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SUMMARY 

1 The concentration of specific ohgomyctn-blndtng sites in rat-hver mltochon- 
drla is 0 12 nmole/mg protein, whereas at least 10-times more ohgomycln can be 
bound non-specifically 

2 The activity of ohgomycln-lnhlblted processes m intact matochondrla and 
submltochondrlal particles cannot be restored by treatment with egg lecithin or 
mltochondrlal phospholiplds 

3 Analysis of the kinetics of Inhibition of State-3 respiration by ohgomycln 
reveals that (1) after a certain lag period the inhibition by ohgomycln is pseudo-first 
order with respect to the respiratory-control ratio, defined as the ratio of the respira- 
tory rate at time t to that of the final Inhibited site, (li) the value of the pseudo-first- 
order rate constant (k0) is dependent on the ohgomycln protein ratio, phosphohpid 
protein ratio, pH and temperature, (lU) the effects of various substrates and lnhlbltors 
of electron transfer on the kinetics of ohgomycln Inhibition can be explained by their 
effects on respiratory control 

4 A detailed model is proposed for the Interaction of ohgomycln with mlto- 
chondrla It is proposed that two conformations of the ohgomycln-sensttlve site are 
present, and that ohgomycln specifically binds to the conformation that is involved 
in the induction of respiratory control 

INTRODUCTION 

The antibiotic ohgomycln, Introduced as an inhibitor of oxidative phosphoryla- 
tton by Lardy et al [1 ], has contributed considerably to our present views on the 
coupling of ATP synthesis to electron transport [2-10] It has been proposed that 
ohgomycln inhibits the reaction of the hypothetical high-energy intermediate I..~X 
with P, or H20 [6, 7, 9] or acts at the level of transductlon of energy of the membrane 
potential to that of high-energy compounds [10] Based on experiments with submlto- 
chondrlal systems Ernster has proposed that ohgomycm directly tltrates 1N X [l l] 

Abbreviation CCCP, carbonyl cyamde m-chlorophenylhydrazone 
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Without specifying the nature of  the energized state, we have proposed that 
ohgomycln interacts preferentially with energized mltochondrlal membranes [9,12,13 ] 
This proposal was based on the Interpretation of condition-dependent changes m the 
shape of ohgomycm-lnhlbitlon curves and the lag phase preceding ohgomycln inhibi- 
tion Under relatively highly energized conditions, namely those used for measurement 
of P , -ATP exchange [3, 13, 14], A D P - A T P  exchange [14], arsenate-reduced respira- 
tion [15] or ATP-drlven glutamate synthesis [8], the ohgomycln-inhibltion curves are 
completely straight, whereas slgmoldal curves are obtained for State-3 succlnate 
oxidation [3, 8, 16] and the uncoupler-induced ATPase (at suboptimal uncoupler 
concentration) [8, 12] At that time we had no explanatlon for the linear ohgomycln- 
inhibition curve for the uncoupler-induced ATPase at high uncoupler concentrations 
[15] An earher suggestion that the slgmoldal ohgomycm-lnhlbltlon curve for State-3 
respiration might be a consequence of a rate-hm~tlng step at a s~te other than that 
sensitive to ohgomycln [3, 8, 16] is ehmlrated by the observat,on that, under State-3 
conditions, the cytochromes, ATPase and ademne nucleotlde translocator behave 
klnetxcally as a single enzyme that is rate-hmltlng m succmate or glutamate--malate 
oxidation [17] Based on the delay in the effect of ohgomycm m inducing the energ;y- 
linked enhancement of the fluorescence of anlhnonaphthalene sulphonate in the pre- 
sence of submitochondrml particles, Ernster et al [18] have also proposed that ohgo- 
mycIn interacts with the 'energized state" of the mltochondrlal membrane 

The interesting question remains if the occurrence of slgmo,dal lnhlbmon 
curves can be explained on the basis of the existence of different conformatxonal 
states of  the ohgomycln-sensitlve site, as has been shown to be the case for the antt- 
mycm [19], aurovertln [20] and gummlferln [21] sensitive sites This is examined In 
this paper 

RESULTS 

E.~presston oJ the mteractlon oj ohgomvcm i~ tth mttochondrta 
Both the kinetics of inhibition by sub-optimal concentrations of ohgomycln and 

the final extent of inhibition are strongly dependent on the reaction studied [8, 9, 22] 
This is demonstrated in the experiment shown m Fig 1, m which mitochondria were 
pre-lncubated for 2 5 mm in the presence of substrate, ATP and variable amounts of 
ohgomycln, after which either uncoupler or A D P - - P  1 was added, and the rate of the 
ATPase or the respiration, respectively, was measured as a function of time The 
curvesln Fig 1 show that after an identical pre-lncubatlon of the mltochondria w~th 
ohgomycin (i) the degree of inhibition is dependent on the reaction measured and 01) the 
inhibition of the uncoupler-induced ATPase does not change with time, whereas that 
of  the State-3 respiration is greater after 2 rain than immedmtely after adding the ADP 
and P, The immediate and constant inhibition of the uncoupler-reduced ATPase shows 
that the lag in reaching maximum inhibition of respiration is not due to a penetration 
barrier to the ohgomycln, a posslblhty that was raised by Khngenberg [23] The find- 
ing that the expression of the interaction of ohgomycln with mltoehondria depends 
on the reaction that is used to study it suggests rather that different states of the 
ohgomycxn-sensltlve site are probed m the two reactions 
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1 Compamson of  the ohgomycm-mhzbttlon curves lor the CCCP-mduced AYPase and State-3 Fng 
resptratton after identical premcubation Mitochondma v, ere incubated wtth ohgomyt.,n for 2 5 mm 
nn a mednum ~.ontamlng g lu tamate+mala te  and ATP (~ raM) before State-3 respJratton or ATPase 
actnvtty was mutlated by the addttnon of  ADP (1 mM)~ P, (10 raM) or CCCP (1 itM) respectnvely 
Volume, I 55 ml (State 3) and 3 10 ml (ATPase), pH 7 3, protein, 0 9 mg/ml C' '~' ATPase 
actt~,ty measured maually, or I or 2 mm after addttnon of  uncoupler ~ L State-3 respnratton 
measured immediately after the add~taon of  A D P - - P ,  • - - •  State-3 respxratlon measured 2 ram 
after the addition o f A D P  ~ P, 

