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SUMMARY 

I The enzyme fructose 1,6-dlphosphatase (D-fructose-I,6-dlphosphate I-phos- 
phohydrolase, EC 3.1 3 I I )  has been identified in extracts of mouse Ehrhch ascltes 
carcinoma The tumor  cells have higher act ivi ty than mouse skeletal muscle. Fructose 
diphosphatase was partially purified from mouse Ehrhch ascites tumor, liver and 
leg nluscle. 

2. The partially purified Ehrhch ascltes tumor  fructose dmphosphatase is in- 
hibited by  substrate concentrations greater than o 05 raM_ At non-inhibitory concen- 
trations of substrate,  a K m  of 8 I lO -6 M was measured. At o I mM Fru-I ,6-Pz,  the 
opt imum pH IS 7-4 and at this pH max imum activity requires Mg 2+ (or Mn 2+) and 
EDTA. These properties are similar to those of fructose dlphosphatase from rat hver_ 

3 Like fructose dlphosphatase Identified in other tissues, the tumor  enzyme is 
Inhibited by  AMP At pH 7-4 and with o_I mM Fru-I,6-P2, 50% inhibition requires 
1.3/zM AMP The corresponding values for the enzymes from mouse liver and leg 
muscle are 13o and 2 I/~M, respectively Therefore, regarding the sensitivity to in- 
hibition by  AMP, the tumor  enzyme resembles the muscle enzyme rather  than the 
liver enzyme. 

4- Wi th  tumor  extracts,  but  not with liver or muscle extracts, a lag period of 
about  IO rain was observed in the assay measurement  of fructose diphosphatase. 
Evidence is presented which suggests that ,  during the lag period, the fructose diphos- 
phatase is inhibited by  AMP present in the extracts 

INTRODUCTION 

We have previously reported tha t  in Ehrhch ascltes tumor  cells, I6-14C]glucose 
can be oxidized to 14CO~ through resynthesls of Glc-6-P from pentose cycle-generated 
glyceraldehyde 3-phosphatO. The oxidation requires the conversion of Fru-I ,6-P2 to 
Fru-6-P  and, in the course of investigating the mechanism of this conversion, we have 
found significant fructose 1,6-diphosphatase (D-fructose-I,6-dlphosphate i -phospho 
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hydrolase ,  EC 3 1.3 I I )  a c t i v i t y  in ex t rac t s  of Ehrhch  ascltes t umor  cells 1. This f inding 
was ra the r  surpr l smg since the  t u m o r  had  been said to lack the enzyme 2 Al though  ra t  
l iver  has  a ve ry  ac t ive  fructose dlphosphatase3,  4, WEBER AND MORRIS 5 showed tha t  
the  enzyme was m a r k e d l y  decreased or absen t  ill r ap id ly  growing ra t  hepa tomas  

The  present  r epor t  deals  wi th  the  pa r t i a l  purif icat ion and  charac te r iza t ion  of 
fructose d lphospha tase  from mouse Ehrhch  ascltes t u m o r  cells. In  addi t ion ,  fructose 
d lphospha tase  was purified from l iver  and  leg muscle of mouse and thei r  proper t ies  
were compared  with  those of the  t u m o r  enzyme These studies have  revealed t ha t  the  
t umor  enzyme resembles  the  muscle enzyme in being ex t r eme ly  sensi t ive to inhibi t ion  

b y  AMP. 

MA T E R IA L S  AND METHODS 

Tumor cells 
A hyperd ip lo ld  Ehrhch  ascltes ca rc inoma s t ra in  carr ied in mice of the  dd-s t ra in  

was used The  t u m o r  cells were ha rves ted  from the per i tonea l  c av i t y  of the mice 8-11 
days  af ter  mocu lahon  and washed  twice in cold physiological  saline to remove e ry thro-  
cytes  and o ther  con taminan t s  

Preparation of tumor extracts 
The  t u m o r  cells were washed once in isotonic (o 154 M) KC1 conta in ing I mM 

E D T A  (neutralized),  resuspended  In the  same med ium and centr i fuged at  IOOO × g 
for 5 rain. To these packed  cells, 2 vol  of cold dist i l led wate r  were added  and the mix tu re  
was homogenized  at  o ° in a Teflon pestle homogemzer  for 5 rain wi th  several  rest ing 
in tervals .  The  homogena te  was made  isotonic b y  the  addi t ion  of 0.308 M KC1 contain-  
ing 2 mM E D T A  and centr i fuged at  lO5 ooo × g for 30 rain at  2 ° The  s u p e r n a t a n t  
(extract)  was used for enzyme ac t i v i t y  assays 

