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SUMMARY 

I. Phosphofructokinase (ATP:B-fructose-6-phosphate I-phosphotransferase, 
EC 2.7.1.11 ) from Ehrlich ascites tumor cells has been purified about I5o-fold with 
a 30% yield. The purified enzyme migrates as a single band when subjected to disc 
electrophoresis on polyacrylamide gel and has an average specific activity of 15o 
units per mg of protein. 

2. The molecular weight of the purified enzyme has been estimated to be 
3.0" lO 5 by gel filtration. Opt imum pH is in the vicinity of 7.I. In contrast to most 
enzymes from other sources, K+ is strongly inhibitory at higher concentrations de- 
spite being essential for the enzymic activity. 

3. This enzyme is chromatographically distinguishable from phosphofructo- 
kinases of other mouse organs such as muscle and erytrhocytes. 

INTRODUCTION 

Phosphofructokinases (ATP:D-fructose-6-phosphate i-phosphotransferase, EC 
2 .7 . I . I I  ) from a variety of biological sources exhibit highly complicated allosteric 
properties which are generally believed to reflect their important  roles as a key enzyme 
in controlling glycolytic activities in these cells. Whereas extensive studies have been 
made of phosphofructokinases purified from mammalian tissues with high glycolytic 
rates such as skeletal muscle 1-5 and heart 6 9, essentially no a t tempt  has been made 
so far to purify the enzyme from ascites tumor cells, which are also characterized by 
high glycolytic activities (see ref. IO for 3o-fold purification). As a result, no infor- 
mation is available as to the physicochemical properties or the detailed kinetic 
characteristics of phosphoffuctokinase from tumor cells. Our preliminary experi- 
ments showed that  glycolytic rates of Ehrlich ascites tumor cells were not essentially 
affected by changing the pH of the incubation medium bathing the cells, in sharp 
contrast to the muscle glycolytic system which had been shown to be pH dependent n. 
Since evidence was previously presented that  the pH-dependent  regulation of muscle 
glycolysis resulted solely from a kinetic property characteristic of muscle phospho- 
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fructokinasen, 12, it is highly probable that  the kinetic behaviour of phosphofructo- 
kinase from Ehrlich ascites tumor cells is somewhat distinct from those of the muscle 
enzyme. 

In the present study, we have at tempted to purify phosphofructokinase from 
mouse Ehrlich ascites tumor cells. Several properties unique to the tumor enzyme are 
also presented. Detailed analysis of kinetic data along with a proposal of a reaction 
model useful for elucidating the kinetic patterns will be the subject of the accompany- 
ing paper 13. 

MATERIALS AND METHODS 

Chemicals 
Disodium salts of ATP, fructose 6-phosphate (Fru-6-P) and NADH, 

Tris, imidazole, aldolase, triosephosphate isomerase (D-glyceraldehyde-3-phosphate 
ketol-isomerase, EC 5.3.1.1) and a-glycerophosphate dehydrogenase were purchased 
from Sigma Chemical Company. The following marker proteins of known inolecular 
weights were purchased from Mann Reseach Laboratory;  myoglobin, albumin (bo- 
vine), ~,-globulin (human) and apo-ferritin (horse). DEAE-Sephadex A-5o and Sepha- 
dex G-2oo were obtained from Pharmacia. Bovine serum albumin was from Armour 
Pharmaceutical Company. All other chemicals used were analytical grade reagents 
from commercial sources. 

Enzyme assay 
Af each step of the purification procedure, phosphofructokinase activity was 

measured in a coupled assay system by following the decrease of absorbance at 340 
nm due to the oxidation of NADH in Gilford Model 2400 recording spectrophotometer. 
The reaction was initiated by adding phosphofructokinase in an amount to give a 
change of absorbance less than 0.05 absorbance unit per rain to the reaction mixture 
containing 0. 5 mM ATP, I.O mM Fru-6-P, 1.5 mM MgC12, IO mM (NH4)2SO 4, IO mM 
mercaptoethanol, 0.05 mM NADH, I.O unit of aldolase, 0.8 unit of triosephosphate 
isomerase, 0. 4 unit of a-glycerophosphate dehydrogenase and 50 mM Tris-HC1 
(pH 7.5) in a total volume of 3.0 ml at 28 °C. One unit of phosphofructokinase acti- 
vi ty was defined as the amount of enzyme which catalyzed the formation of I p, mole 
of fructose 1,6-diphosphate (Fru-i,6-P2) per min under the above conditions. 

