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SUMMARY 

1. The slow enhancement of  the fluorescence of the complex between auro- 
vertin and Mg-ATP particles, induced by succinate oxidation in the absence of 
adenine nucleotides and phosphate, is completely accounted for by dissociation of the 
natural ATPase inhibitor from the particles. 

2. The large increase in the aurovertin fluorescence induced by an anaerobic- 
aerobic transition requires the presence of all State-3 components (substrate, ADP, 
phosphate and Mg2+). This change is very rapid with a half-time of 20 ms. 

3. There are two aurovertin-binding sites on Mg-ATP particles, one with 
high affinity and one with low affinity. Binding of aurovertin to the strong sites is 
positively cooperative only under State-3 conditions. 

4. The quenching of  the fluorescence of  the particle-aurovertin complex 
induced by an uncoupler is rapid and extensive in the presence of ATP. The rapid 
quenching induced by an uncoupler is followed by a slow increase in the aurovertin 
fluorescence, that may be attributed to a redistribution of bound adenine nucleotides. 
All uncoupler-induced changes are prevented by oligomycin. 

5. Excess oligomycin added to Mg-ATP particles oxidizing succinate under 
State-3 conditions initially induces a rapid enhancement of the aurovertin fluorescence. 
The pH dependency of this change suggests that this rise may be attributed to the 
induction of a maximally 'coupled' membrane. 

INTRODUCTION 

Phosphorylating Mg-ATP particles [i ] contain a relatively large amount of a 
small protein, the ATPase inhibitor [2], that binds specifically to F1 [2, 3]. Van de 
Stadt and co-workers [4, 5] showed the existence of a reversible equilibrium between 

Abbreviations and symbols: F1, mitochondrial ATPase; Mg-ATP particles, phosphorylating 
submitochondrial particles prepared by sonication of beef-heart mitochondria in the presence of 
15 mM MgC12 and 1 mM ATP (pH 7.5); FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydra- 
zone; 1799, ct,~'-bis(hexafluoroacetonyl)acetone; TTFB, 4,5,6,7-tetrachloro-2-trifluoromethylbenzi- 
midazole. 



254 

the mitochondrial ATPase (F1) and its inhibitor. Lardy and Lin [6] have shown that 
the antibiotic aurovertin, a potent inhibitor of oxidative phosphorylation [7], also 
binds specifically to F1. Binding is accompanied by at least a 50-fold enhancement of 
the fluorescence yield of the complex. The fluorescence properties of aurovertin 
bound to F1 are strongly influenced by ligands of the ATPase enzyme [8-12]. Chang 
and Penefsky [9] and Bertina et al. [10] reported that the fluorescence yield of auro- 
vertin bound to submitochondrial particles or intact mitochondria is increased upon 
energization of the membrane. The latter authors showed that aurovertin binds 
cooperatively to State-3 mitochondria. It has been generally agreed [8-12] that chan- 
ges of the fluorescence of aurovertin monitor conformational changes of the ATPase, 
induced by ligands of the enzyme or by the membrane itself. 

The aim of this paper is to examine the nature of the changes in the fluorescence 
yield of aurovertin, bound to Mg-ATP particles, that take place upon energization 
and de-energization of the mitochondrial membrane. 

MATERIALS AND METHODS 

Preparations 
Heavy beef heart-mitochondria [4] and Mg-ATP particles [1 ] were prepared 

according to the published procedures. Aurovertin D was isolated in this laboratory 
in pure form as described by Bertina [8]. Physical data have been reported earlier 
[8, l l, 12]. 

Fluorometric measurements 
The enhancement of aurovertin fluorescence accompanying binding of the 

antibiotic to Mg-ATP particles was recorded in a specially adapted Eppendorf 
fluorimeter, using the same filters as described earlier [12]. The standard medium 
contained, in a final volume of 1.5 ml, 375 #moles sucrose, 37.5/zmoles glucose and 
37.5/~moles Tris-acetic acid buffer (pH 7.3). Reactions were carried out at 30 °C. 
The fluorimeter was adjusted to the same sensitivity as used for experiments published 
before [5, 12], by calibration with a standard solution of NADH. 