Preparation of laver or muscle extracts 
Normal ,  well-fed mice, weighing 35-45 g, were kil led b y  decap i t a t ion  The l ivers 

or leg muscles were quickly  removed,  r insed with  physiological  saline, b lo t t ed  on filter 
pape r  and  cut  into smal l  pieces. The  hvers  were then homogenized at  o ° in a Teflon 
pest le  homogenizer  wi th  9 vol. of o 154 M KC1 conta in ing I mM EDTA.  For  the  
p repa ra t ion  of muscle homogenates ,  a W a l i n g  b lender  was used in place of the  Teflon 
homogenizer  The  homogena tes  were centr i fuged at  lO5 ooo × g for 30 m m  at  2 ° and  
the  supe rna t an t s  (extracts)  were used for enzyme ac t iv i ty  assays 

Partml purification or fructose d,phosphatase 
Unless otherwise specified, all opera t ions  were carr ied out  a t  0-4  ° and  all 

cen t r i fugahons  were a t  15 ooo × g for IO rain. 
An  ahquo t  of t u m o r  ex t rac t  was d ia lyzed  agains t  approx  50o vol. of I mM 

E D T A ,  p H  7 o_ This t r e a t m e n t  resul ted  in an a lmost  comple te  inac t iva t ion  of phospho-  
f ructokinase  (EC 2.7.1 I I ) .  To the  d ia lyzed  ext rac t ,  o . I  vol. of I %  p r o t a m m e  sulfate  
was added  and the prec ip i ta te  formed was removed  b y  cent r i fugat lon  The s u p e r n a t a n t  
was then  f rac t iona ted  wi th  increasing concent ra t ions  of (NH4)2SO * and the f ract ion 
p rec ip i t a t ing  be tween 40 and 60 % sa tu ra t ion  was collected b y  centr i fugat lon.  I t  was 
then  dissolved In a small  volume of redls t l l led wa te r  and  hea ted  for 7 m m  in a wate r  
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ba th  kep t  a t  58°. The prec ip i ta te  formed was removed  and the clear supe rna t an t  was 
brought  to 6O~o sa tu ra t ion  with  respect  to (NH4)2SO 4 The prec ip i ta te  was collected 
b y  centr i fugat lon and dissolved in 5 mM malona te  buffer, p H  6 2, conta in ing IO mM 
2-mercaptoethanol .  Essent ia l ly  the  same procedure  was employed  for the  purif icat ion 
of l iver and  muscle enzymes,  except  t ha t  the  addi t ion  of MgSO 4 (IO raM) followed b y  
acidification to p H  4 5 was employed  in place of the  p ro tamlne  t r ea tmen t  The pre- 
c ip i ta te  formed was removed  and the supe rna tan t  was neu t rahzed  to p H  6_6 for 
fur ther  f rac t lonat lon  

Assay  methods 
At  all s tages of purif ication,  fructose d iphospha tase  ac t iv i ty  was de te rmined  at  

22 ° b y  the spec t rophotomet r ic  me thod  of TAKETA AND POGELL 3 The s t anda rd  assay 
mix tu re  conta ined 50 mM Tris buffer, p H  7-4, IO mM MgS04, I mM EDTA,  o 2 mM 
NADP+,  5 #g  each of phosphoglucose lsomerase and Glc-6-P dehydrogenase  and tissue 
ex t rac t  or enzyme p repara t ion  in a final volume of 2 ml In order to obta in  a m a x i m u m  
act iv i ty ,  assay mix ture  rmnus subs t ra te  was incuba ted  for 5 (for extract )  or io  rain 
(for purified enzyme) at  22 ° (ref 3)- Dur ing this period, no reduct ion of N A D P  + was 
de tec ted  The react ion was then  s t a r t ed  b y  addi t ion  of F r u - I , 6 - P  2 (o_I raM) and the  
reduct ion of N A D P  + was followed at  340 m/~ m an Hi tach i  recording spec t rophotometer .  
E x c e p t  for t umor  ext rac ts  which exhib i ted  a lag per iod of a lmost  IO m m  in the  onset  
of F ru -6 -P  format ion  (see RESULTS), readings began I rain af ter  the  addi t ion  of the  
subs t ra te  and  the enzyme ac t iv i ty  was ca lcula ted  from changes in ext rac t ion  dur ing 
the followmg 5 rain. Especia l ly  m crude extracts ,  the  ra te  of N A D P  + reduct ion increased 
s l ight ly  wi th  t ime, p re sumab ly  owing to the s t eady  decrease of Fru- I ,6-P~ which is a 
specific inhibi tor  of fructose d lphospha tase  (see RESULTS) In  crude extracts ,  the  ra te  
of r eoxoda t lon  of N A D P H  was neghglble In  some instances,  the  react ion was termi-  
n a t e d  b y  t r lchloroacet ic  acid and the amoun t  of inorganic phospha te  released durmg 
the  incuba t ion  was de te rmined  by  the me thod  of TAKAHASHI 6. W i t h  purified tumor  
enzyme,  essent ial ly  equal  quant i t ies  of F ru -6 -P  and inorganic phospha te  were formed 
from Fru- I ,6-P2  One unit  of ac t iv i ty  represents  the  format ion  of I #mole  of F ru -6 -P  
per  rain and specific ac t iv i ty  is expressed as units  per  mg of protein.  

