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A p p a r e n t  Michaet is  c o n s t a n t s  for glucose and  f ruc tose  of  wh i t e  ad ip ~m  tissue hexo-  
kinmse h a v e  been  e s t i m a t e d  by  de te rmin i : lg  the  r a t e  o f  hexose  C-r o x i d a t i o n  t h r o u g h  
t he  hexoge  m o n o p h o s p h a t e  s h u n t  wi th  adced  g l u c o ~ - 6 - P  d e h y d r o g e n a s e  an d  NA ! ) t ' .  
T h e  v a l u ~  o b t a i n e d  ave : ft u c tom,  3 mM; gilllSl}~, O.O 7 raM. 

I t  is l ikely  t h a t  a single e n z y m e  ca ta lyzes  the  p h o s p h o r y l a t i o n  o f  glucose an d  
fructtzge since a s u m m a t i o n  o f  reaict ion rates  is no t  ob.~erved ila the  p resence  o f  btl th 
sugars .  Glucose  c o m p e t i t i v e l y  inh ib i t s  f ruc tose  ph~spht~ryla t ion  a l t h o u g h  the  p resence  
of  f ruc tose  ha s  l i t t le  or  no  effect  on glucose p h o s p h o r y l a t i o n .  Th i s  o b s e r v a t i o n  i~ in 
k e e p i n g  w i th  t he  r e l a t i ve  affinit ies o f  t he  e n z y m e  for the  two  hexoses .  

T h e  e n z y m e  d i sp lays  a specific r e q u i r e m e n t  fl~t" A'FP and  is act ivatc~l  bo th  bv  
m a g n e s i u m  a n d  m a n g a n e s e  io rs .  

U n d e r  the  e x p e r i m e n t a l  cond i t i ons  de .~r ibed ,  glucose p.~.os.phorylation ra tes  of  
b e t w e e n  30 a nd  6o /~mole s /min /g  o f  ad ipose  t issue n i t rogen  were ob¢~'.~'~'d. 

JNTROI}I-GTION 

Several gIycolytic en~yme~ have been measured in extracLs of white adipose tissue 
• " * s . . . . . . . . . . .  i- of  tile r a t  ~,:. R u i )  ~ ha_-~ d e t e r m i n e d  tile icv~i uE hc.~t~kilt~L~e a~Li*lt~ ~lt ~.,_,:,,a~, . , , , , -  

c u t a n e o u s  ad ipose  t issue a n d  whi te  ~ d i p o ~  t i .~ue f rom mice.  H o w e v e r .  t h e r e  h;~.. 
b een  no  de t a i l e d  r e p o r t  conce rn ing  tire p rope r t i e s  o f  the  hexok inasc  in the  e p i d i d v m a l  
f a t  p a d  o f  the  r a t ,  a l t h o u g h  t he  c a p a c i t y  o f  this  t issue h~r t h e  rap id  convcr~i,  n of 
g lucose  to  v a r i o u s  i n t e r m e d i a t e s  fo r  fa t  syn th e s i s  impl ies  an  ac t ive  p h ~ p h o r y l a t i n g  
m e c h a n i s m  4. Mureove , ,  J E A N R I g N A U D  A N D  R E N O L D  ~ a n d  L E O N A R D S  A N D  I - A N D A G  6 

h a v e  s h o w n  t h a t  t he  i n t a c t  e p i d i d y m a l  fa t  p a d  of  the  ra t  is senMtlve to  the  gluco.~c 
coneent,'~'~tion o f  the  m e d i u m ,  mcta,~,:~lizing increas ing  a m o u n t s  d f  thig sugar  as i ts  
c o n o e u t r a t i o n  is ra ised  u p  to  r a t h e r  high levels.  In this  regard ,  adipose  t issue i~, 
s imi la r  to  r a t  l iver  a n d  it  wan o f  i n t e r e s t  to  ~ w h e t h e r ,  as  in ra t  l iver,  th is  pheno-  
m e n o n  c ou ld  be e x p l a i n e d  b y  a low aff in i ty  of  g lucok inase  for i ts  su b s t r a t eL  Accord-  
Lngly, t he  fo l lowing e x p e r i m e n t s  were  des igned  to  m easu re  tl~.¢ aff in i ty  of  adipo.~e 
h~xokina.se for  g lucose  a n d  f ruc tose .  O t h e r  p ro p e r t i e s  of  th is  e n z y m e  will also be re- 
p o r t e d .  A pre l iminary ,  e s t i m a t i o n  o f  the  Micbaelis  c o n s t a n t  fur glucose o f  ad ipose  
t i s sue  h e x o k i n a s e  ha s  been  pub l i shedL 

