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Hexokinase bound to rat brain mitochondria uses externally 
added ATP more efficiently than internally generated ATP 
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The rates of glucose phosphorylation by bound hexokinase were investigated in mitochondria isolated from rat brain. 
Initial rates obtained either with ATP generated from oxidative phosphorylation or with ATP added externally were 
compared. Our results show that the external ATP supports a 2-3-fold higher hexokinase activity than does ATP 
generated by oxidative phosphorylation under State 3 conditions. ATP formed by mitochondrial creatine kinase in the 
presence of creatine phosphate also supports higher initial rates of glucose phosphorylation than does oxidative 
phosphorylation. The data suggest that concentrations of ATP present in the cytosol of normal tissue will probably 
maintain higher rates of glucose phosphorylation than ATP being exported directly from the mitochondrial matrix at 
maximal State 3 rates. 

Hexokinase is bound to the outer membrane of mito- 
chondria in many tissues [1-7]. It has been postulated 
[8-10] that the bound enzyme has preferential access to 
matrix-generated ATP. In contrast, our previous studies 
[11] on tumor mitochondria showed that ATP added 
externally supports higher rates of glucose phosphoryla- 
tion than ATP generated by oxidative phosphorylation 
under State 3 conditions. Our findings were recently 
confirmed for mitochondria from two additional tumor 
cells [12]. These authors [12] found that hexokinase 
activity in poorly differentiated, rapidly growing tumors 
is 6.5-fold higher when ATP is added externally than if 
supplied by oxidative phosphorylation. In well-differen- 
tiated, slowly growing tumors this value decreased to 
1.8-fold. It was suggested [12] that the contribution of 
ATP by oxidative phosphorylation is increased in well- 
differentiated cells. This conclusion predicts that mito- 
chondrial hexokinase in normal tissues should exhibit a 
relatively high requirement for ATP from oxidative 
phosphorylation. We have tested this idea using rat 
brain mitochondria. Our results show that external ATP 
supports a 2-3-fold greater hexokinase activity than 
does ATP generated within the matrix. 

Correspondence: B.D. Nelson, Department of Biochemistry, Arrhenius 
Laboratory, Stockholm University, S-106 91 Stockholm, Sweden. 

ATP, ADP, AMP, diadenosine pentaphosphate, car- 
boxyatractyloside and oligomycin were obtained from 
Sigma. Fluorodinitrobenzene was purchased from Flu- 
ka. All other reagents were highest purity grade com- 
merciaUy available. Male Sprague-Dawley rats (150-200 
g) were used. All animals had free access to rat pellets 
and water ad libitum. 

Non-synaptosomal brain mitochondria were pre- 
pared by a modification [13] of the method of Clark and 
Niklas [14]. Tumor mitochondria were isolated as de- 
scribed earlier [15]. 

Respiratory activity was measured polarographically 
[16] in a medium containing 100 mM KC1, 5 mM 
MgC12, 5 mM KP i and 50 mM Tris-HC1 (pH 7.5), 10 
mM succinate and 0.5 mM ADP [15]. Mitochondrial 
hexokinase was assayed in 1 ml of the same media 
supplemented with 1 mM glucose, 1 mM NADP ÷, 20 
units of glucose-6-P-dehydrogenase (yeast, Boehinger) 
and approx. 300 tzg mitochondrial protein. The reaction 
was started by addition of ATP (1 mM) or ADP (0.5 
mM), or, when the affects of increasing ADP was 
titrated, by glucose. NADP ÷ reduction was measured at 
340 nm. Adenylate kinase was determined spectropho- 
tometrically according to Brdiczka et al. [17]. Mitochon- 
drial protein concentration was determined by the 
method of Lowry et al. [18]. 