Kinetics of fluorescence chanoes 
Kinetics of the aurovertin fluorescence changes were recorded in a fluorimeter 

made up of the optical assembly of a Perkin-Elmer MPF-2A speetrofluorimeter, fitted 
with a closed and thermostatted cylindrical quartz cuvette (front-face geometry), 
that can be rapidly stirred by an overhead Teflon stirrer. Additions were made by 
microlitre syringes directly into the vortex, the complete mixing time being less 
than 50 ms. The signals from both sample and reference photomultipliers were ap- 
propriately amplified and filtered using Analog 40 J operational amplifiers (response 
time 100, 10 or 1 ms) and read-out by a Tektronix R 5103 N storage oscilloscope. 
Excitation, 370 nm (band width, 6 nm); emission, 470 nm (band width, 15 nm). 

Analytical methods were the same as described previously [4]. 

Materials 
ATP, ADP, hexokinase and catalase were obtained from Boehringer und 

S6hne. Oligomycin was gift of by Upjohn Chemical Co., the uncouplers g,0t'-bis 
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(hexafluoroacetonyl)acetone (1799) and carbonyl  cyanide p- t r i f luoromethoxyphenyl-  
hydrazone  (FCCP)  were gifts f rom Dr  P. Heytler. 4,5,6,7-Tetrachloro-2-trifluoro- 
methylbenzimidazole (TTFB)  was a gift f rom Dr  R. H. Biichel. All other chemicals 
were o f  analytical grade. Hexokinase was dialysed before use as described before [5]. 
All organic acids used were neutralized with Tris to p H  7.3. 

RESULTS 

The effect of  State-3 components on the fluorescence of  aurovertin bound to M#-ATP 
particles 

In  Fig. 1, Trace B, the fluorescence is recorded upon  addit ion o f  aurovertin 
to M g - A T P  particles, suspended in the s tandard medium. The addit ion o f  succinate 
initiates a slow rise in the fluorescence. The rate o f  this enhancement  is slowed by 
malonate  (rate o f  succinate oxidation decreased by 80%).  Moreover ,  anaerobiosis 
did no t  reverse the change while K C N  reversed it only to a small extent. Traces A of  
Fig. 1 demonst ra te  that  the extent ot the fluorescence rise reached soon after the 
addit ion o f  aurovert in increases greatly with the time o f  preincubat ion o f  the particles 
with succinate. Trace C shows that  K C N  prevented this effect. The uncoupler  1799 
and the inhibitor ol igomycin also prevent .the succinate-induced fluorescence rise 
(Trace D), but, as shown in Trace B, had a relatively small effect when added after 
the succinate-induced fluorescence increase was complete. 

When  phosphate  is added to the complex between M g - A T P  particles and 
aurovertin,  incubated in the s tandard medium supplemented with succinate and 
MgC12, the aurovert in fluorescence is strongly quenched, and A D P  partly reverses 

ot~(~rcln %799 

suc~mte ~_ '~ All Is cl D I  
l aurovertin t ? time(3min, 

Fig. 1. Effect of succinate oxidation on the aurovertin fluorescence in the presence of Mg-ATP 
particles. Aurovertin (200 nM) was added to Mg-ATP particles (0.7 mg protein) suspended in 1.5 ml 
standard medium (see Materials and Methods), supplemented with 1 mM MgCI2 and 50 units cata- 
lase. Trace A: particles were preincubated with 10 mM succinate (pH 7.3), before the addition of 
aurovertin. Preincubation times: (1) 30 s; (2) 3 min; (3) 8 min; (4) 15 min. Every 5 min 0.5 mM 
HzO2 was added. Trace B: 10 mM succinate, 2 mM malonate, 0.5 mM HAP2, 2 mM KCN, 13 #M 
1799 and 5/~g oligomycin were added at the indicated points. Trace C: particles were preincubated 
for 8 rain in presence of 2 mM KCN and 10 mM succinate before the addition of aurovertin. Trace D: 
particles were preincubated for 8 min with 13/~M 1799 or 5/~g oligomycin and 10 mM succinate, 
before the addition of aurovertin. 0.5 mM HzOz was added every 4 min. 
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Fig. 2. Influence of State-3 components and anaerobiosis on the aurovertin fluorescence in the pres- 
ence of Mg-ATP particles. Aurovertin (200 nM) was added to Mg-ATP particles (0.75 mg protein), 
suspended in 1.5 ml standard mixture (see Materials and Methods), supplemented with I mM MgClz 
and 50 units catalase. Further additions at the points indicated in the figure: 10 mM succinate (pH 
7.3), 5 mM phosphate buffer (pH 7.3), 1 mM ADP, 13 pM 1799, 5 big oligomycin and 0.3 mM H202. 

