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S U M M A R Y  

The subcellular distribution of hexokinase (ATP:D-hexose 0-phosphotrans- 
ferase, EC 2.7.I.I) in cells of Yoshida ascites hepatoma AH7974 was studied. About 
4o% of the activity was localized in the 18 ooo x g precipitate. The particulate 
hexokinase was found to be mainly bound to nfitoehondria by subfractionation of 
the 18 ooo > g precipitate and by comparison of the distribution of the enzyme 
with those of marker enzymes of mitochondria and cytoplasnfic membranes. Mito- 
chondrial-bound hexokinase was released using nucleoside triphosphates, glucose 
6-phosphate or detergent. The released hexokinase contained more type I than 
type II  enzyme while the soluble fraction contained predominantly type II. The 
mechanism and physiological significance of the binding of hexokinase t() mito- 
chondria are discussed. 

1 NTROD UCTION 

There are four molecular species of hexokinase (ATP: D-hexose 6-phosphotrans- 
ferase, EC 2.7.I.I) in rat liver 1,2. The changes of the isozyme pattern of hexokinase 
in experimental rat hepatomas have been investigated in our laboratory a,4 and 
elsewhere ~-8. The hexokinase isozyme pattern of slowly growing hepatomas (Morris 
hepatomas) was very similar to that of normal live#& However, fast growing 
hepatomas (Yoshida ascites hepatomas) showed only type I and II hexokinases, the 
latter predominating. In some strains of Yoshida ascites hepatomas which grow 
rather slowly, type I I I  hexokinase appeared in addition to types I and II  4. 

During studies of these isozyme patterns, we noticed that the hexokinase 
activity in Yoshida ascites hepatoma cells was partly bound to subcellular particles, 
whereas almost all the hexokinase activity in normal rat liver was recovered in tile 
soluble fraction. 

This paper reports the distribution of hexokinase activity and its release from 

* On leave of absence from Department of Cell Chemistry, The Institute of Medical Science, 
The University of Tokyo, P. O. Takanawa, Tokyo, Japan. 
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cellular particles in some strains of Yoshida ascites hepatomas. The bound hexokinase 
in the particulate fractions of the cells was found to be almost exclusively localized 
in the mitochondria and was readily released by  glucose 6-phosphate (GIc-6-P) or 
by various nucleoside triphosphates, as reported by other workers 9-13. The hexokinase 
released from particles was compared with that  in the soluble fraction. 

M A T E R I A L S  A N D  M E T H O D S  

Chemicals 
ATP, NADP+, NADH, and p-nitrophenyl phosphate were purchased from 

Sigma Chemical Co., St. Louis. Glucose 6-phosphate dehydrogenase was obtained 
from Boehringer and Soehne GmbH, Mannheim, Western Germany. 33P-labeled 
5'-AMP was prepared from 33P-labeled NAD+ obtained in this laboratory. 

Enzyme  assay 
Hexokinase was assayed by  the method of SALAS et al. TM with a slight modifi- 

cation. The reaction mixture contained in a final volume of I.O ml: o.I M glucose, 
5 mM ATP, 5 mM MgC13, 0. 4 I.U./ml giucose-6-phosphate dehydrogenase, 5 mM 
NADP+, 5 mM 2-mercaptoethanol, 0.3 M Tris-HC1 buffer (pH 7.4) and o.I ml of 
appropriately diluted enzyme preparation. The change in absorbance at 34 ° n m  was 
measured at 30 ° with a Gilford multiple sample absorbance recorder, Model 2000. 

Cytochrome c oxidase activity was assayed by the rate of oxidation of reduced 
cytochrome c, determined at 3 °o by measuring the decrease in absorbance at 550 nm 
after addition of the enzyme preparation. Appropriately diluted enzyme preparation 
(o.I ml) was added to 0. 9 ml of reaction mixture containing 9o/~M cytochrome c 
and o.i M phosphate buffer (pH 7.4)- This is a slight modification of the method of 
SMITH14,15. 