Mitochondria isolated from rat brain were well cou- 
pled and contained high levels of bound hexokinase. 
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The  specific ac t iv i ty  of  hexokinase  measu red  in four  
mi tochondr i a l  p r epa ra t i ons  was 596 + 57 n m o l / m i n  per  
mg  p ro te in  (means  + S.E.). To  de te rmine  whe ther  the  
b o u n d  enzyme uses mi tochondr i a l ly -gene ra t ed  A T P  
more  eff ic ient ly  than  cytosol ic  ATP,  the ac t iv i ty  of  
b o u n d  hexokinase  was s tud ied  spec t ropho tomet r i ca l ly  
under  Sta te  3 condi t ions  in the presence of  A D P  and  
succinate  (i.e., endogenous  ATP)  or  in the presence  of  
a d d e d  A T P  (i.e., exogenous  ATP) .  Table  I shows that  
the  ini t ia l  ra tes  of  hexokinase  is 2 - 3 - f o l d  grea ter  wi th  
exogenous  A T P  than  with  endogenous  ATP.  Even when 
A T P  was regenera ted  externa l ly  via  the p h o s p h o e n o l -  

p y r u v a t e / p y r u v a t e  k inase  system, the ac t iv i ty  of 
hexokinase  is abou t  doub le  tha t  observed with  A T P  
genera ted  b y  mi tochond r i a  under  State  3 condi t ions .  

To check that  the A D P  used  for  genera t ing  mi to-  
chondr ia l  A T P  d id  no t  inhib i t  hexokinase ,  the  assay  was 
car r ied  in the presence  of  1 m M  externa l  A T P  and  
increas ing amoun t s  of A D P  (Fig.  1). The  reac t ion  was 
s ta r ted  b y  add i t i on  of  glucose. Ne i the r  b ra in  or  
h e p a t o m a  mi tochondr i a l  hexoldnase  ac t iv i ty  was in- 
f luenced b y  A D P  (Fig.  1). A D P  concen t ra t ions  to 2 m M  
were wi thou t  effect on  b ra in  mi tochondr i a l  hexok inase  
(not  shown). Fu r the rmore ,  reac t ions  rates r ema ined  lin- 
ear  af ter  app rox ima te ly  half  of  the  A T P  in the  cuvet te  
had  been  conver ted  to A D P ,  indictating that  increas ing  
A D P  d id  no t  affect  hexokinase  act ivi ty  dur ing  the course 
of  the assay. 

Fu r the rmore ,  hexokinase  was no t  re leased f rom 
m i t o c h o n d r i a  dur ing  the course of  the assay. This  was 
tes ted  b y  r ap id ly  pel le t ing  the m i t o c h o n d r i a  in a micro-  
fuge 2 min  af ter  the assay had  been  in i t i a ted  in the 
cuvette.  M o r e  than  90% of  the act ivi ty  r ema ined  b o u n d  
af ter  a 2 min  incuba t ion  in the presence of  1 m M  ATP,  
0.5 m M  A D P  or  a combina t i on  of  the two (not  shown).  
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Fig. 1. ADP does not inhibit the ATP-supported hexokinase reaction 
in brain and hepatoma mitochondria. Rat brain and rat hepatoma [15] 
mitochondria were assayed for hexokinase activity in the presence of 1 
mM ATP and increasing concentrations of ADP. The reaction was 
initiated by addition of 1 mM glucose. The conditions of the assay are 
given in the text. Hexokinase measured in the absence of ADP (100% 
activity) was 177 nmol/min per mg protein for brain and and 330 

nmol/rnin per mg for tumor mitochondria. 

Thus,  we are measu r ing  the ac t iv i ty  on ly  of the b o u n d  
fo rm of  hexokinase .  

Since A T P  can  be  genera ted  in  t u m o r  m i t o c h o n d r i a  
e i ther  by  ox ida t ive  p h o s p h o r y l a t i o n  or  adenyla te  k inase  
[11], glucose p h o s p h o r y l a t i o n  was measu red  to s tudy  the 
re la t ive  c on t r i bu t i on  of  these two ATP-gene ra t ing  sys- 
tems in ra t  bra in .  Tab le  I shows tha t  the con t r ibu t ion  
b y  adeny la t e  k inase  is low (15%) in ra t  brain.  This  is 
mos t  cer ta in ly  due  to  the low adeny la t e  kinase con ten t  
in ra t  b r a in  (50 n m o l / m i n  per  mg)  c o m p a r e d  to ra t  
fiver m i t o c h o n d r i a  (800-1000  n m o l / m i n  per  mg) [19,20] 
and  Z a jde l a  t u m o r  m i t o c h o n d r i a  (350-500  n m o l / m i n  

TABLE I 

External A TP, but not A TP generated from mitochondrial adenylate kinase, supports higher rates of hexokinase activity in isolated rat brain 
mitochondria than does A TP from oxidative phosphorylation 