Kinetics of  mhlbttton of  State-3 l esptratton b) ohgomycm 
T h e  k m e t t c s  o f  t h e  i n h i b i t i o n  o f  S t a t e -3  r e s p l r a t t o n  b y  o h g o m y c m  w e r e  s t u d t e d  

by  m e a s u r i n g  the  d e c r e a s e  m - - d [ O 2 ] / d t  a f t e r  t he  a d d t t t o n  o f  o l l g o m y c m  to  S ta t e -3  
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Fng 2 Analysts of  the k,netucs of  lnbtbntlon of  State-3 resptratton by ohgomycm At zero ttme 0 3 
pg  ohgomycm/mg protein was added to mntochondrm ox,dtzmg succmate m State 3 The rate of  
succ,nate oxtdatton was measured contmuously as - -d[O2]/dt  Protem 0 96 mg, volume I 98 ml 
A d[Oz]/dt versus ttme (50 arbitrary umts correspond wtth 280 natoms O/mm) ,  B --d[O2]/dt  
plotted on a loganthmtc scale versus trine, C, RC plotted on a logartthm,c scale versus txme, (RC)~ ts 
obtained by extrapolating the first-order phase to zero time 
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mltochondrla Fig 2A shows such a trace at a relatxvely high ohgomycm concentra- 
tion (0 3/tg/mg protein), and Fig 2B shows the same data plotted semi-logarithmi- 
cally Since no correction for the ohgomycln-lnsensmve 'State-4' resp~ratlon was made, 
this curve sharply approaches a plateau when the latter rate is reached In Fig 2C, 
th~s is overcome by plotting the data semlloganthm~cally in terms of the resp,ratory- 
control ratio (RC), where RC ~ (rate at time t)/(final mhlbtted rate), a e 

L dt J,=, L dt _~,:, 

It appears that, after a certain lag period, --dRC/dt is hnearly dependent on RC as 
long as RC -~ 1, or, more generally, that both dRC/dt and RC are hneady related 
to the same function 

From the slope of the straight portion of the curve m Fig 2C a pseudo first- 
order rate constant can be calculated, k o ~ 0 693/t 0 5 Extrapolation of this straaght 
portion to zero time 0 e tame of ohgomycm addltaon) gaves an intersection of the 
ordinate that is termed (RC), Fig 3A shows that at high ohgomycm protein ratios, 
when (RC)e has reached a constant value, k o is hyperbohcally related to the ohgo- 
mycm protein ratio (see Fig 3B) From an extrapolation of the straight lane m Fig 
3B It can be calculated that at mfimte ohgomycm ko ~ 0 2 s -1, and L o is 50 °/o of this 
maximal value with 1 llg ohgomycm per mg protem 

The data m Table I show that when the ohgomycm and protein concentrations 
are varied by a factor of 3, but keeping the ohgomycln protein ratao constant, the 
value of ko does not change wathm the accuracy of the experament Thus, at least at 
these ohgomycm protean ratios, ko is strictly dependent on the ohgomycm protein 
ratio and not on the ohgomycm or protein concentration alone Essentmlly the same 
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F~g 3 Effect o f  ohgomycm protein ratio on Lo and (RC)= Substrate,  succmate,  volume 1 90 ml, 
protein,  1 4 mg ko and (RC)e were calculated from plots as shown m Fig 2C, where Lo is 0 693/to s 
A, ko and (RC)= as function of  ohgomycm protein rat io,  B, 1/ko as a function of  (ohgomycm, 
p ro te in ) -  ~ for ohgomycm protein rat ios higher than  0 3 / t g / mg  protein 



T A B L E  I 

T H E  E F F E C T  OF O L I G O M Y C I N  A N D  P R O T E I N  C O N C E N T R A T I O N  ON /,o 

Cond l tmns  as described m Fig 2 Volume 1 96 ml 

Ohgomycm (pg) Protein (mg) Rat io  ( / lg/mg) /~o (s -~) 

0 066 0 48 0 14 0 0096 
0 1"~2 C 96 0 14 00098  
0 099 0 72 0 14 0 0093 
0 198 1 44 0 14 00098 
0 099 0 48 0 20 0 027 
0 148 0 72 0 20 0 028 
0 198 0 96 0 20 0 027 
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conclusion can be drawn from experiments not shown here, using higher ohgomycln 
protein ratios (0 25-0 8 pg ollgomycln/mg protein) It may be concluded that at these 
ohgomycln protein ratios all ohgomycln added is rapidly bound to the mltochondrla 

The pseudo first-order character of  the kinetics of ohgomycln inhibition is not 
affected by changes in pH between 6 0 and 8 5, but ko Increases with increasing pH, 
especially between 6 0 and 7 0 (Table l l )  This effect of  pH on the kinetics of ohgo- 
mycln inhibition may explain the finding (Bertma, R M ,  unpublished experiments) 
that at low pH, State-3 respiration appears to be relatively insensitive to ohgomycm 
(when measured at the same time interval after ohgomycln addition) The double- 
reciprocal plots in F~g 4 show that the effect of  low pH on k 0 is not its maximal value 
but is due to an increase in the ohgomycin protein ratio at which 50 ° o of the max~- 
mum value of k 0 is reached 

The effect of  temperature on the kinetics of ohgomycm inhibition is shown in 
the Arrhenlus plot of  Fig 5 for different high ohgomycln protein ratios ( >  0 3 ug/mg 
protein) The fact that the lines are parallel shows that increasing temperature en- 
hances the value of / ,  o at infinite ohgomycln protein ratio, but has no effect on the 
concentration reqmred for half-maximal ko From the slope of the parallel lines in 
Fig 5 a Qlo of I 88 can be calculated for the lnactwatlng reaction Beechey et al [6] 
reported a similar value (about 2) for the temperature coefficient of  the inactivation 
by N,N'-dlcyclohexylcarbodnmide of the ATP-dependent reduction of NAD + by 
succlnate 

