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A B S T R A C T  

In bovine heart mitochondria bongkrekic acid at concentrations as tow as about 4 nmol/mg 
protein (a) completely inhibits phosphorylation of exogenous adenosine diphosphate 
(ADP) and dephosphorylation of exogenous adenosine triphosphate (ATP), (b) completely 
reverses atractyloslde inhibition of inner membrane contraction induced by exogenous 
adenine nucleotides, and (c) decreases the amount of adenine nucleotide required to elicit 
maximal exogenous adenine nucleotide-induced inner membrane contraction to a level 
which appears to correspond closely with the concentration of contractile, exogenous 
adenine nucleotide binding sites Bongkrekic acid at concentrations greater than 4 nmol/mg 
protein induces inner membrane contraction which seems to depend on the presence of 
endogenous ADP and/or ATP. The findings appear to be consistent with the interpretations 
(a) that the inner mitochondrial membrane contains two types of contractile, adenine 
nucleotide binding sites, (b) that the two sites differ markedly with regard to adenine 
nucleotide affinity, kc) that the high affinity site is identical with the adenine nucleotide 
exchange carrier, (d) that the low affinity site is accessible exclusively to endogenous adenine 
nucleotides and is largely unoccupied in the absence of bongkrekic acid, and (e) that 
bongkrekic acid increases the affinity of both sites in proportion to the amount of the anti- 
biotic bound to the inner membrane. 

I N T R O D U C T I O N  

Although it has been known for more than a dec- 
ade that bongkrekic acid is a potent inhibitor of 
oxidative phosphorylanon in mitochondria (1), it 
has only quite recently been established that this 
antibiotic, like atractyloside, interferes with phos- 
phorylation by inhlbitmg the exchange of adenine 
nucleotides across the inner mitochondrial mem- 
brane (2-7). Unlike atractyloside, however, bong- 
krekic acid inhibits the exchange by markedly 
increasing the affinity of the adenine nucleotide 
exchange carrier (4, 5). 

It  was shown in the preceding communication 
(8) that exogenous adenosine diphosphate (ADP), 
adenosine triphosphate (ATP), and certain other 
high-energy phosphate compounds induce contrac- 
tion of the inner membranes in heart mitochondria 
The nucleotlde specificity, atractyloside sensitivity, 
and other characteristics of the reaction suggested 
that contraction is associated with the binding of 
the phosphate compounds to the adenine nucleo- 
tide exchange carrier The present communication 
provides further support for this interpretation, 
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showing that  bongkrekic acid produces changes 
suggestive of increased adenine nucleotide affinity 
of the contractile site and that  the concentration of 
bongkrekie acid required to bring about  the 
changes is similar to those required to inhibit  phos- 
phorylat ion of exogenous A D P  and dephosphoryla- 
tion of exogenous ATP.  In  addition, evidence is 
provided for the existence in the inner mitochon- 
drial membrane  of a type of contractile, adenine 
nucleotide binding site which differs from the ex- 
change carrier with regard to adenine nucleotide 
affinity and accessibility. 

M A T E R I A L S  A N D  M E T H O D S  

Isolation of bovine heart  mitochondria and deter- 
minations of mitochondrial  ultrastrnctural 
changes, optical density (OD),  and respiratory 
activity were carried out as previously described 
(8). ATPase activity was estimated in mltochondria 
suspended at a concentration of 0.5 nag protein/ml 
and incubated at 30°C. The reaction was initiated 
by adding 1 m2vI ATP to the suspension under rapid 
stirring. 1 min later a 2 ml aliquot of the incubation 
mixture was rapidly mixed with 1 ml of cold (0°C) 
15% trichloroacetic acid (TCA). Appropriate con- 
trols were obtained by mixing the suspension with 
TCA before adding ATP. The TGA extracts were 
cleared by centrifugation and analyzed for inorganic 
phosphate (Pi) according to the method of Fiskc and 
Subbarow (9). 