Bic~l*im÷ Lcgo#Itys..4eta, 6 7 ( .... 3 ~o~--~i~ 
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MATERIALS AND 21ETHODS 

Nuclea)side 5 ' - t r iphosphates  were ob ta ined  fiom the  Pabs t  Laborator ies ,  NADP"- 
f iom the Sigma Chemical Company ,  and L~'acose-6-P dehydrogenase  and hexose 
phospha tes  f rom the California Corpora t ion  for Biochemical  R e , a r c h .  [~4C~glucose 
and fructose were obta ined from the  New England Nuclear  Corporat ion and were 
di luted to 33 uC/mil l ia tom of  carbon  befor( use.. All solutions were prepared  with 
distiLled, deionized water ,  deionizat ion bei tg  accomplished by  passage th rough  a 
column of  MB-3 mixed  bed resin (Rohm aad Haas). Unlabeled,  C.P. fructose was 
obta ined  from Pfanst iehl  Labora tor ies  and ~as used wi thou t  fu r the r  purification. 

Preparation of the extract 

White  ra ts  weighing be tween zoo and 25o g and fed ad libitum were used as a 
source of  adipt~se tissue. Epididyrnal  and .Derinephric adipose tissue was dissected 
immedia te ly  a f te r  decapi ta t ion  o f  the  ra t  and was homogenized in one or two volumes  
of  the following salt solut ion:  o . x s b l  votassium chloride, o.oo 5 M magnes ium 
chloride, o.oo5 M di .~dium E D T A  (pH 7-5)- I t  was found t ha t  homogeniza t ion  at  
o ~ caused the fat to  solidify and to  t r ap  a significant por t ion o f  the  aqueous  phase  
even aftci  high speed centr i fugat ion.  Mffeovcr ,  the  occluded liquid was found to  
possess enzyme  act ivi t ies  two to  three-f01d higher  than  the  main  bulk of  ex t rac t .  
b , r  thi~ re:t~on, ex t rac t s  were prepared  by homogeniz ing the  tissue at  room tempera -  
ture  for a few minutes  followed b y  low speed cent r i fugat ion  of  the  emulsion,  also at  
room temperature. ,  to separa te  the liqnified fat. This  p rocedure  yielded ex t r ac t s  
r icher  in prote in  and hexokinase  ac t iv i ty  than  tho.~e ob ta ined  by  ex t rac t ion  in the  
cold. Recent r i fugat ion  of the  aqueous (bottom) layer  at  t oo  ooo × g for 3 ° rain did 
n . t  measurab ly  change the  hexokinase  ac t iv i ty  of  the  solution. The  high speed cen- 
t r i fugat ion  s tep  was therefore  omi t ted .  The  crude  ex t r ac t s  conta ined  t races  of  A T P  
and appreciable  amoun t s  of  glucose (on the  order  of 6o/~g/ml a~ de t e rmined  with 
glucose oxida~e): these were removed  by  overnight  dialysis in the  cold against  a 
l~r~e volume of  the solution used for ex t rac t ion  of the  tissue. 

Mcas:~reme~tt of glucose phosphorylation 

The  conversion of  glucose to  glucose-6-P was de te rmined  b y  measur ing  the  re- 
duc t ion  of  NADP~ in the p r ~ e n c e  of  exogenous  glucose 6 - P  dehydrogenase  as des- 
cr ibed previously  for liver extract_s B. Because of  the  high endogenous  6-phospho-  
gluconic dehydr~genase  ac t iv i ty  of the  adipose ext rac ts ,  each molecule of  glucose- 
6-/)  oxidized )de|ded z molecules of  N A D P H  and  one molecule o f  CO t f rom C-x. 
Tl,ese reaction~ were followed ei ther  by  me,~_suring the  format ion  of  N A D P H  spectro-  
photometr ica l ly ,  or b y  de te rmining  the  yield of 1~CO t f rom [x-14C]glucose. The  
la t te r  me thod  is more  s ta table  for precise measurement s  since endogenous  glucose- 
b -P  format ion does no t  interfere.  

