 48.2 262 

2. 
Crude extract 100 224 30.8 760 0.04 6900 100 1 
Blue Sepharose 18 302 77 3.9 5440 78.8 96.8 

3. 
Crude extract 200 500 36.2 868 0.042 18100 100 1 
DEAE - MgATP 54 57.2 255 0.224 3090 17 5.4 

4. 
Crude extract 180 392 40.8 642 0.0635 16000 100 1 
DEAE + MgATP 48 186 310 0.6 8930 55.8 9.5 
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Salt concentration mM 

Fig. 1. The effect of various salts on tomato PFK activity at 
pH 8.0. XNaCl, 1 KCI, 0 NH&I, 0 Na2S04 or K2S04, Cl 

NaN02, A (NH&SO, and A NaNO,. 

other ions. The inhibition by ammonium sulphate 
ruled out the conventional ammonium sulphate 
method for concentrating the enzyme since the in- 
hibition by ammonium sulphate was only partially 
reversed by desalting on a column of Sephadex G-25. 
Recoveries of activity following ammonium sulphate 
precipitation and desalting were of the order of 10% 
and it appeared that the enzyme becomes very un- 
stable during the procedure. Other methods for con- 
centrating the enzyme such as isoelectric pre- 
cipitation and concentration by ultrafiltration were 
tried but discarded since they led to rather variable 
recoveries of PFK activity. Precipitation with 
polyethylene glycol (PEG 4000) was effective even 
though high concentrations (up to 65%) were needed 
for a good recovery of activity. PEG precipitation 
was used where it was essential to apply the enzyme 
fraction in a small volume prior to chromatography, 
i.e. during gel permeation chromatography on 
Ultrogel AcA 34, but in general it was found that the 
crude enzyme fraction could be applied directly to 
other chromatographic reagents such as DEAE-cel- 
lulose or the affinity adsorbents if it was first desalted. 
This was achieved by rapid dialysis using a hollow 
fibre ultra-filtration system. 

Chromatography on DEAE-cellulose using a linear 
gradient of salt for elution led to 5-lo-fold 
purification of PFK but this was accompanied by an 
80% loss of activity which could be partially preven- 
ted by including ATP and Mg” in the elution buffers 
(Table 1; sections 3 and 4). In view of this instability 
alternative methods for the purification of PFK were 
sought. Blue Sepharose CL6B was found to retain 
PFK from crude extracts of tomato which had been 
dialysed against 5 mM Tris buffer. The PFK fraction 
could be recovered from the column by specific 
desorption with the substrate of the enzyme, MgATP 
(10 mM ATP + 30 mM MgCl* in 5 mM Tris buffer) 
leading to a 97-137-fold purification with the recovery 
of 75-79% of the applied activity. 

The PFK peak from Blue Sepharose CL6B was 
dialysed against dilute buffer and then further purified 
on a column of immobilized ATP, 8-(6-amino hexyl- 
amino)-ATP coupled to Sepharose which was found 
to retain tomato PFK at low salt concentration. The 
PFK activity could be recovered by elution with ATP 

(10 mM) and 30 mM MgClz in 5 mM Tris buffer pH 
7.5. The combined use of Blue Sepharose and ATP- 
Sepharose led to a 260-fold purification of PFK with 
an overall recovery of 49% (Table 1; section 1). The 
most highly purified fraction of PFK had a sp. act. of 
10 pkat/pg protein which compares favourably with 
the values found for the enzyme purified to homo- 
geneity from rabbit skeletal muscle [9]. 

PAGE of the PFK fraction after chromatography 
on hexyl ATP-Sepharose showed one major protein 
band with a second protein component present only 
in trace amounts (Fig. 2). Using a PFK specific assay 
[19], it was shown that PFK activity is associated 
with the major protein band. These results indicate 
that the PFK preparation has been purified close to 
homogeneity. 

Properties of purified enzyme 

The pH optimum of the enzyme was 8.0-8.25 with 
a relatively steep fall in activity on the acid side of 
the optimum so that at pH 7.5 the activity was half 
that at the maximum and at pH 7.0 it was only about 
15% of the maximum value. Increasing the concen- 
tration of ATP from 1 to 2 mM and of fructose-6- 
phosphate from 2 to 10 mM had no effect on the pH 
optimum. The pH of extraction medium and the pH at 
which tomato extracts are stored appears to have an 
important effect on both the catalytic activity and 
molecular properties of PFK. Extracts prepared with 
0.2 M Tris-HCl at pH 8.0 were found to be much less 
stable during storage at O-4” than extracts prepared at 
pH 7.5. The enzyme is less stable in phosphate buffer 
compared with Tris buffer at either pH 7.5 or 8.0. The 
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Fig. 2. Separation of PFK activity on Ultrogel AcA 34. Upper 
curve-extract prepared and maintained at pH 7.5. Lower 