Bongkrekic acid was generously donated by W. 
Berends; a small amount, originally from W. Berends, 
was obtained through the courtesy ofM. Klingenberg. 
Other materials were obtained as described in the 
preceding report (8). 

R E S U L T S  A N D  D I S C U S S I O N  

Prel iminary studies suggested that bongkrekic acid 
produces a similar type of change in two classes of 
inner membrane  contractile sites, the change being 
detectable in one at a much lower concentration 
of bongkrekic acid than in the other. Therefore, in 
conducting dose-response studies, bongkrekic acid 
concentration was varied over a wide range to in- 
clude the responses of both classes of sites. 

Fig. 1 shows that, as bongkrekic acid concen- 
tration is increased from extremely low levels up 
to approximately 4 n m o l / m g  mitochondrial  pro- 
tein, the magnitudes of the contractile responses 
to 50 # M  additions of A D P  and A T P  are decreased 
slightly and then increased slightly; as bongkrekic 
acid concentration approaches the 4 n m o l / m g  
protein level, the contractile responses to ADP 
and A T P  become essentially identical in both 
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FIGURE I Effect of bongh'ekie acid on adenine nu- 
cleotide-induced inner membrane contraction in bovine 
heart mitochondria. Energized mitochondria were pre- 
incubated in media containing ~50 mM sucrose, 10 mM 
potassium piperazine-N, St-his (~-ethanesulphonate) 
(K-PIPES) (pH 6.4), ~.5 mM malate-pyruvate, and I 
mM Ethylene glycol bis(/~-aminoethyl ether)N-N,N r, 
N r tetraacetic acid (EGTA) De-energized mitochon- 
dria were preincubated in media containing ~00 mM su- 
crose, 10 mM K-PIPES (pit 6.4), ~.5 mM malate- 
pyruvate, 0 1 /~M S-13, 1 mM CN-, and ~.5 nmol 
oligomycin/mg protein. Bongkrekic acid (+1 mM 
NII4OH) was added at the concentrations indicated 
after 1 rain of preincubation. Tile adenine nucleotides 
were added ~ rain after the bongkrekic acid. The OD 
changes given represent the maximum change in mito- 
chondrial OD which occurred within ~.5 rain after 
adding bongkrekic acid. Energized and de-energized 
mitochondria were from different preparations. Note 
the use of a logarithmic scale on the abscissa. 

energized and de-energized mitochondria. Fig 2 
shows that 4 nmol /mg  protein corresponds to the 
lowest concentration of bongkrekic acid that 
produces essentially (a) complete reversal of 
atractyloside inhibition of ADP-induced inner 
membrane contraction in energized mitochondria,  
(b) complete reversal of atractyloside inhibition of 
both ADP-  and ATP-induced conlractinn in de- 
energized mitochondria, (u) complete inhibition 
of phosphorylating respiration in energized mito- 
chondria, and (d) complete inhibition of ATPase 
activity in de-energized mitoehondria. 

Increasing the concentration of bongkrekic 
acid from 4 nmol /mg  mitochondrial protein to 
very high levels results in a considerable increase 
in the OD of both mitochondria incubated in the 
presence of added adenine nucleotides and 
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FmURE ~ A and B Effects of bonglu'ekic acid on inner 
membrane contraction m eneNized (A) and de-energized 
(B) mltochondria preincubated with atractyloslde, on 
state 8 respiratory activity (A), and on ATPase ac- 
tivity in de-energized mltochondria (B). In the study 
on inner membrane contraction, energized mitoehon- 
dria were premcubated in media containing ~50 mM 
sucrose, 10 ml~i K-PIPES (pI-I 6.6), ~.5 mM malate- 
pyruvate, 1 ml~i EGTA, and 10 #5i  atractyloside; de- 
energized mitoehondria were preincubated in media 
containing .o00 mM sucrose, 10 ml~I K-PIPES (pH 6.4), 
~.5 mNI malate-pyruvate, 0.1/zNI S-15, 1 mM CN-,  and 
10 #M atraetyloside. Adenine nueleotides (50 #M) were 
added after 1 man and bongka'ekic acid (+  I mM 
NH40tt) after ~ rain of preincubatmn. The OD changes 
given represent the maximum change which oeem'red 
within ~ rain after adding the bongkrekie acid. In the 
study on state 8 respiratory activtty, mitoehondria were 
preincubated for ~ miu in ~50 mM sucrose, 10 mM 
If-PIPES, ~.5 mM malate-pyruvate, 5 mM Pi, 1 mM 
NH4 +, and bongkrekic acid at the concentrations indi- 
cated (pH 6 7). State 8 respiration was initiated by 
adding 0.e mM ADP. In the study on ATPase activity, 
mitochondria were preincubated for ~ min mlder the 
same conditions described above for de-energized mito- 
chondrm except that atractyloside was absent and 
bongkrekic acid was present. Different mitochondrial 

