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{ Rt, c e i v e d  ( )c t~ ,ber  Z H t | l .  I tlS,~) 

Hexokirmse from the Krebs~2 ascites ca rc inoma ha.~ been par t i a l ly  purified and  its 
proper t ies  have  beert invest igated.  [t  was ob ta ined  in good yieltl in part icles which 
sedime~Lt a t  a centr i fugal  force of 4o00 .: g from isotonic sucrose homogena tes  of 
these cells. T r e a t m e n t  of the large par t icula te  fraction with 0.6 % deoxycho la te  in 
the  presence of glucose led to a 22-fold purif icat ion with respect  to original cell-free 
homogena te .  

Pa r t i cu la t e  t u m o r  hexokina~e exhib i ted  a p la teau  of maximal  ac t iv i ty  over  the  
p H  range 5,6 to 7.8 and  was inhib i ted  by  its react ion products ,  glucose-6-phosphate  
and A D P.  

The  Michaelis cons tan ts  of ~ c i t e s  t umor  he×okinase for H sugars were deter-  
mined  as well as the  m a x i m u m  rate  of ph0sphory | a t i on  of those  compounds  which 
se rved  as substrate~.  The  compound  exhib i t ing  the highest  aff ini ty for t umor  hexo- 
kinase was glucosone, whose Michae]is cons tan t  was 8. io  ~ .  Compet i t ion  between 
the  var ious  subs t ra tes  and  inhibi tors  when incuba ted  wi th  the  purified enzyme  
p repa ra t i on  ind ica ted  t h a t  the  observed  phosphoryl~t ions  were ca ta lyzed  by  a 
single enzyme.  

A compar i son  wi th  the  bra in  par t icu la te  enzyme  repor ted  by  CRANE AND SOLS 
revea led  no ou t s t and ing  difference between it and  par t icu la te  t umor  hexokinase.  

I N T R O D U C T I O N  

Hexok inase  of the Krebs-z  ascites ca rc inoma has been studied to  de te rmine  whe the r  
it differs f rom tha t  found  in normal  tissues and  to ascer ta in  wilether  the effect of 
cer ta in  sugar  analogs on c a r b o h y d r a t e  metabol i sm of the Krebs-z  ascites t u m o r  is 
re la ted  to  the  aff ini ty of the analog for t umor  hexokinase.  Previous  invest igat ions by  
¥VSHOK 1,2,3 had shown tha t  the inhibi t ion ef glucolysis and  fl~uctolysis in these cells 
b y  a n u m b e r  of sugar  analogs paral leled their  affinities, as repor ted  by  SOLS A~D 
CRANE a, for par t i cu la te  bra in  hexokinase.  

Pa r t i cu l a t e  t umor  hexokinase  has been purified to a s ta te  free of in terfer ing 
enzymes  by  a modifica~tion of the  procedure  used for brain hexokinase  n. The proper t ies  

* A I?r~linxinary report ot this work wa~ presez~te,t before the I32nd meeting of the American 
Chemical Society at New York, I957. 
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of this purified enzyrno have  been invegtigated. No ou ts tand ing  difference has been 
found between par t iculate  hexokinase obtained from these cancer cells and  t h a t  
reported for brain 4, the normal  tissue most  studied. The small dissimilarities betweert 
certain properties of t umor  and  brain hexokin,-~se were no greater  than  the reported 
differences between the hexokinase of brain and  t h a t  of other  normal  tissuea, ~. A 
correlat ion has been observed between the degree of inhibition of glycolysis in ascites 
t u m o r  cclls~, ~ by certain sugar analogs and  the affinity of these compounds  for par- 
t iculate tumor  llexokinase. 

. M A T E R I A L S  

Com~oi~.~lds l¢scd 

Mannose and glucosamine were obta ined i t em Pfanst iehl  Laboratories,  N-aeetyl-  
glucosamine (NAGA) and  lyxose from Mann Laboratories,  3-O-methylglucose from 
L. Light  Company  and  glucose-6-phosphate, as the crystall ine h e p t a h y d r a t e  of t h e  
barium salt, from Sigma Chemical C o i i l t ) a l i y .  Glucose was 13aker'.~ C.P. Analyzed.  

"2-Deoxyglucose (2DG) and  glucosone were prepared in this laboratory,  2-deoxy- 
glucose by Dr. F. B. C~-~.~IER ~ and glucosone by Miss MAmv. HuDso.~ s. Manno-  
heptulose was kindIy supplied by Dr. N. K. I?.ICHT3tEYER. Adenosine t r iphospha te  
(ATP) and  adenosine diphosphace (ADP) were obtained as tim crystal l ine sodium 
salts from Pabst  Laboratories .  

Fructose (Pfanstiehl CP Special) was used[ ei ther  direct ly  wi thout  purification or  
after recrystall ization from methanol .  The unreerystall ized Pfanst iehl  p roduc t  had  
less than o.oz5 % glucose impur i ty  as determined by a modification ~ of the specific 
glucose oxidase assay TM. Galactom (Pfanstiehl CP) was freed of glyeolyzable impuri t ies  
by t r ea tmen t  wi th  baker 's  yeast  followed by rvcrystall ization from 8o °g e thanol .  

All materiMs were of reagent  grade or the equivalent .  The sugars and  sugar  
derivat ives were of the D or na tura l  config~ration. 

E X P E R I M E N T A l .  A N D  RI ' :SULTS 

Preparatio~ and homogcJdzatio~ of ascites tvmor cells 

Ascitic fluid was harves ted  from female white  Swiss mice between the  seven th  
and  twelf th d a y  after  int raper i toneal  inoculat ion of the animal  with the tumor .  The  
ascites cells were washed by centr i fugat ion at  7oo ~-: g with o.25 M sucrose conta in ing  
0,ooI M potassium (ethyletledinitrilo) t e t raace ta te  (EDTA), pH 7-5- They were washed 
two times for I :s in period~ and  a third for 3 m~n. The w , ,ed  cells were then  re- 
suspended to four t imes the packed cell volume iv the same medium. The washing  
olmrat i , l t  and all following manipula t ions  were performed in the cold. 