5'-Mononucleotidase activity was assayed in reaction mixture containing o. I M 
giycine-NaOH buffer (pH 8.7), IO mM MgCI2, 38. 9/~M of 33P-labeled AMP (specific 
activity 1.62-lO 3 counts/min per/ ,mole)  and appropriately diluted enzyme prepara- 
tion. Incubation was carried out at 37 ° for 15 rain, and the reaction was stopped 
by adding o.I ml of 70}/0 HC104 after addition of an appropriate amount of inorganic 
phosphate as carrier. A sample of 0. 5 ml of the acid-soluble fraction was extracted 
with isobutanol and the inorganic 32p radioactivity was measured in a gas-flow 
counter. A unit of activity corresponded to the liberation of I #mole of inorganic 
phosphate, and the specific activity of the enzyme was defined as units/rag of protein. 

Protein assay 

Protein was measured by the method of LowRY et al. TM with crystalline bovine 
serum albumin as standard. 

Animals  and tumor cells 

Several million cells of Yoshida ascites hepatoma AH7974 were injected intra- 
peritoneally into male Donryu strain rats weighing about IOO g. Tumor cells were 
harvested 7 days after transplantation and washed with cold physiological saline 
until no contaminating red blood cells could be detected under a light microscope. 
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Preparation of homogeuate 
Tumor  cells were homogenized wi th  5 vol. of o . i  M Tris-HC1 buffer (pH 7.4) 

conta in ing  5 mM 2-mercap toe thanol ,  5 mM E D T A  and  IO mM glucose with  a Vir- 
Tis 45 homogenizer .  Dur ing  homogeniza t ion  a l iquots  of  the  homogena te  were taken  
at  in terva ls  and  examined  under  a phase  con t ras t  microscope to check the degree 
of cell d is rupt ion.  For  homogenizat ion ,  a P o t t e r - E l v e h j e n l  type  h()mogenizer and a 
sonica tor  were also tes ted  and they  gave s imilar  results  t() those with a Vir-Tis 45 
homogenizer.  

Centrifugal fractionation of subcellular particles 
The homogena te  was centr i fuged at  iooo  × g for 20 rain. The resul t ing 

prec ip i ta te  was washed 3 t imes  wi th  the buffer used for homogeniza t ion  and the 
washing fluids were combined  with  the  supe rna tan t .  The washed p rec ip i t a te  was 
resuspended  in IO ml of the  buffer used for homogenizat ion .  The supe rna t an t  was 
centr i fuged at  18 ooo x g for 20 rain. The resul t ing prec ip i ta te  was also washed and 
resuspended  in IO ml of the  same buffer. The  s u p e r n a t a n t  was cent r i fuged at  lO5 ooo z g 
for 60 rain and  the prec ip i ta te  was suspended in 5 ml of the  same buffer. 

Subfractionation of particles using a discontinuous sucrose density gradient 
9 ml of the  18 ooo × g p rec ip i t a te  suspension were gen t ly  layered ()n 15 ml 

of 0.34 M sucrose solut ion and  centr i fuged at  18 000 × g for 20 rain. The p rec ip i t a te  
was resuspended  in 3.3 vol. of 63°/) sucrose solut ion to  ad jus t  i ts dens i ty  to 1.22. 
I ml of this  suspension was t ransfer red  to the  b o t t o m  of a 5-ml tube  and successively 
over layed  b y  0.5 ml of 48% sucrose (d = 1.22), 2 nfl of 45% sucrose (d .... 1.2o) a n d  
I. 5 ml of  37% sucrose (d ~ 1.16). This  g rad ien t  was centr ifuged at  4 ° ooo rev . /min  
for 12o rain using an R P S  4o swinging bucke t  t ype  ro tor  (Hitachi ,  .Japan). A very 
small  amoun t  of p rec ip i t a te  at  the  b o t t o m  of the tube  and two tu rb id  bands  at  the 
in te rphases  of the  sucrose g rad ien t s  were obta ined .  The tube  was cut  with a tube  
slicer to ob ta in  five fractions.  Subf rac t iona t ion  of the  IOOO × g p rec ip i t a te  was carr ied 
out  in the  same way. The act ivi t ies  of hexokinase ,  cv tochrome c oxidase and 5'- 
mononucleo t idase  in each fract ion were assayed.  