mitochondria incubated in the absence of added 
ademne nucleotides (Figs. 1 and 2). Electron 
micrographs of mitochondria  incubated in the 
presence and absence of A D P  and low and high 
concentrations of bongkrekic acid (Fig. 3) demon- 
strate that  the increase in mitochondrial  O D  in- 
duced by high levels of bongkrekic acid in the 
absence of added adenine nucleotides is associated 
with changes in mitochondrial  ultrastructure in- 
distinguishable from those induced by exogenous 
A D P  in the absence of bongkrekic acid High  
magnification electron micrographs show that  
ADP and bongkrekic acid induce similar changes 
also with regard to the arrangement  of the elec- 
tron-opaque constituents of the inner membrane.  
I t  is evident, therefore, that the O D  change in- 
duced by bongkrekic acid alone is due to inner 
membrane  contraction (8). 

The  degree of inner membrane  contraction 
induced by bongkrekic acid in the absence of 
added adenine nucleotides is strongly influenced 
by preincubation of the mitochondria  before 
addition of bongkrekic acid and by the energy 
status of the mitochondria during the preincuba- 
tion period. This can be seen in Fig. 4, which 
presents recorder tracings showing the effects of 
brief periods of preincubation in the absence of 
bongkrekic acid on the magnitude of bongkrekic 
acid-induced contraction in energized and de- 
energized mitochondria.  The  magni tude of 
bongkrekic acid-induced contraction decreases 
rapidly with increase of preincubation period, 
the rate of the decrease being greater in de- 
energized than in energized mitochondria.  Ad-  
dition of ADP after bongkrekic acid results in a 
further increase in inner membrane  contraction, 
the magnitude of which is larger as the magni tude 
of bongkrekic acid-induced contraction is smaller. 
As the degree of bongkrekm acid-induced con- 
traction becomes small with increase of preincuba- 
tion period, the degree of ADP-induced contrac- 
tion approaches that induced by ADP in the ab- 
sence of bongkrekic acid pretreatment.  

Virtually all of the effects of bongkrekic acid at 
concentrations up to about 4 n m o l / m g  protein 
described above can be readily understood in 
terms of bongkrekic acid increasing the affinity of 
the atractyloside-sensitive contractile site. The  
results appear to be consistent with the interpre- 
tations (a) that the atractyloside-sensitive site is 