curve-extract prepared and maintained at pH 8.0, 
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inclusion of MgATP in the buffer especially at pH 7.5 
tends to reduce the loss of activity as does the 
inclusion of DTE. The effect of DTE on the stability 
off the etzzyme is an impartant ane but even the use al 
DTE does not alter the relative instability of the 
emzvme tir_~?&?j& caqoareiz iitnlr3.“lam&aTr’k’rs 
sensitive to freezing and even at pK 7.5 virtually all 
the activity is lost during a period of storage at -20 
far 24 hr. Tomato PFK is relatively heat labile. Three 
min at 60” is sufficient to cause complete inactivation 
off the era&an after chramata_~_ah_v an ATP- 
Sepharose. However, the same heat-treatment had 
only a small effect on the enzyme prepared by 
chromatogrdphy on DEAE-cellulose in the absence of 
MgATP. In this case even treatment at 100” for 5 min 
only reduced the activity by 70%. Differences in the 
demee 03 thermal >a‘dyIIy 0% PFx prepareb I;1Dber 
different conditions were noted [8] and these 
differences w+i& may be relateit ‘ra changes in the 
molecular form of the enzyme will be discussed later 
in this paper. 

PFK extracted from tomato fruits at pH 8.0 and 
applied to a column of Ultrogel AcA 34 after PEG 
precipita’cion was shown to be very heterogeneous in 
MW (see Fig. 2). Activity was spread widely across 
the chromatogram with two major peaks of activity; 
one eluting in a volume of 111 ml and the other in 
I!$@&?.& 2.? cvaf &?.!& .?.&&! If MgXFP w&Z l&.J&.?e&? 2.Z 
the elution buffer there was an improvement in the 
rC<sy<Ty of Q&L ?&++i(y Gem #YC ~o(umn from Z+XS 
im’trs ~osence’roC~*m~irs_oresence.‘Zloweve~.’tne 
degree of heterogeneity was not reduced and in fact 
an additional peak eluting early (elution volume 
90 ml) in the separation was observed. The peaks 
eIuting at 90,. 111 and 190 ml were designated UG 3 
UG 2 and UG 1, respectively. If the Ultrogel chroma- 
tcopra$??y was cari,eb 0~1 +%n e>ilraclsprepareb aDh 
maintained at pH 7.5 much less heterogeneity was 
observed. At pH 7.5 a single symmetrical peak of 
activity was observed comespwting in e\utjon posj- 
tion to peak UG2 (Fig. 2). The inclusion of MgATP in 
the elution buffer at pH 7.5 increased the recovery 
from the column from 55 to 95% and led to the 
appearance of a small peak ‘eluting in the position 
corresponding to UG 3. This small fraction, UG 3 
appeared only in the presence of MgATP and was 
found to be very labile which has made the study of 
its properties difficult. 

The Ultrogel column was calibrated by determining 
the‘elution volume of proteins of known MW [8] and 
estimates of the MWs of the three fractions of PFK 
activity gave values of 360000, 180000 and 35000 
respectively for UG3, UG 2 and UG 1. UG 1 was 
further stuiriec? by chromatography on IIItrogeI AcA 
54 with a fractionation range more appropriate to a 
small protein such as UG 1 and the estimate of 35000 
was confirmed. 

The analysis of the highly purified PFK fraction 
from ATP-Sepharose on Ultrogel AcA 34 at pH 7.5 
led to the elution of a single peak of activity cor- 
responding to UG 2 while the same fraction 
&~oma<~a$& a$ pK % gave two pa& of a@?&~ 
in the positions of UG 1 and UG 2. Altering the pH 
from 7.5 to 8.0 appeared to promote the appearance 
cc& Iie >DW-8i% ‘Ira&on YYCJ>, l”r prQDaI&>ons wme 
stored at pK 8 for several days at O-4” there was a 

progressive increase in UG 1 and the disappearance 
of UG2 until after 4 days all of the oligomeric form 
had disappeared. 

The Xghest MW farm {UG 3) is present an& in 
very small quantities and is very labile. The ratio of 
Xf&+s sqggeStsIntitYi&“j corilh’be a birmer o”t’tneIarm 
UG 2 which is generally the major form present. 
There is no simple stoichiometric relationship be- 
tween UG 2 and the smal(esC form UG 1. UG 1 is the 
lowest MW form found in the tomato and may be a 
monomeric farm of the encvme wtiIe UG2 and 3 
may be oligomeric forms composed of UG 1 units. 