T A B L E  11 

THE E F F E C T  OF pH ON ko AT C O N S T A N T  O L I G O M Y C I N  P R O T E I N  RATIO 

Cond i t ions  as described m Fig 2 0 h g o m y c m ,  0 4 / i g / m g  protein 

pH /~o (s - j  ) 

6 10 0 026 
6 50 0 036 
7 00 0 046 
7 30 0 049 
7 85 0 052 
8 30 0 046 
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FJg 4 The dependence of  Ao on the ohgomycm protein raUo at pH 6 0 and pH 8 0 Conditions as 
described m Fig 2 Volume 1 96 ml, protein, 1 39 mg Ao was measured at different ohgomycm 
protein ratios (0 35-1 0/~g/ml protein) The results have been plotted m a double-recmrocal plot 
Icf F~g 3B) A _ ~ , p H  60,  • - - •  pH 80  

Effect oj lecithin on the kmetws of mhtbttton by ohgomycm 03' State-3 resptratton 
Ad&tton of lecithin to State-3 mttochondna prior to ohgomycm appreciably 

increases the lag phase accompanymg ohgomycm mh]bltton without affectmg the 
final degree of mhlbttlon An analysts of  this effect reveals that the phosphohptd 
decreases the pseudo first-order rate constant k0 for the inactivation process (see 
Fig 6A) According to the extrapolation of the double-reciprocal plots in Fig 6B 
lecithtn does not affect stgmficantly the maximal value of k 0 , but mcreases the ohgo- 
mycin protein ratio at which k 0 equals 50 Oo of tts maxtmal value [n the experiment 
shown in Fig 7, leclthm was added at different time mtervals after addition of oltgo- 
mycm to State-3 m~tochondrta, resulting In a sharp decrease in the rate of mactxvatlon 
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Fig 5 Effect of  temperature on ko at dafferent high ohgomycm protein ratios Con&tlons as dest.rz- 
bed in Fig 2 Results are plotted m an Arrhemus plot Volume 1 80, protein, 1 82 The ohgomycm 
protein ratios (ttg/mg) were, , 1 65, C' © 1 32, • - - • ,  099 ,  A- ._~ ,  0 8 2 , ~ - - [ ] ,  066 ,  
• • 055 
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F~g 6 Effect of lecithin on the dependence of ko on the ohgomycm protein ratio Conditions as 
described m Fig 2 Volume, 1 95 ml, protein, 0 78 mg Purified egg lecithin was added to State-3 
mltochondrla before ohgomycm © - - O ,  m the absence of leothm, ~ + 0 26 mg leothm/mg 
protein ±~ -- L,  0 65 mg lec~thm/mg protein 

H o w e v e r ,  lecxthln d o e s  n o t  e v e n  p a r t i a l l y  re lease  o l l g o m y c l n  I n h i b i t i o n  u n d e r  these  

c i r c u m s t a n c e s  

T h e  o b s e r v a t i o n s  t h a t  (l), t h e  effect  o f  l ec i th in  o n  the  k ine t i c s  o f  o h g o m y c l n  

i n h i b i t i o n  is strictly d e p e n d e n t  o n  the  l ec i th in  p r o t e i n  r a t i o  ( n o t  s h o w n  h e r e )  a n d  

( l l ) ,  t he  p s e u d o  f i r s t - o r de r  c h a r a c t e r  o f  these  k ine t i c s  is i n d e p e n d e n t  o f  the  p r e sence  

o f  l ec i th in ,  i n d i c a t e  t h a t  t he  effect  o f  l ec i th in  is n o t  d u e  to  a c h a n g e  in a r a t e - l i m i t i n g  

r e a c t i o n  ( fo r  i n s t a n c e  the  d i f fu s ion  o f  o h g o m y c l n  i n t o  the  m l t o c h o n d r l a ) ,  b u t  IS 

p r o b a b l y  d u e  to  a r a p i d  r e d i s t r i b u t i o n  o f  t he  i n h i b i t o r  b e t w e e n  m l t o c h o n d r l a  a n d  

p h o s p h o h p l d  w i t h o u t  a n y  effect  o n  i n h i b i t o r  t h a t  ha s  a l r e a d y  r e a c h e d  its i n h i b i t o r y  
s i te  

Similar  results were ob ta ined  with phosphohp lds  isolated from rat-l iver mlto-  
chondr l a  instead of  purified egg lecithin 

ohgomycm 
I I mln 

State3 V < > 

_dlo~ 
dt 

State 4 

Fig 7 Effect of the addition of lecithin on the time course of ohgomycm inhibition Conditions as 
descNbed m Fig 2 Leothm (l 04 mg/mg protein) was added to the mitochondna at different time 
intervals (given by the horizontal arrows) after the addition of 0 17/tg ohgomycm/mg protein The 
rate of succmate oxidat~on was measured continuously Protein, l 18 mg, volume, l 88 ml 
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Kmettcs oJ mhtbttton by ohgomycm of arsenate-reduced respiration 
Fig 8 shows the semi-logarithmic plots of the time course of the rate of arse- 

nate-induced resplraUon after the addmon of &fferent amounts of ohgomycm 
Under these condmons a correcUon for the ohgomycm-msens~tlve respiration was 
apphed because this ts probably due to irreversible damage to the mltochondrm [8] 
It ~s obvtous that under these circumstances the entxre inhibltton process can be de- 
scribed by a pseudo first-order process, without the 'pre-steady state' phase found 
with State-3 respiration (see Fig 2) It may be that this &fference in 'pre-steady state' 
kinetics is related to the difference in the ohgomycm-mhlbmon curve under the two 
con&tlons, vlz slgmoldal for State-3 respiration and hnear for arsenate-induced 
succmate oxidation (see Fig 12) 
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Fig 8 Kinetics of inhibition by ohgomycln of the arsenate-reduced succmate oxidation Volume. 
2 05 ml, protein, 3 2 mg The --d [02 ]/dt¢orr was corrected for the ohgomycm-msens~tlve respiration 
Ohgomyclnconcentratlon(ltg/mgprotem) ~--~  0094, -- ,0141,Q) Q , 0 2 3 4 , ~ - &  0375 
and • - -  • 0 47 