In  the  spec t ropho tomet r i c  assay the  test  cuve t t e  con ta ined  the  tbllowing sub- 
s tances a t  the designated concent ra t ions  Ln a tot_al vo lume o f  o.4o ml (pH 7-5): 
glycylglycine.  44 mM ; N A D P  +, 0.75 mM; MgClt, 7-5 mM; ATP,  3 mM; glucose-6-P 

~iockim. Biopkys. Acta. 67 {s963) 3o5-3z2 
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d e h y d r o g e n a t e ,  0.07 R a c k e r  tTn i t ' ;  g lucose.  5 ° mM.  a n d  ad ipose  e x t r a c t ,  u suz l l y  
o.o 5 ml .  

T h e  e n z y m e  e x t r a c t  was  a d d e d  la.~t to  in i t i a t e  the  r eac t ion  and  the  l inear  in- 
c r ease  in a b s o r b a n c v  w a s  r eco rded  ;it o .5 -min  intervaL~, the  first  r ead ing  be ing  t a k e n  

i 

3o see a f t e r  t h e  t i m e  o f  mix ing .  T h e  r eac t i on  wa~ ca r r i ed  o u t  a t  r o o m  t e m p e r a t u r e ,  
2o~-25 °. I n  the  a_,~say of  d i a lyzed  e x t r a c t s  a con t ro l  cell, c o n t a i n i n g  no  a d d e d  ~luct),~, 
c o m m o n l y  s h o w e d  a r e ac t i on  r a t e  of  less t h a n  on~:- t ,vent ie th t h a t  o f  the  glucose; 
s t i m u l a t e d  r eac t i on .  W h e n  u n d i a l v z e d  extr~it:ts wore as.~aved it wa.~ n e c e s s a r y  to  
w i t h h o l d  t h e  a d d i t i o n  of  A T P  in o rde r  to  o b t a i n  a c o m p a r a b l e  con t ro l ,  since m~fficient 
e n d o g e n o u s  g lucose  is pre.sent  in the  e x t r a c t  to  g ive  an a p p r e c i a h l e  r eac t ion .  

In  t h e  i so top ic  a.~-~ay, the  r e ac t i on  m e d i u m  wa~ the  s a m e  as  desc r ibed  a b o v e  
e x c e p t  t h a t  the  v o l u m e  o f  mc.~l~,:tm f . r  e ach  tes t  wa~ inc reased  tt) 4.o ml, the  r~m- 
c e n t r a t i o n s  o f  r e a c t a n t s  r e m a i n i n g  the  s ame .  I n c u b a t i o n  wa.¢, ca r r i ed  out  in z s - m l  
E r l e n m e y e r  fla.gkg f i t t ed  w i th  n t b b e r  c a p s  a n d  smal l  p las t ic  wells s u s p e n d e d  hal f -  
w a y  d o w n  in t h e  f lasks  a n d  a t t a c h e d  to  the  cap.~ b y  m e a n s  of  wire.  T h e  wells con-  
t a i n e d  o.2 ml  of  ~o M .,~odium h y d r o x i d e  for abso rp t i , , n  of  the  c a r b o n  dioxide .  T h e  
a d i p o s e  e x t r a c t  (0. 5 ml)  w a s  a d d e d  last ,  a n d  the  fla~ks were  c a p p e d  a n d  p laced  in a 
D u b n o f f  s h a k e r  a t  z8 ° for  15 rain.  T h e  r eac t i on  wa.~ t e r m i n a t e d  b y  t h e  injt~ction o f  
0.3 m l  o f  z o %  su l fur ic  ac id  t h r o u g h  the  r u b b e r  c a p  wi th  a sy r inge .  S h a k i n g  was  
c o n t i n u e d  for  30 m i n  to  a l low for c u m p i e t e  a b s o r p t i o n  o f  the  CO~_ w h i c h  was  t h e n  
~solated w i t h  " c a r r i e r "  c a r b o n a t e ,  c o n v e r t e d  to  b a r i u m  c a r b o n a t e ,  p l a t e d  a n d  c o u n t e d  
a.s p r e v i o u s l y  d e s c r i b e d  ~. Specif ic  a c t i v i t i e s  were  c o r r e c t e d  for  t r ace~  o f  acicl-lahile 
~C  in t h e  g lucose  s u b s t r a t e .  

