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Reversal of oxidative phosphorylation in submitochondrial particles
using glucose 6-phosphate and hexokinase as an ATP regenerating system
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Soluble F,-ATPuse and submitochondrinl particles are able to bind snd to hydrolyze ATP formed from the revensul of the reuction cutulyzed by
hexokinase:

glugose G-phosphate + ADP we ATP + glucose (K, = 5 x 10™)

During steady-staie, the P, relensed in the medivm is derived from glucose-6-phosphate which continuously regeneratac the ATP hydrolyzed. A
membrane patential (4% can be built up in submitochondriul particles using glucose-6-phosphate und hexokinase as un ATP-regenerating system,
The energy derived from the membranc potentiul thus formed, citn be used to promate the endrgy-dependent transhydrogenation from NADHM
to NADP" and the uphill electron transfer from succinate to NAD", In spite of the lurge differsnces in the energies of hydralysis of ATP (4G¥
2 =7.0 to 9.0 keal/mol) uand of glucose-6-phosphute (4G = =25 keul/mol), the sume riatio between 12, production and ¢ither NADPH or NADH
farmation were measured regardiess of whether millimolar concentrations of ATP or a4 mixture of ADP, glucose-6-phosphate und hexokinase were
used. Rat liver mitochondria were able to accumulate Cu™ when incubited in 4 medium containing hexokinuse, ADP und glucosc-6-phosphate,

The different reaction measured with the use of glucose-6-phosphate and hexokinuse were inhibited by glucose coneentrations varying from 0.2
to 2mM. Glucase shifts .he equilibrium of the reaction towurds glusose-0-phosphate formatian thus leading to a decrease of the ATP concentration

in the medium.

Submitathondrial particle: Membrane potential; Glucose 6-phosphate; Trunshydrogenution: NADP®; NADH

1. INTRODUCTION

In aqueous solutions the standard free energy of hy-
drolysis of ATP varies between ~7 and ~9 kcal/mol. It
is generally accepted that in metabolic processes, ATP
is regenerated by phosphate compounds having a stand-
ard free energy of hydrolysis higher than that of ATP

itself, such as creatine phosphate (4G* = ~10 keal/mol).

creatine phosphate + ADP == creatine + ATP
(Key 2% 10%)

The standard free energy of hydrolysis of glucose-6-
phosphate (4G° = -2.5 kcal/mol) is smaller than that of
ATP [1-4]. Therefore it is not readily apparent that the
reaction catalyzed by hexokinase:

glucose-G-phosphate + ADP & ATP + glucose
(Keq = 5% 107%)
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may play a role in regeneration of ATP from ADP in
biologicul systems, because after the reaction reaches
equilibrium. the concentration of ATP formed is too
low,

In this report it is showu ihat soluble F, and submito-
chondrial purticles can use glucose-6-phosphate and
hexokinase as an ATP-regenerating system. The K, for
ATP binding at the catalytic site of these enzymes is
107'* M [5.6). This affinity for ATP is sufficiently high
to permit the formation of the enzyme-substrate com-
plex in the presence of very small concentrations of ATP
formed {rom ADP and glucose-G-phosphate. After cach
catalytic cycle, the ATP hydrolyzed by the F-ATPase
and submitochondrial particles is rephosphorylated by
glucose-6-phosphate in order to maintain the equilib-
rium concentration of ATP. Thus, submitechondrial
particles arc able {o both form a membrane potential
and to promote the uphill electron transfer from succi-
nate to NAD" at the expense of glucose-6-phasphate
cleavage,

2. MATERIALS AND METHODS

Submitochondrial particles and soluble F; ATPase without inhib-
itory profein were prepared from bovine heart mitochondria as previe

197



Volume 308, number 2

ously deseribed [7-9). The submitochondrial particles were suspended
in 0.25 M sucrose solution and stored at ~70*C.

ATPuse activity and hycrolysis of glucosc-G-phosphate were as.
styed measuring the *P; praduced from [y-*PJATP and [**P)glucose.
G-phosphate with ammonium molybdate and u mixture of isobutyl
aleohol und benzene {10).

Membrune potentinl was monitored by (luoressence quenching
using -3 uM oxonol-V and 20 ug/ml of submitachondrial particles
protein, Excitution and emission wavelength were 580 and 628 nm,
respectively [11,12).