I{omogenates* were prepared from 8o ml of this cell suspensioxt in four 2o ml  
batches by means of f if ty passes wi th  a 3o ml, Po t t e r - type  homogenizer equipped 
with  a Teflon pestle. Strong hand  pressure was exer ted on the downward  th rus t ;  
the  whole operat ion took about  IO rain for each batch.  The combined broken cell 

" ,X,n a l t e r n a t e  methanol ~i h , m l t ) g e n i z a t i ~ m  w a s  m e c h a n i c a l  a g i t a t i o n  w i t h  o .2  n u n  g l a s s  b e a d s  
~ ' Jb ta ined  f ron~ t h e  M i n n e s ( 3 t a  .Min in~  a n d  M a n u f a c t u r i n g  C o r o t ) a n y ,  M i n n e a p ~ d i s .  A n ~ i x t u r e  o f  
, , n~  p a r t  ;L~cites ce l l  s u s p e n s i o n  a n d  d i re  p a r t  I.Lv w e i g h t  o f  I l l ' l ids  w a s  s h a k e n  fo r  15 s e c  a t  3 6 0 0  
c , ' m i n  t h r o u g h  a n  a m p l i t u d e  t~l o.~¢ c m  in a s h a k e r  o f  o l e c t r o m ; I g n e t i c  v i b r a t ~ r  t y p u t a ,  m, o r  3 p a r t s  
h e a d s  a n d  o n e  p a r t  ce l l  s u s p e n s i o n  w e r e  s t i r r e d  [t'(lll] ( l | le [~) 5 r a i n  a t  m a x i m u m  s p e e d  in a V i r t i s  
h o m o g e n i z c - r  a;, d e s c r i t J c d  [ ly I ,AMANNA AND .'~]AL.L.I-iT'rE 14. 
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s u s p e n s i o n  w a s  c e n t r i f u g e d  for  5 m i n  a t  700 :. g a n d  t h e  s e d i m e n t  was  t h e n  re-  
s u s p e n d e d  to  4 o m l  in s u c r o s e - E D T A ,  s u b j e c t e d  to  25 a d d i t i o n a l  pas ses  in t h e  P o t t e r  - 
h o m o g e n i z e r ,  a n d  c e n t r i f u g e d  as before .  T h e  t w o  s u p e r n a t a n t  f luids  were  c o m b i n e d  
a n d  r e c e n t r i f u g e d  for  5 ra in  a t  70o ., g to  y ie ld  a h o m o g e n a t e  free of cells a n d  nuclei .  

Pterification o/hexokinas~ 

T u m o r  p a r t i c u l a t e  h e x o k i n a s e  was  i so l a t ed  b y  a m o d i f i c a t i o n  oi  t he  p r o c e d u r e  
u s e d  b y  CRANE ANI~ SOLS a for p r e p a r i n g  b ra in  h e x o k i n a s e .  T h e  m e t h o d  m a y  be  
a d a p t e d  to  a n y  q u a n t i t y  of s t a r t i n g  m a t e r i a l .  

E i g h t y  ml  of  t h e  ce l l - f ree  h o m o g e n a t e  were  c e n t r i f u g e d  for one  h a t  4ooo .: g 
a n d  t h e  s n p e r n a t a n t  f luid was  r e m o v e d  b y  d e c a n t a t i o n  a n d  d i s ca rded .  T h e  s e d i m e n t  
w a s  r e s u s p e n d e d  to  4o m t  v o l u m e  w i t h  o.oo~ M E D T A ,  p H  7,5, a n d  r ed i spe r sed  b y  
n l e a n s  o f  a P o t t e r  or  OouncL  "H h o m o g e n i z e r .  

To  t h e  r e s u s p e n d e d  p a r t i c u l a t e  fl-action was  a d d e d  3.6 mt  of  o . I  31 g lucose  
fo l lowed  b y  I 2  m l  of  3-3%, s o d i u m  d e o x y c h o l a t e ,  w i t h  s t i r r ing .  T h e  v o l u m e  of t h e  
s u s p e n s i o n  w a s  brougb_t to  60 m I  a n d  t h e  m a t e r i a l  c e ~ t r i f u g e d  for 30 m i n  a t  12,ooo :. g,. 
T h e  s e d i m e n t  f r o m  the  c e B t r i f u g a t i o n  was r e s u s p e n d e d  in 15 m l  of  o . o o I  M E D ' r A ,  
p H  7.5, a n d  r e e e n t r i f u g e d  as  before .  T h e  s e d i m e n t  was  f ina l ly  s u s p e n d e d  in IO ml  
of  E D T A ,  p i t  7.5.  T h e  p r e p a r a t i o n  cou ld  ther~ be s t o r e d  a t  4 ° fo r  s eve ra l  weeks  
w i t h o u t  a p p r e c i a b l e  lo~_ ~ of a c t i v i t y .  

Pr~;paratiou o[ phospho[rnatokim~sc 

A m i x t u r e  of  c r u d e  p h o s p h o f r u c t o k i n a s e - p h o s p h o g l u c o i s o m e r a s e  ( P F K - P G I )  
w a s  p r e p a r e d  b y  t h e  m e t h o d  of CtHA~WI~:N I;. C o n t a m i n a t i n g  h e x o k i n a s e  was  in- 
a c t i v a t e d  b y  h e a t i n g  t h e  c r u d e  e x t r a c t  5 rain a t  55"- 

~leasureme~t o/hexokinasc activity 

T h e  hexokina.qe p r e p a r a t i o n  w a s  i n c u b a t e d  a t  30 ° w i t h  o . o i  ~1I A T P .  0.007 M 
MgCI2, o .o~3 to  o .o3  M t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  (Tfis),  p H  7-5, a n d  
s u b s t r a t e  in a t o t a l  v o l u m e  o f  I . o  o r  1.5 ml .  P o t a s s i u m  i~hospha te  s e r v e d  e q u a l l y  
wel l  a s  bu f fe r  a n d  w a s  o c c a s i o n a l l y  s u b s t i t u t e d  for  Tr is .  H e x o k i n a s e  a c t i v i t y  w a s  
d e t e r m i n e d  b y  s u g a r  d i s a p p e a r a n c e ;  a n a l y s i s  of t he  h e x o s e - 6 - p h o s p h a t e  r e a c t i o n  
p r o d a c t  : or  b y  m e a s u r e m e n t  of  t h e  inc rease  of  a c i d i t y  a c c o m p a n y i n g  tile r e a c t i o n .  
I n  t h e  l a s t  case ,  a c o l o r i m e t r i c  i n d i c a t o r  m e t h o d  w a s  used  5. C o n d i t i o n s  for  t h e  co lor i -  
m e t r i c  i n d i c a t o r  m e t h o d  d j f f t r  f r o m  those  g i v e n  a b o v e  as fo l lows:  0.003 % b r o m -  
t h y m o l  b lue  w a s  il~cluded in the  r e a c t i o n  m i x t u r e ,  bu f fe r  w a s  o m i t t e d ,  t he  f ina l  
A T P  a n d  MgCl z c o n c e n t r a t i o n s  were  o .oo3  a n d  o.oo5 M r e s p e c t i v e l y ,  a n d  t h e  f ina l  
v o l u m e  w a s  2. 5 ml.  

T h e  un i t  of  h e x o k i n a s e  a c t i v i t y ,  t he  s a m e  as  t h a t  u sed  for  t h e  b r a i n  e n z y m e  ~, 
w a s  de f ined  a s  the  a m o u n t  of e n z y m e  r e q u i r e d  to  p h o s p h o r y l a t e  one  m i e r o m o l e  of  
g lucose  in  15 rain a t  3 o'~ u n d e r  o t h e r w i s e  o p t i m a l  cond i t i ons .  Specific a c d v i t y  was  
de f i ned  as  t h e  un i t s  of a c t i v i t y  pe r  m g  of p ro t e in .  P ro t e in  w a s  d e t e r m i n e d  b y  t h e  
m e t h o d  of  LOWRY et al. m. 