Measurement of  fruct~se phosphoyvla~io, 

A s s u m i n g  t h a t  the  p r o d u c t  o f  fra]ctosc phosphc~ryla t ion  in ad ipose  t i .~ue  is 
f ructose-(>-P,  th i s  i n t e r m e d i a t e  mu~t  bc  q u a n t i t a t i v e l y  c o n v e r t e d  to  ghlcose- th- l '  in 
o r d e r  to  m e a s u r e  the  r e a c t i o n  r a t e  w i t h  the  p r e s e n t  s y s t e m " .  T h e  r a t e  o f  the  phos-  
p h o h e x o s e i s o m e r a . s e  r e ac t i on  in the~e e x t r a c t s  a t  .~aturat ing levels  of  f ruc to~e -6 -P  
w a s  formal to  be  q u i t e  high,  a t  leas t  Io-fi) ld h igher  t h a n  the  r a t e  o f  the  h e x o k i n a s e  
r e a c t i o n  (see al.-~ ~,VEBErt et al."). H o w e v e r ,  in the  t)re.-ence of  A T I '  one  m i e h t  ex_0c.ct 
s o m e  f r u c t o s e - 6 - P  to  be  lost b y  pht )s l~horyla t ion  to  the  d i p h o s p h a t e .  To  i n v e s t i g a t e  
t h e  e x t e n t  of  t h e  p h o s p h o f r u c t o k i n a s e  r e a c t i n n  in the  e x t r a c t s ,  g l u c o s e - 6 - P  w~s 
a d d e d  w i t h  a n d  w i t h o u t  A T P ,  a n d  a f t e r  a s u i t a b l e  i n c u b a t i o n  the  a m o u n t  .of g lucose-  
6 - P  r e m a i n i n g  w a s  d e t e r m i n e d  w i t h  g l u c , . ~ - 6 - / '  d e h y d r o g e n a s e .  I t  was  f o u n d  t h a t  
A T P  d i d  no t  m e a s u r a b l y  s t i m u l a t e  the  di_~appearance of  g lucose- f i - / ' .  "[ 'hu,  p h o s p h o -  
f r u c t o k i n a ~ e  w a s  f o u n d  to  be  i n a c t i v e  in these  p r e p a r a t i o n s .  P^ssor~ ,~ : .~ ,  :~.~o L,~wxa" 
h a v e  r e c e n t l y  d e s c r i b e d  t h e  l ab i l i t y  o f  p h o s p b . o f r u c t o k i n a s e  a n d  t h e  p r e c a u t i o n a l T  
m e a s u r e s  wh ich  m u s t  be. t a k e n  to  tweven t  i ts  m a c t w a t i o n  ~ t h i n  a few m i n u t e s  
a f t e r  e x t r a c t i o n  TM. A c c o r d i n g l y ,  it b e c o m e s  r e a s o n a b l e  to  a.~sume t h a t  u n d e r  the  
e x p e r i m e n t a l  c o n d i t i o n s  wh ich  h a v e  been  desc r ibed ,  C-!  o f  f r u c t o s e - 6 - P  is con-  

" A un i t  o f  a c t i v i t y  as proposed by  R a c k e r  is tha t  ~ m ( , ~ n t  o f  c . z y m c  which ~.~,~lL ca ta lyze  
r.he o x i d a t i o n  o f  x ~tmolc  o f  g l u c o s c - 6 - F  per  rain. 

"" T h e  p o s s i b i l i t y  t h a t  f r u c t c ~ ,  is p h o s p h o r y l a t e d  to  f r u c t o s e - I - P  a~ in  l iver  l~ wa.s e l i m i n a t e ¢  
b y  t h e  o b s e r v a t i o n  t h a t  ~ e x t r a c t s  do no t  c o n v e r t  f r u c t o s c - l - P  to  g luco~e-£ , -P,  w h e r e a s  
f r u c t o s e  is  r e a d i l y  c o n v e r t e d  to  g i u ~ . e - o - a  ~. 

Bi~hi ,n.  13tophys. ,4eta, 67 {1963) 3o5-3t= 
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v e t t e d  to c a r b o n  d iox ide  b y  the  c o m b i n e d  ac t i on  of  p h c z c p h o h e x o ~ i s o m e r a s e  a n d  
the  e n z y m e s  of  the  d i rec t  o x i d a t i v e  p a t h w a y .  Hence,  f ruc tose  p h o s p h o r y l a t i o n  was  
d e t e r m i n e d  exac t l y  as descr ibed  for g lucose  e x c e p t  t h a t  u n i f o r m l y  labeled f ruc to se  
was u.-~ed ms s u b s t r a t e  since [xJ4C]fructo~_e was  unava i lab le .  