The transhydrogenution from NADH to NADP® and electron
teans(er from succinate to NAD® were ussayed is previousty described
[13-16). The extinction cocfficient uscd for NADPH und NADH ab-
sorbance at 340 am was 6,220 M*' - em™',

Ca™ uptake by liver mitochondrin was measused with the use of
**Cu und Millipore filters (10). Rat liver mitochondria were freshly
prepared before measurements {17).

Hexokinuye (ATP:p-hexose-6-phosphotransferase; EC 2.7.1.1),
sulphate free, lyophilized pewder from bakers' yeust and 400 unitwmg
protein, creatine kinase ¢EC 2,7,3.2), sak free, from rabbit musele and
alcchol dehydrogenase (EC 1.1.1.1) from bakers' yeasst were pure
chased from Sigma,

3. RESULTS AND DiSCUSSION

3.1, Cleavage of glucose 6-phosphate

Soluble F,-ATPase catalyzed the cleavige of glucose-
6-phosphate when both hexokinase and ADP were in-
cluded in the assay medium (Fig. 1). There was no
measurable cleavage when one of these two components
was omitted from the assay medium. The rute of cleav-
age varied depending on the concentrations of hexoki-
nase, glucose-6-phosphate and of ADP used (Fig. 1).
The sume results were obtained when submitochondrial
particles were used (data not shown).

The equilibrium concentration of ATP which can be
formed from glucose-6-phosphate and ADP decreased
when glucose was added to the medium (2,18]. Accord-
ingly. increasing concentrations of glucose inhibit the
cleavage of glucose-6-phosphate promoted by both the
soluble F\-ATPase and by submitochondrial particles
(Fig. 2). Glucose had no effect on the rate of P, produc-
tion when 3 mM ATP was used as substrate (Fig. 2).
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Fig. 1. Cleavage of glucose-G-phosphate by soluble F, ATPase. The
assay medium compesition was 50 mM MOPS-Tris bulTer pH 6.0, |
mM MgCli,, 0.03 mg/m! soluble F, und either (A) 0.04 mM ADP, 2
mM [**Plglucose-6-phosphate and the consentrations of hexckinase
shown in the figure; (B) 20 xg/mi hexokinase, 20 4M ADP and the
cancentrations of *Plglucose-6-phosphate shown in the figure; or (C)
20 pg/m) hesokinase, 2 mM [*Piglucose-6-phosphate and the concene
trations of ADP shown in the figure. The reaction was sturted by the
addition of soluble F, and quenched after 20 min at 35°C with a 20%
TCA solution contuining 2 mM B,
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The findings of Figs. 1 and 2 indicated that the truc
substrate used by F,-ATPuse and by submitochondrial
particles was the very low ATP concentration available
in the medium and that the radioactive P, released into
the medium was derived from radioactive glucose-G-
phosphate which continuously regenerates the ATP hy-
drolyzed.

3.2, pH and Mg dependence

[n the presence of 3 mM ATP, the ATPase activity
of both soluble F,-ATPase and of submitochondrial
particles increased as the pH of the medium was raised
from 6.0 to 9.0. A different pH profile was observed
when glucose-6-phosphate and hexokinase were used as
an ATP-regencrating system. In this case the activity
was maximal in the pH range of 6.0-7.0 and decreased
ubruptly when the pH was raised from 7.0 to 8.0. The
concentraticn of ATP which can be obtained after the
ATP-regenerating reaction reaches squilibrium, will
vary depending on the pH value of the medium [2-4].
Thus, the pH dependence observed with the use of glu.
cose-G-phosphate is probably not related to an effect on
the mitochondriul ATPase, but rather to the concentra-
tions of ATP in the medium.

At pH 7.0, the maximal rate of glucose-G-phosphate
cleavage was obtained in the presence of 0.4 mM
MgCl,. With the use of 3 mM ATP, the maximal rate
of hydrolysiz was observed in the presence of 2 mM
MgCl, both at pH 7.0 and 8.0.