Most studies on plant PFK have used relatively 
crude preparations. This is necessitated in some cases 
by the extreme lability of some plant PFK pre- 
parations [7] but in other cases it was found desirable 
iD USf? tit5 C~~~apY~p~a~DD~eC~~Se Dj tid-5 DbSHY2hDD 

that the regulatory properties of the enzyme may 
change on storage even tiou& tYne cafaI,vtic activ>ty 
was retained [lo]. There are obvious problems in 
attempting the purification of an enzyme as complex 
as PFK in its molecular form and in its kinetic 
behaviour [5,6]. We have purified tomato PFK by a 
Iactor a3 26@IoId by combioed &tit? chromate- 
graphy on Blue Sepharose and on an Immobilized 
form of ATP. Affinity probes have been used in the 
purification of PFK from animal sources [l 1,121 but 
i&.&Z is iC? @XC &s*&&$JIe i&e && s&ZXX&& 3$7- 
plication of this material to a plant PFK [8]. 

T& tamat% tn~y+rr~~ &+&Is fro-m of&~ p<a& PFKs 
Im~a_nLuJiber_dt:rts=nr~nerires.Ilt:rsl 
tively stable while a preparation of the PFK from 
potatoes was found to lose up to 90% of its activity 
within 10 hr of preparation [7]. Tomato PFK is heat 
labile Y&&Z other PFKs are heat stabje, a property 
which has been used in the purification of the enzyme 
IYDm B%iW$%22’~ SDW__ES 22, >3$!. Tke@ D~hDllDJ Si? 

the tomato enzyme at 8.0-8.25 is similar to that of 
some plant and animal PFKs but differs from the pea 
seed enzyme 114) wbkb has a peak aZ pH 3.0 jn 
addition to one at pH 8.0 with a minimum of catalytic 
activity at about pH 7.5. 

Heterogeneity in molecular form is a common fea- 
ture of PFK isolated from animal sources IS, 6.91 and 
evidence for different isoenzymes of PFK in the 
tomato [IS] has been presented. In the present paper, 
tomato PFK has been shown to exist in a single 
stable oligomeric form at pH 7.5 but raising the pH to 
8.0 or above promotes dissociation and heterogeneity. 

EXPERIMENTAL 

Materials and methods. Tomatoes (Lycopersicon esculen- 
turn var. Eurocross BB) were obtained from plants grown in 
tie Food Research lnstitule greenhouses. 

All biochemicals were purchased from Boehringer, and 
were of the best quality available. Tris, Hepes, DTE and 
Sephadex G-25 were purchased from Sigma. Polyethylene 
glycol, Polyclar AT and all other chemicals were of analytical 
grade and were purchased from BDH. DE-52 was obtained 
from Whatman, and Ultrogel AcA 34 was a product of LKB. 
Blue: dex~ran, 3Iue Sepharose (CL&B) and cyanogen bromide 
aC&at& SCptime wmd &&a&h +om Ptimacia. 

For assaying phosphofructokinase activity, the reaction 
mixture contained the following in a l-ml cuvette: 16 pmol 
X4XB.3,urnd Y&X& 3,umA XQ. Z,UJD&I FDY DO m&9 
GDH, 2 units TIM and 0.4 units of atdolase. 
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The reaction which was carried out at 25” was initiated by 
the addition of fructose-6-phosphate. The rate of the reaction 
was followed by measuring the decrease in fluorescence as 
NADH was reoxidized using an Eppendorf fluorimeter with a 
primary filter of 313-366nm and a secondary filter Hg 
420-300 nm. A specially built attenuator was used to provide a 
suitable signal to a potentiometric recorder (Bryans type 
23 000) with sufficient back-off so that the recorder could be 
used at high sensitivity. This system showed linearity between 
NADH concentration and the recorder output. 

Extraction of PFK from tomatoes. The extraction 
medium consisted of 0.2 M Tris-HCl buffer containing 2 mM 
EDTA and 5 mM DTE at the appropriate pH (either 7.5 or 8, 
see text). The tomatoes at the breaker stage were cut and 
the outer wall of the pericarp together with the epidermis 
were taken. Two ml of the extraction medium were added 
per g of tissue together with polyclar AT (50mglg tissue). 
The tissue was homogenized in an Ultraturrax homogenizer 
(type TP18/2 from Janke and Kunkel) at 140V for about 
1 min. The homogenate was filtered through Miracloth and 
the resulting filtrate centrifuged at 35000 g for 25 min in a 
pre-cooled’centrifuge. The supernatant represents the crude 
extract. Dialysis of the crude extract was carried out either 
using dialysis bags or by ultrafiltration using a hollow fibre 
system (type b HFUll from Biorad). The dialysis buffer was 
5 mM Tris-HCl at either pH 7.5 or 8 containing 2 mM EDTA 
and 1 mM DTE. All these operations and the later 
purification of the enzyme were carried out at O-4” using 
buffers containing 1 mM DTE. For chromatography on 
DEAE-cellulose the dialysed crude extract was applied 
directly to a column (12 x 1.5 cm) at a rate of 55 ml/hr. The 
column was washed with 50 ml of 5 mM Tris-HCl containing 
2 mM EDTA and 1 mM DTE (buffer A). The enzyme was 
eluted using a linear gradient of KC1 (O-O.4 M) in the same 
buffer. Whenever Mg and ATP were used, they were added 
to the buffer A to a concn of 1 mM ATP and 5 mM Mgr+ and 
the pH was re-adjusted to 7.5. 