In  t u m o r  extracts ,  the  ac t iv i ty  of 6-phosphogluconate  dehydrogenase  was much  
higher  than  tha t  of fructose dlphosphatase_ For  this  reason, the fructose d iphospha ta se  
ac t iv i ty  of t umor  ex t rac t s  was ca lcula ted  on the basis of one-half  of the  N A D P H  
equivalents  formed. 

Other determznat,ons 
A T P  7, ADP,  AMP ~ and l ac ta te  9 were de te rmined  as descr ibed in the  references 

Prote in  content  of enzyme prepara t ions  was es t imated  b y  the me thod  of LOWRY et a l lo  

Chemzcals and commercml enzymes 
ATP,  ADP,  AMP, Glc-6-P dehydrogenase  and phosphoglucose lsomerase were 

ob ta ined  from Boehnnger  F r u - I , 6 - P  2 was the  p roduc t  of Sigma (grade 98-1oo%)  
and its concentra t ion  was es t ima ted  b y  the  me thod  of BUCHER AND HOHORST 11_ 
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R E S U L T S  

Fructose d,phosphatase achwty ,n extracts 
Fruc tose  d lphospha tase  ac t iv i ty  of Ehrhch  ascites t u m o r  ex t rac t s  was s tud ied  

under  the  assay  condi t ions descr ibed b y  TAKETA AND POGELL a and using o.I  mM 
Fru - I , 6 -Pz  as substrate_ The  t ime course of ac t iv i ty  is recorded in Curve I of F ig  I*. 
There  was a t ime lag of a lmost  IO rain before the  onset  of F ru -6 -P  format ion  The lag 
was cons tan t ly  observed with fresh ext rac ts ,  bu t  Its dura t ion  va r ied  cons iderab ly  
according to the  t r e a t m e n t  to which fresh ex t rac t s  were sub jec ted  The  lag per iod was 

0,5C 

o 

0 . 2 -  ~ 

(~I mM Fru-l,6-P2 

I, iX iv 

,o ,'5 2'0 2; 
Time (mln) 
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v ° (12~ 

i 

5 ;o 1'~ 2'0 
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F i g  I S p e c t r o p h o t o m e t n c  a s s a y  o f  f r u c t o s e  1 , 6 - d l p h o s p h a t a s e  a c t i v i t y  in  E h r h c h  a s c l t e s  t u m o r  
e x t r a c t  u n d e r  t h e  s t a n d a r d  c o n d i t i o n s  d e s c r i b e d  in  t e x t  o 4 m l  o f  t r e s h  e x t r a c t  w a s  u s e d  A t  ze ro  
t i m e ,  o I m M  F r u - i , 6 - P  z w a s  a d d e d  a n d  t h e  r e d u c t i o n  o f  N A D P +  w a s  f o l l o w e d  a t  340  m ~ .  I ,  
c o n t r o l ,  I I ,  5 m M  A T P  w a s  a d d e d  a t  ze ro  t i m e ,  I I I ,  o I m M  A M P  w a s  a d d e d  a t  t h e  a r r o w ,  I V ,  
o i m M  l o d o a c e t a t e  w a s  a d d e d  p r i o r  t o  p r e m c u b a t l o n ,  a n d  V, e x t r a c t  d i a l y z e d  a g a i n s t  i m M  
E D T A  ( p H  7 o) o v e r n i g h t  w a s  u s e d  i n s t e a d  o f  f r e s h  e x t r a c t  B e f o r e  a s s a y ,  M g S O  4 w a s  a d d e d  t o  
t h e  d i a l y z e d  e x t r a c t  t o  a f i na l  c o n c e n t r a t i o n  o f  IO m M  a n d  t h e  p r e c i p i t a t e  f o r m e d  w a s  c e n t r i f u g e d  
o f f  