3.3, Membrane potential

The experiments in Fig. 3 show that the energy de-
rived from the steady-state hydrolysis of glucose-6-
phosphate was sufficient to form and to maintain a
membrane potential in submitochondrial particles simi-
lar to that observed with the use of millimolar concen-
trations of ATP. In the presence of hexokinase, the
addition of glucose-6-phosphate and ADP promoted a
quenching of oxonol-V fiuorescence indicating that a
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Fig. 2. Inhibition of glucose-G-phosphaie hydrolysis by glucose, The
assuy medium composition was S0 mM MOPS-Tris buller pr 6.5, 2
mM MgCl, and cither (8,4) 3mM ATP or (0,6) 0.1 mM ADP, 0.05
mg hexokinase/in| and either 2 mM (0) or 4 mM (4) [*P]glucose-6-
phosphate. The reaction was performed at 35C and it was started by
the addition of eilher soluble F, (0.8) to a finul concentration of 10
#p/ml, or by the addition of submitochondrial particles (4,4) to a final
concentration of 0.9 mp/ml, In the figure 100% uctivity corresponds
to (0) 9.1,(s) 0.012, (@) 10.6 and (a) 0.17 umel P/mg protein - min~',
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Fig. 3. Formation of membriune potential in submitochondrial purti-
cles. The assay medium compaosition wus 50 inH MOPS-Tris ph 6.5,
0.4 mM MgCl.. 2 M QOxanol-¥ und 20 ap/ml of submitochondrial
particles. In {A) 30 xg/ml of hexakinuse was included in the assay
medium. In (B) hexokinase was not added. Arrows indieate the addi.
tions of (G6P) 10 mM glucose.6:phosphute: (ADP) 20 uM ADP:
(Glug) 20 mM glucose; (ATP) 0.4 mM ATDE: and (oligo) 2 up/mi
oligomyein, The assuy was performed at raom temperature.

membrane potential was formed across the submito-
chondrial particles membrane [11.12]. The membrane
potential formed with the use of ADP and glucose-6-
phosphate wus only observed in the presence of hexo-
kinase (compure Fig. 3A,B) and was abolished when glu-
cose was added to the medium. In the conditions of Fig.
3A, the addition of ATP promoted & transient forma-
tion of a membrane potential. Immeciately after its ad-
dition, ATP is used by both the submitochondrial parti-
cles and by hexokinase to form glucose-6-phosphate. In
the subsequent incubation intervals, all the added ATP
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is converted inlo glucose-6-phosphate and the equilib-
rium concentrulion of ATP remaining in the medium is
much smaller than that needed to maintain the potential
due to the excess of glucose available in the medium. In
absence of hexokinase, the polential formed by added
ATP is sustained during several minutes, both in the
presence (Fig. 3B) or in the absence (data not shown)
of glucose. The membrane potential formed by either
added millimolar ATP concentrations (Fig. 3B) or by
the small ATP concentration formed from ADP and
glucose-6-phosphate (data not shown) are both im-
paired by cligomycin, an antibiotic that inhibits the
mitochondrial F,-ATPase. The glucose-6-phosphate,
ADP and the pH dependence for the formation of the
membrane potential are essentially the same as thase
observed for glucose-6-phosphate hydrolysis (data not
shown). The adenylate kinase inhibitor F'.P*-di(ade-
nosine 5)pentuphosphate, up to a concentration of 0.1
mM, has no effect on either the hydrolysis of glucose-6-
phosphate or formation of the membrane potential in
submitochondrial particles (data not shown), thus ex-
¢luding a possible interference of adenylate kinase in the
experiments shown in Figs, 13,

3.4, ATP dependence for the formation of the membrane
potential

This was found to be the same regardless of the ATP
regencrating system used (Fig. 4). With the use of glu-
cose-6-phosphate the ratio ADP/ATP in the medium
varied from 5 (Fig. 4B) up to 330 (Fig. 4A) while with
the use of creatine phosphate, practically all the nucleo-
tides of the medium were in the form of ATP. The
apparent K,, for ATP was found to vary from 10 to 16
MM regardless of the ATP-regenerating system used.
These data indicate that the formation of the membrane
potential is not impaired by the excess of ADP found
in the medium when glucose-6-phosphate is used. Fig.
4A shows that the membrane potential and the rate of
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Fig. 4. ATP dependence for membrane potential formation. The assay medium composition was 50 mM MOPS-Tris buffer pH 6.8, 0.1 mM