For Blue Sepharose chromatography, the dialysed crude 
extract was applied to the column of Blue Sepharose CL6B 
(10x 1.5 cm) at the rate of 30ml/hr. After washing the 
column with 50 ml of buffer A, the enzyme was eluted using 
50ml of 10 mM ATP and 30mM MgC& dissolved in the 
same buffer at pH 7.5. Fractions of 1 ml were collected 
and the rate of flow was reduced to 15 ml/hr to improve the 
separation. Other workers have applied this method to the 
potato enzyme with satisfactory results [16]. 

For ATP-Sepharose chromatography, 8-(6-amino hexyl 
amino)ATP was prepared according to the method of ref. 
[17]. Then it was coupled to Sepharose using cyanogen 
bromide activated Sepharose. The resulting gel was packed 
in a column (10 x0.9cm) and then equilibrated with 5 mM 
Tris-HCl at pH 7.5 containing 2 mM EDTA and 1 mM DTE. 

This method was used as the final stage for purifying the 
enzyme. The peak fractions from the Blue Sepharose 
column were dialysed against a large volume of buffer A to 
remove MgCl, and ATP. The resulting dialysate was applied 

to the ATP-Sepharose column at the rate of 30 ml/hr. After 
washing the column with 50ml of the buffer, the enzyme 
was eluted with 10 mM ATP and 30 mM MgCll in buffer A. 

The PFK preparations were checked for the presence of 
some interfering enzymes including phosphoglucoisomerase, 
fructose-1,6-diphosphatase, phosphoglucomutase and 
ATPase and which were found to be absent from the most 
purified fractions. 

The purity of PFK preparation after hexyl-ATP- 
Sepharose was studied by discontinuous PAG electro- 
phoresis using 5 and 7% gel rods at pH 7.5. The protein 
components were stained with Coomassie Blue [18] and the 
localization of PFK was determined by an assay linked to 
the deposition of insoluble formzan [19]. 

Acknowledgement-The authors would like to thank the 
British Council for the Scholarship granted to J.E.I. during 
this work. 

REFERENCES 

1. Davies, D. D. (1978) in The Biochemistry of Wounded 
PIant Tissues (KahJ, G., ed.), p. 309. W. de Gruyter, 
Berlin. 

2. Solomos, T. (1977) Annu. Rev. Plant Physiol. 28, 279. 
3. Salminen, S. 0. and Young, R. E. (1975) Plant Physiol. 

55, 45. 
4. Rhodes, M. J. C. (1979) in Senescence in Plants (Thi- 

mann, K. V., ed.), p. 157. CRC Press. 
5. Bloxham, D. P. and Lardy, H. A. (1963) in The Enzymes 

(Boyer, P. D., ed.), Vol. 8, p. 239. 
6. Mansour, T. E. (1977) Curr. Top. Cell. Reg. 5, 1. 
7. Sasaki, T., Tadokoro, K. and Suzuki, S. (1973) Phy- 

tochemistry 12, 2843. 
8. Isaac, J. E. (1978) Ph.D. thesis, University of East 

Anglia, Norwich. 
9. Uyeda, K. (1979) Ado. Enzymol. 48, 193. 

10. Dennis, D. T. and Cot&ate, T. P. (1966) Biochem. Bio- 
phys. Res. Commun. 25, 187. 

11. Bohme, H. J., Kopperschlagger, G., Schulz, J. and 
Hoffmann, E. (1972) J. Chromatogr. 69,209. 

12. Ramadoss, C. S., Luby, L. J. and Uyeda, K. (1976) 
Arch. Biochem. Biophys. 175, 487. 

13. Black, M. K. and Wedding, R. T. (1%8) Plant Physiol, 
43,2066. 

14. Kelly, G. J. and Turner, J. F. (1969) Biochem. J. 115, 
481. 

15. Hobson, G. E. (1974) Phytdchemistry 13, 1383. 
16. Dixon, W., Franks, F. and aplees, T. (1981) Phy- 

tochemistry 20, 969. 
17. Lee, C. Y., Lazalus, L. H., Kabakoff, D. S., Russel, P. J., 

Jr., Laver, H. and Kaplan, N. 0. (1977) Arch. Biochem. 
Biophys. 178, 8. 

18. Blakesley, R. and Boezi, J. (1977) Analyt. Biochem. 82, 
580. 

19. Hobson, G. (1976) Analyt. Biochem. 75, 637. 