R E S  U L T S  

The n i t rogen  ~on t cn t  of  ad ipose  t i ~ u e  t a k e n  f rom male  r a t s  fed ad l i b i t um a n d  weigh-  
ing be tween  2oo a n d  25o g was  a b o u t  x. 7 m g l g  of  t issue (fresh weight)  ~s d e t e r m i n e d  
b y  the  Kie ldah l  p rocedure .  W a t e r  c o n t e n t  o f  the  fresh t issue va r i ed  b e t w e e n  5 a n d  
g~b as e s t i m a t e d  b y  h e a t i n g  p r e w e i g h e d  samples  a t  13 o° to  c o n s t a n t  weight .  O t h e r  
e s t i m a t e s  of  the  chemica l  c o m p o s i t i o n  o f  ad ipose  t issue h a v e  be~.'n r e p o r t e d  b y  
BAi~IXV:Alr AND PAGE Iz. ] ' h e  hexoki~aase a c t i v i t y  o f  the  t issue, as d e t e r m i n e d  in 
ex t r ac t s ,  was  fair ly c o n s t a n t  a n d  c o r r e s p o n d e d  to the  p h o s p h o r y l a t i o n  o f  b e t w e e n  
o.o 5 a n d  o. t /~mole  o f  g lucose /min /g  o f  tissue, o r  be tween  3 ° a n d  6 o / ~ m o l e s / m i n / g  

TABI.E I 

G L U C O S E  I ~ H O S P H O R Y L A T I O N  ~ Y  AN U N D I A L W Z E D  F~XTRACT 

O ~  ~ } { l ' f E  A P I E I O S E  T I S S U E  

Each lest cell contained in addition to those substancc~ designated below, o.3~m01e NADP ~' 
3/anolt~-s MgCI:, t 7 pmoles glycylglycine (pH 7.5) in a total votume of o.,lo ml. Glucose, 40 #tmoles ; 
glucose-6-P, 0.4 #,mole; ATP and glucose-6-P dehydrogenasc {GDH) were addtxt as indicated. 
Adipose extract was added 1o each cell in o.os-ml portions g-ith the exception of the last cx- 

|)crimcnt wheel: o.o~ ml wa-s add~d. Tht: reaction rate was linear for at least 5 mia. 

,4 drill ia~t 

N , , I I )P i l  /armed # n  mt,tttt¢ 
f ~ # w ,  oJ.,, ) 

p ~  ~ pc," gram gt~K¢" 

Glucose, ATI', GDII 3.4 i3o 
Glucoze. ATP ~.8 : lz 
ATP. GDH 1.7 68 
Glucose, GDII o.z 8 
GP tcose-O-P  xo. 3 4 t z 

" Fr<-sh weight, animal~ fed ad l~bltum. 

of  t issue n i t rogen .  The  ra te  o f  fructo.~e p h o s p h o r y l a t i o n  was  found  to  Lm a b o u t  tile 
¢_ame as t h a t  for g l u c o ~ ,  or  a l i t t le higher .  

The  d a t a  r ecorded  in Tab le  I define some  of  t he  p roper t i e s  o f  t he  a s say  sy s t em.  
B y  c o m p a r i n g  lines x a n d  3 it  can  be see,-', t h= t  the re  is suff icient  g lucose  in 0.05 ml  
o f  u n d i a l y z e d  e x t r a c t  to  g ive  a r eac t i on  r a t e  o f  a b o u t  one -ha l f  t h a t  o b t a i n e d  in t h e  
presence  o f  exce~s glucose.  F r o m  a g lucose  d e t e r m i n a t i o n  on  the  e x t r a c t  the  final 
g|ucoz,2 c o n c e n t r a t i o n  in the  cell wa_q e s t i m a t e d  to  be  5" xo-S M. T h e  f o r m a t i o n  o f  
g l u c o s e - 6 - P  is c o n s i d e r a b l y  r e d u c e d  b y  w i t h h o l d i n g  A T P  (line 4) a n d  a c o m p a r a b l e  
c on t ro l  can  be o b t a i n e d  b y  w i t h h o l d i n g  glucose  f r o m  a d i a lyzed  p r e p a r a t i o n .  One  
does  no t  obse rve  m a x i m u m  ra te s  in the  absence  o f  a large  excess  o f  g l u c o s e - 6 - P  
d e h y d r o g e n a s c  (line 2) e v e n  t h o u g h  the  e n d o g e n o u s  h e x o s e m o n o p h o s p h a t e  s h u n t  

Biochim. B~phys. Act-,. 67 (I~3~ 3o~-3t~ 
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enz3"me~ h a v e  a high c a p a c i t y  fi>r ox id iz ing  actd,.d g lucose-6-P  (line 5)- The  d a t a  in 
the  last line d e m o n s t r a t e  t h a t  the  re~;<:tion ra te  i~ p ropor t iona l  t<> the  v o l u m e  of  
adilx)se ex~.ract assayc~t be tween  <).o2 :rod 0.0 5 mt. 

