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The enzyme which catalyzes the hydrolysis of fructose-2,6-P 2 has been 
pa r t i a l l y  puri f ied from rat l i ve r .  The product has been ident i f ied as 
fructose-6-P. The enzyme requires Mg ++, and the KO. 5 for fructose-2, 
6-P 2 varies from 25 - I00 ~M, depending upon the preparation. After t rea t -  
ment with cAMP dependent protein kinase the enzyme is activated and the 
KO. 5 for the substrate is lowered to 7 ~M. 

INTRODUCTION 

Fructose-2,6-P 2 has been shown to be an important act ivator of 

phosphofructokinase ( I -6) .  The synthesis of fructose-2,6-P 2 is catalyzed 

by fructose-6-P,2-kinase (7-10). Administration of glucagon and epi- 

nephrine to hepatocytes results in rapid inact ivat ion of 

fructose-6-P,2-kinase and a concomittant decrease in the 

fructose-2,6-P 2 level ( I I ) .  This enzyme has also been shown to be inac- 

t ivated in v i t ro  by cAMP dependent protein kinase (12,13) as well as 

phosphorylase kinase and activated by phosphatase (12). 

We have reported the presence of enzymic ac t i v i t y  in the extracts of 

hepatocytes and l i ve r  which catalyzes the degradation of 

fructose-2,6-P 2 ( I I ) .  More recently we have shown that the degradative 

enzyme is activated in hepatocytes by glucagon or epinephrine (14). In 

th is  communication we report that the enzyme catalyzes the hydrolysis of 
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f ructose-2,6-P 2 to fructose-6-P and that i t  is act ivated by cAMP dependent 

protein kinase. 

MATERIALS AND METHODS 
[ 32p]-ATP (3000 mc/mmol) was purchased from Amersham. [UI4C] 

Fructose-6-P (1.5 x IO b cpm/~mol) was prepared as described previously 
(15). [6-3zP] Fructose-6-P (3 x I0 / cpm/~mol) was prepared with the same 
procedure as for  [14C] fructose-6-P except unlabeled fructose and [ 32p] 
ATP were used. Fructose-2,6-P 2 was prepared as described previously (16). 
Al l  other chemicals were reagent grade and obtained from commercial sour- 
ces. The ca ta ly t i c  subunit of cAMP dependent protein kinase was a purchased 
from Sigma Chemical Company, St. Louis, MO. 

Preparation of [14C] Fructose-2,6-P 2 and [632p] Fructose-2~6-P 2. 
[14C] Fructose-2,6-P 2 was prepared in a reaction mixture containing [UI4c] 
Fructose-6-P (8.7 x I0 b cpm, 0.6 ~mol), ATP (3 ~mol), MgCl 2 (6 ~mol) and 
Tris C1 (50 ~mol) pH 7.4 in a f ina l  volume of 0.6 ml. The reaction was i n i -  
t i a ted  with the addit ion of 2 units of fructose-6-P,2-kinase (7) and incu- 
bated for  1 hr at 30 ° . At the end of the incubation the reaction mixture 
was d i rec t l y  spotted onto a Whatman 3 MM paper, and the paper developed in 
ethyl alcohol:conc. NH4OH:H20 (15:9:1) for  18 hrs at 25 ° . The paper was 
dried and the spot containing 14C fructose-2,6-P 2 was eluted with 0.I M 
cylohexylamine and lyophi l ized.  [UI4c] Fructose-2,6-P 2 was obtained in 80% 
y ie ld .  [632p] Fructose-2,6-P 2 was prepared in the same reaction mixture as 
above except [632p] fructose-6-P instead of [14C] fructose-6-P was used. 

Assay fo r  Fructose-2~6-Bisphosphatase (Fructose-2~6-Pase). The assay 
mixture contained in a f ina l  volume of 0.I ml: I00 mM Tris Cl, pH 8.0, 0.5 
mM MgCl 2 and I0 ~M fructose-2,6-P 2. The reaction was i n i t i a t ed  with addi- 
t ion of the enzyme and incubated at 30 ° . At various in tervals  I0~I a l i -  
quots of the reaction mixture were transfered to 90 ~I of I00 mM Tris Cl, 
pH 8 and heated at 80 ° for  1 min to stop the reaction. An al iquot was then 
assayed for  fructose-2,6-P 2 as described previously (6). One unit of the 
enzyme a c t i v i t y  is defined as that amount of the enzyme which catalyzes the 
hydrolysis of one ~mol of f ructose-2,6-P 2 per min under these condit ions. 

RESULTS AND DISCUSSION 

Pur i f i ca t ion  of Fructose-2~6-Pase. Fresh l i vers  (29 9) from rats were 

homogenized at 4 ° with a Polytron homogenizer in 3 vol of 20 mM Na- 

phosphate, pH 7.0, 0.15 M NaF, 0.I mM EDTA and I0 ~g/ml 

phenylmethylsulfonyl f luor ide  and the homogenate was centr i fuged at 20,000 

x g for  20 min. Solid ammonium sul fate was added to the supernatant solu- 

t ion to 50% saturat ion and a f te r  15 min, the prec ip i ta te  was removed by 

cent r i fugat ion.  Ammonium sul fa te was then added to the supernatant solu- 

t ion to 70% saturat ion and the prec ip i ta te  was col lected by cent r i fugat ion.  