F i g  2 F r u c t o s e  1 , 6 - d l p h o s p h a t a s e  a c t i v i t y  o f  E h r h c h  a s c i t e s  t u m o r  e x t r a c t  a t  t h r e e  d i f f e r e n t  
e x t r a c t  c o n c e n t r a t i o n s  T h e  a s s a y  c o n d i t i o n s  w e r e  t h e  s a m e  as  f o r  t h e  e x p e r i m e n t  d e p i c t e d  b y  
C u r v e  I o f  F i g  i ,  e x c e p t  t h a t  v a r y i n g  c o n c e n t r a t i o n s  o f  e x t r a c t  w e r e  e m p l o y e d  

r educed  g rea t ly  b y  dialysis  (Curve V) and pro longed b y  aging When  o I mM lodo- 
ace ta te  was included In the  assay mix ture ,  no F ru -6 -P  format ion  was no ted  dur ing 
25 rain of incuba t ion  (Curve IV) This is not  due to a direct  inhibi t ion  of f ructose 
d lphospha tase  b y  lodoace ta te  since lodoace ta te  d id  not  suppress the  enzyme ac t i v i t y  
In d i a lyzed  ex t rac t s  or purified p repa ra t ion  The dura t ion  of lag was also dependen t  
upon  the  a m o u n t  of ex t rac t  employed.  As shown in F ig  2, the  use of a greater  amoun t  
of ex t r ac t  resul ted not  only  in a higher  ra te  of F r u - 6 - P  format ion  bu t  also in a m a r k e d  
reduc t ion  in lag period.  I t  is also to be no ted  t h a t  the  add i t ion  of 5 mM A T P  m a r k e d l y  
reduced  the lag per iod  (Curve I I  of F ig  I) The  add i t ion  of o_I mM AMP suppressed 
F r u - 6 - P  format ion  (Curve I I I ) ,  as would be expec ted  from the repor ted  high sens i t iv i ty  
of f ructose  d lphospha tase  from var ious  t issues to AMP~,4,13-1s W i t h  hver  or muscle  
ext rac ts ,  F r u - 6 - P  format ion  was ev ident  af ter  a lag of less than  I rain. 

* R a a s m g  t h e  c o n c e n t r a t i o n  o f  F r u - I , 6 - P  2 t o  I m M  r e d u c e d  t h e  r a t e  o f  F r u - 6 - P  f o r m a t i o n  
b y  f r u c t o s e  d l p h o s p h a t a s e  c o n s i d e r a b l y  U n d e r  t h e s e  c o n d i t i o n s ,  h o w e v e r ,  t h e  o c c u r r e n c e  o f  
a n o t h e r  F r u - 6 - P - f o r m m g  a c t i v i t y  w a s  n o t e d  T h i s  a c t i v i t y ,  a p p e a r i n g  w i t h o u t  l ag ,  h a s  b e e n  
i d e n t i f i e d  as  b e i n g  c a t a l y z e d  b y  p h o s p h o f r u c t o k m a s e  w o r k m g  in  t h e  r e v e r s e  d i r e c t i o n  I UYEDA 
ANn R_ACKER 12 a l so  r e p o r t e d  t h a t  p h o s p h o f r u c t o k m a s e  w a s  r e a d i l y  r e v e r s i b l e  w h e n  F r u - 6 - P  w a s  
r e m o v e d  b y  c o u p l i n g  t o  p h o s p h o g l u c o s e  l s o m e r a s e  a n d  G l c - 6 - P  d e h y d r o g e n a s e  
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T A B L E  I 

FRUCTOSE DIPHOSPHATASE ACTIVITY OF MOUSE TISSUES 

The actlvltles were measured under the standard condltlons descrlbed in the text and expressed 
as #moles of substrate transformed/g fresh welght or ml packed tumor cells/h at 22 ° The numbers 
of extract or pooled extract (muscle) analyzed are given m parentheses For tumor and hver, 
the results are given as means q- S E IV[ For muscle, the results obtained are recorded 

Tzssue Fructose 
d@hosphatase 
actzv2ty 

E h r h c h  t u m o r  (IO! 8 64 ± O 96 
L i v e r  (5) 7oz ± 36 
L e g  m u s c l e  (2) 6 12, 5 28 

Even during the lag period, tumor extracts utilized Fru-I,6-P~ for the formation 
of lactate (see Table III)  In Curve I of Fig I, Fru-6-P formation ceased at 15-2o rain 
of incubation This is due to the exhaustion of substrate, since the addition of o I mM 
Fru-I,6-P= immediately restored the Fru-6-P formation to the original rate. This 
portion of Curve I has been used for the calculation of fructose diphosphatase activity 
in Ehrhch ascites tumor cells. In Table I, these data are expressed on a basis of packed 
cell volume (ml) and compared with the data for liver and muscle extracts expressed 
on a wet weight basis The tumor had higher fructose diphosphatase activity than 
skeletal muscle When the enzyme activities of extracts were compared on mg protein 
basis, the tumor activity was about 2 5 % of the liver activity 

Pur,ficat,on 
For the tumor enzyme, representative data of the plogress of purification are 

summarized m Table II. In this example, the degree of purification was almost 4o-fold 
and the final product had a specific activity of o 077 unit/rag protein. I t  should be 
noted that the lag was no longer apparent after the second step in the purification 
procedure The liver enzyme was purified 26-fold to a specific activity of 3-5 units/rag 
protein The muscle enzyme was purified 48-fold to a specific activity of 0.077 unit/rag 
protein These purified preparations were free of phosphofructokinase activity, but 
the tumor and muscle enzymes were still contaminated with significant aldolase 
(EC 4 1.2-7) activity. 