T h e  af f in i ty  o f  a<libx>se tis.~u,., hexokina.~c f<,r g lucose wa.n e s t ima ted  using th<- 
i so topic  ;msay procedure ,  a n d  a t yp i ca l  I.~.xr.WV:AVVt~-;¢ORt< plot  is shown  in Fig. I. 

/ 

I . t 

20 20 40 

t~J 

l" ig.  I. LI .~VWEAX'F.R-I '~t 'RK lth>t : ' t , l ~ t l ~  ~luCo'i~'  ~ . -oncont i ' i~ t ion .  

T h e  reac t ion  is expressed  as count.~/mit, - f  h - , r i ,m  ~.~rhonat~, ,at " inf in i te  thick:te~.~". 
T h e  d a t a  are consi.~tent wi th  an a p p a r e n t  3,1ichaeli_~ c o n s t a n t  fi)r [~luco.~e of  o.~J 7 rnM. 
Values  as h igh ~'~ o. ro mM h a y ?  been o b t a i n e d  wi th  a g rea t e r  s ca t t e r  ~f p(~int,;. The  
e x p e r i m e n t  was  r epea t ed  us ing  fta_,ctose (Fi~. 2) and  this suga r  was  found  to h a v e  
a m u c h  le_~er aff ini ty  for the  e n z y m e  wi th  an a p p a r e n t  MICHAEl.IS c o n s t a n t  rm the  
o r d e r  o f  3 raM, 

C o m p e t i t i o n  exper i raen t~  wi th  g[uc¢>se and  fru('to,~e ..:.ugge.~ted t h a t  a single 
h c x o k i n a s e  pho-~phorylate.~ b o t h  sugar~. In  a typ ica l  e x p e r i m e n t  in which  N A D P H  
f o r m a t i o n  wa~ meanured ,  gluco.,~ and  f ruc tose  tog~-ther (each at  a final c o n c e n t r a -  
t ion  o f  o.o5 M) y ie tded  an  inc.'ease, in a b s o r b a n , ' v  per n~'~r, ttte o f  t,.oS~; glucose a lonc 
(o.x M), o.ot3o; f rucu)se  a lone  to.t  .~.t). t,.,,,~,,. I t  . ev iden t  t h a t  the  to ta l  r eac t ton  

, 

Fig. 2. LINEWF..~VER-KORK plot..~bscis: fnlctoSe coilcentration. 
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ra te  in the presence of  sa tu ra t ing  concen t ra t ions  of  both  qul~ars togethec  lies near  
the  rates observed with each sugar separate ly ,  and a summat ion  of  rates  is not  ob- 
tained. These observat ions  cons t i tu te  at  least suggest ive evidence tha t  we are dealing 
here  with a single phosphory la t ing  enzyme  r a the r  than  two e n z y m e .  

In order  tu learn whe ther  one sugar is preferent ia l ly  phosphory la t ed  when bo th  
are available,  the exper iment  whose results are out l ined in Table  I I  was carried out .  

T A B L E  I I  

C O M P ~ T i t T I O N  B E I W E E N  GI U C O S E  A N D  E r R U C T O S K  F O R  P } I O . C i D H O R Y L A T I O N  

B Y  AI)IPO~,F.  H ~ X O K I ~ ' A S E  

"l 'lle p h o a p h < , r y l a t i ~ n  r a t e  o f  e a c h  s u g a r  a l o n e  a n d  i n  c o m b i n a t i o n  ..,.'as d e t ~ ' , r m i n e d  by" t h e  i ,~otopic  
a s s a y  m e t h o d  d c ~ : r i b e d  in  t h e  e x p e r i m e n t a l  ~ e c t l o n .  T h e  r a d i o a c t i v i t y  i n  t h e  CO~ a r i s i n g  f r o m  
C-x o f  t h e  l a b e l e d  hexos¢., i s  g i v e n  in  c o l u m n  ~ a~ c o u n t - ~ / r a i n  p e r  s t a n d a r d  p l a o e h e t .  F o r  f u r t h e r  

d e t a i l s  s e e  t e x t .  