The activity of mitochondrial hexokinase was determined by a direct optical test system as described in the experimental procedures. ATP was 
generated via oxidative phosphorylation by addition of 0.5 mM ADP and 10 mM succinate. External ATP was generated with 1 mM 
phosphoenolpyruvate (PEP) and 10 units of pyrnvate kinase (PK), or by addition of 1 mM ATP. The following inhibitors were used: 
carboxyatractyloside (CAT), 25 /*g/mg protein; oligomycin, 5 /~g/mg protein; diadenosine pentaphosphate (DAPP, an inhibitor of adenylate 
kinase), 0.5 mM. The values are expressed as means+ S.E. for eight experiments. 

Hexokinase activity 

Energy source: ADP + succinate PEP/PK ATP 

nmol/min per mg inhibition nmol/min per mg % inhibition nmol/min per mg % inhibition 

Control 754- 7 0 123 4-11 0 191 4-18 0 
CAT 15 4-1 80 4- 0.3 121 + 11 2 4- 0.5 197 4-18 1 4- 0.4 
Oligomycin 14 4- 2 82 4-1 121 4-11 2 4-1 196 4-19 2 4-1 
DAPP 62 4- 6 17 4- 0.2 119 4-11 3 4-1 195 4-18 2 4-1 
CAT + oligomycin 134-1 834-0.3 1214-11 14-0.5 1964-18 24-1 
CAT + DAPP 0 100 121 4-11 1 4-1 197 4-18 1 4- 0.5 
DAPP + oligomycin 0 100 1214-12 24-1 1944-18 34-1 



per mg) [11]. Metabolic inhibitors have almost no effect 
on hexokinase activity mediated by added ATP or by 
ATP generated with phosphoenolpyruvate/pyruvate 
kinase (Table I). The latter ensures that ATP remains 
totally external (cytosolic) and does not equilibrate with 
the matrix pool. 

In contrast, mitochondrial creatine kinase is present 
in significant amounts in brain [21]. Table II shows that 
in rat brain mitochondria creatine phosphate + ADP 
support a 3-fold higher hexokinase activity than ADP + 
succinate (oxidative phosphorylation). The data in Ta- 
ble II show that, in the presence of ADP + creatine 
phosphate, 60% of the ATP used for glucose phospho- 
rylation comes from creatine kinase, 15% comes from 
oxidative phosphorylation, and 12% comes from adeny- 
late kinase. The rates of hexokinase shown in Tables I 
and II varied with the mitochondrial preparation and 
the amount of bound hexokinase. However, the percent 
inhibition of hexokinase in the presence of different 
metabolic inhibitors remained almost the same. 

In this report, we demonstrate that ATP added to a 
suspension of rat brain mitochondria supports a higher 
rate of hexokinase activity than does ATP generated 
from oxidative phosphorylation (Table I). Similar re- 
suits were previously obtained by us with mitochondria 
isolated from a rapidly growing, poorly differentiated 
rat hepatoma [11], and this finding has been confirmed 
by Gauthier et al. [12] for two additional tumor cells, 
one slowly growing and well differentiated, and the 
other rapidly growing and poorly differentiated. Thus, it 
seems that in the presence of physiological levels of 
ATP, the bound hexokinase in most cells would use 
cytosolic ATP rather than ATP provided by oxidative 
phosphorylation. 
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Earlier reports [8-10] that bound hexokinase has 
preferential access to ATP supplied from oxidative 
phosphorylation were based upon experiments in which 
the measured hexokinase activity was low due either to 
the use of mitochondria from tissues which contain little 
or no hexokinase (liver) [8], or to the use of low, limiting 
concentrations of ADP which could produce ATP only 
through oxidative phosphorylation [7-10]. For example, 
although the apparent K m for ADP in oxidative phos- 
phorylation is about 30 t~M [19], most earlier studies 
employed 10-30/~M ADP for measuring the contribu- 
tion of oxidative phosphorylation to the hexokinase 
reaction [7-9]. Under these conditions, glucose phos- 
phorylation is limited by ATP production (probably at 
the adenine nucleotide translocator), and ATP produc- 
tion is limited almost entirely to oxidative phosphoryla- 
tion. Thus, the conclusion that matrix ATP is used 
preferentially by hexokinase was unavoidable. 