Kinetics of the purified enzyme were analyzed by incubating the dialyzed en- 
zyme solution dissolved in 0.5% bovine serum albumin under the same conditions as 
above but  with the omission of (NHa)2SO4 from the reaction mixture containing 
50 mM imidazole-HC1 (pH 7.5) instead of Tris-HC1. Auxiliary enzymes were also 
made free from (NHa)2SO 4 by dialyzing in 0.5% albumin overnight against a large 
volume of 50 mM Tris buffer, pH 8.0. 

Other analytical procedures 
The method of Warburg and Christian a4 was used for the determination of 

protein except in the case of column effluents which were analyzed by measuring the 
absorbance at 280 nm, an extinction coefficient of unity being assumed for i mg/ml. 
Polyacrylamide gel disc electrophoresis was performed as described by Ornstein t5 
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and Davis le. Estimation of molecular weight was carried out on a Sephadex G-2oo 
column by the method of Andrews 17. 

RESULTS 

Purzfieation 
Ehrlich diploid ascites tumor cells were harvested 7-8 days after inoculation 

in albino mice (SWJ/mk). Cells from ascitie fluids of 5 ° mice were combined and wash- 
ed once by suspending and centrifuging in 500 ml of ice-cold o/ 0.9/o NaC1. All manipu- 
lations were performed at 4 °C. The analytical details of a typical purification of 
phosphofructokinase from approx. IOO ml of packed cells are shown in Table I. 

T A B L E I  

S U M M A R y  OF P U R I F I C A T I O N  OF ~ I t R L I C H  A S C I T E S  T U M O R  P H O S P H O F R U C T O K I N A S E  

Fractions ,4 ctivity Protein 
(units) (rag) 

Crude extract  362o 3800 
35-65% (NH4)zSO 4 316o 803 
DEAE-Sephadex  116o 15 
Sephadex G-zoo lO3O 7 

Specific Purifica- Yield 
activity tion 
(units~rag) 

I . o  I IOO 

3.0 4 87 
80 80 32 

15o .15o 29 

Step i :  Preparation of crude extract. The once-washed packed cells, approx. 
IOO ml, were suspended in 500 ml of o.I M sodium and potassium phosphate buffer 
(pH 8.0) containing i mM EDTA (this solution is henceforth referred to as Buffer A) 
and centrifuged at 16oo × g for IO min. The precipitated cells were then disrupted 
by grinding with IOO g of sea sand and 30 ml of Buffer A in a mortar. The mixture, 
suspended in 500 ml of Buffer A, was centrifuged at 4500 × g for 30 min and the pre- 
cipitate was re-extracted with 200 ml of Buffer A followed by centrifugation. The 
volume of the combined extract was about 800 ml. 

Step 2: Fractionation with (NHa)zSO 4. To the crude extract from Step I, 
fine powder of (NHa)2SO 4 was added slowly with stirring to give a final saturation 
of 35%, and the solution, brought to pH 7.5 with 2.0 M NaOH, was allowed to stand 
for 4-6 h. The precipitate was removed by centrifugation at 13 ooo x g for 3o min 
and discarded. Additional solid (NH4)zSO a in an amount sufficient to achieve 65% 
saturation was added to the supernatant, which was then readjusted to pH 7-5 and 
kept for 4-6 h before the precipitate containing phosphofructokinase activity was 
collected by centrifugation at 13 ooo × g for 30 min. 