preparations were used m Figs. e A and 2 B. Note the 
use of a logarithmic scale on the abscissa. 
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FiGrm~ 3 A-F Effects of bongh'ekic acid and ADP on the ultrastructure of energized mitochondria. 
Mitochondria were incubated at  S0°C in media containing ~50 mM sucrose, 10 naM/( -PIPES (pit 6 5), 
~.5 naM malate-pyruvate, 3 naM EGTA, 1 mM NH +, and bongkrekic acid at  the concentrations indi- 
cated below. Where used, ADP (0.1 naM) was added after ~ rain of preineubation. Fixation was initiated 
after 4 rain total incubation time Dlf~erential conditions were" (A) none; (B) ADP; (C) 4 nmol bongkrekie 
aeid/mg protein; (D) ADP q- 4 nmol bongh'ekic acid/mg protein; (E) 50 nnaol bongh'ekie aeid/mg pro- 
rein; (F) ADP q- 50 nmol bongkrekie acid/rag protein. X ~0,000. 
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FIGTZRE $ Recorder tracings showing the effects of 
preincubation period and mitochondlial energy status 
on inner membrane contraction mduced by ADP and 
bongkreklc acid (BKA) Energized mitochondna were 
suspended nl media containing 0.50 mM sucrose, 10 
mM K-PIPES (pH 6.4), ~.5 mM maIate-pyruvate, and 
1 m?vI ethylenediaminetetraacetie acid (EDTA). De- 
energized mItochondria were incubated in media con- 
taining ~00 mM sucrose, 10 mM K-PIPES (pH 6 4), 
~.5 toNI malate-pyruvate, 1 m?vl CN-,  and 0 1 /zM 
S-18. The concentrations of materials added were 
bongkrekic acid, °~0 nmol/mg protein; ADP, 50 #M. 

identical with the adenine nucleotide exchange 
carrier and (b) that bongkrekic acid at concentra- 
tions as low as 4 nmol / rag  protein increases the 
affinity of the site to the extent that  adenine 
nucleotide dissociation is largely prevented These 
interpretauons are identical with those made by 
Klingenberg and co-workers (10) on the basis of 
direct binding studies (5) and of studies sug- 
gesting that  hongkrekic acid prevents atractyloslde 
reversal of adenine nucleotide-induced inner mem- 
brane contraction (10). 

The  additional contraction induced by bong- 
krekic acid at concentrations greater than 4 m n o l /  
mg protein can be explained by assuming (a) 
that bongkrekic acid increases the affinity of a low 
affinity, inner membrane,  contractile, adenine 
nucleotide binding site which is accessible ex- 
clusively to endogenous adenine nucleotides, is 
specific for ADP and /o r  ATP,  and is largely un- 
occupied in the absence of bongkrekic acid and 
(b) that  preincubation of heart mitochondria 
under the conditions employed in Figs 1, 2, and 
4 results in dephosphorylatmn of endogenous 
adenine nucleotides. The  vahdity of these as- 

sumptions zs supported by studies showing that  
the decline in bongkrekic acid-induced contraction 
with increase of preincubation period is less rapid 
and less extensive in mitochondria energized with 
c~-ketoglutarate than in mitochondria energized 
with succinate (Fig 5), it is established (11, 12) 
that a-ketoglutarate is particularly effective in 
maintaining endogenous adenine nucleotides in 
highly phosphorylated states The  validity of the 
assumptions is supported also by the observation 
that Pi, despite having a marked inhibitory 
effect on bongkrekic acid-induced contracUon, 
reverses the inhibitory effect of preincubation 
on the contraction in energized mitochondria 
(Fig 5) Results to be presented elsewhere sug- 
gest that only intramitochondrial  Pi is effective m 
suppressing bongkrekic acid-induced contraction 
and that  reversal of the contraction by Pi is as- 
sociated with release of bound adenine nucleotides 
into the matr ix space. 

In Figs. 1 and 4 it can be seen that  the con- 
traction induced by bongkrekic acid is not  en- 
tirely additive with that  induced by exogenous 
adenine nucleotide. This could be due to a limited 
ability of the inner membrane to contract in 
response to adenine nucleotide binding or to 
devianon from proporUonality in the relationship 
between inner membrane  contraction and mito- 
chondrial OD. Another  possibility is that binding 
of adenine nucleotide to the high affinity, outer 
sites decreases the affinity of the low affinity, inner 
sites; an interaction of this sort could explain 
the observation that addition of exogenous adenine 
nucleotide to mitochondria in extremely con- 
tracted states due to previous incubation in the 
presence of a high level of bongkrekic acid results 
m a sharp increase in the level of contraction which 
is followed immediately by a rapid decrease to a 
level only slightly greater than that exzsting before 
ademne nucleotide addition 