+ f r u c t o s e  

-I m M  [HCe ; : f ruc tose  / 

/ ÷- g l u ~ o ~  

C ~ e ~ l ¢ ~ i ~ r 4  Pe~ ~ n l  ,'~h,htlLOn 

uala.hci~1 Co,~wd~,m,n GIu~o~ Fru~:~s~ 
~ a o s e  plloipko~ytation 

o 2bbo o - -  
~,o z87o o - -  

30,0 2 8 3 0  o --- 

o 505  --- o 
o.z : o ~  - -  6 3 
z . o  zO 97 

The phosphoryhtti( , , ,  , a t e  of the  labeled hexose was e s t ima ted  by  measur ing  the  in- 
corpora t ion  of  C- t into the resp i ra tory  CO2 as described earlier. The  labeled CO= was 
isolated with o. 7 mmole  (,~ tmlabeled sodium ca rbona te  and coun ted  as ba r i um 
carbonate .  The  c o r n t s l m i n  obta ined,  correc ted  for background  and  zero t ime con- 
trois, arc shown in column 3 of  Table  II .  I t  is appa ren t  from the  da ta  in the first 
3 lh~es of  the table  t ha t  glucose phosphory la l ion  is not  inhib i ted  by  fructose,  even  
when the  la t te r  sugar is present  at  xo t imes the concen t ra t ion  ot the  former.  On the  
o the r  hand,  glucose even at low concen t ra t ions  is seen to  dramatic,-dly inhibi t  fruc- 
tose phosphory la t ion  (bo t tom 3 hne.~). These  results are consis tant  wi th  the  observed  
appa ren t  Michaelis cons tan ts  for the  two sugars. 

Neither  I T P  nor U T P  can replace A T P  for the phosphory la t ion  o f  glucose or  
fructose. Cl 'I  ~ and  G T P  were also found to  be inac t ive  when tes ted with glucose, bu t  
these compounds  were not  tes ted with fructose.  

In keeping with the  metal  ion requ i rement s  of o the r  hexokinases,  t he  adJt~ose 
enzyme  is s t imula ted  by  magnc~ium ions. and also by  r n a n g a n ~  tuns. 

D v S C U S ~ I O N  

The  results of the  pra~ent work demons t r a t e  tha t  a d i p o ~  tissue he.~:c.,kina~ is similar 
to  the brain enzyme  in its affinity for fructose,  a l though it has  a somewha t  lower 
affinity for glucose. Thus,  SOLS AND CRaN~- ~s have  r epo r t ed  the  folluwing cons tan t s  
for bra in  hexokinase:  Km f r u c t o ~ ,  r .6 raM; glucose, 0.oo8 raM. The  corresponding 
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cons tan ts  here es t imated  for ;tdip,~.~ h:'xoki~.~." are: fructose, 3 r a M ;  glucose., 
0.0 7 m.M. Fu r the r  similarities between the t'.v~ enzymes are ~.~e.n it, the marked  
inhibi t ion of  fructose phosphvty ' ,at ion in the pre.~'nce of glucose s. 

In e_-~timates of the affinity of adipose tissue h e x o k i n a ~  for fructo.~ it i~ possihle 
tha t  even af te r  dl.alysis of the ex t r ac t  s,Jfficient glucose may  remain to effectively 
inhibi t  fructose phosphoryla t ion .  In this event ,  the pr~,ience of  traces of glucose 
would be expec ted  to produce an apparen t  increase in the measured  lt'm tfructose) 
by  a factor  of  ix -~- i /Kt),  whole i is the effective g!uc,,~e concent ra t ion  and Kt is the 
inhibi tor  cons tan t ,  t ,  Kt  is sufficiently -.'mall. t hen  the fructose c~mstant herein re- 
po r t ed  ma y  be high by  a factor  of  2 or 3. More precise measurement s  of  the Km for 
fruetuse and the  kinetica o f  fructose pho~phorylat ion must  await  purification of the 
enzyme.  

The  high affinity of  adipose tissue hex,,kina.~p k,r glucose is not  ~urpri.~ing in 
view of  the  fact t ha t  this tissue is e×t remelv  act ive metabol ical ly  and is capable  
o f  rapidly  conver t ing  glucose to  g lycer ide-g lycen , l  ~md glycogen ~4. However ,  as wa_~ 
poin ted  oati; earlier,  the  in tac t ,  isolated epidid) 'mal fat pad of  the rat  metab,,ID.~-.> i,,- 
creasing amoun t s  of  gluco.~, with increasing glucose concent ra t ion  of the medi,~m. 
In o ther  words, m a x i m u m  glucose utiliz~.tion is not  observed at "physio logica l"  
concen t ra t ion  in ~itro. This effect cannot  be ascribed to a l imiting react ion wi'A~ tl-,~ 
hexokina~e since it has  been demons t r a t ed  at glucose concem='=tions far  above  that  
requi red  to  s a tu ra t e  the enzyme.  The  phenomenon  in quest ion is more  like|y duc to 
o the r  factors,  such aa t ranspor t  a c r o ~  the cell membrane  a~ ha.~ nr~n dcscnbecl by  
PARK and  o thers  for hear t  muscle t~. Al.~o. there remains the possibili ty tha t  all 
accumula t ion  of ghtcose-6-P m a y  inhibit  glucose phospho~, la t ion  as was domon- 
s t r a t ed  for brain hexokinase  ts. P roduc t  inhibiti ,m by  ghtcose-6-P was riot invest igated 
in the  present  work ;  : ,evertheless, po.~sible interference from thi.~ source was circum- 
refuted by  cltrr) 'ing o u t  the hexokinase assay under  condit ions which p reven t  the 
acer-mulat icn of  tb_~: in termedia to .  