V~*hen h e x o k i n a s e  a c t i v i t y  w a s  d e t e r m i n e d  b y  s u g a r  d i s a p p e a r a n c e ,  o.2 or  o. 5 m l  
p o r t i o n s  were  w i t h d r a w n  f ro ,n  t he  r e a c t i o n  m i x t u r e  a t  t i m e d  i n t e r v a l s  a n d  t h e  r e a c t i o n  
s t o p p e d  b y  d i s c h a r g i n g  the  w i t h d r a w n  m a t e r i a l  i n to  I.O ml  of  0. 3 M B a ( O H ) 2  o r  
i n to  a n  e q u a l  v o l m n e  of ace tone ,  In i t i a l  a n d  final s u g a r  c o n c e n t r a t i o n s  were  d e t e r -  

Re]ere~e'en p. 526. 
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m i n e d  b y  ana lys i s  of  the  B a - Z n  f i l t ra te  b y  t he  m e t h o d  of NI*:LSON t? o r  b y  a n a l y s i s  
of  the  ace tone  i n a c t i v a t e d  r e a c t i o a  m i x t u r e  b y  the  specific g lucose  ox idase  method% 
Glucose a n d  2 -deoxyg lucose  d i s a p p e a r a n c e  was  m e a s u r e d  b y  t h e  l a t t e r  p r o c e d u r e  in 
the  presence  of  p h o s p h o r y l a t e d  p r o d u c t s  a n d  o t h e r  h e x o s e s ' .  

W h e n  -::he ana lys i s  of  t he  r eac t ion  p r o d u c t s  was  u s e d  as a m e a n s  of  m e a s u r i n g  
hexok inase  a c t i v i t y ,  t he  r eac t i on  was  fo l lowed b y  e i the r  d i rec t  ana lys i s  of  the  s u g a r  
p h o s p h a t e  p r o d u c t  s or  b y  m e a s u r e m e n t  of  the  c h a n g e  in a b s o r b a n c e  of an  a c i d - b a s e  
i n d i c a t o r  a c c o m p a n y i n g  s u g a r  p h o s p h a t e  f o r m a t i o n  ~. The  c h a n g e  in a b s o r b a n c e  of  
the  i n d i c a t o r  was  m e a s u r e d  in m ic roco lo r ime t e r  t u b e s  w i t h  a K l e t t - S u m m e r s o n  
photoelecLrm co lo r ime te r  e q u i p p e d  w i t h  a No.  5 6 filter. 

D i s t r i b u t i o n  o /he .vok i~zase  i n  c e l l / f a c t i o n s  

Much of the  h e x o k i n a s e  a c t i v i t y  o r ig ina l ly  p resen t  in cell-free h o m o g e n a t e s  o f  
the  Krebs  asci tes  c a r c i n o m a  was  f o u n d  to  be a s soc i a t ed  w i t h  p a r t i c u l a t e  m a t e r i a l  
w h i c h  sed imen t s  a t  4oo0  .'< g, as s h o w n  in Tab le  I. I s o l a t i o n  of  the  l a rge  p a r t i c u l a t e  
resu l ted  in ~ tpproximate ly  a two- fo ld  e n h a n c e m e n t  o f  specific a c t i v i t y  o v e r  t h a t  
f o u n d  in t he  cell-free h o m o g e n a t e .  Mater ia l  s e d i m e n t i n g  b e t w e e n  4oo0  a n d  2o ,ooo X g, 
t he  smal l  pa r t i cu l a t e  f r ac t ion ,  h a d  negligible  a c t i v i t y .  Most  of  the  r e m a i n i n g  a c t i v i t y  
was  f o u n d  in the  s u p e r n a t a n t  fluid a f t e r  e e n t r i f a g a t i o n  a t  2o ,ooo  × g. 

TABLE I 

D ] S T R I ~ I 2 T I O ~  O F  H E X O K I N ' A S E  IN C E L L  FI ( .h .C ' f lONS F R O M  A S C I T E ~  T U M O R  C E L L S * '  

Ce?l [racth~n Relative activify Specific activi~), 

Cell-free homogenate 700 :<, g, 5 min leo x.47 
I.arge particulate 4000 ~< g, 30 rain 53 (22) * * 5.42 (55) * * 
Small particulate 2o,ooo x ~. 3 ° rain i o.6 
t-3uptrnatant fluid 20,000 × g, 30 rain 39 r.33 

• Homogenization with Potter homogenizer in 0.25 AI sucrose. Activity measured L, 3- glucose 
disappearance in the presence of excess P F I ( - P G I .  

"" Dooxychol;t~,e-treatcd lalge particul:tte (final purified enzyme) sedimented at  I2,OOO X g, 
3 ° min. 

D a t a  on the  d i s t r i bu t i on  of  a c t i v i t y  in m a t e r i a l  s e d i m e n t e d  a t  7oo :4 g or  less 
were n o t  inc luded  in Tab le  I ,  because  of  g ross  c o n t a m i n a t i o n  of  th i s  :~clear f r a c t i o n  
w i t h  u n b r o k e n  and  p a r t i a l l y  b r o k e n  cells. T h e  whole  h o m o g e n a t e ,  w h i c h  i n c l u d e d  
the  nuc l ea r  f rac t ion ,  h a d  a specific a c t i v i t y  of  2.T, w h i c h  is s l igh t ly  lower  t h a n  t h a t  
of  the  cell-free h o m o g e n a t e .  

The  d a t a  in Tab le  I are  the  ave rages  of the  resu l t s  of  th ree  e x p e r i m e n t s  a m o n g  
which  v a r i a t i o n  was small .  I n  p r e l i m i n a r y  e x p e r i m e n t s  w h e n  the  cell d i s r u p t i o n  was  
ca r r i ed  ou t  in o. i :¥I p h o s p h a t e ,  the  m e d i u m  r e p o r t e d  to  g ive  m a x i m u m  e n h a n c e m e n t  
of  specific a c t i v i t y  for  b r a in  p a r t i c u l a t e  h e x o k i n a s e  5, a l m c s t  all  the  a s c i t e s ~ t u m o r  
h e x o k i n a s e  a c t i v i t y  o r ig ina l ly  p resen t  in cell-free e x t r a c t s  was  f o u n d  in the  soluble  

* Several commercial preparations of glucose oxidase were four to be contaminated with 
enzymes having sucrase activity. These preparations were avoided wtaen analysis of homogonate 
prepared in sucrose was made. Glucose oxidase (Glucostat} obtained from Worthington 12io. 
~hemical Corp. was free of sucrase and was found to be satisfactory for analysis of the fractions 
crmtaining sucrose. 
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fraction regardless of the mechanical means used to disrupt the cells. Because of 
the poor 3de!d of particulate hexokinase in phosphate medium, all subsequent homo- 
g e n i z a t i o n s  were  ca r r i ed  o u t  in o.2 5 2vl sucrose.  