Effects of various substrates and mhlbltors on the h'mettcs oJ mhtbttton by ohgomvcm o/ 
State-3 respiration 

The charactensUcs of inhibition by ohgomycin reported above with succlnate 
as substrate are also found with other substrates In particular the constant value of 
(RC)e reached at ohgomycm protein ratios higher than 0 3/~g/mg protein (see Fig 3) 
Is independent of the substrate used, although the miUal RC values &ffer considerably 
This is demonstrated in Fig 9 The experiments shown m Figs 9 A-D  and E, F 
respecUvely, represent two d~fferent mitochondrial preparations 

Fig 10 shows the effect of malonate, antlmycm and azlde on the kineucs of  
lnhibiuon In this case, ln-d[O2]/dt is plotted on the ordinate From Fig 10A it 
appears that increasing malonate concentrations enhance the 'p~e-steady state" phase, 
but have no effect on the level of the oligomycin-lnsensItwe respiration Figs 10B and 
C show completely &fferent results for the effects of anUmycm and azide In these 
cases, the rate of decrease of the respiratory rate dechnes proportionally with the 
m~t~al rate of State-3 respiration upon the addition of inhibitor, suggesting that ant~- 
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Fig 9 Effect of different substrates on  (RC)¢ State-3 respiration was measured wah different 
substrates Figs A D protein 2 56 rag, volume, 2 25 ml, , 0 24pg ohgomycm/mg protein, 
• -- • ,  0 36/*g ohgomycm/mg protein, Q) ~_~, 0 6/ tg ohgomycm/mg protein A fl-hydroxybutyrate 
B, glutamate+malate,' C, glutamate, D, 2-oxoglutarate~ malonate Figs E and F protein, 2 2 mg, 
volume 2 10 ml, A A, 0 7/~g ohgomycm/mg protein, E, glutamate-' malate and F, suc~.mate 

m y c m  and azlde inhibit the ol lgomycln- lnsenslt lve  respiration to about the same d~- 
gree as State-3 respiration, so that there is no appreciable change in respiratory 
control  Essentially the same result has been reported by Lee et al [24] for submlto-  
chondrlal  E D T A  particles where they found that in contrast to malonate,  ant lmycin 
and azlde do not affect the value o f  the ohgomycln- lnduced respiratory-control ratio 

These experiments clearly indicate that ohgomycln  can be considered as an 
inhibitor o f  respiratory control  and that the extent of  the 'pre-steady state' phase in 
the Inhibition kinetics Increases with decreasing respiratory control  The extent of  
s lgmo]&cl ty  of  the ohgomycln-mhlb l t lon  curves can also be correlated w]th the Imtml 
respiratory-control index, slgmOldlclty Increases through the series g l u t a m a t e +  
malate, succmate,  glutamate,  f l-hydroxybutyrate and 2-oxoglutarate (Bertlna, R M , 
unpublished experiments)  

Reverslbdlty of the mhtbltorv bmdm.q oJ ohgomvcm to mltochondrta 
Kagawa and Racker [25] demonstrated that the ATPase activity of  rutamycm 

(a h o m o l o g u e  of  ohgomycln)- lnhlbl ted submltochondrlal  particles is increased by 
subsequent washings wlth 0 5 o,, soluttons of  soybean phosphohplds  Parallel with 
the recovery o f  rutamycIn-sensltlVe ATPase activity in the submitochondrial  particles 
[~H]rutamycm was found in the phosphohpld supernatant Roberton et al [26] 
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Fig 10 Effect o f  partially inhibitory concen t r anons  o f m a l o n a t e  (A) a n n m y c m  (B) and azlde (C) 
on the o h g o m y c m - m h ] b l n o n  kmencs  C ond l nons  as described in F~g 2 The time course o f  the ohgo-  
mycm-mh~blnon  process has been plotted as m Fig 2B O h g o m y c m  was added at zero t ime A 0 30 
pg  o h g o m y ~ m / m g  protein -- control .  O - - O .  ÷ O 1 3 m M  malonate .  ~ - £ -  ~ 0 3 3 m M  
malonate .  B 0 30/ tg  o h g o m y c m / m g  protein.  . control .  • - -  • . + 0  07 nmole  a n n m y c m / m g  
protein C 0 30 /tg o h g o m y c m / m g  protein.  . control .  • - - • .  - 0  22 m M  azlde Volume 
1 57ml  protem. 0 4 4 r n g  

r e p o r t e d  t h a t ,  i n  c o n t r a s t  w t t h  t h t s  r e v e r s i b l e  b i n d i n g  o f  r u t a m y c m  to  C F  0 ,  N.N ' -  
d l c y c l o h e x y l c a r b o d n m l d e  b i n d s  i r r e v e r s i b l y  M o r e  r e c e n t  e x p e r i m e n t s  o f  P a l a n m  a n d  

B r u n l  [27]  w e r e  i n t e r p r e t e d  i n  t h e  s e n s e  t h a t  p u r i f i e d  p h o s p h o h p l d s  c a n  r e m o v e  t h e  

e f f ec t  o f  o h g o m y c m  o n  s u b m l t o c h o n d n a l  p a r n c l e s  a n d  i n t a c t  m ~ t o c h o n d n a  T h e H  

T A B L E  Ill  

E F F E C T  OF  L E C I T H I N  ON T H E  D I N I T R O P H E N O L - 1 N D U C E D  ATPase  OF O L I G O M Y C I N -  
I N H I B I T E D  M I T O C H O N D R I A  