We earlier [11] showed that increasing concentrations 
of ADP added to isolated hepatoma mitochondria de- 
creased the relative contribution of matrix ATP (oxida- 
tive phosphorylation) to the hexokinase reaction and 
increased the contribution of ATP by adenylate kinase. 
This result was explained by differences in the KmADp 
for oxidative phosphorylation (30 #M) and adenylate 
kinase (400 /tM). In contrast, in the present study we 
show that adenylate kinase provides little ATP to 
hexokinase in brain compared to tumor [11]. This is due 
to the relatively low content of brain mitochondrial 
adenylate kinase. However, creatine kinase, which is 
abundant in brain mitochondria, contributes significant 
amounts of ATP to bound hexokinase in vitro. These 
studies indicate that in the presence of more physio- 
logical concentrations of ADP, non-matrix enzymes 

TABLE II 

External A TP or A TP generated from creato~e kinase support higher rates of  hexokinase activity in isolated rat brain mitochondria than does A TP from 
oxidative phosphorylation 

The activity of mitochondriat bexokinase is expressed as n m o l / m i n  per mg  protein. The reaction was initiated by addition of either 0.5 m M  
A D P  + 10 m M  succinate or 0.5 m M  A D P  + 1 m M  creatine phosphate.  The inhibitors were present  in the following concentrations: carboxyatrac- 
tyloside (CAT), 25 # g / m g  protein; diadenosine pentaphosphate  (DAPP), 0.5 m M  and fluorodinitrobenzene (FDNB,  an inhibitor of  creatine 
kinase), 0.5 mM. The values are expressed as means  ± S.E. for five experiments. 

Hexokinase activity 

Energy source: A D P  + succinate A D P  + creatine-PO 4 

n m o l / m i n  per mg % inhibition n m o l / m i n  per mg % inhibition 

None  69 + 10 0 212 _+ 33 0 
C A T  16+ 3 7 7 + 1  179+26  1 5 + 2  
DAPP 57+  8 1 8 + 2  187+28  1 2 + 1  
CAT + DAPP 0 100 186 + 28 12 ± 3 
F D N B  6 5 + 1 0  7 + 1  8 8 + 1 3  59±0 .5  
C A T + F D N B  17± 3 7 6 ± 2  51+  8 76+0 .4  
D A P P +  F D N B  53 5 : 8  23 ± 3 68 4-10 68 + 1 
CAT + DAPP + FDNB 0 100 0 100 
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suppo r t  h igher  hexok inase  rates  does  oxida t ive  phos-  
phory la t ion ,  a t  least  in vitro.  However ,  such resul ts  do  
no t  necessar i ly  m e a n  that  adeny la te  k inase  and  creat ine  
k inase  funct ion  in a s imilar  fashion in vivo. The  d a t a  
a re  p resen ted  here on ly  to po in t  ou t  poss ib le  compl ica -  
t ions in measur ing  ' channe l ing '  in i so la ted  mi to -  
chondr ia .  

In  summary ,  our  d a t a  show that  b ra in  mi tochondr i a l  
hexok inase  ca ta lyzes  glucose p h o s p h o r y l a t i o n  at higher  
rates  if sa tu ra t ing  levels of  A T P  are  suppl ied  ou ts ide  the  
m i t o c h o n d r i a  than  if  A T P  is genera ted  at  max ima l  ra tes  
by  ox ida t ive  p h o p h o r y l a t i o n  unde r  State  3 condi t ions .  
Since s imi lar  results  have  also been  ob ta ined  for b o t h  
fast-  and  s low-growing tumor  cells [11,12], this conclu-  
s ion is p r o b a b l y  va l id  for  most  tissues con ta in ing  large 
a m o u n t s  of  b o u n d  hexokinase .  Fur the rmore ,  s ince the 
levels of  cytosol ic  A T P  n o r m a l l y  exceed the KmhTp for 
hexokinase ,  there  appea r s  to  be  l i t t le  need for channel -  
ing  A T P  direct ly  f rom the ma t r ix  to b o u n d  hexokinase .  
This  is especia l ly  t rue for  t umor  cells which genera te  
A T P  via glycolysis  [3]. 

This  work  was s u p p o r t e d  by  the Swedish Cance r  
Society,  
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