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ABSTRACT

" Adenylyl imidodiphosphate (AMP;PNP),ZAn analog of,adegosine
triphosphate (ATP), ié‘a potent competitivé ihhibitot ofvmitochondrial
ATPase actiyi;y.-“It inbibitsquth_the soluble oligomycin ingensitivé.
ATPase'(Ki‘= 9.2 x lOf7 Mj and the bounq oligomycin sensi;ivé'ATPaSel
 (Ki = 1.3 x 16—6 Mi; ATPase_acﬁivity~of:inside—out submitoéhéndrial'
preparatidns.are more_éensitivévto'AMP-éNP in the presenéé 6f an uncéuple: o
-(Ki =-2.0_* ld_? M). Mitochondrial ATP:dependent réaétions (reversed
electron tianéfér and potassium uptake) do no£ p;océed’if ATP is
replaced‘wifh AM?—PNP; however, the analog‘aoesvaffect these systems.
Oxidative phosphb;&lation of'whole'mitochbndria and subhitochondrial
preparations were unaffecﬁed by AMP-PNP.
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INTRODUCTION

The interaCtion of adenosiné.triphosphate (ATP) with rat liver
mitochondrial ATPase was studied using'a;enylyl imidodiphosphate
(AMP-PNP), én analog of ATP. Yount et al. (1) syntheéized AM?-PNP'and
sho&ed that:it was chemicallyzand stfﬁcturally simiiarito ATP, the .
sole difference being tﬁe replacementféf the thifdvokygén bridge of
the triphosbhaﬁe éﬂain witﬁ.an imid§ Bridge. The analég binas qu+‘
as does ATP and thus is a'suitable‘replacement for a reaction
involvihg.Mg—ATP‘(l). Another study by Yo@nt gﬁ_él;'(Z) showed
that AMP-PNP isﬂa strong_éompétitive inhibitor of mybgin ATPase. The.
analog.interactS'at the ATP binding site of Ehe myoéin AfPase; however,
it is not hydrglyzed nor does ité binding elicit cqnttacﬁion in
giycerinated muscle fibers. These findings'promptéa us to investigate
the interaétién of AMP-PNP with mitochondrial ATPase, auring ATP
hydrqusié and ADP phésphorylatién, as an.iﬁdicaForvofvthelinfluence

of ATP binding to ATPase during different active states of mitochondria.

METHODS

Preparation of'mitochondrié, submitochondrial preparations,

and Fl—ATPase

Rat liver mitochondria were prepared by the method of Stancliff
et al. (3) and submitochondrial preparations were prepared by sonication
of the mitochondria according to Kielly and Bronk (4). Soluble Fl-ATPase

was preparedlby the ﬁethod of Catterall and Pederson (5).

Abbreviations: AMP-PNP, adenylyl imidodiphoéphate; FCCP,
carbonylcyanide p-trifluoromethoxy phenylhydrazone.
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All systems were studled at 30°cC and at pH 8. O Duke and Moralee

(6) have noted that AMP- PNP is more 51m11ar to ATP at PH 7.5- 8 O

-than at pH 6.5—7.0. ATP hydrolysis was measured on a Cary 14 spectro-

photometer by following the oxidation of’NADH at 34d nm in a coupled
reaction. The concentrations of reaction components were 5 mM MgSO4,
3.3 mM phosphoenol pyruvate, 0.2 mM NADH 5. unlts/ml of lactate

dehydrogenase, 8 unlts/ml of pyruvate klnase, 250 mM sucrose and 50 mM

trls—acetate buffer. fMembrane—bound ATPase assays.wexe performed in

:the presence of'2 mM KCN. 1 uM concentration of the hncoupler FCCP

/.

was present wherée indicated.

Reversed electron transfer and mitocnondrial-Ehosphorylation

Reversed.electron'tranéfér was measured as described by_Dannielson
and Ernster (7) exoept that 1 mM ATP was used. Phbsphorylation in whole
mitochondria was measured polarographically using a.Clark oxygen

electrode (ChanCe and Williams (8)). The concentrations of reaction

_ components were, 10 mM KC1, 3 mM MgCl_, 3 mM NaPoO,, 5 mM sodium

2 4

succinate and 5 mM tris buffer; where'indioated, ADP was added to make

\

"a final concentration of 144 uM.

ATP-dependent'potaSsium uptake

Mitochondrial‘swelling-was measured by observing changes in percent
1ightftransmisSion due to potassium uptake (Gooch and Packer»(9)).