Step 3: DEAE-Sephadex A-5o column chromatography. The precipitate obtain- 
ed from Step 2 was dissolved in 50 ml of 20 mM phosphate buffer (pH 7.8) containing 
80 mM (NH4)2SO4, 25 mM mercaptoethanol and I mM EDTA (Buffer B) and was 
dialyzed for 12 h against 2 1 of the same buffer with change of buffer after 6 h. The 
dialyzed enzyme solution was clarified by centrifugation at 12 ooo × g for 30 rain 
and was applied to a column (3 c m x  25 cm) of DEAE-Sephadex A-5o which had 
been equilibrated with Buffer B. The column was first washed with the same buffer 
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Fig. i. Elut ion pa t t e rn  of phosphofructokinase  on DEAE-Sephadex  A-5o column. The protein 
solution prepared from the (NH4)2SO 4 precipitate as described in the tex t  was applied to a column 
of DEAE-Sephadex  A-5o (25 cm × 3 cm) equil ibrated wi th  Buffer B. The unadsorbed protein 
having no phosphofructokinase  activity was washed away with  40o ml of the same buffer. The 
adsorbed protein was then  eluted wi th  a linear gradient  at pH 7.8 of o-o.2 M KC1 in Buffer B at  a 
flow rate  of 60 ml/h. The 2o-ml fractions were collected and assayed for phosphofructokinase  
act ivi ty  (q~-----@) and for absorbance at  28o nm ( ( - ) -  0 ) .  Fract ions 8o-9o were pooled for 
fur ther  purification. 

Fig. 2. Elut ion pa t t e rn  of phosphofructokinase  on a Sephadex G-2oo column. The protein in the 
eluate from D E A g - S e p h a d e x  A-5o column was once precipitated and dissolved in 4 ml of Buffer C 
as described in text.  This protein  solution was applied to a column of Sephadex G-2oo 
(95 cm × 3 cm) equilibrated wi th  Buffer C. The protein was then eluted with the same buffer at a 
flow rate  of 15 ml/h. The io-ml fractions were collected for assay of phosphofructokinase  
act ivi ty  ( 0  Q) and for absorbance at  280 nm ( © - - - - ( ) ) .  

(approx. 4oo ml) until unadsorbed protein having no phosphofructokinase activity 
was washed away. Elution of the enzyme was then achieved with a linear gradient 
from o to 0.2 M KC1 in Buffer 13 at a flow rate of6o ml/h. As shown in Fig. I, phospho- 
fructokinase activity was eluted giving two peaks of activity with the bulk of the 
activity emerging in the second peak. Further purification was performed on the pool- 
ed eluate between Fractions 80-90 (215 ml) corresponding to the second peak. The 
active protein was precipitated by being dialyzed overnight against a dialysis so- 
lution prepared by adding IlOO g of (NH4)2SO 4 to I 1 of o.I M phosphate buffer 
(pH 7.8) containing I mM EDTA. (NH4)2SO 4 remaining undissolved under saturated 
solution when prepared was dissolved during dialysis. 

Step 4: Fractionation on Sephadex G-2oo column. The precipitate from Step 3 
was collected by centrifugation at 25 ooo × g for 30 min and dissolved in 4 ml of 
o.I M phosphate buffer (pH 7.8) containing 0.5 M (NH4)2SO 4, 25 mM mercaptoetha- 
nol and I mM EDTA (Buffer C). The enzyme solution was applied to a Sephadex 
G-2oo column (3 cm × 95 cm) which had been equilibrated with Buffer C. Upon 
being eluted with the same buffer, phosphofructokinase activity emerged as the first 
of two protein boundaries as shown in Fig. 2. Fractions containing phosphofructo- 
kinase activity (Fractions 26-36, IiO ml) were combined and dialyzed overnight 
against i 1 of 8o% saturated (NHa)eSO 4 in o.I M phosphate buffer (pH 7.8) containing 
o. I mM ATP and I mM EDTA to precipitate the enzyme. The volume of the solution 
was reduced to about one-third during dialysis, and the resultant enzyme suspension 
was stored as such at 3 °C without loss of activity for at least i month. The presence 
of ATP was essential; approx. 50% of the activity was lost after I month if ATP was 
omitted from the stock solution. 
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Fig. 3- Disc electrophoresis of purified phosphofructokinase.  The purified enzyme (7 ° #g) was s u b  
jected to electrophoresis on 3.8% polyacrylamide gel containing o.14 M Tris-HC1, p H  7.5. A con- 
s tan t  current  of 3 mA per column was applied for 8o min at 3-4 °C. Fixat ion and staining of protein 
were performed in a solution of  I}{, Amido Black IO B in 7To acetic acid. 