A f t e r  the  fa i r ly  d ras t i c  t r e a t m e n t  of  the  large pa r t i cu l a t e  f rac t ion  w i t h  d e o x y -  
che la te ,  cons iderab le  hexok in~se  a c t i v i t y  was  found  to be a s soc ia t ed  wi th  par t ic les  
t h a t  s e d i m e n t e d  a t  i 2 , ooo  :< g. The  inf luence of d e o x y c h o l a t e  on  t h e ' a c t i v i t y ,  p ro t e in  
c o n t e n t  a n d  specific a c t i v i t y  of  the  large  pa r t i cu l a t e  f r ac t ion  of ~ascites t u m o r  h o m o -  
g e n a t e s  is shown  in Fig.  I .  E x t r a c t i o n  of  th is  f r ac t ion  wi th  o.2 %. d e o x v c h o l a t e  in 
the  presence  of o .oo6  M glucose o n l y  s l igh t ly  r educed  the  s ed imen tab l e  hexok inase  
a c t i v i t y  a l t h o u g h  it r e m o v e d  n e a r l y  9 ° % of the  s ed imen tab l e  prote in .  T h e  c o m b i -  
n a t i o n  of  these  t w o  effects  r e su l t ed  in a s h a r p  rise in the  specific a c t i v i t y  of the  re- 
c o v e r e d  hexokinase .  The  specific a c t i v i t y  c o n t i n u e d  to increase a f t e r  t r e a t m e n t  wi th  
h ighe r  c o n c e n t r a t i o n s  of  d e o x y c h o l a t e  un t i l  it r eached  a m a x i m u m  a t  o .6 %. This  
l a t t e r  rise in specific a c t i v i t y  was  m a i n l y  due  to  a n  increase  in r ecoverab le  hexok inase  
a c t i v i t y .  At  c o n c e n t r a t i o n s  o[ d e o x y c h o l a t e  h igher  t h a n  o.6 % the  y ie ld  a n d  specific 
a c t i v i t y  fell off sha rp ly .  All po in t s  on the  curves  represent  d e o x y c h o l a t e  t r e a t m e n t  
in t he  presence  of glucose.  As  i n d i c a t e d  b y  the  i so la ted  poin ts  in the  same  figure,  
w h e n  the  p a r t i c u l a t e  f rac t ion  was  t r e a t e d  wi th  0.6 %, d e o x y c h o l a t e  in the  absence  
of  glucose,  t he  hexok inase  a c t i v i t y  a s soc ia t ed  wi th  the  IZ,OOO >< g s ed imen t  was  
o n l y  a b o u t  one -ha l f  t h a t  r e cove red  ia the  presence  of  glucose.  

The  d e o x y c h o l a t e - t r e a t e d  p a r t i c u l a t e  f r ac t ion  was free f rom o t h e r  e n z y m e s  
which might intcrferc in the determination of hexokinase activity. Adenosine- 
triphosphatase, phosphofructokinase, phosphoglucoisomerase, phosphcmammL~o- 
merasc, myokinasc and phosphomonoesterase activities could not be detected vnder 
the standard conditions used in hexokina.~e assay. The overall yield of the put t ied  

100- 
) ~  Specific 

0°°. / /  
-~ 60 
E / I.~ Specific. i~tivity 

40 ~ / =-At;tivity 

20" 

"Protein 
[3~2' 0-4 0,6 O.B 1.0 

*l. Deoxyeholat e 

Fig. ]. F~ffect of deoxycbolate on hexokinast~ 
activity and protein content of the large parti- 
culate fraction. Activity determined by glucose 
disappearance without correction for glucose-6- 
phosphate accumulation. Treatment with de- 
oxycholate ~vas performed in the presence of 
o.oo6 Al glucose except for the three points ~k, 
ii and • .  The curves are based on the ave~ age 

of data of two experiments, 

2~a]ere~tces p. 526. 
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6J0t / PFK- PGI 

/ /  

o 1O 20 343 40 50 60 "70 
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"Fig. 2. Effect of phosphofructokinase-phos- 
phoglucoisomerase (PFK-PGI)  additions on 
glucose utilization by purified particulate hexo- 
kinase. The activity of the added P F K - P G I  
was such that 0. 4 rat gave maximum stimu- 
lation of glucose utilization. No correction was 
made for inhibition due to accumulating ADP. 
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e n z y m e  w a s  22 % arid t h e  f inal  specif ic  a c t i v i t y  w a s  55*- Th i s  r e p r e s e n t s  a n  e n h a n c e -  
m e n t  of  specif ic  a c t i v i t y  22 t i m e s  t h a t  of  t he  o r i ~ n a l  cel l - f ree  h o m o g e n a t e .  

Propert ies  o / t h e  pur i f ied  par l i su la te  hexokinase  

P a r t i c u l a t e  asc i t e s  t u m o r  h e x o k i n a s e  r e q u i r e d  b o t h  A T P  a n d  Mg++ as  co fac to r s .  
T h e  c o n c e n t r a t i o n  of  A T P  n e c e s s a r y  to  g ive  ha l f  m a x i m a l  a c t i v i t y  in the  p r e s e n c e  
of o .oo5 ~14 MgCI~ a u d  o .ooo3 3 I  g lucose  w a s  1 , 7 . 1 o - 4  :l t .  Th i s  v a l u e  was  d e t e r m i n e d  
b y  the  m e t h o d  of  LIXEWEAVER AND BURK ~s. T h e  c o n c e n t r a t i o n  of  MgCI 2 n e c e s s a r y  
to  g ive  ha l f  m a x i m a l  a c t i v i t y  w h e n  the  e n z y m e  w a s  n e a r  s a t u r a t i o n  (o .or  ,~'/} w i t h  
r e spec t  to A T P  was  f o u n d  to  be  x - I o  - a  M .  

T h e  ef fec t  of  p H  on  h e x o k i n a s e  a c t i v i t y  is s h o w n  in T a b l e  I I .  T h e  r a t e  of  p h o s -  
p h o r y l a t i o n  of g lucose  w a s  f o u n d  to  be  m a x i m a l  a n d  c o n s t a n t  f r o m  p H  5.6 to  7.8. 
E n z y m e  a c t i v i t y  fell off vap id ly  u n d e r  m o r e  a lka l i ne  or  ac id  cond i t i ons .  