Samples o f  7 4 m g  o f m l t o c h o n d n a  were incubated for 5 m m  at 25 C in 4 5 ml o f a  so lunon  conta in ing 
50 m M  KCI, 100 m M  sucrose, 10 m M  T n s - H C I  buffer (pH 7 2) and  0 5 m M  E D T A  c o n t a m m g  
different a m o u n t s  o f o h g o m y c m  (see Table)  The m l t o c h o n d n a  were then removed f rom the m e d m m  
by cen tn fuganon ,  washed and resuspended m 0 25 m M  sucrose The  ATPase  activity o f  these mlto- 
c h o n d n a l  prepara t ions  was assayed as described under  me thods  (at 37 ~C) m the presence o f  0 11 m M  
dml t rophenol  after p r e m c u b a n o n  of  the  ml tochondr la  for several minutes  with the indicated a m o u n t s  
o f  lecithin 

O h g o m y c m  ATPase  acnvl ty  (nmoles A T P / m m  per mg  protein) after 
{pg/mg protein)  p r e m c u b a n o n  with the a m o u n t s  o f  lecithin (rag/rag protein)  shown  

0 6 

0 790 
0 35 74 - -  

1 5 40 86* 
~1 26 82* 

11 15 

960 
100 

92* 
88* 

* The  add lnon  of  1 06Hg o h g o m y c m / m g  protein after uncoupler  has  no effect on the rate of  
ATP  hydrolysis  
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experiments suggest indeed an  effect of  phosphohplds on the kinetics of ohgomycm 
inhibi t ion,  but  provide no evidence for a release of ohgomycln inhibi t ion by the addi- 
t ion  of phosphohplds  Table III summarizes the results of  an experiment to test this 
point  The increase in ATPase activity observed in the presence of lecithin ~s not  sensi- 
tive to ohgomycln,  and is thus due to a lec~thm-mduced ohgomycm-lnsenslt lve ATPase 
actlwty and not  to a release of ohgomycm inhibi t ion Titrat~ons of the ATPase actlwty 
with ohgomycm demonst ra ted  that  no significant change in the tltre for ohgomycln 
occurs m the presence of these concentra t ions  of lecithin In agreement with the con- 
clus~on of the experiment of Table III, it was found  that lecithin in concentrat ions 
up to l0 mg/mg protein cannot  release the m h i b m o n  by ohgomycln of State-3 respira- 
t ion or dml t rophenol -mduced  ATPase m mltochondr la  (see Fig 11 ), or of N A D H  
oxidat ion m subml tochondna l  'A '  particles (not  shown) As with ml tochondna .  
lecmthln reduces an increase in the ohgomycin-lnsenslt lve ATPase activity of "A" 
particles, again without  significant effect on the t~tre of ohgomycm It appears that 
the effect of lecithin is on the ATPase complex and not  specifically on ohgomycln 
binding (cf refs 25 .28)  

mttochondrla DNP 
• • 

i ~ t h ,  n A 

ollgornycm I \ 

m*tochondrla I - ohgomycm 

lecithin 
eclthlN 

Fig 11 Effect of leclthna on ohgomycna-mh~blted m~tochondnal processes A Dmltrophenol- 
naduced ATPase activity ATP. 2 6 mM, protena, 0 4 rag, ohgonaycna, 0 75/~g/mg protena, leclthna 
2 rag/rag protena, dnaltrophenol (DNP), 0 08 mM, pH 7 1 B State-3 succmate oxidation ADP 
1 mM. protena, 0 8 nag, ohgomycna 0 4/tg/nag protena, leclthna (added at the indicated tlnae natervals) 
3 mg/rng protena 

Concentratton of  ohgom~'cm-bmdmg sites m rat-hver mttochondrta 
The following considerat ions are relevant to the calculation of the concentra-  

t ion of mltochondrla l  b ind ing  sites for ohgomycln from the inhibi t ion data (1) the 
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degree of mhlbitton of mltochondrlal processes by submaxlmal oltgomycm concentra- 
tions is strtctly dependent on the ohgomycm protein ratto, even durmg the lag phase 
(not shown here), (n) there is no evidence that the inactivation can be reversed at a 
measurable rate and (lit) from the conclusion that k ots  related to the concentration 
of mltochondrla-bound ohgomycm, it follows that much more ohgomycln can be 
bound than is necessary for maximal inhibition (cf Fig 3 with Fig 12) The first two 
points strongly suggest that low ohgomycln concentrations are bound stolchlo- 
metrically to mttochondria and that thetr final effect on mttochondrlal processes is 
irreversible These ctrcumstances allow the determination of the maxxmal concentra- 
tion of spectfic ohgomycln-blndlng sites from the concentration-effect curves for 
different mitochondrial processes, provtded that the final effect of  ohgomycin is 
measured Ftg 12 shows these curves for State-3 succinate oxidation, arsenate-induced 
succinate oxidation, P , -ATP exchange and dlnitrophenol-mduced ATPase The 
ohgomycln tltre for all four processes ts 0 l llg/mg protein, or 0 125 nmole/mg protein 
(usmg a molecular weight of  ohgomycln of 800 [29, 30]) Only the dmltrophenol- 
induced ATPase shows a "tall' m the ohgomycin-effect curve, being highly resistant 
to even high ohgomycln concentrations (cf ref 8) 

A completely independent method of estimating the concentration of specific 
ohgomycm-bmdlng sites is based on the finding that leclthm removes ohgomycin 
from some mltochondrJal binding sttes (as shown by the decrease in k0), but cannot 
r e m o v e  it from the spectfic binding sites (as shown by its Inability to release the Inhibi- 
tion) The concentratton of specific ollgomycin-blndlng sites can then be determined 
from a plot relating lecithin-bound ohgomycm to added ohgomycm at constant 
lectthln and protein concentrations Lecithin will bind ohgomycin only after saturation 
of the spectfic mltochondrlal ohgomycln-bmdmg sites Fig 13 shows plots from the 
data of the experiment shown m Fig 6 The amount of  lectthin-bound ohgomycin 
was taken to be equal to the extra amount of lnhtbltor that has to be added in the 

i00, I " ~' q 
Q 

± 

~ 5 , - :  o 
v /z  
_> 

< 

a c l  
43 

o l lgomyon ( ~ug/mg protein) 