T A B L E  I I  

PURIFICATION OF FRUCTOSE DIPHOSFHATASE FROM EHRLICH ASCITES TUMOR CELLS 

T h e  a c t i v i t i e s  w e r e  a s s a y e d  u n d e r  t h e  s t a n d a r d  c o n d i t i o n s  d e s c r i b e d  in t h e  t e x t  

Step Speczfic Pur~ficahon Recovery 
actzvzty ( x ) (%) 
( unzts /mg) 

I E x t r a c t  o 002 I 
z P r o t a m l n e  s u p e r n a t a n t  o 004 2 
3 (NH4)~SO4, 4 0 - 6 0 %  o Ol 4 7 
4 S u p e r n a t a n t  f r o m  h e a t  t r e a t m e n t  o 062 31 
5 S e c o n d  (NHI)zSO4,  6 0 %  p r e c i p i t a t e  o 077 39 

i o o  

80 

F o 

4 6 
4 ° 
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The purif ied t u m o r  enzyme,  in a solut ion con ta inmg i o  mM mercap toe thano l  
and  5 mM malonate ,  p H  6.2, r e ta ined  its original  ac t iv i ty  af ter  s torage for i mon th  

at  2 ° . 

Effect of  sub strate concentration 
Fruc tose  d lphospha tase  from var ious  tissues is known to be inhib i ted  b y  high 

concent ra t ions  of the  subs t ra te  s,4,1a,14,1~-19 The effects of Fru- I ,6 -P2  concent ra t ion  
on the  act ivi t ies  of purified fructose d iphospha tases  from different t issues of mouse are 
shown in Fig.  3 As in the  case of ra t  l iver  enzyme 3, plots  of ac t iv i ty  agains t  log [Fru-  
1,6-P2] gave bel l -shaped curves wi th  all the  enzymes tes ted  and inhibi t ion of the  
act ivi t ies  became evident  with F r u - I , 6 - P ,  concent ra t ions  greater  t han  o 05 mM For  
the  t umor  enzyme,  the inhibi t ions  were 35 and 50% with  I and IO mM Fru- I ,6 -P  2, 
respect ively .  F r o m  the  L i n e w e a v e r - B u r k  plots  of the  d a t a  o b t a m e d  in the  range of 
non- inh ib i to ry  subs t r a t e  concentra t ions ,  the  a p p a r e n t  Km for F r u - I , 6 - P  2 of the  t u m o r  
enzyme was ca lcu la ted  to be 8.1 IO -6 M The corresponding values for the  muscle  
and  l iver  enzymes were 3 9 and 4 2 IO ~ M, respect ively .  Under  comparab le  con- 
dit ions,  a s l ight ly  lower va lue  of 2 7 IO-e M has been ob ta ined  for the  purif ied r a t  
l iver  enzyme a 

10(2 

g 

o 

i 

loo  A lO{ B 

¢ i i i 

o.~s o11o ~ 2 3 4 .~ o *~>o 2oo 30o 400 
°°F:ru-l,6-P2" (raM} AMP (pM) AMP (]aM) 

Fig 3- Effect of subs t ra te  concentrat ion on fructose 1,6-diphosphatase activity The concentra-  
t ion is shown on the abscissa on a log scale. The activities of purified enzyme prepara t ions  f rom 
Ehrhch  ascltes t umor  (O - -C ) ) ,  mouse leg muscle (O- -Q)  and mouse liver ( / k - - / k )  were assayed 
under  the s tandard  conditions at  F r u - i , 6 - P  2 concentrat ions shown_ 

Fig 4- Percentage mhlb]t lon of fructose 1,6-diphosphatase by  varying concentrat ions of AMP_ 
The activities of purified prepara t ions  were assayed under  the s tandard  conditions AMP was 
added jus t  before the subs t ra te  A, Ehrhch  asc]tes tumor  (C) - -©)  and mouse leg muscle ( 0 - - 0 )  
B, mouse liver ( /X-- /k)  