T A B L E  I I  

E l : E l e C T  O F  p H  o.'~ A S C I T E S  T U M O R  H E X O N : I N : I S F .  X C T I V I T Y  

Hexokina.se activity was measured by g|ueogt, disappearance (~luet}se oxi¢lage method). Buffer: 
acetate phosphate-Tris,  ~Lo67, o.o33, 0.067 ,tl respectively; adjusted to the indicated p I l  with 
.V HCI ~r NaOIK. Total glucose used was o. 4 l~moles p?r nat. A l~eckmnn pH meier, model 13, 

was used in determining the initial pl 1 of the reaction mixture. 

p i t  Ne[ati w J~rtivity 

. I  ,5 22 
4 .a 53 
5.1 7 S 
.~ IJ ,  | ( )e l  

7 . o  I Or )  

7.85 (.it) 
~. . I  08 
Y,..% (~ 

T h e  t i m e - c o u r s e  of  t im h e x o k i n a s e  r eac t i on  w i t h  g lucose ,  in t he  p r e sence  a n d  
a b s e n c e  of p h o s p h o f r u c t o k m a s e - - p h o s p h o g t u c o i s o m e r a s e ,  is s h o w n  in Fig .  2. T h e  
i n h i b i t o r y  effect  of a c c u m u l a t i n g  g l u c o s e - 6 - p h o s p h a t e  on  h e x o k i n a s e  a c t i v i t y  is 
i n d i c a t e d  b y  the  d e c r e a s i n g  r a t e  w i t h  t i m e  of g lucose  u t i l i z a t i on  in t h e  p r e s e n c e  of  
the  pur i f ied  e n z y m e .  Th i s  fa l l ing  off in r a t e  as t h e  r e a c t i o n  p r o c e e d s  w a s  r e v e r s e d  b y  
ndd l t i ons  of phnaphof ruc t (~k inase~phn_~pbog!uco i somerase ,  Md."h r e m o v e d  g lueose -  
6 - p h o s p h M e  ,as it w a s  f o r m e d .  E v e n  in the  p r e s e n c e  of  an  exces s  of  t h e s e  g lucose -  
6 - p h o s p h a t e - r e m o v i n g  e n z y m e s ,  t h e r e  w a s  a s l igh t  fa l l ing  off  of  r a t e  w i t h  t i m e ,  
p r e s u m a b l y  b e c a u s e  of  i n h i b i t i o n  b v  A D P ,  t h e  o t h e r  r e a c t i o n  p r o d u c t .  I n d e p e n d e n t  
e x p e r i m e n t s  i n d i c a t e d  t h a t  the  e n z y m e  w a s  iul{ibi ted b y  A D P .  

T h e  K ,  fo r  the  n o n c o m p e t i t i v e  i n h i b i t i o n  of  b o t h  g lucose  a n d  f ruc to se  p h o s -  
p h o r y l a 0 o n  b y  g ! u c o s c - 6 - p h o s p h a t e  w a s  d e t e r m i n e d  in a n o t h e r  se t  of  e x p e r i m e n t s  
in wh ich  k n o w n  q u a n t i t i e s  of  g l u c o s e - 6 - p h o s p h a t e  we re  a d d e d .  T h e  i n h i b i t o r  c o n s t a n t s ,  
c a l c u l a t e d  w i t h  the  f o r m u l a  K~ == I /{Vo/Vl  - -  I ) ,  were  4" I o - 4  a n d  6,  I n - *  r e s p e c t i v e l y  

" No further enhancement of specific activity of ~tscites ttmtor l~exokinase was obtained by  
tip~se treatmenL ~f the deoxycholate-extraeted particulate fraction in the manner recommended 
for the purification el brain hexr~kinase ~. 
References p. 526. 
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i n  t h e  p r e s e n c e  o f  t h e  t w o  s u b s t r a t e s .  M a n n o s e ,  z - d e o x y g l u c o s e  a n d  f r u c t o s e  d i d  n o t  

f o r m  i n h i b i t o r y  p h o s p h a t e  e s t e r s  o f  t u m o r  h e x 0 1 d n a ~ e  a s  d e m o n s t r a t e d  b y  t h e  l i n e a r  

r a t e  o f  p h o s p h o r y l a t i o n  o f  t h e s e  s u g a r s .  

M i c h a e l i s  c o n s t a n t s ,  d e t e r m i n e d  f o r  r e p r e s e n t a t i v e  c a r b o h y d r a t e  s u b s t r a t e s  a n d  

i n h i b i t o r ' s  b y  t h e  m e t h o d  o f  L I n E w E . w ~ : r  .XXt~ B t ; R K  Is, h a v e  b e e n  l i s t e d  i n  T a b l e  [ 1 I .  

T h e s e  c o n s t a n t s  w e r e  c a l c u l a t e d  f r o m  t h e  r e s u l t s  o f  e x p e r i m e n t s  i n  w h i c h  e i t h e r  t h e  

s u b s t r a t e  o r  t h e  i n h i b i t o r  c o n c e n t r a t i o n  w a s  v a r i e d .  U s u a l l y  s e v e r a l  m e t h o d s  o f  

d e t e r m i n i n g  K m  w e r e  e m p l o y e d  a n d  t h e  f i g u r e s  l i s t e d  i n  T a b l e  t I I  r e p r e s e n t  t h e  

a v e r a g e s  o f  t h e  v a l u e s  o b t a i n e d .  V a r i a t i o n  i n  K , , ,  d e t e r m i n e d  b y  d i f f e r e n t  m e t h o d s  

w a s  s m a l l .  

"1".\ I~I.E l l I  

*[ICtt2kELIS CONST:XN'rs ¢~V [{RL~.ElS A S C I T I " S  T U M O R  II[{XOKIN:X%I-:  

Kt~,  t ' I~ ' . l l .eLIv+,t  ,+] I ¢  .+ , . o d . ~ l a t t , , + r  t '*  J.|llfl]:.,tif 'i|.~ J||a'i,l|O~ I. 
( '¢ t ;+tpr+u; ' td  . . . . . . . . . . . . .  

I ltaJZO¥ t l rtl ~|  ~ "I'll lJltJ¥ ~l'~¢~#;* , r  

G l  l l C O S O r i e  o, o7,~ o. [:rtlcto,;0 c¢)tlIpetition a 
( ; tucosc c~mlpet i t io l |  b 
{ ;[l |(7~ ]~|" t.?I m L t ) e t i t i ( m b  

X \(;, \ c~mapetit iona 

('~fl,.~ri m,_'t ric ind ic : t i e r  
( ;h lcose  ( I i sappearauce  
C, ,h:r lrnotric i or l ica tor  
(_'~ ,h , r i tne t r ic  i n d i c a t o r  

M a n n o s e  o. 1 5 0.05 Glue, ,so c (mq)e t i t ion t '  Glucc, sc d i sappe*t rance  

Glue o s e  o. _, 8 o.o,~ N A G . \  ct m l p e t i t i o n  a 
N . \ G . \  con~pe t ; t ion  a 

Co to r ime t r i c  ~ :d i ca to r  
Gluc()se d i s a p p e a r a n c e  

-.~.cet yl,~ItlcoS0.1llille o. 72 o.S b ' ruc t~se  cotx tpc t i t iona  
I"ructose c O l l l p e t i t i o n  a 

-, I )(; competlt i~m'~ 

Cuh)ri me t r i c  i n d i c a t o r  
S t a b l e  phr~sphate  
C(Jh)rhuetric in(lic,~tor 

z - i ) e o x y g l  ttcose t.  z I- o.27 [ : ruc tose  c o m p e t i t i o n  a 
N . \ G  :\ c tunpe t i t i (m a 
I ) i rect  

_, I_)G d i s a p p e a r a n c e  
2 I)(;  d i s a p p e a r a n c e  
Co lo r ime t r i c  i nd i ca to r  