Fig 12 Ohgomycm-mh~bmon curves for different mltochondnal  processes arsenate- 
induced respiration (corrected for the ohgomycm-msensmve respiration) Arsenate, 40 mM Constant  
inhibition was reached 2 mln after the addmon of  ohgomycln O ©, State-3 respiration (corrected 
for the ohgomycln-msensltlve respiration) w~th succlnate Constant mhlbmon  was reached 8 mm 
after addition of  ohgomycln A - -  A, P F A T P  exchange Reaction time, 4 mln Mitochondna were 
premcubated 3 m m  with ohgomycm []--IS], dmltrophenol-mduced ATPase ATP 3 mM,  MgC12 
1 8 mM,  pH 7 38, dmJtrophenol 80ltM Mitochondna were pre-mcubated 3 mm v, ith ohgomycul 
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t l  

E 
o 
c ~  

O5 

c 
. l=  

m 
~ 0 0  

Fig 13 

l I I 

e -~- 1 I I 
05 10 15 

ohgomycm added (pg /mgpro te ,n )  

Lecithin-bound ohgomycm as function of added ohgomycm The data shown were calculated 
from Fig 6 The amount ofleothm-bound ohgomycln was calculated as the difference m added ohgo- 
mycm concentration to obtain the same value ofk, o m the presence and absence of lecithin - i 
0 26 nag lecithin/rag protein, A A, 0 65 mg leothm/mg protein 

presence o f  lecithin to ob ta in  the same value o f  k o as in the absence of  lecithin 
Ex t rapo la t ion  of  the s t raight  lines in F~g 13 results in a c o m m o n  intersect ion o f  the 
hor izonta l  axis at abou t  0 1/~g ohgomyc in /mg  protein,  which is in good agreement  
with the result  o f  F ig  12 

DISCUSSION 

Concentration o! specl~c ohgomycm-bmdmg sites m mltochondrta 
F r o m  the exper iments  presented  in the last p a r a g r a p h  in the Resul ts  sect ion it 

may  be conc luded  that  the concent ra t ion  o f  specific (1 e tnh lb l tory)  ohgomycin-  
b inding  sites in rat- l iver  ml tochondrxa equals  0 1 #g /mg p ro t em (0 125 nmole /mg 
prote in)  The possibi l i ty  tha t  at  this concen t ra t ion  a significant a m o u n t  o f  ohgomycln  
is bound  to non-specific ohgomyc ln -b ind lng  sites can be excluded on basts of  the 
observa t ion  tha t  lecithin canno t  release the inhibi t ion  o f  ml tochondr la l  processes by 
ohgomyc ln  I f  the non-specif ical ly b o u n d  o h g o m y c m  were in equd lb r lum with the 
specifically bound  ohgomycm,  one would  expect  tha t  the removal  o f  non-specifically 
bound  ohgomycln  by the a d d m o n  of  lecithin would cause par t ia l  release of  the ohgo-  
mycln inhibi t ion The conclus ion that  ohgomycln  reaches ~ts inhib i tory  site via the  
non-specific b ind ing  sites is based  on the analysis  o f  the kinetics o f  o l igomycin  inhibi-  
t ion (see below) F r o m  a compar i son  o f  Fig 3 with Fig  12 it can be es t imated that  a t  
least l0  t imes more  ohgomycin  can be bound  to ml tochondrm than  is necessary for  
maximal  inhibi t ion This conclus ion has been conf i rmed exper imenta l ly  by the obser-  
va t ion  (not  shown here)  that  no free ohgomycln  can be demons t ra t ed  in a ml tochon-  
dr la-free  superna tan t  (by its effect on State-3 resp i ra t ion)  when ohgomycln  concent ra-  
t ions up to 1 /~g/mg pro te in  were added  (see also ref  31) 

Kmettcs o[ ohgomycm mhlbttton 
An analysis  of  the kinetics o f  ohgomycln  inhib i t ion  shows that  (1) Af ter  a 

' p re -s teady  state '  phase,  --dRC/dt ko(RC ), where ko is hyperbol ica l ly  re la ted to 
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the ohgomycm protem rauo, 1 e to non-speofically bound ohgomycm An implica- 
tion of this observation is that ohgomycm brads rapidly to the mltochondrla, compa- 
red to the rate of  mhlbltmn (2) Extrapolation of the first-order phase to the ume of 
addlnon of ohgomycm gives a value of (RC)~ that is independent of  the ohgomycm 
protein raUo (when higher than 0 3 pg/mg) and of the lnltml respiratory control 
(different substrates or presence of malonate) (3) The extent of the 'pre-steady state" 
phase decreases w~th increasing respiratory control (at constant ohgomycm protein 
ratio), e g m the series arsenate-induced respiration (RC ~ ~ )  < glu tamate+mala te  
(RC = 12) -< succmate (RC 5-8) -< succmate m the presence of malonate (RC ~-~ 
5) (4) The extent of  the slgmm&clty of the ohgomycm mhlbmon curve decreases 
with increasing RC (5) The effect of  the lnhibltors malonate, antlmycm and azlde on 
the kmeUcs of ohgomycln lnhlbmon Is also correlated with their effect on respiratory 
control (see Fig 10) 

On the basis of  these observations, tt is proposed that ohgomycln mhlbmon 
may be described by the following scheme 

Ofree-~mltochondrla . - O.. ( 1 ) 

kt 
o n ~ x  . - x - o  (2) 

k I 

X - O  ~ X ' - O  (3) 

k3 
X ~ - X "  (4) 

k-3 

where O stands for ohgomycm and O.s for non-specifically bound ohgomycm Eqn 1 
describes the rapid bmdlng of ohgomycm to the mltochondrla and Eqn 2 the also 
raDd eqmhbratlon of the non-speofically bound ohgomycln to the ohgomycm- 
binding site (X) revolved in coupled resDratlon This site exists m two conformations, 
X and X",  m eqmhbrmm with one another (Eqn 4), only one of which is enzymat~- 
cally active m coupled resDratmn The equthbnum constant ~s dependent upon the 
con&tlons, e g type of substrate used The converston of  X"  to X (speofied by the 
rate constant k_ 3) is relatwely slow Binding of ohgomycm to X (Eqn 2) does not 
itself lead to Inhibition, but the X - O  complex is slowly and irreversibly converted to 
the inhibited complex. X ' - O  (Eqn 3) The concentration of all forms of X is gwen 
by Eqn 5 

l-X,o,~,] = Ex-I + l -x " ]  + I X - O ]  + r x ' - o - i  (5) 