In  view of the large bongkrekic acid require- 
ment  for the induction of inner membrane con- 
traction involving the inner, low affinity sites, it 
does not  seem likely that, if the contraction is 
in fact due to an increase in affinity of the inner 
sites, the sites undergo an increase in affinity as a 
result of bongkrekic acid binding stoichiometri- 
cally to the sites or to inner membrane components 
on which the sites exist The data seem best ex- 
plained in terms of a mechanism whereby a 
progressive increase in bongkrekic acid binding 
to the inner membrane produces a progressive 
increase in affinity of both inner and outer sites. 
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Fia~na~ 5 Effects of Pi, type of substrate, and length of preincubation period on the magnitude of bong- 
krekic acid-induced inner membrane contraction in energized mitochondria. Mitochondria were preincu- 
bated in media containing ~50 mM sucrose, 10 mM K-PIPES (pH 6.4), 1 mM EDTA, 0.1 mM Pi as indi- 
cated: and either 5 mM oz-ketoglutarate or 5 mM succinate -1- $ nmol rotenone/mg protein, as indicated. 
Bongkrekic acid (~5 nmol/mg protein) -t- 1 m~ NI-I 4OII was added after the periods of preincubation indi- 
cated. The OD changes given represent the change in mitochondrial OD which occurred over a period of 

rain after adding the bongkrekic acid. The relatively low initial level of contraction observed in mito- 
chondria preincubated in the presence of Pi is due to a marked inhibitory effect of Pi on bongkrekic acid- 
induced contraction. 

In  view of the lipophilic nature of bongkrekic acid 
(13), i t  is conceivable that the antibiotic increases 
the affinity of the sites simply by entering the 
highly hydrophobic phase of the inner membrane,  
altering it in such a way as to increase its affinity 
for the adenine nucleotide-contractile site com- 
plexes. According to this mechanism the much 
lower bongkrekic acid requirement for the pro- 
duction of a detectable increase in the affinity of 
the outer site would be explained by the much 
higher intrinsic affinity of the outer site 

The  fact that  bongkrekic acid is required to 
demonstrate a detectable degree of contraction 
involving the inner sites suggests that under normal  
conditions the inner sites are largely unoccupied. 
Consequently, it seems unlikely that  these sites 
are involved in the exchange of adenine nucleo- 
tides across the inner membrane  or  are related to 
the inner localized adenine nucleotide exchange 
carrier sites suggested by Weidemann et al (5, 
14). On  the other hand, they could be involved 
in the relatively slow, specific efflux of adenine 
nucleotides from mitochondria described by 

Meisner and Klingenberg (15). Recent  studies by 
Klingenberg et al. (10) and Ou t  et al. (16) have 
shown that  the effiux is sensitive to bongkrekic 
acid. 

In accordance with the above interpretations 
concerning the outer contractile site, pretreatment 
of mitochondria with bongkrekic acid makes it 
possible to estimate the concentration of outer 
sites simply by titrating the mitochondria with 
adenine nucleotides. This is demonstrated in 
Fig. 6, which shows that titration of energized 

mitochondria pretreated with 4 nmol bongkrekic 

acid/rag protein with ADP and A T P  results in 

linear increases in contraction. The  curves sug- 

gest a contractile site concentration of about 1 

nmo l /mg  mitochondrial  protein, a value which 
closely approximates the concentration of 

atractyloside binding sites estimated with the 
use of adenosine 5r-methylene diphosphonate 