M a n n o h e p t  uh~:se ' • 3 t o .5 

G l u c o s a m i n e " "  " I. 7 (i. 8 

t:rtlcttJ~e conxpe t i t ion  a 
( ; luc~sc  con lpc t i t l ( a l  b 

:I)C; competi~_ion b 

t '~h~r imet r ic  i n d i c a t o r  
C olor inaetr ic  i n d i c a t o r  

21 ) (~  disa l )p t ' a rance  

Fructose ~'5.4 l l) 1 ) t rect  Co lo r ime t r i c  i n d i c a t o r  
I ) irect  S t a b l e  p h o s p h a t e  

L y x o s e  .t I l 3 F r , c t o ~ e  c t u n p e t i t i o n  a Co lo r ime t r i c  i n d i c a t o r  

Galo.c tose  : 75c) 1 (me I )irec t C o l o r i m e t r i c  indicaLor 

3-O-.Meth y lgh tcose  ,~ L~ l:ru,:t~b~e c tmlpe t i t ioE  a Colorim,Xric  "_ndi,~,ttor 
.%tab|e phosph~tte 

" D a t a  of  SOLS AND ( ' R A N E  t ,  
" "  B y  LI.YI-7.'~%rE.~.%'t"R-'~L'RK t r e a t m e n t ' ,  a, c o m p e t i t o r  c~mcen t r a t ion  var ied ,  h, c o m p o u n d  con-  

c e n t r a t i o n  va r i ed .  Di rec t  s ignif ies  eva l l l a t i on  t)v m e g n s  of tile e f fec t  off s u b s t r a t e  c o n c e n t r a t i o n  
on  p h o s p h o r  y la t ion .  

*" * A t  p H  7-5,  i s o e l e c t r i c  p o i n O .  
§ A r e p r o d u c e a b l e  v a l u e  c o u l d  ilot be  , ) b t a ined  b e c a u s e  t~I l i m i t a t i o n s  ot  t he  t e s t i n g  p r o c e d u r e .  

V a l u e s  r a n g e d  f r o m  34 ° t o  1700  - t o - * .  
§§ U n d e t e c t a b l e .  

References p. -;26. 
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The K,,, values for fructose,  ~-deoxyglucose, and  galactose were calcula ted from 
the  effect of subs t ra te  concent ra t ion  on the rate  of phosphoryla t ion .  A double  recip- 
rocal plot which i l lustrates the  effect of fructose concent ra t ion  on the  ra te  of phos- 
phory la t ion  is shown in Fig. 3. The  K,,, for fructose* as calculated f rom these da t a  
w~ts  2.6" Io  -a. 

Compet i t ive  inhibit ion by  N-aeetylgluc0samine off f ructose phosphory la t ion  is 
i l lus t ra ted also in Fig. 3- In this case the  subs t ra te ,  fructose,  was var ied at  a single 
inhibi tor  concent ra t ion .  The  K,n calcula ted for this nonphospho ry l a t ed  inhib i tor  
was 7-4" IO-~- 

s.o /L~;~o~ -~ '" /~ ' f "  "f 
,.e "- "~-' , A G A J  

~ ~  ~ F ructose 

2,0' 

LO~ 

o , ~ , ~ , ~h ' ,k-' 2~ 
I/S X 10 (rnM) 

l:ig, 3- Effect of fructose concentration on he×{~- 
kinase activity in the presence and absence 
of NAGA. Activity determined by the colori- 

metric indicator method. 

7.O 
I/v 
6.C 

3.O 

aC v/vi 
7.(3 

/ 

4,0 ~(~5"C / 2-D~°xyglu~c~se. ~-~ 

',oi/ 

5 IO 15 20 2~ 2o 
N -Ac~tyleilucosem~n~ {raM} 

Fig. 4- Effect of N-acetylglucosamine concert- " 
tration on the ph~sphorylation of z-deoxy- 
glucose and glucosone by tumor hexokinase. 
2-Deoxyglucose phosphorTlation determined by  
sugar disappearance and glucosone phosphory- 
iatiotx by the colorimetric indicator method. 

Inhib i t ion  by N-accty lg lucosamine  of glucose, 2-deoxyglucose and  glucosone 
phosphory la t ion  was de te rmined  by  va ry ing  the  inhib i tor  concen t ra t ion  while 
holding the  subs t ra te  concen t ra t ion  cons tant .  An example  of the  compet i t ive  inhi- 
bit ion of 2-deoxyglucose and  glucosone phosphory la t ion  by  this inh ib i tor  is given 
in Fig. 4- F r o m  analysis  of this g raph  and  the  previous ly  de te rmined  K m  of N- 
acetylglucosamine,  a Ks, of I . I 3 " I o  -'~ was ob ta ined  for z -deoxyglucose  and  9 .6 -zo  -s 
for gtucosone. 

In several  instances sugars capable  of being phosphory l a t ed  were considered 
as compet i t ive  inhibi tors  and  used in combina t ion  wi th  o the r  subs t ra tes  to  eva lua te  
the Km of either.  This p rocedure  was feasible whenever  a grea t  difference exis ted  
be tween the  ra tes  of phosphory la t ion  of two substra tes ,  e.g., glucosone and fructose,  
or  wherever  one subs t r a t e  could be de te rmined  wi thou t  in ter ference  from the  o ther ,  
e.g., 2-deoxyg]ucose in the  presence of fructose.  In  these cases e i ther  of the m e t h o d s  
i l lus t ra ted  in Figs. 3 and  4 was used to  eva lua te  If,,,. 

The  relat ive m a x i m u m  rates  of phosphory la t ion  of several  of these compounds  
have  also been de te rmined .  These  re la t ive  ra tes  are  given in Table  IV. T h e y  were 
ob ta ined  a t  or  near  sa tura t ion  of the  enzyme  with respect  to  the subs t r a t e  t e s ted  
or b y  ex t r apo la t ion  of values ob ta ined  at  lower concentra t ions .  

* The valu~ was not changed by recrystallizati0n of fructose from methanol This indicated 
that the corrtvaereial product was essentialty free of glucose and raannose. The value obtained 
for the Km of fruc±ose is reported to be markedly influenced by trace ,amounts (if these sugars 4. 
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D a t a  o f  S O L S  ANt)  CHANV:~. 
" "  D e t e r m i n e d  a t  0 . o 2  ~]i g i u c o s t m e ,  2 - d e o x y g l u c n s e  a n t i  m a r ~ n o h e p t u h ~ s e ,  o , o o  5 . l l  g luc~J~e a n d  

o . o o x 6  3 I  r n a r m o s e .  O a l a c t o s e  a n d  f r u c t o s e  v a l u e s  w e r e  o b t a i n e d  b y  e x t r a p o l a t i o n .  
* * * U n d e t e c t a b l e .  