Theaconcentrations of'assay components Were 2 mM ATP, 2 ug/ml rotenone;-

- 0.01 ug/ml.valinomye¢in, 28.6 mM botasSium.acetate,leQemM sucrose, and

5 mM tfis buffer.



Phosphorylation in submitochondrial preparations

To determine the phosphoryiation ;aéacity (p/0 raﬁio) of submito-
chondrial‘preparations, NADH oxidatipn was qﬁantiﬁated by measu;ing thg
"decrease in absorbancy at 340 nm. .ThevATﬁ fqrmed‘during NADH oxidationv
was trapped és élucose—G—phosphate ﬁsing ﬁexokinase and glucose:' Thév
coﬁcentraéions of.reacﬁants Qéfe 7 unité/ml hexokinase,'i7 ﬁM glucose,

0.25 mM NADH, 250 mM sucrose, and 50 mM tris

2.5 mM NaPO,, 3.3 mM MgSO

4’ 4’
buffer. onn.completiop éf NADH qxidation, EDTA (8 mM)'ahd KCN‘(2 me
‘ Were added to inﬁibit adenyléﬁe.kinase énd transhydrogenase, respectively.
.The ATP_that'waé ttapped as glucose—6;phosphate waé quantitéted by.megsuring
the fqrmationvéf NADPH (at 340 nm) upon-addition‘ofﬂNADP kOQS_mM) and_'
'élucose—é—phosphate dehydrégenase (2 units/ml). The rétid of NADRH'formea>
to NADH oxidized was used to indicatg thé phosphorylétion-capacity.bf the
vﬁrepafaﬁions. A blank wasvsﬁbtracted‘to-account for'adénylate kiﬁasé
activity during the NADH okidation. Pfotein was'detetmined by the method

of Lowry et al. (10) using bovine serum albumen as a standard.

MATERIALS

.ATP,‘NADH, pyruﬁate kinase, lactate dehydrogenase, phosphoenél_
pyruvéte, NAD, rotenone;_hexokinase, NADPH,Iglucoéef6-phosphaté
dehydrogenase, and ADP were pﬁrchased from Sigmavchemical Co,.
Valinoﬁycin was ogtained from Calbiochem. FCCP was a gift from Duﬁont.

All othérAcompounds Were‘of reagent grade.
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RESULTS ..

As shomn in Figs. 1, 2 and.3 AMP- PNP 1nhib1ts-m1tochondria1
ATPase as it inhibits ATP hydroly51s In all of our.studies hydro-
lysis of AMP-PNP forming ADP was never détected.‘ The'analog»waeﬁfound
to be a potent competitive inhibitor of. the ATP hydrolyzing systems.
Figure 1 1nd1cates the effect -of AMP- PNP on the hydrolytic,activity_of s

the soluble oligomyc1n insensitive (F ) ATPase. The'Michaelis constant

of 9. 7 x lO 4M is Similar to that reported by Hammes and Hilborn (11)
for solubilized ATPase from beef heart mitochondria. Our study showed

‘that AMP-PNP was a strong competitive inhibitor of this enzyme with a

K, of 9.0 X 107 M. S -

The effect of AMP-PNP on the bound oligomyCin sensitive ATPase

was studied w1th inSide out submitochondrial preparations made by )

sonication of whole mitochondria (Figs. 2, 3). (The-use'of-such-

preparations eliminates the p0551bility of the analog S affecting

translocation of ATP rather than ATP hydrolySis;) ATP hydroly51s by the -
submitochondrial preparations was insensitive to atractyloslde. The

ATPase reaction was studied with and without the uncoupler FCCP. In

_both cases, the analog acted as a strong competitive inhibitor of the

-6

'ATP hydrolytic reaction. These results (K w1thout FCCP = 1.3 X 10 M;

-7

'Ki with FCCP = 2.0 X '10 M) indicate that relative affinity of ATPaée
' for the analog differed in the coupled and uncoupled states. The

- Michaelis constants for the bound ATPase were also similar to those-

reported for bound ATPase from beef heart mitochondria.

