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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, $-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-
mercially 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 KCl, 5 mM
MgCl,, 5 mM KP, and 50 mM Tris-HCl (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, Bochinger)
and approx. 300 pg 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 activity of hexokinase measured in four
mitochondrial preparations was 596 + 57 nmol /min per
mg protein (means + S.E.). To determine whether the
bound enzyme uses mitochondrially-generated ATP
more efficiently than cytosolic ATP, the activity of
bound hexokinase was studied spectrophotometrically
under State 3 conditions in the presence of ADP and
succinate (i.e., endogenous ATP) or in the presence of
added ATP (i.e., exogenous ATP). Table I shows that
the initial rates of hexokinase is 2-3-fold greater with
exogenous ATP than with endogenous ATP. Even when
ATP was regenerated externally via the phosphoenol-
pyruvate/ pyruvate kinase system, the activity of
hexokinase is about double that observed with ATP
generated by mitochondria under State 3 conditions.

To check that the ADP used for generating mito-
chondrial ATP did not inhibit hexokinase, the assay was
carried in the presence of 1 mM external ATP and
increasing amounts of ADP (Fig. 1). The reaction was
started by addition of glucose. Neither brain or
hepatoma mitochondrial hexokinase activity was in-
fluenced by ADP (Fig. 1). ADP concentrations to 2 mM
were without effect on brain mitochondrial hexokinase
(not shown). Furthermore, reactions rates remained lin-
ear after approximately half of the ATP in the cuvette
had been converted to ADP, indicating that increasing
ADP did not affect hexokinase activity during the course
of the assay.

Furthermore, hexokinase was not released from
mitochondria during the course of the assay. This was
tested by rapidly pelleting the mitochondria in a micro-
fuge 2 min after the assay had been initiated in the
cuvette. More than 90% of the activity remained bound
after a 2 min incubation in the presence of 1 mM ATP,
0.5 mM ADP or a combination 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/min per mg for tumor mitochondria.

Thus, we are measuring the activity only of the bound
form of hexokinase.

Since ATP can be generated in tumor mitochondria
either by oxidative phosphorylation or adenylate kinase
[11], glucose phosphorylation was measured to study the
relative contribution of these two ATP-generating sys-
tems in rat brain. Table I shows that the contribution
by adenylate kinase is low (15%) in rat brain. This is
most certainly due to the low adenylate kinase content
in rat brain (50 nmol/min per mg) compared to rat
liver mitochondria (800-1000 nmol /min per mg) [19,20]
and Zajdela tumor mitochondria (350-500 nmol/min

External ATP, but not ATP generated from mitochondrial adenylate kinase, supports higher rates of hexokinase activity in isolated rat brain
mitochondria than does ATP 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 pyruvate kinase (PK), or by addition of 1 mM ATP. The following inhibitors were used:
carboxyatractyloside (CAT), 25 pg/mg protein; oligomycin, 5 ug/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 7547 0 123111 0 191+18 0

CAT 15+1 80+0.3 121111 2405 197118 1+04
Oligomycin 1442 82+1 121£11 2+1 196+ 19 2+1
DAPP 6216 17+0.2 119+11 31 195+18 21

CAT + oligomycin 13+1 831403 121+11 1+05 196 +18 2+1

CAT +DAPP 0 100 121411 111 197+18 1+05
DAPP + oligomycin 0 100 121+12 241 194118 3+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-
bie 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-
sults 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.

TABLE II
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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, for ADP in oxidative phos-
phorylation is about 30 uM [19], most earlier studies
employed 10-30 uM 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 K ,pp
for oxidative phosphorylation (30 uM) and adenylate
kinase (400 pM). 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

External ATP or ATP generated from creatine kinase support higher rates of hexokinase activity. in isolated rat brain mitochondria than does ATP from

oxidative phosphorylation

The activity of mitochondrial hexokinase is expressed as nmol/min per mg protein. The reaction was initiated by addition of either 0.5 mM
ADP+10 mM succinate or 0.5 mM ADP+1 mM creatine phosphate. The inhibitors were present in the following concentrations: carboxyatrac-
tyloside (CAT), 25 ug/mg protein; diadenosine pentaphosphate (DAPP), 0.5 mM 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: ADP+ succinate