P! P*-di(adenosine 5}pentaphosphate, 2 4M Oxonol-V, 20 ug SMP/ ml and (@) 1 mM MgCl,, 2 mM creatine phosphate, 30 ug/creatine kinase and

A DT concentrations varying from 0.09 up to 46 uM; (©) 0.4 mM MgCly. 0.1 mM (A) or 0.2 mM (B) ADP and glucose-6- phosphate concentrations

varying from 0.5 mM up to 35 mM (A and B); (a) as in (0) but using [*P]glucosc-G-phosphate. With the use of glucose-6-phosphate, the ATP

concentration available during (he steudy state was caleulated as described in [14], For creutine phosphate, the ATP concentrations in the medium
were the siume as those of ADP added.
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glucose-6-phosphate cleavage increased to the sums ex- 3.6, Ca~ uptake
tent as the concentration of ATP available in the me- Intact mitochondria isolated from rat liver are able
dium was raised from 0.3 up to 1.0 uM. to accvmulate Ca®* using the proton gradient formed
during nydrolysis of ATP [19,20]. A small, but signifi-
3.5, Uiilization of the energy devived from the menibrane cant uptake of Cu** was meusured in presence of ADP,
potentiat glucose-6-phosphate and hexokinase (Table II).

This cun be studied in submitochondrial particles The large difference between the amount of Ca** ac-
measuring the energy-dependent transhydrogenution cumulated in the presence of | mM ATP and that meas-
from NADH to NADP" and the uphill electron transfer ured using glucose-6-phosphute (Table II) is perhaps
from succinate to NAD® [13-16}. The 4G of these two related to the translocation of ATP from the assay me-
reactions are 5.7 and 16.2 kcal/mol, respectively. Both dium to the mitochondrial matrix. In submitochondrial
reactions were observed when submitochondrial parti- particles, the F,-ATPase faces the outer surface of the
cles were incubated in media containing either 0.1 mM vesicles and is in direct contact with the ATP available
ATP or a mixture containing hexokinase. ADP and in the assay media. In intact mitochondria, the ATP in
glucase-6-phosphate (Table 1). Under these later condi- solution must cross the mitochondrial membrane in
tions, there was no formation of NADPH or of NADH, order to reach the ATPase, using the ADP/ATP carniier
if hexokinase or glucose-8-phosphate were not included (21.2 ] With the use of hexokinase, the large ADP/ATP
in the assay medium, The formation of NADPH and of ratio in the medium does not {avor the translocation of
NADH were impaired by oligomycin, regurdless of ATP into the mitochondrial matrix. Thus, it is probable
whether 0.1 mM ATP or a mixture of ADP and glucose- that during steady state, the concentration of ATP in-
é-phosphate were used as substrate, Glucose impaired side the mitochondria would be smaller than that found
the reduction reactions measured in presence of hexo- in the assay medium,

kinase and glucose-6-phosphate (Table 1) but had no
effect when 0.1 mM ATP was used. An intriguing find-
ing was that in spite of the large differences in the e¢ner- 4. CONCLUSION

gies of hydrolysis of ATP and glucose-6-phosphate. the With the use of glucose-6-phosphate and hexcokinase
ratio between the rates of P, production and that of as an ATP-regenerating system. the concentrations of
either NADPH or NADH were pructically the same ATP and ADP remuain constant during the steady state
when measured using either 0.1 mM ATP or the glu- and the work done by the ATPuse of submitochondrial
cose-6-phosphate system (Table [). particles to form and to maintain a membrane potential,
Tuble 1
Energy-dependent trunshydrogenation from NADH 1o NADP® und uphill elestron transfer from succinate to NAD"
() Rates, amol/mg prot - min™' Rutio A/B
A B
P, production redustion