The prec ip i ta te  was dissolved in 40 ml of the homogenizing medium and 50% 

polyethyleneglycol was added to 10% saturat ion. The prec ip i ta te  formed in 

15 min was removed by cent r i fugat ion.  Polyethyleneglycol (50%) was then 

added to the supernatant solut ion to 18% saturat ion and the prec ip i ta te  was 

col lected by cent r i fugat ion and dissolved in 15 ml I0 mM Na phosphate, pH 
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Table I. Purification of Fructose-2,6,Pase 

Total Specific Total 
Fractionation Act ivi ty Act iv i ty Protein 

(mi l l iuni ts)  (milliunits/m9) (mg) 

Extract 145 0.095 1,968 

Ammonium Sulfate 68 0.40 255 

Polyethylene Glycol 88 0.85 104 

DEAE-Cellulose Chromatography 56 8.0 7 

7.3, 1 mM d i t h i o th re i t o l  and 1.0 mM EDTA. The enzyme solut ion was adsorbed 

onto a DEAE cel lu lose (DE52) column (1.5 x 15 cm) and the column was washed 

with the same buffer.  The enzyme was then eluted with 20 mM Na phosphate, 

pH 7.3 and 1 mM d i t h i o t h r e i t o l .  The enzyme usually appeared a f te r  the void 

volume of the column and i t  was concentrated to 2 ml with a Diaflow con- 

centrator (Amicon) using a PM-30 membrane. The enzyme was stored frozen at 

-70 ° . A typ ica l  example of the par t ia l  pur i f i ca t ion  of fructose-2,6-Pase 

is shown in Table I .  

The enzyme is r e l a t i v e l y  unstable even at -70 ° . The enzyme prepara- 

t ion does not contain fructose-l,6-Pase or phosphofructokinase. 

The Reaction Product. The product of the reaction catalyzed by 

fructose-2,6-Pase was determined by incubating [632p] fructose-2,6-P 2 or 

[UI4C] fructose-2,6-P 2 with the enzym e and the product was iden t i f i ed  by 

paper chromatography. As shown in Figure IA, two 32p labeled spots were 

detected; one corresponding to fructose-6-P and the other fructose-2,6-P 2. 

In order to iden t i f y  the product as fructose-6-P more conclusively,  th is  

fructose-6-P spot was eluted and the eluate was reacted e i ther  with 

phosphofructokinase in the presence of ATP or phosphoglucose isomerase and 

glucose-6-P dehydrogenase in the presence of NADP. The reaction products 

were then subjected to the same chromatography. As shown in Figure IB and 

C, the 32p spots corresponding to f ructose- l ,6-P 2 and 6-P-gluconate, 

respect ively were detected. The same resul ts were obtained with [14C] 

fructose-2,6-P 2 (data not shown). Moreover, when the 14C-labeled product 

was treated with a lka l ine phosphatase, i t  y ielded a product which showed 

266 



Vol. 10S, No. 1, 1 9 8 2  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

6,000 

4,0o0 

2,000 

0 

E 4,O0O 
O. 

O. 2,000 

0 

4,000 

2,0O0 

0 

ORIGIN 

® 

(~) plus PFK 

Fru 1,6-P 2 Fru 2,6-P= 

r -  1 

5- \ 
(~ plus P-Glu.iSomerase 81 

6-P-Gluconate Fru-6-P 
@ 

?1 
1 

Glu-6-P dehydrogenose ~ ~ 

I I I I I 

10 20 
DISTANCE FROM ORIGIN (cm) 

Figure I .  Iden t i f i ca t ion  of the Products. (A)2The3 reaction mixture 
contained Trl~s Ci I00 mM (pH 7.8), MgCI 2 0.2 mM, [6 P] fructose-2,6- 
P2 (3.2 x I0 b cpm, 4 nmoles) in 50 ~I. The reaction was i n i t i a ted  with 
fructose-2,6-Pase (0.07 units) and incubated at 30 ° . After 15 min the same 
amount of the enzyme was added and the incubation continued for 15 min. At 
the end of the period, 0.2 ~mole of fructose-6-P was added and the reaction 
mixture was d i rec t ly  spotted on a Whatman 3 MM paper and the paper chroma- 
tography was performed as described under "Methods". (B) and (C) The 32p 
spot corresponing to fructose-6-P in the sample identical to (A) was eluted 
with H20, concentrated and treated as fol lows. (B) The phosphofructokinase 
(PFK) reaction mixture (I00 ~I) contained 50 mM Tris/P pH 8, 1 mM ATP, 3 mM 
MgCI2, the 32p eluate (17,000 cpm) and PFK (I un i t ) .  (C) The reaction 
mixture (I00 ~I) contained 50 mM Tris CI (pH 7.4), 0.5 n~1 NADP, 3 mM MgCI 2, 
P,glucose isomerase (P-GIu) (2 units) and glucose-6-P dehydrogenase 
(GIu-6-P) (I un i t ) .  After 15 min incubation at 30 ° both reaction mixtures 
were spotted on a paper and the paper was developed as in (A). The papers 
were cut in 1 cm sections, eluted with 0.I M (NH4)2CO 3 and counted. 
Circles show the marker compounds which were detected with phosphate spray 
(14). 