Identification of mitochondria 
Mitochondr ia  were identif ied by  the me thod  of GREENWALT Ct al. 17. The 

~8 ooo X g p rec ip i t a t e  ob ta ined  from 5 g of  cells was d iv ided  into  two f ract ions .  
One was suspended  in IO ml of solut ion conta in ing  IO mM Tris-HC1 buffer (pH 7.4), 
lO mM MgC12, IO mM succinate,  2 mM ATP,  4 mM CaC12, 4 mM NaH2PO 4 and 
o.25 M manni to l .  The o ther  was suspended in i o  ml of sucrose. Both mix tures  were 
i ncuba ted  at  3 °° for 20 rain and then  centr i fuged at  18 ooo x g for 20 min. The 
resul t ing p rec ip i t a te  was gen t ly  washed with o.25 M sucrose and resuspended in 
I ml of 0.25 M sucrose. A sample  of 0. 5 ml of this  suspension was l ayered  onto a 
d iscont inuous  sucrose dens i ty  g rad ien t  following the me thod  of GREENWAH" et al. 1~. 
After  cen t r i fuga t ion  at  39 ooo rev . /min  for 18o min with  an R P S  4o rotor ,  the  grad ien t  
was f r ac t iona ted  b y  slicing the  tube.  The hexokinase  and cy tochrome c oxidase 
act iv i t ies  of each f ract ion were de te rmined .  

Biochim. Biophys. ,4cta, 227 ([q7 t) 344-353 



PARTICULATE HEXOKINASE IN RAT HEPATOMA 347 

Release of hexokinase from the z8 ooo x g precipitate 
The 18 ooo x g precipitate of tumor cells was resuspended in 0.25 M sucrose 

in IO times the volume of the original cells and incubated with various nucleoside 
triphosphates, Glc-6-P and detergent. The ratio of hexokinase activity in the 
supernatant after centrifugation at 20 ooo X g for 20 min to that in the incubated 
suspension before centrifugation, times IOO was expressed as the percentage release 
of hexokinase activity. The effects of the times of incubation with ATP and GIc-6-P 
and of the concentration of these compounds on release of hexokinase were also 
investigated. 

Effect of heating on released and soluble hexokinases 
The activities of hexokinases released from the 18 ooo x g precipitate with 

ATP or Glc-6-P and that in the soluble fraction of AH cells incubated at 45 ° were 
measured at intervals. For reference, soluble hexokinase of normal rat brain was 
also incubated, and its activity was measured. 

Electrophoresis of released and soluble hexokinases 
Electrophoresis of the hexokinases released from the 18 ooo x g precipitate 

and in the soluble fraction of AH cells was performed on a cellulose acetate membrane, 
and activities were located by staining as reported previously 4. 

RESULTS 

Distribution of hexokinase activity in subcellular fractions 
Table I shows the percentage distribution of hexokinase activity in various 

fractions of tumor cells and normal rat liver. Much of the activity in the homogenate 
of Yoshida ascites hepatoma AH7974 cells was found to be associated with subcellular 
particles, especially those precipitated at 18 ooo X g. Much of the remaining activity 
was found in the supernatant after centrifugation at lO5 ooo x g. A similar distri- 
bution of hexokinase activity was found in cells of other strains of Yoshida ascites 
hepatomas. Almost all the hexokinase activity in normal liver was recovered in the 
lO5 ooo x g supernatant. 

TABLE I 

P E R C E N T A G E  D I S T R I B U T I O N  OF H E X O K I N A S E  A C T I V I T Y  I N  S U B C E L L U L A R  F R A C T I O N S  OF A I - I  7974 
C E L L S  A N D  N O R M A L  R A T  L I V E R  

Homogenates  of t u m o r  cells and liver were fractionated by  centrifugation and the hexokinase 
activity of each fraction was assayed. The percentage act ivi ty in each fraction is shown. Values 
are averages of 7 values for t umor  cells and 2 values for liver. 

Fraction A H  7974 Normal rat 
cell liver 
(%) (%) 

I OOO X g p p t .  27.1 O 
18 OOO X g p p t .  37.0 O 

105 OOO × g p p t .  9 .0  1.8 
lO 5 ooo x g sup .  26. 9 98.2 
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T A B L E  I I  

P E R C E N T A G E  D I S T R I B U T I O N  O F  H E X O K I N A S E  A N D  C Y T O C H R O M E  C O X I D A S E  A C T I V I T I E S  I N  SUt~ 

F R A C T I O N S  O F  A H  7 9 7 4  C E L L S  

A h o l n o g e n a t e  o f  t u m o r  cel ls  w a s  f r a c t i o n a t e d  a n d  t h e  a c t i v i t i e s  o f  t h e  t w o  e n z y m e s  in e a c h  
f r a c t i o n  w e r e  a s s a y e d .  