ADP + creatine-PO,

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

None 69410 0 212433 0

CAT 164+ 3 77+1 179426 1542
DAPP 57+ 8 1842 187428 1241
CAT+ DAPP 0 100 186 +28 1243
FDNB 65+10 7x1 88+13 59+0.5
CAT+FDNB 17+ 3 7612 51+ 8 76+0.4
DAPP+ FDNB 53+ 8 23+3 68+ 10 68+1
CAT+ DAPP+FDNB 0 100 0 100
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support higher hexokinase rates does oxidative phos-
phorylation, at least in vitro. However, such results do
not necessarily mean that adenylate kinase and creatine
kinase function in a similar fashion in vivo. The data
are presented here only to point out possible complica-
tions in measuring ‘channeling’ in isolated mito-
chondria.

In summary, our data show that brain mitochondrial
hexokinase catalyzes glucose phosphorylation at higher
rates if saturating levels of ATP are supplied outside the
mitochondria than if ATP is generated at maximal rates
by oxidative phophorylation under State 3 conditions.
Since similar results have also been obtained for both
fast- and slow-growing tumor cells [11,12}, this conclu-
ston is probably valid for most tissues containing large
amounts of bound hexokinase. Furthermore, since the
levels of cytosolic ATP normally exceed the K, p for
hexokinase, there appears to be little need for channel-
ing ATP directly from the matrix to bound hexokinase.
This is especially true for tumor cells which generate
ATP via glycolysis [3].

This work was supported by the Swedish Cancer
Society.

References

1 Wilson, J.E. (1986) in Regulation of éarbohydrate Metabolism,
Vol. 1 (Beitner, R,, ed.), pp. 45-85, CRC Press, Cleveland.
2 Bachelard, H.S. (1967) Biochem. J. 104, 286-292,

3 Nelson, B.D., Kabir, F. and Muchiri, P. (1984) Biochem. J. 219,
159-164.
4 Bustamante, E. and Pedersen, P.L. (1977) Proc. Natl. Acad. Sci.
USA 74, 3735-3739.
5 Rose, A. and Warms, J.V.B. (1967) J. Biol. Chem. 242, 1635-1645.
6 Kurokawa, M., Yokoyama, K., Kaneko, M. and Ishibashi, S.
(1983) Biochem. Biophys. Res. Commun. 115, 1101-1107.
7 Arora, K.K. and Pedersen, P.L. (1988) J. Biol. Chem. 263, 17422—
17428.
8 Gots, R.E. and Bessman, S.P. (1974) Arch. Biochem. Biophys. 163,
7-14.
9 Inui, M. and Ishibashi, S. (1979) J. Biochem. 85, 1151-1157.
10 Vitanen, P.V., Geiger, P.J., Vitanen-Erickson, S. and Bessman, S.P.
(1984) 1. Biol. Chem. 295, 9697-9698,
11 Nelson, B.D. and Kabir, F. (1985) Biochim. Biophys. Acta 841,
195-200.
12 Gauthier, T., Denis-Pouxviel, C., Paris, H. and Murat, J.C. (1989)
Biochim. Biophys. Acta 975, 231238,
13 Hillerad, L. and Ernster, L. (1983) J. Creb. Blood Flow Metabol.
3, 207-214.
14 Clark, J.B. and Nicklas, W.J. (1970) J. Biol. Chem. 245, 4724-4731.
15 Nelson, B.D., Kabir, F., Kolarov, J., Luciakova, K., Kuzela, S.,
Latruffe, N. and Linden, M. (1984) Arch. Biochem, Biophys. 234,
24-30.
16 Estabrook, R.W. (1967) Methods Enzymol. 10, 41-47,
17 Brdiczka, D., Pette, D., Brumer, G. and Miller, F. (1968} Eur. J.
Biochem. 5, 249--304.
18 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.
19 Ernster, L., Muchiri, M. and Nordenbrand, K. (1984) Symp. Biol.
Hung. 26, 13-27.
20 Noda, L. (1973) The Enzymes 8, 279-305.
21 Booth, R.F.G. and Clark, J.B. (1978) Biochem. J. 170, 1450-1451.