the same m o b i l i t y  as f ruc tose  in three solvent  systems. Thus, these 

resu l t s  s t rong l y  suggest tha t  the enzyme cata lyzes the hyd ro lys i s  of  

f ruc tose-2 ,6 -P  2 to  y i e l d  f ruc tose-6-P.  This react ion requi res 0 . I  mM Mg ++. 

A c t i v a t i o n  by Prote in  Kinase. As shown in Table I I ,  f ructose-2,6-Pase 

is ac t i va ted  by c a t a l y t i c  subuni t  of cAMP dependent p ro te in  kinase. The 

extent  of the a c t i v a t i o n  var ied from 3- to  15- fo ld  depending upon the pre- 

parat ion of  f ruc tose-2 '6 -Pase,  probably due to a v a r i a t i o n  in the amount of 
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Table I I .  Act ivat ion of Fructose-2,6-Pase 
by Protein Kinase 

Fructose-2,6-Pase 
Addition Ac t i v i t y  

(milliunits/mg) 

1. None 5.3 

2. Protein Kinase 18.0 

3. Protein Kinase Plus 
Protein Kinase Inh ib i to r  

44 ~g I0 

5.8 I00 ug 

The reaction mixture ( I )  contained in 50 ~I, I0 mM Na phosphate (pH 
7.3), 1.0 mM ATP, 2.0 mM MgCI 2 and fructose-2,6-Pase, 45 ug. The reaction 
mixture was incubated at 30 ° for 30 min. (3) contained the indicated 
amounts of protein kinase inh ib i to r .  In (2) and (3) the reaction was i n i -  
t ia ted with addit ion of protein kinase (20 uni ts,  1 ~g). 

the dephospho form of  the enzyme. The i nc l us i on  of p ro te in  kinase i n h i b i -  

t o r  in the react ion  prevents t h i s  a c t i v a t i o n  by the pro te in  kinase. 

0 I i i 

0 50 100 150 200 

Fru-2,6-~ (~M) 

Figure 2. Ac t i v i t y  of fructose-2~6-Pase before and af ter  Protein 
Kinase Treatment at Varying Fructose-2~6-P 2 Concentrations. The protein 
kinase treatment was as described in Table I I  except fructose-6-P,2-kinase 
(180 ug) and protein kinase (30 ug) were used. The ac t i v i t i es  of 
fructose-2,6-Pase before and af ter  the treatment were determined as 
described under "Methods" except the fructose-2,6-P 2 concentration was 
varied. 
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ATP ADP 

Fructose-6- P / "~ru 'SP 'Z 'K i " °~"~  Fructose-2,6-P2 

~ . 2 , 6 . P a s e ~ / /  

P 

SCHEME "1" 

Since the enzyme preparation was impure, attempts to demonstrate the 

phosphorylation was not made. 

In order to understand the mechanism of the act ivat ion,  saturation 

curves for fructose-2,6-P 2 of protein kinase treated and untreated 

fructose-2,6-Pase were determined and the results are shown in Figure 2. 

Depending upon the preparation of untreated fructose-2,6-Pase, the KO. 5 for 

fructose-2,6-P 2 varies from 25 to I I0 ~M. Upon phosphorylation by the 

protein kinase, the KO. 5 for  the substrate is lowered to approximately 7 

~M. These results suggest that the enzyme (dephospho) is essent ial ly 

inactive under in vivo concentration of fructose-2,6-P 2 (less than 20~M), 

but becomes very active by the phosphorylation catalyzed by the protein 

kinase. 

Thus, these results as well as the previous results (7) indicate that 

a cycle between fructose-6-P and fructose-2,6-P 2 appears to occur in l i ve r  

in which the synthesis of fructose-2,6-P 2 catalyzed by fructose-6-P, 

2-kinase and the hydrolysis is catalyzed by fructose-2,6-Pase (Scheme I ) .  

Moreover, both enzymes are control led by phosphorylation. Fructose-6-P, 

2-kinase is inactivated by phosphorylation while fructose-2,6-Pase is act i -  

vated by the same covalent modification. Thus, the decrease in the 

fructose-2,6-P 2 concentration in hepatocytes in response to glucagon is 

at t r ibutable to simultaneous decreased synthesis by inact ivat ion of 

fructose-6-P,2-kinase and increased degradation by the act ivat ion of 

fructose-2,6-Pase by the cAMP dependent process. 
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