Fig. 4. Es t imat ion  of the molecular weight  of phosphofructokinase  by Sephadex G-2oo column 
chromatography .  Purified phosphofructokinase  (IOO units) and 5 mg each of  non-enzymic marker  
proteins  (nlyoglobin, ovalbulnin,  bovine serum albumin,  y-globulin and apo-ferritin) were 
dissolved in 3 ml of Buffer C. This protein solution was applied to a Sephadex G-2oo column 
(2.6 cm × IOO cm) equilibrated with Buffer C and then  eluted with the same buffer at a flow rate  
of 5 ml/h. Fract ions  of 4 ml were collected and assayed for the enzynlic act ivi ty and for absorbance 
at  28o nm. 

Properties of the purified enzyme 
Electrophoresis. Purified phosphofructokinase migrates as a single band  with- 

out noticeable contaminat ion when subjected to disc electrophoresis in a polyacryl-  
amide gel at  p H  7.5 (Fig. 3). 

Molecular weight. Commercial  preparat ions of  myoglobin, bovine serum albu- 
min, y-globulin and apo-ferritin, each about  3 rag, were mixed with IOO units of puri- 
fied phosphofructokinase in Buffer C. The protein mixture was applied to a column 
of Sephadex G-2oo equilibrated with Buffer C and eluted with the same buffer. 
Plot t ing tile elution volume of each protein as a function of its molecular weight on 
a log scale gave a linear line as shown in Fig. 4- Thus, the molecular weight of  phos- 
phofructokinase was calculated as 3.0" lO 5. 

Optimum pH. Effect of  pH  on the enzymic act ivi ty  is shown in Fig. 5. 
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Fig. 5. Inf luence of p H  on the  in i t i a l  ve loc i ty  of asc i tes  t u m o r  phosphof ruc tok inase .  The purif ied 
phosphof ruc tok inase  was assayed  as descr ibed in t e x t  a t  va r ious  pH va lues  in the  presence 
of o . i  mM F r u - 6 - P  and 5 mM NH4C1. • • ,  o.o2 mM ATP;  • &, o. 3 mM ATP.  

Fig. 6. Effect  of K + on the  in i t i a l  ve loc i ty  of asc i tes  t u m o r  phosphof ruc tok inase .  The purif ied 
enzyme  was  a s sayed  as descr ibed in t e x t  in the  presence of o. 5 mM Fru -6 -P  and  KC1 a t  the  
concen t r a t i ons  ind ica t ed  on the  abscissa.  • A, o .oi  mM ATP;  • • ,  o.o 5 mM A T P ;  
• • ,  o.I mM A T P ;  • - - - - • ,  0. 3 mM ATP.  

hi sharp contrast to 7 the muscle phosphofruetokinase 11,12, the optimum pH of the 
tumor enzyme was maintained in the vicinity of 7.I regardless of the concentration 
of ATP in the reaction mixture. SO42- and K + were found to shift the optimum pH 
slightly toward alkaline side. 

Dual function of K+. Similar to phosphofruetokinase from other sources 18-21, 
K+ was essentially required for the tumor phosphofructokinase. Upon further increas- 
ing the concentration of K +, however, an inhibition instead of an activation was 
observed as shown in Fig. 6. Inspection of Fig. 6 makes it clear that K + at high con- 
centrations not only acts as an inhibitor by itself but also can overcome the inhibition 
induced by inhibitory levels of A T E  Conversely, the K+-induced inhibition is rever- 
sed by increasing the concentration of ATP. In other words, K + decreases the ap- 
parent affinity of the inhibitory site of ATP and vice versa, though an actual mech- 
anism of this apparent competition remains to be elucidated. 

Though a variety of cations and anions has been reported to modify phospho- 
fructokinase activity, no other papers, except for one dealing with bacterial enzyme 22, 
have mentioned so far the inhibition by K +. Hence, it appeared that the dual response 
to K + was one of the unique properties that characterize phosphofructokinase from 
Ehrlich ascites tumor cells among the mammalian enzymes. 