Since AMP-PNP binds to an ATP binding site and'was not hydrolyzed,

it seemed to be a suitable probe for'testing whether the ATP-dependentj



reactions were dhe'to ATP hydrolysig of to ﬁindiﬁgvof ATP. ,AMf?PNP'
- was substitutéd‘fo ATP to study the ATP-driven re§érsea eiecﬁrén'
- transfer reaction from succinate to the reduction of‘ﬁAD+. _Iﬁ this
system NADH did'ﬁot form. If there is oﬁly one ATP bihding sité, then
this finding Qouid discount the pbssibili;y that'bigding_gf adenine
nucleotide atvthe ATPase acti;ity Siteﬁrépresehts ﬁhe drivingvforce, i.e.,
ATP hydrolysis would be necesséry. An_inteteéting observgtion wés
noted when ATP‘was'added to this reaction s&stem; ¢Iﬁ_the absence éfi
AMP—PNP, NAbH formed.almosﬁbihsﬁanténeously and the reacﬁioﬁ\Went té'”
completion as the ATP became depleted. ' ATP hydrolysis;was dete:mined
'éeparately undef the same condifions. In the presence»of AMP—?NP, the
ATPase activity was'markédly decreased; howevef; the gfféct on £he.
reversed electron ﬁransfer wasvndt.éémpafably affected (Fig.:éj} Iﬁ
the latter system the reversed eléctron tranéfei féaCtidn showed an
initial lag, whichlwas'dependent on the cohceﬁtratién'of analog,
followed by NADH' formation aﬁ a rate.only slightly 1é§s than the'initial7_ 
rate elicited'by fhe'control. The reversed electron tfansfef feaction |
also was observed to continue for a longer time as comééied to the
v COhﬁrol, probably because the lower ATPaée ;ctivity'inhibited the
'.dépletion of the ATP supply, yet incréased.thé-efficienpy of ATP—ariven
ﬁAD+ reduction. | | |

The effect”of‘the’analog‘was‘aiso inVeStigatéd on an ATPfdependent
‘reaction of whdlévmitbchonaria; Potassium'uptakeAdtiven by ATP wés: ! ' -
'fOIlowed by.measuring changes in light tfansmiséion caﬁsed by_mitochon— |
drial swélling (Fig. 5). This reaction wés dependent.én ATP.ahd Aid nbt'
procged if ATP was replaced‘by AMP-PNP. However, if»the analog was:
édded prior to ATP, then the_sYStem:was'markedly inbibited.'_The

-inhibition could be either at the site of ATP hYdrolysis or at the



"ADP - than AMP=PNP under phosphorylating conditions. °
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Site of trénslocation.of the. ATP.

~.Whole.mitochondria:were“also studied to_sée'whefher AMP~PNP

- interferes with»oxidative.phosphorylation; As éeen in Fig. 6, even at

0.45 mM AMP—PNP,-there‘was no_significant change in the phosphory1ating

 'capacity'of whole mitochondria. 'If the énaiog is-translocated (12),

then the catalytic site of the ATPase has a much gréatéf affinity for

\

The possibility still remains that AMP-PNP did not affect oxidative

_ phosphorylatioﬁ of whole mitochondria because it did not cross the '
inner mitochondrial'membrane during succinate oxidation. To determine:

_the  influence of the possible presence of a membrane barrier or of

translocation, we studied the effect of AMP-PNP on phésphorYlation in

"inside-out" submitochondrial préparations (Table I), in which the
-~ ATPase is expoéed to the external medium. Once again, phosphofylation”

~of ADP was unaffected by the analoér If AMP-PNP can bind at the

active site of mitochondrial ATPase, then the lack of detectablé *

‘vinhibition‘may:bebdueiﬁo thé enzyme ﬁaviné a higher affinity for ADP.
‘Catterall and'Pedérson reported a KM(ADP) §f 3.8'x'10f6M duriﬁg oxidative
 phosphorylation of rat liver ;ubmitochondrial prepaiétionsl a value
.amuch lower #han the KM(ATP) fér the hydrolytié reaéfion. This differénce
_mékes physiologicai sense -as the primary role of thé enzyme is to syn;

'fthesize ATP.

'DISCUSSION

It is generally believed that the ATPase complex in mito¢hondria

. functions reversibly in the synthesis and hydrolysisvéf ATP. The

-~ studies reported here show that,althbugh the analog, AMP—PNP}'intéracts



vw1th the ATfase to competltlvely 1nh1b1t the hydrolytlc reactlon, it
does- not affect the rate or eff1c1ency of the phosphorylatlon of ADP’
. to ATP'in wholevmito¢hondria or submitochondrial preparations. .