Inh ib , twn  by A M P  
Low concent ra t ions  of AMP inhib i t  the  pa r t i a l l y  purified Ehr l lch  ascites t u m o r  

as well as muscle or l iver  fructose d iphospha tase  The  inhibi t ion  was progressive wi th  
increasing concent ra t ions  of AMP and for all the  p repara t ions  examined,  plots  of 
re la t ive  enzyme ac t i v i t y  agamst  AMP concent ra t ion  gave s igmold-shaped curves 
(Fig. 4) as in the  case of the  purif ied ra t  l iver  enzyme a. Fo r  the  mouse l iver enzyme,  an 
inhibi t ion  of 50% requires  an AMP concent ra t ion  of 13o/zM, a value  comparab le  to  
t h a t  r epo r t ed  b y  TAKETA AND POGELL 3 for the  purif ied r a t  l iver  enzyme For  Ehr l ich  
ascxtes t u m o r  and mouse leg muscle  enzymes,  the  values  found are I 3 and  2.I #M, 
respect ive ly  Thus,  the  sens i t iv i ty  of the  t u m o r  or muscle fructose d iphospha tase  to 
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Fig  5 Effect  of p H  on the  a c t i v i t y  of purif ied fructose 1,6-d]phosphatase from Ehr l ich  ascl tes  
t u m o r  a t  o i mM ( O - - © )  and i mM (O- -O)  Fru-I ,6-P2 Buffers 5 o m M  t r l e thano]amme,  
p H  6 6 8 4, 80 mM glycine, p H  9 3 Other  assay  condi t ions  were as descr ibed in the  t e x t  

F ig  6 Effects of EDTA and AMP on the  a c t i v i t y  of purif ied E h r h c h  ascltes t u m o r  fructose 
1 ,6-dlphosphatase  as a func tmn  of pH © - - C  ,, control  (with the buffers as descr ibed an Fig  5), 
Q - - O ,  the  addxt]on of I (pH 7 o 7 7) or 2/~M (pH 8 1-9 3) AMP was followed by  subs t r a t e ,  
A - - A ,  E D T A  was o m i t t e d ,  and  A - - a ,  E D T A  was omi t t ed  and I (pH 7 0-7 7) or 2 #M (pH 8 I -  
9 3) AMP was added  

AMP is 5o- Ioo  times that  of the hver enzyme Such high sensitivities to AMP have 
also been found for fructose dlphosphatase from cat ]G and frog muscle ]4. 

Effect of pH 
At o I mM Fru-I,6-P2, the p t t  op t imum for the purified tumor  fructose diphos- 

phatase was found to be 7-4 (Fig 5)- Maximum inhibition by  high substrate concen- 
t rat ions was also found at this pH At pH values greater than 9 o, there was no in- 
hibition by  I mM Fru-I,6-P~ These properties are almost identical to the corresponding 
characteristics of the purified fructose diphosphatase from rat hver 3 

The omission of E D T A  from the assay m]xture resulted m changes in the pH 
dependence of Ehrhch ascites tumor  fructose dlphosphatase activi ty (Fig 6). The pH 
opt imum was shlited to 7 7 and the activi ty at pH 7 4 was decreased to almost 60 % 
of the max imum 

As m the case of purified rat  liver fructose dlphosphatase 3, the extent  of 111- 
hlbit]on by  AMP of the purified tumor  enzyme decreased with increasing pH (Fig 6) 
At pH  7-7 and above, practically no inhibition could be detected by  1-2/zM AMP. 
In  the absence of EDTA, I 2/zM AMP caused no inhibition of enzyme activi ty between 

pH 7 o and 9-4 

Effect of cahons 
Fructose dlphosphatase purified from Ehrhch ascltes tumor  reqmres Mg 2+ or 

1 5 o  
"~ Mg 2. 

1oo 

50 Mn + 

% 5 lo 15 20 MB z+ or Mn 2÷ (raM) 
Fig 7 Effects of Mg z+ or Mn ~+ concen t ra t ion  on the  a c t i v i t y  of purif ied E h r h c h  ase]tes t u m o r  
fructose 1 ,6-dlphosphatase  The s t a n d a r d  condltxons were employed  excep t  t h a t  g iven concen- 
t r a t i ons  of the  d i v a l e n t  ca t ions  were presen t  
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Mn 2+ for act ivi ty .  As shown in Fig. 7, m a x i m u m  ac t iv i ty  was a t ta ined  at I 5 mM Mn 2+ 

or IO mM Mg 2+ Above  I 5 mM, increasing concentrat ions  of Mn 2+ were progressively 

inhibi tory  to the enzyme act ivi ty .  