D I S C U S S I O N  

For  enzyme studies the ascites tumor  offers an advantage  over solid tumors  in tha t  
it is composed of a near ly  pure populat ion of cancer ceils wi th  negligible contamimtt ion 
from enzymes of normal  tissue. In addit ion,  the free ascites cells can easily be sepa- 
ra ted  from extracel lular  protein. These cells are vt, ry difficult to homogenize, how- 
ever, and  fair ly drast ic  t r ea tmen t  is requited in order to release the internal  compo- 
nen t  of the cell. Since harsh methods  of cclI disruption m a y  have a damaging  cffcct 
on the released sul)ceiiular particles, the effect of tile medium and tile means of 
homogenizat ion were invest igated in relation to the recovery o[ hexokinase ac t iv i ty  
in t umor  cell fractions. Al though a relationship between the damage to part iculate  
elements  and the me thod  of homogenizat ion could not be demonst ra ted ,  the distr ibu- 
t ion of ac t iv i ty  in various ceil fractions was found t.) depend upon the medium in 
which the homogenizat ion was carried out  m. After homogenizat ion of ascites cells in 
phospha te  medium and  centr i fugat ion at  70o < g, the sediment,  composed of in tac t  
cells, nuclei and  par t ia l ly  broken cells, appeared to retain part iculate  hexokina~e 
and  only non-sedimentable  hexokinase was released. Ascites t umor  ceils differ from 
brain in this  respect. Homogenizat ion of brain tissue in phosphate  buffer afforded 
as good recoveries of hexokinase ac t iv i ty  in the large part iculate  fraction as when 
isotonic sucrose was used 5. 

In agreement  wi th  the results with solid tumors  reported by BOVLAND 2~, the  
to ta l  hexokinase ac t iv i ty  of Krebs ascites t umor  cells was found to be more t han  
adequate  to account  for s t eady  s ta te  anaerobic glucolysis in the in tac t  cells. The 
hexokinase ac t iv i ty  of. whole homogenates  of these tumor  cells was approximated  
at  3 7 . 5  ° from the observed m a x i m u m  ac t iv i ty  at  3o ° and  the tempera ture  coefficient 
for brain hexokinase in th':s range2L The hexokina_~e ac t iv i ty  in the homogenate  
calculated for these condit.;ons was 15. 3 /zmoles of glucose used per hour per mg of 
• ~roteirt compared with  a value for in tac t  Krebs ascites cells of x.6 tLmoles of glucose 
conver ted anaerobical ly to lactic acid per h per mg oi cell proteird e. This represents 
a potent ia l  capac i ty  for glucose phosphorylat ion of greater  than  9 times tha t  ac tua l ly  

li~e/emn¢~s p..5..'6. 
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observed during anaerobic glucolysis in tile in tac t  cell. I t  would appear  from these 
calculat ions tha t  h,zxokinase is not  l imiting in the overall process of glyeolysis in 
in tac t  ascitcs tumor  cells. 

The localization of considerable hexokinase ac t iv i ty  of ascites t u m o r  cells in 
the large par t icula te  fraction of sucrosc homogenates  is similar to tha t  in certain 
normal tissues, namely brain, kidney,  heart ,  and intestinal mucosa 5. This is in con- 
trast  to red blood celts r' in which the enzyme is recovered in the soluble fraction.  
Tilt" ]ocaliz'.~tion of hcxokinase in mi tochondf ia  of ascites tumor  cells also has been 
reported by A c s  ct al. ''3. 

The cont inued association of hexokina_se ac t iv i ty  in mater ia l  which sediments  
a t  relatively low centrifugal  force, af ter  ra ther  drastic t r ea tmen t  wi th  d c o x y c h d a t e ,  
is unusual  iu view of tim removal  of 9 2 o~.o of the sedimentable protein and  solubiliza- 
t ion or destruct ion of the remaining interfering glycolytic enzymes  and  ATPase  
under these conditions. This firm association of much of the  bexokinase ac t iv i t y  
with the large par t iculate  suggests localization of the enzyme in mi toehondr ia  within 
tile in tac t  cell. 

Tim loc~flizatidn of hexokinase in the mi tochondr ia  of ascites t m n o r  cells m a y  help 
explain the observation by Cn;~NCE .XXD HEss 24 tha t  added glucose produces an  
initial s t imulat ion of respiration in these cells before the rest of the  glycolyt lc  sys tem 
becomes active and s teady state  inhibi t ion of respirat ion develops. The explana t ion  
of this t rans i to ry  s t imula t ion  by glucose, given by  CHANCE A.XD HESS, is t h a t  A D P  
formed b y  the hexokinase react ion diffuses to the respira tory  chain of the  mi tochon-  
dria and s t imulates  respiration before appreciable glycolyt ic  phosphoryla t ion  o l  
A!)P  cau occur. Since much of the ascites t u m o r  hexokinase has been found to be 
associated with  mitochondria ,  A D P  formed during the hexokinase react ion should 
be more readi ly available for respira tory control.  

The protect ion of ascites tumor  hexokinase by glucose during the deoxychola te  
extract ion procedure is apparen t ly  the well-known phenomenon of substra te  stabil- 
ization of hexokinase~a, ~s. In the present  case, binding of a funct ional  group is 
presumed to be responsible for the pro tec tma since only low concentra t ions  of glucose 
arc required. Glucose was also found to protect  t umor  hexokinase from heat  dena tu-  
rat ion m. 

Cofactor requ;rements  for ascites tumor  hexokinase are similar to those reported 
for the brain enzyme2L The response of enzyme ac t iv i ty  to changing ATP and  Mg ++ 
concentrat ion was similar for the enzyme from the two tissues. Also, as for the brain 
enzyme, ascitcs tumor  hexokiuase exhibits  a plateau of m a x i m u m  ac t iv i ty  over a 
broad pH range. 

l texokinasc from both brain and  ascites tumor  is inhibi ted by its reaction 
products ,  ADP and glucose-6-phosphate. The Kt for the non-compet i t ive  glucose-6- 
phosphate  inhibition is in good agreement  with the value reported for brain hexo- 
kinase*L Glucose-6-phosphate inhibition is typical  of other  mammal i an  hexokinases 
but  not the ye~,st enzymeS, .8 

Glucosone-6-phosphate in its enol form meets  the configurat ional  requirem,mts 
proposed hy  SoLs a.XD CRAXE for product  inhibitors of hexokinase*L Evidence  
was obtained which suggests tha t  the phosphoryla ted  product  of glueosone, presum- 
ably glueosoue-6~phosphate, inhibits tumo," hexokina:se, When phosphoryla t ion  of 
glucosone by tumor  hexokinase was allowed to+ go to complet ion (no more acid 
Relerences p..526, 
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production) and 0.002 3 / / m a n n o s e  then added to the reaction mixture,  significant 
inhibi t ion of the mannose phosphorylat ion was observed. However,  because of the 
difficulty in obtaining sati,~factory analyses of the components  present at ti~e com- 
pletion of the glucosone-hexokinase reaction, the observed inhibition can not bc 
a t t r ibu ted  with  cer th in ty  to glucoscne-6-phosphate. 