Since X and X - O  are catalytically active 

RC ---- constant [ X + X - O ]  (6) 

In the absence of ohgomycm, (RC)o is given by 

RCo = constant (1 - ~)[Xtou, ] (,7) 

where 

k3  - 

k a + k - 3  
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In the presence of  ohgomycln the irreversible formation of X ' - O  is governed 
by Eqn 8 

dEX'-O] _ /,2[ X O] (8) 
dt 

Since reactxons 1 and 2 are postulated to be much faster than reactions 3 and 4, the 
micro-steady state concentration of [X-O]  is given by 

I X - O ]  = [Xt°tal]  - [ X t  ' ]  - E X t - O ]  
k_1 

I +  - 

Substitution of 9 m 8 results in 

(9) 

d [ X ' - O ]  _ ] x 2 ( [ X t o t a l ] - E X " ] - [ X ' - O ] )  (10) 

dt 1+ h_j 

k,[O,,3 

where both [X"] and [X'-O] are time dependent Experimentally, ohgomycm 
mhlbmon is measured by its effect on respiratory control Substitution of Eqn 5 in 
Eqn 7 gwes 

R C  = constant ([-Xtou, ] - [-X"] - [ X ' - O ] )  (11) 

After the addition of ohgomycln [X"] will decrease while [X' O] will increase until 
[X"] becomes negligibly small when compared with [Xtoui ] -  [X'-O] Then Eqn 10 
can be approximated by 

dEX' O] 1,2([X,o,~,]-EX'-O]) 
- ( 1 2 )  

h _  1 dt 1+ - - - -  
k,[O.,] 

and Eqn 11 by 

R C  = constant ([X,o,,,] - [ X ' - O ] )  (13) 

Integrating Eqn 12 (when [O.s] > [Xtot.~]), and substituting the value of [X'-O] 
m Eqn 13 Dves 

R C  = constant [X,oude -~°' (14) 

where 

]~2 
~ ' 0  - -  

I +  L-1--  

Then 

In R C  = In constant [X,o,a~]- hot (1 5) 
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From Eqn 15 it follows that the value of (RC)~, obtained by extrapolation of the 
first-order phase to zero time (see Fig 2C), equals constant [Xtota~] This term is 
independent of the [O..] and of the initial RC, which is m agreement with the experi- 
mental observations (cf Figs 3A and 9) 

The occurrence of a 'we-steady state' phase, preceding the first-order phase. 
is the consequence of the simultaneous occurrence of an X" - ,  X and an X - O  ~ X ' - O  
transRlon (see Eqn 11) The extent of  this phase will depend on the initial IX" ]/[Xtot. ~] 
ratio (at constant ohgomycm protein ~atlo) and thus on the initial respiratory con- 
trol 

The lack o f a  pre-steady state phase In the kinetics of inhibition by ohgomycln 
of  arsenate-induced succlnate oxidation (see F~g 8) indicates that under these condi- 
tions the ratio X/Xtota ~ approaches 1, which also explains the linear ohgomycln- 
inhibition curve obtained under these conditions (see Fig 12) The explanation for 
the occurrence of slgmoldal ohgomycln-lnhlbltlon curves for State-3 respiration 
is that at low ohgomycln concentrations the formation of X ' - O  is partially compen- 
sated by an X" ~ X transition, so that the RC, defined according to Eqn 6. is hardly 
affected 

It should be noted that the definition of RC according to Eqn 6 is only valid 
when the introduction of  ohgomycln does not change the rate-hmltlng reaction, t e 
when the rate limitation is localized m the complex cons~sting of cytochromes, mlto- 
chondrlal ATPase and adenine nucleoude translocator [17], for Instance during the 
State-3 oxidation of succlnate or g lu tamate+mala te  When this is not the case, for 
instance m malonate-hmlted respiration whens uccmate-dehydrogenase is rate-limit- 
ing. the kinetics of ohgomycm inhibition will be masked until a change in the rate- 
hmltmg step has occurred (see Fig 10) It will be clear that this will contribute both 
to the extent of the 'pre-steady state' phase and to the s~gmoldlclty of the ohgomycln- 
inhibition curve 

Mechanism o[ mhtbttton of mttochondrtal processes by ohyomycm 
The mechamsm derived above fully explains the kinetics of the effects of ohgo- 

mycin on State-3 respiration and arsenate-Induced respiration The data on the inhibi- 
tion of the uncoupler-induced ATPase and P, -ATP exchange may now be fitted into 
the proposed model for the interaction of ohgomycm with mRochondrla by introduc- 
ing two additional assumptions (l) ATP tends to displace the X ~ X" equilibrium 
in the direction of X m an uncoupler-sensitive way. and (11) ATPase activity IS exclu- 
sively related to the concentration of X" With these extra assumptions the model 
explains 

(1) the observation of a linear ohgomycln-lnhlbitlon curve for the P , -ATP 
exchange which then is a consequence of a high X/Xtot.1 ratio (cf arsenate-induced 
respiration), 

(2) the difference of ohgomycm-mhlbltlOn kinetics of State-3 respiration and 
uncoupler-induced ATPase as a consequence of different rate-hmltlng reactions for 
the inhibitory process (see Fag l ) X - O  ---r X ' - O  in the case of State-3 respiration and 
X"  ~ X in the case of  uncoupler-induced ATPase. 