Separation of ascites tumor phosphofructokinase from muscle and erythrocyte enzymes 
on DEAE-Sephadex column 

Differential affinity for DEAE-cellulose has been reported for human phospho- 
fruetokinases from muscle and erythroeytes. An attempt was made, therefore, to dis- 
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Fig. 7. Affinity of mouse muscle, erythrocyte  and ascites t umor  phosphofructokinase  for D E A E -  
Sephadex A-5o. The enzymes partially purified from mouse muscle, erythrocytes  and ascites t u m o r  
cells as described in tex t  were applied singnlary or as a mixture  to the columns of DEAE-Sephadex  
A-5o (io cm × o.8 cm) previously equilibrated with Buffer B. Step-wise elution was done by 
applying 4o ml each of Buffer B at three KCI concentrat ion levels (o.oi, o and o.2 M). The addition 
of the KCl-containin~ buffer is indicated by  arrows (Arrow I:  o.i M KC1, Arrow I I :  o.z M KCl). 
The 2o-ml fractions were collected and assayed for phosphofructokinase  activity.  Panel A: 
elution pa t te rn  of io uni ts  of muscle enzyme, 1B: 6 units  of e ry throcyte  enzyme, C: io uni ts  of 
t u m o r  enzyme, D: mixture.  

tinguish the tumor phosphofructokinase from the enzymes of other mouse tissues on 
the basis of differences in affinity for DEAE-Sephadex A-5o. Mouse skeletal muscle 
and ascites tumor cells were separately extracted with Buffer A and dialyzed against 
Buffer B. In the case of mouse erythrocytes, the protein containing phosphofructo- 
kinase activity was first precipitated by adding (NH4)2SO 4 to hemolysate at a satu- 
ration of 7o°,/o before dialysis against Buffer B. These dialyzed crude enzyme prepa- 
rations thus prepared for muscle, tumor cells and erythrocytes were clarified by cen- 
trifugation and applied, separately or as a mixture, to columns (o.8 cm × io cm) of 
DEAE-Sephadex A-5o which had been equilibrated with the same buffer• It  is seen 
in Fig. 7 that the muscle enzyme was readily eluted with Buffer B while erythrocyte 
and tumor enzymes were retained on the columns. A separation of the latter two 
enzymes was made by applying Buffer B containing o.i M KC1 to the columns, which 
was effective in eluting erythrocyte enzyme only; a buffer of higher ionic strength 
being required for the tumor enzyme to be eluted. 

Thus, phosphofructokinase from Ehrlich ascites tumor cells was characterized 
by its greater affinity for DEAE-Sephadex than enzymes from other mouse tissues. 
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DISCUSSION 

Phosphofructokinase from Ehrlich ascites tumor cells purified by the procedure 
described is homogeneous as judged by disc electrophoresis on polyacrylamide gel. 
The purified enzyme preparation has an average specific activity of I5O units per mg 
of protein, which is within the range of specific activities of 52 to I9O units per mg of 
protein reported for purified phosphofructokinases from yeast 25 eT, rabbit skeletal 
muscle1, 2, sheep heart 6, Escherichia coli ~s and Clostridium pasteurianum 2~. The mole- 
cular weight estimated to be 3.0" lO 5 is comparable to 3.5" lO5 reported for rabbit 
nmscle phosphofructokinase ~9. 

The inhibition by relatively high concentrations of ATP is one of the most strik- 
ing kinetic features common to almost all of the phosphoffuctokinases so far examin- 
ed (but see ref. 22). In this regard, ascites tumor phosphoffuctokinase was no ex- 
ception, as shown in Figs 5 and 6. The ATP-induced inhibition of phosphofructoki- 
nase from various sources is known to be profoundly affected by a variety of effectors ; 
activators such as Fru-6-P, ADP and AMP overcome the inhibition while inhibitors 
such as citrate and H + are effective in increasing the inhibition. Mostly similar re- 
lationships have been noted in the case of ascites tumor phosphofructokinase; tile 
ATP inhibition was found to be overcome by Fru-6-P, AMP and ADP13, 3° and to be 
increased by citrate 3° in a fashion somewhat similar to other mammalian enzymes. A 
striking feature apparently unique to the tumor enzyme was that the ATP inhibition 
was not significatnly affected by a change of H + concentration. Instead, it responded 
to high concentrations of K+ in decreasing the inhibition. 