(A) Trunshydrogenution

ATP ] 162.4 + 208 95.5 £ 8.} 1.7x 0.1

Glucose-6-P + ADP 7 135+ 26 169 £ 27 09 £0.2

Glucose-6-P + ADP + glucase 7 0 0 -
(B) Elestron transfer from succinate to NAD®

ATP 3 49.0 & 81 6.8 = 0.4 72309

Glucose-6-P + ADP 3 M9 % 17 115+ 1.3 6.6 %04

Glucose-6.P + ADP + glucose 3 0 o] -

For the transhydrogenation reuction (K, &= 6.7 x 107 4G* = 5.7 kenl/mol) the assay ntedium camposition was 50 m M MOPS-Tris buffer pH
7.0, 2 mM MgCls, 15 uM rotenone, 254 mM cthanol, 0.1 mg/ml alcohol dehydrogenuse, | mM NADP®, 0.0S mM NADH, 0.2 mM P,
P*.di(adenosine-8') pentaphosphate, 0.2 mg/ml submitachondrial particles protem and either 0,1 inM ATP or 0.1 mM ADP, 10 mM glucose-G-
phosphate and 30 ug hexokinase/inl, When used, the glucose conceniration was 10 mM., This miature wos used in the two cuveltes of the
spc:trophotomclcr The reuction was sturted by adding to the test cuvette either ATP or glucose @phospha(c For the reaction for the electron
transfer from succmate 1o NAD® (K, = 1.2 % 10713, 4G™ = 16,2 kcul/mol) the assuy medium composition was $0 mM MOPS-Tris buffer pH 7.0,
125 mM KCl, 2 mM MgSO,, 1.6 mM KCN. 1 mM NAD", § mM succinate, 0.1 mM P', P*-di(adenosine-5) pentaphosphate, 0.2 mg/mi
submimchomlna! particle protein and either 0.0 mM ATP or 0.1 mM ADP, 10 mM glucose-G-phosphate and 30 ug hexokinase/ml. When used,
the glucose coneentration wus 10 mM. The reicdon was starled by the addition of either ATP or glucose-G-phosphate. The rates of P, praduction
were meusured in parallel experiments using either {y-"PJATP or (“Plglucose-G-phospluste. The values shown in the table are mouns % S5.E, of the
number of experiments shown in parenthesces,

200



Yolume 308, number 2

Tuble U1
Cu®* uptake in intact mitoshondrin

Additions nmol Cu**/my
prot
(1} ATP 26.8 = 1.1 (5)
ATP + aligomygin 1.1 £0.93)
(2) ADP 0.4 £ 0.1 (5)
ADP, glucoic-6-P, hexokinuse 32037
ADP, glucase-G-P, hexokinase, glucose 0.5 = 0.1 (6)
ADP, glucose-6-P, hexakinase, oligomyein 0.5 = 0.1 (5)

The assuy medium compaosition was 10 mM HEPES/Tris buffer pH
7.0, 130 mM KCL, 2 mM P, 2 mM MgCl,, 0.06 mM **CaCl,, 5 uM
rotenone, 0.2 mM B, Phditudenosine-$') pentaphosphate, and the
ddditionx shown in the Table to the final concentrations of ATP. |
mM: oligomyein, 10 gp/ml: ADP, 0.1 mM: glucose.6-phosphule, 10
mM; hexokinase, 30 gg/ml and glucose, 20 mM. The reaction was
started by the uddition of mitaghondriy, (o a finul concenteutions of
I mg/mi und filtered aufter 1, 2 and 4 min, The filters were washed 3
times with {0 mil samples of {30 mM KCland counted in a seintillation
counter. Maximal value of Ca®* uptake were attained after the first
minute incubation and remained constant during the subsequent incu-
bation intervals. The values shown in the table ure meuns & S.E. of
the number of experiments shown in parentheses.

is coupled to a decrease of the glucose-6-phosphute con-
centration, a compound which hus a lower energy of
hydrolysis than ATP. This is an unusual thermody-
namic situation, different from that observed with the
use of creating kinase, where work is coupled with the
decrease of phosphocreatine concentration, a com-
pound which has a higher energy of hydrolysis than
ATP. In a recent report [18]. a similar situation was
described for the Ca**-ATPase of sarcoplasmic reticu-
lum. This raises the possibility that under steady-state
conditions, different enzymes involved in energy
transduction, may use phosphate compounds of low
energy of hiydrolysis to perform the work which is usu-
ally associated to the consumption of ATP. The use of
glucose-6-phosphate and hexokinase as an ATP-regen-
erating system is limited to ATPases with a X, for ATP
smiller than 0.05 mM. Enzymes with a lower affinity
for ATP cannot use this ATP regenerating system be-
cause they cannot form an enzyme-substrate complex
in the presence of the very small concentration of ATP
formed from ADP and glucose-6-phosphate {18},
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