(3) the experimental observation that the ohgomycln-mhibltlon curve for the 
uncoupler-induced ATPase changes from strongly sxgmoldal to completely hyper- 
bohc at increasing uncoupler concentration [8, 15], since the addition of uncoupler 
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enhances the X"/Xtot. ~ ratio In a completely uncoupled system this ratio approaches 
1, so that the addition of low ohgomycln concentrations lmmedmtely inhibit ATPase 
activity by inducing an X" ~ X transition (hyperbohc inhibition curve) At subopti- 
mal uncoupler concentration the Xtt/Xtotal r a t i o  will be < 1, in which case low ohgo- 
mycin concentrations can bind to X without a s~gnlficant effect on the X"/Xtota  I r a t i o  
and thus on the ATPase actwsty 

It is interesting now to relate the proposed X and X" conformations of the 
ohgomycln-sensltlVe site (CFo) to the proposed schemes for energy transfer during 
respiratory-chain phosphorylatlon It is obvious that changes m the X/Xtota ! r a t i o  
correspond quahtatlvely with changes in the presumed energy state or I ~ X content 
However, the rate of turnover of I ~ X excludes that the ohgomycln-hindlng state 
(X) itself represents I ~ X It is more likely that a high-energy state induces a confor- 
mational change in the CF o region, resulting in an X" ~ X transttlon ATP synthesis 
coupled to electron transport can then only occur when the ohgomycin-blndlng site 
is in the X conformation 

As to the actual process that as inhibited by ohgomycin, it may be of interest 
to consider the effects of ohgomycln on the proton permeablhty of the mitochondrml 
inner membrane [32-34] The dependence of, for instance, the passive proton diffusion 
coefficient on the ohgomycin protein ratio suggests that the decrease inproton permea- 
blhty is related to the non-specifically bound ohgomycin [32] However, it may be that 
the inhibitory action of specifically bound ohgomycin is a reflection of the general pro per- 
ties of th~s antibiotic for instance the inhibition of proton translocation across some 
structural barrier between electron transport carriers and the m~tochondrlal 
ATPase An argument for such a hypothesis may be found in the observation of 
Papa et al [35] that the induction of respiratory control in submltochondrial particles 
parallels the inhibition of a cytochrome b-linked proton pump 

METHODS AND MATERIALS 

Rat-hver mltochondria were isolated according to the method of Hogeboom 
[36] as described by Myers and Slater [37] 

Protein was determined by the biuret method as described by Cleland and 
Slater [38] 

State-3 respiration was measured polarographlcally (using a Clark oxygen 
electrode) at 25 °C as has been described previously [20] Oxygen concentration and 
the first derivative --d(O2)/dt were recorded simultaneously The substrates used were 
succlnate (10 mM), glutamate (10 mM), glutamate (5 mM)+mala te  (5 raM), 
3-hydroxybutyrate (10 mM) or 2-oxoglutarate (10 mM)+malona te  (5 mM) In the 
case of arsenate-induced respiration succlnate was used as a substrate, and the A D P +  
P1 were replaced by 10-20 mM arsenate 

Uncoupler-induced ATPase activity was measured by sensitive pH recording 
as described before [39] 

P, -ATP exchange activity was measured at 25 °C in a medium containing 
100 mM sucrose, 25 mM Tris-HCl buffer (pH 7 4), 1 /~g rotenone/mg protein, 
l0 mM PI, 6 mM ATP and 2 mM EDTA The final volume was l 0 ml After a suit- 
able pre-lncubatlon of the mltochondrla (3 mln when ohgomycln was present) the 
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r e a c t i o n  was  i n i t i a t e d  by  t he  a d d i t i o n  o f  ca r r i e r - f r ee  32p, T h e  r e a c t i o n  was  s t o p p e d  by  
a d d i t i o n  o f  1 0 ml  10 o ( w / v )  t r l c h l o r o a c e t l c  ac id  a n d  t he  i n c o r p o r a t i o n  o f  32p in 

o r g a n i c  p h o s p h a t e  es te r s  ( A T P )  p r e s e n t  in  t he  p r o t e i n - f r e e  s u p e r n a t a n t  was  m e a s u r e d ,  

a f t e r  e x t r a c t i o n  o f  t he  i n o r g a n i c  p h o s p h a t e  a c c o r d i n g  to  N ie l sen  a n d  L e h n l n g e r  [40], 

by  c o u n t i n g  a d r i e d  s a m p l e  in  a N u c l e a r  C h i c a g o  gas - f low c o u n t e r  

L e c i t h i n  was  p r e p a r e d  f r o m  egg y o l k  as d e s c r i b e d  by  P a n g b o r n  [41 ] a n d  s u s p e n -  

d e d  in  e t h a n o l  o r  a m i x t u r e  c o n t a i n i n g  0 25 m M  sucrose ,  1 m M  E D T A  a n d  10 m M  

T r l s - H C 1  buf fe r  ( p H  7 4)  Lec i t h in ,  in  t he  c o n c e n t r a t i o n s  used ,  ha s  n o  s ign i f i can t  effect  

o n  t he  r a t e  o f  e i t h e r  S ta te -3  o r  S t a t e -4  r e s p i r a t i o n  M l t o c h o n d r l a l  p h o s p h o h p l d s  were  

p r e p a r e d  f r o m  r a t - h v e r  m l t o c h o n d r l a  a c c o r d i n g  to  a m e t h o d  d e s c r i b e d  by  F l e l s h e r  

et  al [42] 

C a r b o x y l  c y a n i d e  m - c h l o l o p h e n y l h y d r a z o n e  ( C C C P )  was r ece ived  as a gif t  

o f  D r  P G H e y t l e r  a n d  o h g o m y c m  w as  f r o m  t h e  U p j o h n  C h e m i c a l  C o m p a n y  T h e  

s a m p l e  o f o h g o m y c l n  u sed  c o n s i s t s  o f  75 o o f  o h g o m y c l n  A a n d  a b o u t  12 °,, o f  oh -  

g o m y c m  B a n d  C, as d e t e r m i n e d  w i t h  p a p e r  c h r o m a t o g r a p h y  b y  M r  J B o u m a n  
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