(AOPCP) in the same mitochondrial prepara- 

tion (Fig 6). The  results are in fairly good agree- 

ment  with concentration estimates of high affinity 
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I~IOIJ~E 6 Estimation of the concentration of sites 
revolved in inner membrane contraction induced by 
exogenous adenine nucleotide (Ad:V). Mitochondria of 
the study in which adenine nucleotide concentration 
was vaned were suspended m me&a containing initially 
~50 mM sucrose, 10 m~ K-PIPES (pH 6.4), 9.5 mM 
malate-pyruvate, and 1 mM EDTA Bongkrekic acid 
($ imaol/mg protein) was added after 1 min and adenine 
nucleohde after o rain of preincubation. The OD 
changes given represent the maximum change in 
mitochondrial OD which occm'red within ~ rain after 
adding the bongkrekic act& Mitochondria of the study 
in which atractyloside concentration was varmd were 
suspended initially as described above except that 
atraetyloside was present as mdicated. The mito- 
chondria were preincubated for ~2 rain and contractmn 
was induced by adding 50 IzM AOPCP. 

adenine nucleotide and atractyloside binding sites 
based on direct binding studies (14, 17) 

An additional finding of the study reported in 
Fig. 6 and of similar studies with de-energized 
mitochondria is that when low concentrations of 
adenine nucleotides are used for the induction of 
inner membrane contraction, bongkrekic acid 
does not  produce equalization of the contractile 
responses to A D P  and A T P  This suggests that  
the equality of 50-/~2¢[ concentrations of ADP 
and A T P  in producing contraction in bongkrekic 
acid-treated mitochondria, as shown in Figs 1 and 
2 B, may be due to the presence of adenylate 
kinase activity and /o r  small amounts of ADP and 
A T P  impurities in the A T P  and A D P  solutions 
used, 

Fig. 2 A shows that, in energized mitochondria  
incubated under conditions where A D P  and A T P  
must overcome the competitive inhibitory effect of 
atractyloside to produce inner membrane  con- 
traction, bongkrekic acid does not  bring about  
equalization of the contractile responses to 50-#M 
concentrations of ADP and ATP.  Thus, within 
the limited period allowed for the bongkrekic 
acid-lnduced reversal of atractyloside inhibit ion 
in the experiment of Fig. 2 A, the magnitude of 
contraction achieved with A T P  was less than 
half that  achieved with ADP. The recorder trac- 
ings from which the data  were taken suggest that  
the marked differences observed were due pri- 
mari ly to differences in rate of reversal. The  
tracings show that, whereas the 2 min period 
allowed for the reversal by bongkrekic acid at 
concentrations higher than about  4 n m o l / m g  
protein is more than adequate for the achieve- 
ment  of contractile equil ibrium in mitoehondria 
incubated in the presence of ADP,  it is far from 
adequate for the achievement  of contractile 
equ i l ibnum in the presence of ATP.  The reversal 
proceeds very slowly in the presence of ATP,  
and equil ibrium levels of contraction comparable 
to those achieved with ADP are approached only 
after several minutes of incubation. In  de-energized 
mitochondria ADP and A T P  are equally as ef- 
fective in promoting the reversal of atractyloside 
inhibition, and the rates closely approximate 
that  observed in the case of energized mitochondria 
incubated with ADP. In view of these relation- 
ships it seems likely that  the relatively slow re- 
versal observed in the case of energized mito-  
chondria incubated with A T P  is a manifestation 
of the energy-dependent discrimination against 
the interaction of A T P  with the outer contractile 
site discussed in the preceding report  (8). 

Previous studies have shown that  the extent 
to which bongkrekic acid inhibits the adenine 
nucleotide exchange reaction and reactions 
governed by the exchange reaction depends on 
the ratio of bongkrekic acid to mitochondrial  
protein (1, 3, 4, 7), the period of time for which 
the mitochondria are exposed to the inhibitor 
(2-4, 7), the temperature (3, 4), the p H  (6, 7), 
and the presence or absence of a number  of 
agents, including adenine nucleotides (6, 7), 
Pi (7), and coenzyme A (18, 19). In general, the 
findings suggest that  bongkrekic acid binds tightly 
to its site of action and that  the rate of binding is 
influenced by a number  of factors. 