Fraction Hexokinase Cytochrome c 
(°.o) oxidase 

(%) 

I o o o  x g p p t .  3 ° .~ 29 .5  
1 8 0 0 0  X g p p t .  37.1 62.2  

I o  5 o o o  × g p p t .  L4. 7 8.3 
lO 5 o o o  X g s u p .  tS.~ o 

The subcellular distribution of cytochrome c oxidase, a marker enzyme of 
mitochondriais compated with that of hexokinase in Table II. This table shows that 
mitochondria are mainly present in the 18 ooo × g precipitate to which much of the 
hexokinase activity was also bound. 

Subfractionation of the z8 ooo × g precipitate 
The I8 ooo X g precipitate was furttler fractionated by discontinuous sucrose 

density gradient centrifugation to obtain five fractions and the enzyme activities of 
these fractions were assayed as described in M A T E R I A L S  A N D  M E T H O D S .  Fractions I 5 
refer, respectively, to material in the 37% sucrose layer, the turbid band between 
the 37 and 45% sucrose layers, the 45% sucrose layer, the turbid band between the 
45 and 48 % sucrose layers and the 48 % sucrose layer. As shown in Fig. I the activities 
of hexokinase, cytochrome c oxidase and 5'-mononucleotidase were high in Frac- 
tions 2, 4 and 5. The distribution of hexokinase in these fractions corresponded with 
that of cytochrome c oxidase but not with that of 5'-mononucleotidase, a marker 
enzyme of cytoplasnfic membranes. Similar results were obtained on fractionation 

of the IOOO × g precipitate. 

3o t6o 

t 2D 40 i 
- 1D 120 -~ 

'2 3 4 '~j  5 i | 0  Fraction 
Fig .  I .  T h e  18 o o o  x g p r e c i p i t a t e  w a s  f r a c t i o n a t e d  b y  d i s c o n t i n u o u s  s u c r o s e  d e n s i t y  g r a d i e n t  
c e n t r i f u g a t i o n  t o  o b t a i n  f ive f r a c t i o n s  a s  d e s c r i b e d  in  t h e  t e x t .  T h e  t o t a l  a c t i v i t i e s  o f  h e x o k i n a s e  
( b l a c k  b a r s ) ,  c y t o c h r o m e  c o x i d a s e  ( s h a d e d  b a r s )  a n d  5 ' - m o n o n u c l e o t i d a s e  ( b l a n k  b a r s )  i n  e a c h  

f r a c t i o n  w e r e  a s s a y e d .  
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a 

o.~ 2.o 

~ ° 

~1.2 b u ~o~ 

c 

1- OL ~ 2 0  

Fraction 

Fig. 2. Af ter  incubat ion w i th  (b) and w i thou t  (a) calc ium phosphate, the 18 ooo x g prec ip i ta te  
of  t umor  cells was layered on a discont inuous sucrose densi ty  gradient  and centr i fuged as des- 
cr ibed in the text. After centrifugation the gradient was cut into eight fractions of equal volume, 
and hexokinase (0---0) and cytochrome c oxidase ( O - - O )  activities were assayed in each fraction. 
I and 8 represent the top and bottom fractions, respective|y. 

Identification of mitochondrial-bound hexokinase 
To conf i rm  t h a t  t h e  h e x o k i n a s e  in t h e  18 ooo × g p r e c i p i t a t e  o f  asc i tes  t u m o r  

cells was  a c t u a l l y  b o u n d  to  m i t o c h o n d r i a ,  t h e  m e t h o d  o f  GREENWALT et al. 1~ was  

used.  Fig.  2 s h o w s  t h a t  t h e  f r a c t i o n s  w i t h  t h e  b u l k  o f  t h e  t u r b i d i t y  c o n t a i n e d  h e x o -  

k inase  a n d  c y t o c h r o m e  c ox idase  a n d  t h a t  t h e s e  f r a c t i o n s  s h i f t ed  to  t h e  b o t t o m  a f te r  

a c c u m u l a t i o n  o f  Ca ~+ a n d  H P 0 4  ~-. Th i s  c lear ly  i nd i ca t e s  t h a t  t h e  pa r t i c l e s  w i t h  

h e x o k i n a s e  a c t i v i t y  were  p r e d o m i n a n t l y  m i t o c h o n d r i a .  