L a g  p e r i o d  f o r  f r u c t o s e  d @ h o s p h a t a s e  ac t ,  w r y  , n  t u m o r  ex t rac t s  

When  crude ext rac ts  from Ehrhch  ascltes tumor  cells were examined for fructose 

diphosphatase  act ivi ty ,  there  was a t ime lag of almost  IO mm in the onset of Fru-6-P  

format ion (Curve I of Fig_ I)_ In these experiments ,  the zero-t ime assay mix ture  

contained 2o-4o/~M AMP (derived from extracts) ,  whmh was sufficmnt to suppress 
the fructose diphosphatase  ac t iv i ty  Dialyzed ext rac ts  (Curve V) or purified enzyme 

TABLE III 

C H A N G E S  I N  T H E  L E V E L S  O F  A D E N I N E  N U C L E O T I D E S  A N D  L A C T A T E  D U R I N G  T H E  L A G  P E R I O D  I N  

F R U C T O S E  DIPHOSPHATASE A S S A Y  O F  E H R L I C H  T U M O R  E X T R A C T  

The fructose dlphosphatase assay of tumor extract was conducted under the standard conditions 
m the absence and presence of lodoacetate For the time course of activity under these condi- 
tions, see Curves I and IV, Fig i At the times indicated, the reactxon was stopped by the addl- 
non of perchlonc acid and the amounts of adenine nucleotades and lactate were determined as 
described in the references (see text) The levels were expressed as m amoles/ml of the assay 
mixture 

Iodoacetate ( raM)  o o o z o • 

Durat ion of  ~ncubat~on (mzn)  o •o  o •5  

ATP 17 83 16 9 
ADP 59 37 48 44 
AMP 46 5 49 78 
Lactate 169 255 162 I65 

failed to exhibi t  such a t ime lag, but  the la t te r  was inhibi ted severely by  extracts  

heated  at IOO ° for 3 mm.  I t  is therefore apparent  tha t  during the lag period, fructose 

dlphosphatase  is mhlb l ted  by AMP contained in the extracts  As shown in Table  I I I ,  

when iodoaceta te  was absent,  there  was a marked  dechne in the concentrataon of AMP 

throughout  the lag period This decline in AMP appears to be responsible for the 

te rmina t ion  of lag, since, when lodoaceta te  was present, nei ther  dechne in AMP nor 

release of t ime lag could be observed (Table I I I  and Curve IV of Fig I). The  abihty  of 

tumor  ext rac ts  to remove  AMP was also demons t ra ted  by the fact  tha t  the lnhlbRlon 
of fructose diphosphatase  by exogenous AMP was only t ransient  (Curve III). 

In a mmllar exper iment ,  A T P  added at zero t ime marked ly  reduced the lag 

period (Curve II) A T P  appears to s t imula te  the remova l  of AMP through the media t ion  

of adenyla te  kmase (EC 2 7 4-3) (see DISCUSSION). 

D I S C U S S I O N  

The present  studies have  demons t ra ted  tha t  the fructose 1,6-dlphosphatase 
identified in ext rac ts  of mouse Ehrhch  ascltes tumor  cells possesses similar propertms 
to tha t  found in ra t  hver  a Like the rat  l iver enzyme, the tumor  enzyme ~s inhibi ted by 

Fru-I ,6-P~ and AMP in a ve ry  specific manner  One marked  difference between the 
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two enzymes, however, concerns the sensitivity to AMP: The K,* for AMP of the 
tumor enzyme IS found to be I 3 #M, a value much lower than the value of IOO/zM 
reported by TAKETA AND POGELL 3 for the purified rat liver enzyme. The fructose 
diphosphatase from mouse liver studied in the present work also has a high K, (13o/tM) 
comparable to that of rat liver enzyme. In contrast, the mouse skeletal muscle enzyme 
exhibited a K, value (2 I #M) close to that of tumor enzyme. Such low Ki values have 
also been obtamed for the fructose diphosphatase from skeletal muscle of other 
species14,1G. 

It  appears that there are at least two different types of fructose 1,6-dlphos- 
phatase existing in mammalian tissues The enzymes from livers of rat and mouse and 
also the enzyme from bovine lactating mammary gland is are characterized by bemg 
comparatively insensitive to mhlbition by AMP and may be designated as "Type L". 
Fructose diphosphatase purified from rat kidney exhibited a K, value of 18o #M and 
thus may also be a "Type L" enzyme (unpubhshed observation) The diphosphatases 
from skeletal muscles of various species can be included in the second group, "Type M", 
which is characterized by being extremely suscephble to inhibition by AMP. In this 
sense, the fructose diphosphatase from Ehrhch ascites tumor cells obviously is a 
"Type M" enzyme. At present, no information is available for possible molecular 
differences between the two types of enzyme. 