In  the present study, mltochondria were in 
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most cases preincubated with bongkrekic acid for 
2 min at 30°C in media maintained at or near  pH  
6.5 before evaluating the response. Since there 
were a number  of indications suggesting that  2 
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I~'IGImE 7 A and B Effects of pH on bongkrekie acid- 
induced inner membrane contraction in de-energized 
mitochondria preincubated in the presence of ADP and 
atractyloside (A) and on bongkrekie acid inhibition of 
ADP-stimulated respiration in uncoupled mitochondria 
preineubated in the presence of a-ketoglutarate, Pi, 
and oligomyein (B). Mitochondria of Fig. 7 A were 
preineubated in media containing o~00 mM sucrose, 
10 mM K-PIPES, 5 mM a-ketoglutarate, 5 mM Xai, 
0.1 /zM S-13, 5 nmol oligomycin/mg protein, 1 mM 
CN-, 10 /~M atractyloside, and 50 vM ADP (added 
after 1 rain of preincubation). Bongkrekie acid (+1 
mM NHaOH) was added after e rain of preincubation. 
The OD changes given represent the maximum change 
which occurred within o~ rain after adding the bong- 
krekic acid. The mitochondria of Fig. 7 B were pre- 
incubated for 8 rain under the same conditions described 
above except that ADP, atraetyloside, and C N -  were 
absent and bongkrekic acid (+1 mM NH4OH) was 
added after 1 rain of preineubation. The respiration 
rates given represent the increase due to addition of 
0.4 mM ADP. Different mitoehondrial pz~parations 
were used in Figs. 7 A and 7 B. Note the use of a 
logarithmic scale on the abscissa. 

min of preincubation under the conditions em- 
ployed was not sufficiently long for maximum 
binding of bongkrekic acid at its site of action, it 
should be noted that the min imum concentra- 
tions of bongkrekic acid required to produce the 
changes shown in Figs. 1 and 2 likely would have 
been lower if the mitochondria had been pre- 
incubated in the presence of the antibiotic for 
longer periods before evaluating the responses 
The observed similarity in concentration de- 
pendence of the various bongkrekic acid-induced 
changes involving the outer contractile site (Figs. 
1 and 2) suggests that the conditions of incuba- 
tion that  differed among experiments (e.g,  
presence vs. absence of atractyloside and Pi, 
energized state vs. de-energized state) had little 
influence on the rate of bongkrekic acid binding. 

During the course of the present study it was 
noted that, in accordance with the findings of 
Kemp et al. (6, 7) with rat liver mitochondria, 
pH  is a particularly important factor affecting the 
interaction of bongkrekic acid with heart mito- 
chondria This is supported by studies showing 
that as p H  is increased from about 6.5 the amount  
of bongkrekic acid required to reverse atractylo- 
side inhibition of inner membrane contraction 
(Fig 7 A) and to inhibit ADP-stimulated respira- 
tion (Fig. 7 B) within 2 min increases sharply. 
Kemp et al (6, 7) noted that inhibition of ADP-  
stimulated respiration by bongkrekic acid at low 
pH is not reversed upon raising the pH. We have 
confirmed this observation with heart mito- 
chondria and have found, in addition, that lower- 
ing the p H  of mitochondrial  incubation mixtures 
containing 4 Ilmol bongkrekic ac id /mg protein 
from 7.5 to 6 5 results in immediate inhibition. 
These findings suggest that high p H  decreases the 
rate of bongkrekic acid penetration to its site of 
action As was pointed out by Kemp et al. (7), 
the decrease can be readily explained by assuming 
that  penetration of bongkrekic acid requires that  
the carboxyl groups of the antibiotic be in the un- 
dissociated state. This requirement would be ex- 
pected if, as suggested above, bongkrekic acid 
exerts its effect through modification of a highly 
hydrophobic phase of the inner membrane.  
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