The reciprocal of the 5liehaelis constant  is a good approximat ion  of the true 
a f f in i ty  of representat ive ca rbohydra te  substrates  and inhibitors for tumor  hexokinase. 
In addi t ion,  the Km and maximal  rate of phosphorylat ion afford a good means of 
compar ing tumor  and  brain hexokinase. Wi th  the exception of glucosone and  N- 
acetylglucosamine,  the absolute value of the Km of the v~rious sugars for tun'.vr 
hexokinase was higher than  the corresponding value for the brain enzyme.  These 
K , ,  vMues for t u m o r  hexokina.se are. however, still well within the range of variation 
of /~m found among normal  tissues. CR.\NE .kNi) SOL.'--; 6 report  the Km of skeletal 
muscle and  liver hexokinase for glucose ar,d m s , n o s e  to be ten times higher than  
the corresponding value for brain. In general the relative order of affinities of the 
various compounds  witl;  t umor  and  b~rain were the same. Only glucosone arut N- 
acetylglucosamine were not iceably out of sequence. 

The k~w K,,, of glucos~me is of part icular  interest  becallse of its exceedingly strong 
inhibi t ion of glycolysis ill intz :t ascites tumor  cells x. Glucosone is also a strong 
inhibi tor  of subs t ra te  phosph6ryla t ion by yeast hexokinase. HvDsox  Axr~ \VooI)- 
W,tRD ~ repoi-t a value of 6. xo -a for the Km of glueosone" with yeas t  hexokinase, 
which is considerably lower than  the corresponding value for glucose. Hence with the 
yeast  as well as the tumor  enzyme,  glueosone b.as the lowest t<,,~ (highest affinity 
for the enzyme) of any  sugar  tested.  

A comparison of the Michaetis constants  of various carbohydra te  ~ubstrates 
and inhibitors of t umor  hexokinase with the affinities of the same compounds for 
the glycoiyt ic  sys tem in the intact  cell indicates a rough parallelism between the two 
systems. However,  several potent  inhibitors of tumor~kmxokina.se, N-acetylgblcos- 
amine  a anti glucose-6-phosphate ~ when incubated  witkq.~tact ceils, exhibi t  no effect 
on ascites tumor  glycolysis. Thus tim location of hexokinase in -~he living cell and  the 
abi l i ty  of a specific compound" to reach the act ive site of the enzyme, also must  be 
considered in any  comparison of the two systems. Finally,  it must  be ~ealized t h a t  
hexokinase in the intact  c~-ll is part  of a balanced system and is total ly dependent  upon 
the un in te r rup ted  operat ion of the whole glycolytic system for its supply of ATP 
and  the removal  of inhibi tory end products.  Even with these restrictions, however, 
there appears  to be a relationship between the order of affinities of the two systems 
with  most  of the carbohydra tes  investigated.  Glucosone, mannose ~nd glucose 
demons t ra te  a s t rong affinity h)r t umor  hexokinase a_s well as the glycolytic syc, tem 
in the in tac t  cell. Mannoheptulose and  glueosamine exhibit  a modera te  affinity for 
both  sys tems and  fructose and lyxose a we.ok affinity. Even  though the Km of 
glucosone is not  low enough to explain corn; ! . , d y  its ex t remely  potent  inhibitiop 
of glycolysis in the in tac t  cell, this compound has the highest affmity for t umor  
hexokinase of the  r i  ca rbohydra tes  studied. 

:~-Deoxyglucose inhibits  glycolysis of the a-scites tumor  cell to a greater extent  
t han  would be expected if affinity for hexokina.se were the only factor determining 

* T h e  g l u c o s o a e  u s e d  b y  t h e s e  a u t h o r s  zD w a s  t h e  s a m e  m . ~ t c r i J  u s e d  in t h e  p r e s e n t  t u m o r  
h e x o k i n a s e  s t u d i e s .  

r ~ s  . . . . . . .  p .  5 - : 6 .  
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t h i s  i n h i b i t i o n ,  i n  f a c t ,  e - d e o x y g l u c o s e  a t  e q u i m o l a r  c o n c e n t r a t i o n  o f  g l u c o s e ,  s h o u l d  
e x e r t  l i t t l e  i n l f i b i t i e n  o n  g ! u c o l y s i s  s o l e l y  o n  t h e  b a s i s  o f  i t s  a f f i n i t y  f o r  h e x o k i n a s e ,  

w h i c h  is 22 % o f  t h a t  o f  g l u c o s e .  
T h e  i n h i b i t i o n  o f  f r u c t o l y s i s  i n  i n t a c t  a s c i t e s  t u m o r  c e l l s  b y  g a l a c t o s e  a n d  3-(2)- 

m e t h y l g l u c o s e  is  m u c h  g r e a t e r  t h a n  w o u l d  b e  p r e d i c t e d  f r o m  t h e i r  a f f i n i t i e s  w i t h  
h e x o k i n a ~ e .  A 4 : 1  r a t i o  o f  g a l a e t o s e  t o  f r u c t o s e  is  r e p o r t e d  t o  g i v e  a p p r o x i m a t e l y  
5o  °.o i n h i b i t i o n  o f  f r u c t o l y s i s  in  t h e  i n t a c t  c e l P  w h e r e a s  t h e  r a t i o  o f  M i c h a e l i s  c o n s t a n t s  
of  t u m o r  h e x o k i n a s e  f o r  t h e s e  t w o  s u g a r s  i s  7 o : 1 .  P r e s u m a b l y  t h e  m o d e  o f  i n h i b i t i o n  
of  f r u c t o l y s i s  b y  t h e s e  t w o  h e x o s e s  i n v o l v e s  f a c t o r s  o t h e r  t h a n  h e x o k i n a s e .  

T h e  c o m p a r i s o n  o f  t h e  p r o p e r t i e s  o f  a s c i t e s  t u m o r  a n d  b r a i n  h e x o k i n 0 , s e s  l e a d s  
t o  t h e  c o n c l u s i o n  t h a t  t h e  t u m o r  e n z y m e  i s  a t y p i c a l  m a m m a l i a n  h e x o k i n a s e ,  A s  
x , i : h  t h e  p u r i f i e d  b r a i n  e n z y m e ,  c o m p e t i t i o n  e x p e r i m e n t s  c l e a r l ~  d e m o n s t r a t e  t h a t  
a s i n g l e  e n z y m e  i n  t h e  p u r i f i e d  t u m o r  p r e p a r a t i o n  i s  r e s p o n s i b l e  f o r  p h o s p h o r y l a t i o n  
of  a l l  s u b s t r a t e s  t e s t e d .  T h e  s i m i l a r i t y  o f  t h e  e f f ec t  o f  c e r t a i n  c a r b o h y d r a t e s  o n  
t u m o r  h e x o k i n a s e  a n d  t h e  g l y c o l y t i c  s y s t e m  i n  t h e  i n t a c t  ce l I  e m p h a s i z e  t h e  i m p o r t a n t  
role h e x o k i n a s e  p l a y s  in t he  m e t a b o l i s m  of  n e o p l a s t i c  as well  as  n o r m a l  t i ssues ,  
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