TABLE III  

P E R C E N T A G E  R E L E A S E  OF H E X O K I N A S E  A C T I V I T Y  F R O M  T H E  1 8  OOO X g P R E C I P I T A T E  OF A H  7974 
C E L L S  

The 18 ooo × g precipitate of tumor cells was suspended in o.2 5 M sucrose and incubated with 
various compounds. The percentage release of activity was determined as described in the text. 

Addition Conch .  Re lease  Addition Cohen. Release 
(mM) (%) (mM) (%) 

Control 
AMP 
ADP 
ATP 

dATP 
GTP 

CTP 
UTP 
NAD+ 
NADP+ 

21.5 Glc-6-P o. 5 62.2 
5.0 21.o GIc-I-P o.5 21.9 
5.0 31.8 Fru-I -P  o. 5 21. 4 
I.O 55.7 Fru-I,6-P2 0. 5 22.o 
5.0 69.6 ADP-Rib 5.o 2o. 5 
i.o 66.3 Citrate 5.0 21.o 
I.O 38.8 Triton X-ioo 0.5% 38.5 
5.0 76.9 EDTA 5.0 21.7 
I.O 48.5 io.o 2o. 3 
I.O 50.8 MgC12 5.o 19.o 
5.o 22.o Pi 5.o 18.2 
5.0 21.o PPI 5.0 22. 5 
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Release of hexokinase from the z8 ooo × g precipitate 
As shown in Table  I I I  hexokinase  was released and solubil ized on incubat ing  

the 18 ooo × g p rec ip i t a te  of AH7974 cells at  o ° wi th  var ious  nucleoside t r iphospha tes ,  
Glc-6-P or de tergent .  Bound  hexokinase  was r ap id ly  released with  0.5 mM GIc-6-P, 
reaching a max ima l  value within IO min while with 2.5 mM ATP,  the ra te  and  the 
max ima l  amoun t  of release of the  enzyme were less (Fig. 3). Fig. 4 shows the effect 
of  the  concent ra t ions  of these compounds  on release of hexokinase.  The release of 
hexokinase  ac t iv i ty  was corre la ted with  the concent ra t ion  of ATP  added.  Release 
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6O 

4 0  
r~ z•  

1 0 0  

_------0 8C 

6C 

A .I. _~ 4C ~c 
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1 0 0  I 

8C 

6C 

4C 

2C 

~3 20 40 dO 80 (20 ~ 2 3 '~ ; 
Incubation time (min) Concn.(mM) 

b 

0.2 0.4 0.6 Q8 1.0 

Fig .  3. T h e  18 o o o  x g p r e c i p i t a t e  s u s p e n d e d  in 0.2 5 M s u c r o s e  w a s  i n c u b a t e d  w i t h  2. 5 m M  
A T P  (O- - -O)  o r  o .5  m M  G l e - 6 - P  ( © () )  o r  w i t h o u t  a d d i t i o n s  ( A - - A )  a t  o ° f o r  v a r i o u s  l e n g t h s  o f  
t i m e  a n d  r e l e a s e  o f  h e x o k i n a s e  a c t i v i t y  w a s  a s s a y e d  . 

F ig .  4. T h e  18 o o o  × g p r e c i p i t a t e  o f  t u m o r  cel ls  w a s  i n c u b a t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  
A T P  (a) o r  G l c - 6 - P  (b) in  o . z5  M s u c r o s e  a t  o ° f o r  3 ° m i n ,  a n d  r e l e a s e  o f  h e x o k i n a s e  a c t i v i t y  w a s  
a s s a y e d .  

of enzyme was corre la ted  with the  concent ra t ion  of Glc-6-P up to  a concent ra t ion  of 
0.3 raM, bu t  the  percentage  release appa ren t l y  decreased at  higher  concentra t ions .  
This a p p a r e n t  declease  in the  release of  hexokinase  from the 18 ooo × g prec ip i ta te  
m a y  be due to  inhibi t ion  of the  enzyme b y  Glc-6-P. 

