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Rat liver cytoplasm (postnuclear supernatant)  has  a 
low aerobic glycolytic rate in  the presence of added 
glucose, ATP, ADP, Pi, and NAD’, whereas cytoplasm 
from Ehrlich ascites tumor cells exhibit a high aerobic 
glycolytic rate which is typical of rapidly proliferating 
tumor cells. Tumor mitochondria, unlike liver mito- 
chondria, contain bound hexokinase which constitutes 
about 70% of the  total cellular hexokinase activity. 

The high aerobic glycolytic rate of Ehrlich tumor 
cytoplasm is reduced markedly if the mitochondria are 
removed and  can be restored almost completely upon 
addition of the hexokinase-containing tumor mitochon- 
dria  to  tumor cytosol (postmitochondrial supernatant). 
Addition of tumor mitochondria to liver cytosol can 
enhance its glycolytic rate  to levels approaching those 
of tumor cytoplasm, whereas added liver mitochondria 
are without effect  on the  already low  glycolytic rate of 
liver cytosol. Addition of tumor mitochondria to tumor 
cytosol increases  its glycolytic rate  to  the level of tumor 
cytoplasm, as mentioned above, but liver mitochondria 
added to tumor cytosol actually depress its glycolytic 
rate  to  the level of liver cytosol. 

The stimulatory effect of tumor mitochondria on liver 
cytosol can be ascribed to its associated hexokinase 
activity since hexokinase specifically  removed from 
mitochondria of tumor cells can also enhance the gly- 
colytic rate of liver cytosol.  The depressing effect of 
added liver mitochondria on tumor cytosol glycolysis 
suggests that liver mitochondria can compete more 
effectively than  tumor mitochondria for a common in- 
termediate  and/or cofactor. 

Examination of 12 different tumor cell lines revealed 
that only those which reached maximum  size in 1 
month or less, and which have elevated glycolytic ac- 
tivities, had detectable mitochondrially associated hex- 
okinase activity. The studies reported  here describe 
resolution and reconstitution of tumor cytoplasm, sup- 
plementation of cytosol with intact mitochondria or 
mitochondrial hexokinase, and  a survey of mitochon- 
drial hexokinase content in  various tumors, and pro- 
vide strong evidence for the view (Bustamante, E., and 
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Pedersen, P. L. (1977) Proc. Natl. Acad. Sci. U. S. A. 74, 
3735-3739) that a form of hexokinase with a propensity 
for mitochondrial binding plays a key role in the high 
aerobic glycolysis of cancer cells. 

One of the  prominent  properties  characteristic of rapidly 
growing tumor cells is their  capacity  to  sustain high rates of 
glycolysis under  aerobic  conditions (1-5). This  seems  to  be a 
general  property of highly malignant  tumors  independent of 
their carcinogenic  origin.  Moreover, high  aerobic glycolysis is 
now known to be one of the few immediate biochemical 
changes which correlate  with  the  transformation  function in 
cells infected with  tumor viruses temperature sensitive  for 
transformation (6). Despite  the  many  years  that  have elapsed 
since the original description of such  behavior (l), much 
remains  to  be  elucidated as to  the  pertinent biochemical 
changes a cell undergoes upon  transformation. 

In previous reports ( 5 ,  7 )  we have shown that  rapidly 
growing hepatoma cells grown in  culture can exhibit  both a 
high glycolytic state  or a low glycolytic state  depending  on 
the hexose present in the  medium  as  the sole carbohydrate 
source.  We  showed that H-91 hepatoma cells have a low 
glycolytic rate  when grown on galactose, and exhibit  a  high 
aerobic glycolytic rate only when grown on a  hexose  which 
can  be a substrate for  hexokinase, such  as glucose ( 5 ) .  The 
observation suggested to  us  that  the high glycolytic capacity 
of these  cancer cells might be due  either  to  an  enhanced  rate 
of glucose transport  relative  to galactose transport or to  an 
unique  elevated  form of hexokinase.  We  showed that a  form 
of hexokinase bound  to  hepatoma  mitochondria is, at least in 
part, responsible  for such  high  rates of glycolysis (5). In a 
subsequent  report we described  the kinetic properties of hex- 
okinase  bound  to  hepatoma  mitochondria  and defined  condi- 
tions  for removing the enzyme  from the  mitochondrial  mem- 
brane (8). 

Experiments described in  this  communication were under- 
taken  to  evaluate  directly  the  requirement of rapidly growing 
Ehrlich  ascites  tumor celis for  mitochondrial hexokinase  in 
supporting a  high aerobic glycolytic rate.  The following ques- 
tions were addressed  in  this  study. (a )  Can  the high glycolytic 
rate  characteristic of Ehrlich  ascites cell cytoplasm be reduced 
when the  mitochondria  (with  their associated  hexokinase) are 
removed? ( b )  Will readdition of tumor  mitochondria  result in 
a reconstitution of the original glycolytic activity? ( c )  What  is 
the differential  effect on the normally low glycolytic rate of 
liver  cytosol of hexokinase-containing (Le. tumor)  mitochon- 
dria  and of hexokinase-free (i.e. liver)  mitochondria? (d) What 
is the differential effect on  the  normally high glycolytic rate 
of tumor cytosol of added  tumor  mitochondria  compared  to 
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