Our previous report has provided evidence that the decrease of the ATP 
inhibition of muscle phosphofructokinase activity observed upon raising the environ- 
mental pH forms a basis for the pH-dependent regulation of the overall rate of muscle 
glycolysis n. In this regard, it should be noticed that the glycolytic rate of intact 
Ehrlich ascites tumor cells is not significantly affected by a change of the pH of the 
incubation medium (to be published) in accord with the kinetic property of phospho- 
fructokinase. These observations may confirm a close association of kinetic properties 
of phosphofructokinase with the glycolytic rate control mechanism in mammalian 
cells, and also are in keeping with a generally accepted view that phosphofructo- 
kinase is a key enzyme controlling the overall rate of glycolysis. 

Effectiveness of K+ at high concentrations in inhibiting phosphofructokinase 
by itself as well as in releasing the ATP inhibition is a very unique property of the 
tumor enzyme, because no mammalian enzymes have been reported to be subjected 
to the inhibition by K +. The function of K+ as an inhibitor as well as its function as an 
essential cofactor is similar to that of ATP. This similarity, when coupled with an 
abundance of K + in the cytosol of mammalian cells, might make it plausible to postu- 
late that  phosphofructokinase in Ehrlich ascites tumor cell is submitted to the dual 
basic regulation involving the ATP and K + inhibition, by which the primary kinetic 
feature of the enzyme is defined. Since several potential de-inhibitors of the ATP 
inhibition such a s  P i  and AMP fail to reverse the K + inhibition to a significant degree 
(see ref. I3), it would appear that this dual regulation operates in a rather separated 
manner in response to different physiological demands in the cell. But, "separated 
manner" does not mean that the effects of ATP and K ÷ are completely independent 
from each other, because it was clearly shown that ATP reversed tile K÷ inhibition and, 
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inversely, K ÷ reversed the ATP inhibi t ion (Fig. 6). Accordingly, it is concluded that  
in addi t ion  to their mutua l ly  independent  functions as the regulators of the enzyme, 
A T P  a n d  K + may  act as de-inhibitors  of each other in the cell. 

Several investigators have recently suggested that  phosphofructokinase of 
m a m m a l i a n  tissues exists in mult iple  forms; muscle and erythrocyte types in 
human2a,24, al as well as muscle and liver types in rat  a2 and rabbi t  21 have been dist in-  
guished chromatographical ly,  electrophoretically or in some kinetic properties. In  
addi t ion,  two isozymes were separated from h u m a n  platelet  aa. The present finding is 
also suggestive of the mult iple  forms of phosphofructokinase of mouse tissues. They 
differ in affinity for DEAE-Sephadex  and can be separated by  column chromatography 
(Fig. 7). Moreover, ascites tumor  phosphofructokinase showed a kinetic behaviour  
apparen t ly  different from the enzyme of other tissues as discussed above. Hence, it 
is very likely tha t  phosphofructokinase from Ehrlich ascites tumor  cells differs from 
muscle and erythrocyte  enzymes in protein s tructure.  I t  should be noticed tha t  DEAE-  
Sephadex column chromatography gave one extra  peak, which, though very small 
in protein content ,  showed phosphofructokinase act ivi ty  (Fig. I). Therefore, it can 
not  be s ta ted with confidence tha t  only one form of enzyme exists in Ehrlich ascites 
t umor  cells, though it is difficult to rule out a possibili ty tha t  such a minor  component  
involves an art ifact  result ing from the f ract ionat ion procedure. 

In  any  case, the present  results reveal tha t  the protein fraction possessing phos- 
phofructokinase ac t iv i ty  migrates in a relat ively narrow peak during two types of 
column chromatography and  finally gives only one band  on disc electrophoresis with 
a good yield (roughly 3o~}~, of the ac t iv i ty  of the original extract).  This may  suggest 
tha t  phosphofructokinase purified here represents the major,  if not  total,  fraction of 
Ehrl ich ascites t umor  phosphofructokinase which exists in a single form in the cell. 
Thus,  it can be concluded tha t  properties of this enzyme reported in the present and  
accompanying  papers as being dis t inct  from the enzyme of other tissues are those 
characteristic of phosphofructokinase of mouse Ehrlich ascites tumor  cells. 
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