Since the activities of "Type M" fructose dlphosphatase are generally very low 
wherever found, those tissues which are characterized by the occurrence of the "Type 
L" enzyme, such as hver or mammary gland, may also contain the "Type M" enzyme. 
In this laboratory, fructose dlphosphatase activity was determined in extracts of 
various stratus of Yoshmda ascltes hepatoma 2°. Some of these strains were completely 
devoid of fructose dlphosphatase activity, but other strains were found to contain only 
the "Type M" enzyme The "Type M" enzyme may be stable under the condlhons of 
cancer progression as compared to the "Type L" enzyme Or the appearance of the 
"Type M" enzyme m certam liver tumors may be a consequence of carcinogenesis, 
under which liver-specific fructose diphosphatase is replaced gradually by unspecific 
"Type M" enzyme_ This interpretation appears to be in line with the observation 
made by a number of workers that the carbohydrate metabolic features of rapidly 
growmg hepatomas resemble those of the muscle 21-24 

As in the case of rat liver fructose dlphosphatase a, the degree of mhlbition by 
AMP of the tumor enzyme is pH-dependent. At pH values greater than 7 7, there was 
no inhibition by 1-2 #M AMP (Fig 6) This behavior of the tumor enzyme may be 
explained if we assume the occurrence of two activities differing from each other in 
pH optimum, as has been noted for highly purified fructose diphosphatase from rabbit 
liver 25, Cand~da ut~l~s ae and Polysphondyhum palhdum 27. According to ROSEN et al. 2~, 
the activity at neutral pH, observable only when EDTA is present, is highly sensitive 
to inhibition by AMP, whereas the activity at alkaline pH IS rather insensitive. The 
addition of AMP or the omission of EDTA shifted the pH optlmunl of tumor fructose 
diphosphatase from 7 4 to 7 7 (Fig 6) Furthermore, no inhibition by AMP was ob- 
served in the absence of EDTA_ 

The physiological role of fructose diphosphatase in tumor tissues has not been 
elucidated In Ehrlich ascites tumor cells, the phosphofructokinase/fructose dlphos- 

* K ,  d e n o t e s  c o n c e n t r a t i o n  o f  i n h i b i t o r  n e c e s s a r y  f o r  5 0 %  i n h i b i t i o n  
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phatase activity ratio IS almost ioo (ref. 28). We have prevlously reported that the 
oxidation of E6-14C]glucose to 14C02 observed in Ehrhch ascltes tumor cells in the 
presence of lodoacetate and methylene blue is due to the phosphogluconate oxidation 
of Glc-6-P resyntheslzed from pentose cycle-generated glyceraldehyde 3-phosphate 1 
The oxidation thus requires the conversion of Fru-I ,6-P 2 to Fru-6-P In the presence 
of lodoacetate and methylene blue, the cell levels of Fru-I,6-P2, ADP and AMP are 
extremely high and those of Glc-6-P and ATP are markedly reduced_ It  was concluded 
that phosphofructoklnase working in reverse rather than fructose diphosphatase is 
responsible for the conversion of Fru-I ,6-P 2 to Fru-6-P (ref I) 

The occurrence of a lag period in the assay measurements of fructose dlphos- 
phatase activity in tumor extracts may explain why a previous study 2 failed to detect 
the enzyme activity in Ehrhch ascltes tumor cells. The present studies revealed that 
during the lag period, the fructose dlphosphatase in tumor extracts is inhibited by 
AMP_ No such time lag could be observed for liver or muscle extracts_ Although the 
mouse muscle fructose diphosphatase is also extremely sensitive to Inhibition by AMP, 
muscle extracts contain AMP only in very small amounts. The AMP content of mouse 
liver extracts is as high as that of tumor extracts, but owing to the presence of a very 
active fructose dlphosphatase, only very small amounts of liver extracts are required 
for assay. In addition, the laver enzyme is much less susceptible to lnhlbltlon by AMP 
than the tumor or muscle enzyme. 

A considerable reduction in time lag was observed upon the addition of ATP 
(Fig I). The addition of lodoacetate, on the other hand, not only inhibited lactate 
formation but also suppressed the removal of AMP (Table III) Rise in ATP, observed 
in the absence of iodoacetate, was also suppressed I t  appears that the removal of AMP 
depends upon the generation of ATP, which in turn depends upon glycolysis with 
Fru-I ,6-P,  as substrate. These results are consistent with adenylate kinase being 
responsible for the removal of AMP_ Mediation of adenylate klnase was previously 
suggested by UNDERWOOD AND NEWSHOLME 4 for the ATP reversal of AMP inhibition 
observed with crude rat liver fructose diphosphatase preparation. 
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