ROD has s tudied  the  hexokina- ~-x'. ac t iv i ty  ex t rac tab le  f rom adipose ~i~_~ue of mire  
and human~ by a me t hod  similar to  our.~ a. His values for norm:d grey mice corre~. 
pond to the phosphor3,1ation (at 24 ~) of  5oo/~mole.~ gluc~yse./minlg t~itrogen: f(~r 
humlm subcu taneous  adipose t i~ue ,  7 o/~moles/min/g nitrogen. AIthough the  lew..l 
o f  this e n z y m e  in human  adipose tissue is comparable  to wha t  hm; been found in 
the  ep id idymal  fat  pad of  the rat ,  the hexokinase acgix'i~)" o f  mouse adipose tissue is 
seen to be about  xo-fold higher, p robably  reflecting the rapid me*aboli~m of this 
animal.  

Es t ima t t~  uf the soluble hexokina .~  ac t iv i ty  of rat liver, using the pre~ent 
a s h y  me thod ,  lie in the  vicini ty  of o.4 o ptmole of glucose phosphory la ted /n i in :g  
(fresh weight) o f  tissue ~. A ~ u m i n g  a liver ni t rogen conten t  of  approx.  3°,],, the  
hexokinm~e ac t iv i ty  per gram of  ni t rogen is x 3 umoles /min.  By compari.~on it h~s 
been .~en t h a t  adipose tissue ex t rac t s  ph~sphoryla te  at least 3 ° / ,mo le s  of  glucose/g 
n i t rogenlmin .  V~'hen compa.red on this biesis, the level of  hexokinase ac t iv i ty  of  
adipose tissue is at  least of the same order  0f magni t t tde ~g tha t  o f  liver. WEBER 
el a2. t have  de t e rmined  the  act ivi t ies  of  .~:veral other  en23mles of  the  glycolyt ic  
p a t h w a y  fron~ rat  adipose t i ~ u e  and have  compared  them with thef t  counte.,'part.~ 
in liver. The i r  results, to which the present  hexokinast: da ta  may  be added,  ger: : rai ly  
indicate  tha t  th~ levels o f  m a n y  of  these enzymae_s in the two tissttes are similar. I f  
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t , x t t a c t a b t e  t i s s u e  e n z y m e  ac t |v i t ro+  '+ m a y  be  t a k e n  as  m~me i n d i c a t i o n  o f  m e t a b o l i c  

a c t i v i t y ,  t h t m  t h e  h i g h  m e t a b o L i c  a c t i v i t y  o f  a t l ipo.~,  t i s s u e  is r t : e m p h ~ i z e d .  

At;KNO%VI.EDGEM ENTS 

T h e  a u t h o r  is i n d e b t e d  t o  Dr .  A. E .  R E S O L D ,  D e p a r t m e n t  o f  M e d i c i n e ,  H a r v a r d  
Medi~:al  S c h o o l ,  a n t i  Dr .  S. ~I3~,'EINilOU.'~I+2, F e l s  R e s e a r c h  I n s t i t u t e ,  T e m p l e  U n i v e r s i t y  

S c h o o l  o l  + Medic in t : ,  for  t h e i r  h e l p f u l  c r i t i c i s m  o f  t h e  m a n u s c r i p t .  T h i s  w o r k  w a s  

s u p p o r t e d  in  p a r t  b y  g r a n t s  f r c m  U n i t e d  S t a t e s  P u b l i c  H e a l t h  S e r v i c e  ( A - 2 6 4 o  C4) 

an t i  t h e  N a t i o n a l  S c i e n c e  F o u n d a t i o n  ( N S F ( ;  19~,3Z). 
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