 in;ordei to competitively iﬁhibit ATP hydrolysis] ﬁhe analog must
bind £o an ATP binding site. if there i; only dne_adéniné nucleotide
bindiﬁg sité and if it is the ATPase céﬁalytic site, then. from our |
studieé~0n the_éffect'of thg anaiog 6n.ATP:hydrolysi§ i£ WOuld bé
éxpectedvthat AMP-PNP wduld interfere_with the phosphorylation of
.ADP; Because . no inhibiﬁion was obse:Qed,“iﬁ could be that ADP out-competes
AMP—PNP for the ATPaée active éite under'eﬁergizéd cbnditiohs, or elsé
' "the piésen¢e éf AﬁP-PNP‘doés nqt effectythe binding ;f ADP and release of
ATP f?om‘the enzyme; This preaiction impliés that AMP-PNP is bound.durinq
:ATP syntheéis wﬁich may not be #he case.v Thé ATPasé energy lihked‘cata-:.
lytic site may:bebmade'more accessible to AMP-PNP Whén mitéchohdria_are_
uncoﬁpled; A comparison Of'Fiés, 2 and 3 shows that FCCP renders the
ATPase more sensitiVe to inhibition by AMP-PNP. The:poséibility still
rémains,,hdwever;sthat_there is more thah one ATP bihding si;e 6n the
= mitochondrial AT?asevand.that the analoé interacts a;va ﬁén—eneréy‘linked/
ATP bihding site when mitochondfia-are energized. 'Thué under phosphory-
lation'conditions AMP~PNP would not  interfere witthpf bhosphofylation{

The ATP-driven reversed electron ﬁransfer réa;tion in gﬁbmito-.
chondrial.prepérétions réquireé'couéling.bethen ATP,HydrolySis and
-NADuieductioh. The greater productlon of NADH noted 1n the presence L R
of AMP—PNP lndlcates that in terms of coupling ATP hydroly51s to NAD
reduction this system is more-éfficientf ‘The paradox of an inhibitor 3 v
~. which promotes a more efficient‘system can be resolved if it is éssumed :

that the mitochondrial membrane contains two different ATPase enzymes,
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or one ATPase in two different states -- one state being energy-linked.

-and. the othef'being'nOn-energy'linked. The_létter}situatioh could

- occur if there is a mixed population in the Submitochondrial preparations,

coupled. and uncoupled systems. only the c§upled or energy linked system
canIArive the reversed éléctroﬂ.tfansfer:i Sihce-uneouplinglﬁith FCCP
renaered.ﬁhe ATPase more sensitive to iﬁhibitioh by #hé_analoé, it may
be that the aﬁalog preferentially inhibits the”non—éngrgy liﬁked o
éystem, leayiné'the energy ;inkéd sYSﬁem availablevtp{arive_the
reVefsed éléctron ﬁraﬂéfér;_f | o | B

- Potassium uptake with valinomycin'iﬁ the presence of ATP also

-

'-requires:a coupled mitochondrial system. ‘In this case thé_ahalog had

a strong inhibitory effect. Inhibition,.though, may be at the site

of adenine nucleotide translocation rather than at the ATPase catalytic -

sité. ‘Althbugh kiingenbérg et ai; (lZ)-have shownvthaf AMP-PNP
interacts with the aaenine'nucleotide.cﬁrriéf of the inner mitochcndrié;
membrane, it may be that #he analog interferes with_ATf transiocation,
thus:iﬁhibiting ATP—driven.potassium uptake. .In-ofder'to'explain how .
the analég worké in whole mitochondria‘more informatioﬁ will be neéded

concerning the interaction of AMP—PNP with the adenine nucleotide

-

carrier and its subsequent effect ohn ADP and ATP translocation.

Frbm this discussion it is inevitable that fuither sfudieSHOf the inter-
actioh of AMP—PNP with ATéése are wérranted. Such é study.may résolver
some of the problems of tﬁe mechanism‘and revetsibilétf of the mitéF'. o
chondrial ATP synthetase compléx.'. o -

Il .

Preliminary results of such work -have recently been repoxted

(14, 15). Garrett and Penefsky (15), Penefsky (16) noted that AMP-PNP

competitively inhibits beef.heart'mitOChondrial ATPase without effecting

oxidative phosphorylation.
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TABLE I

EFFECT OF AMP-PNP_ON PHOSPHORYLATION OF SMP's.. _ .

. ADP - AMP-PNP -+ FCCP P/0
(uM) - (uM) (1 uM)
v1;4oo 6 - 0.44
1,400 600 - 0.44
140 0 - 0.24
.140 - 260 - 0.25
140 o] + 0.04
.('
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