Effect of heating on released and soluble hexokinases 
Fig. 5 shows tile effect of heat ing on the hexokinase  released from the 

18 ooo × g prec ip i ta te ,  t h a t  in the  soluble fract ion of A H  cells and  tha t  in the  soluble 
fract ion of normal  ra t  brain.  Soluble hexokinase  of t u m o r  cells, which is main ly  
type  I I ,  was 90% inac t iva ted  by  hea t ing  at  4 °o for 9 ° rain. R a t  bra in  soluble hexo- 
kinase,  which is ma in ly  t ype  I, was ve ry  s table  on heat ing,  as r epor ted  b y  other  
workers  2. The hexokinase  ac t i v i t y  released from the 18 ooo × g prec ip i ta te  of  t u m o r  
ceds was abou t  50% inac t iva t ed  under  the  same condit ions.  These results  indicate  
tha t  the  hexokinase  released from the 18 ooo × g prec ip i ta te  conta ined  cons iderab ly  
more type  I enzyme than  the soluble fract ion.  This was confirmed b y  electrophoresis .  
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Fig. 5. Hexokinase released from the 18 ooo X g precipitate with IO mM ATP ( 0 - - 0 )  or 0. 5 mM 
Glc-6-P (O---O) and in the soluble fraction (&--A) of tumor cells, and hexokinase in the soluble 
fraction of normal rat brain ( , - - , )  were heated at 45 ° for various times and remaining activity 
was assayed. 

Electrophoretic patterns of soluble and released hexokinases 
The isozyme pat terns  of soluble hexokinase and  tha t  released with ATP 

are shown in Fig. 6. The soluble hexokinase in AH 7974 cells formed two bands  
corresponding to type I and I I  enzymes, the la t ter  predominat ing.  The released 
hexokinase also contained types I and II, bu t  type I predominated.  The hexokinases 

Fig. 6. Isozyme patterns on cellulose acetate membrane electrophoresis of hexokinase in the soluble 
fraction of tumor cells and that released from the 18 ooo × g precipitate with IO mM ATP. 

released with Glc-6-P and  Tri ton X- ioo  gave similar pa t terns  to hexokinase released 
with ATP.  

DISCUSSION 

The present work showed that  part iculate  hexokinase in ceils of Yoshida 
ascites hepa toma AH7974 was main ly  localized in the mitochondria.  Slight ac t iv i ty  
was detected in other part iculate  fractions, possibly cytoplasmic membranes,  as 
reported by  EMMELOT AND BOS TM and DAVIDOVA et al. 19 and microsomes of normal  
rat  liver, as recently described by  BERTILLIER et al. ~°. The presence of hexokinase 
bound  to mi tochondr ia  has been reported in m a n y  tissues such as brain  21-2s, re t inal  
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rods =7, heart 9 and intestinal mucosa 28. It  has also been reported in some strains of 
ascites tumor cells*°, 29- aa. 

The soluble fraction of Yoshida ascites hepatoma cells contains type I and II 
hexokinases, and the latter is predominant. However, the hexokinase released from 
mitochondria contains more type I enzyme than the soluble fraction, as demon- 
strated by experiments on heat stability and by electrophoresis. This is in contrast 
with the generally accepted concept that particle-bound hexokinase in malignant 
cells is mainly composed of type II enzyme and that this also predominates in the 
soluble fraction, as reported by Kosow AND ROSE a° and GUMAA AND (~REF.NSLAI)E 7. 
Recently, KROPP AND WILSON 26 reported that hexokinase released from particles 
in rat brain, which is mainly type I, can combine with the outer melnbrane of 
mitochondria prepared from rat liver. BAQUER AND McLEAN a4 also detected changes 
in the ratio of type I to type II  hexokinase in the particulate fraction but not in 
the soluble fraction of the uterus of a rat after estradiol administration. These 
findings, together with our results, suggest that the mechanisms of binding of 
hexokinase isozymes to particles may differ. 

The nature of the binding of hexokinase to subcellular particles is unknown. 
Electrostatic and some hydrophobic forces have been suggested to be inw)lved in 
the binding 1°, and Glc-6-P or nucleotides may convert the enzyme to a form which 
weakens its hydrophobic interaction with mitochondria. 

The physiological significance of mitochondrial-bound hexokinase is also 
unknown. CHANCE AND HESS a5 have suggested that the ADP formed by mito- 
chondrial-bound hexokinase in some ascites tumor cells readily diffuses into the 
mitochondria and stimulates their respiration. Mitochondrial-bound hexokinase is 
widely distributed in normal tissues, such as brain or retina, and in tumor cells 
where the rate of glycolysis is high; so the binding of hexokinase to mitochondria 
may be common in cells with a high rate of glycolysis. 
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