this change  (Trace A2  o f  Fig. 2). Trace  A3 shows tha t  A D P  quenches the fluorescence 
to  a smal ler  extent  t han  phospha te .  The  extent  o f  the A D P - i n d u c e d  quenching  could  
be cons ide rab ly  d imin i shed  by  hexokinase ,  suggest ing tha t  the  quenching is b rough t  
a b o u t  by  A T P  fo rmed  f rom the A D P  by adenyla te  kinase,  known  to be present  in 
M g - A T P  par t ic les .  A T P  and  phospha t e  quench the aurover t in  fluorescence, when 
b o u n d  to e i ther  submi tochondr i a l  par t ic les  or  i sola ted  F1, while A D P  sl ightly 
enhances  i t  [9, 11, 12]. 

Fig. 3. Kinetics of the aurovertin fluorescence change in Mg-ATP particles. Mg-ATP particles 
(1.5 mg protein) were suspended in 1.1 ml buffer at 25 °C, containing 250/~moles sucrose, 25/~moles 
glucose, 25/Jmoles Tris--acetic acid buffer, 2/~moles M8C12, 5 ~tmoles phosphate buffer, 1 ~mole 
ADP, 10/~moles succinate, 10 units hexokinase and 1000 units catalase at a final pH of 7.3. After 
2 rain, 0.3 nmole aurovertin was added (A). The suspension was kept aerobic by appropriate addi- 
tions of 0.5 3tmole H2Oz. Further additions as indicated in the.figure: !.0/zmole H~O2, 14 nmoles 
1799, 2.5 nmoles TTFB and 8/~g oligomycin. In A, the electronic response time was set at 100 ms; 
in B, C and D at 10 ms. In C and D, oligomycin, 1799 or TTFB were added aerobically. 
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It can be seen in Traces A1, A2 and A3 of Fig. 2 that anaerobic-aerobic tran- 
sitions gave large fluorescence changes only under State-3 conditions. The kinetics of 
the enhancement under State-3 conditions in an oxygen-pulse experiment are recorded 
in Fig. 3B. The half-time is about 20 ms. Trace B of Fig. 2 illustrates that 1799 or 
oligomycin added before succinate not only prevented the succinate-induced rise in 
the aurovertin fluorescence, but also minimized the effect of ADP (of. Fig. 4). 

Effect of" an uncoupler and olioomycin on the aurovertin fluorescence in M o - A T P  
particles 

In Fig. 4, Trace A, aurovertin was added to Mg-ATP particles supplemented 
with Mg 2+ and hexokinase. After the addition of phosphate, ADP induces a slow 
enhancement of the aurovertin fluorescence. When an uncoupler is added prior to 
ADP this slow rise is not observed (Fig. 2B). After the fluorescence had reached a 
final level, the addition of an uncoupler induced a small and rapid quenching of the 
fluorescence, followed by a slow increase (Fig. 4, Trace A1). When hexokinase was 
omitted (Trace B), the rapid quenching that precedes the slow rise was much larger. 

Trace C shows that the addition of ATP instead of ADP also induces a slow 
rise in the aurovertin fluorescence. The addition of an uncoupler induces an immediate 
and nearly complete quenching of the increased fluorescence. A sub.sequent slow rise 
sets in after a lag period. (Under these conditions the ATPase activity is increased at 
least 5-fold [4]). The results suggest that the extent of the rapid quenching induced 
by an uncoupler is increased when more ATP is available. 

Trace A2 (Fig. 4) illustrates that the high fluorescence level obtained under 
State-3 conditions can be reached independent of the order of additions (cf. Figs 2 
and 5). Under these conditions an uncoupler induces a rapid and large quenching of 
the fluorescence. The kinetics of this change are recorded in Fig 3, Traces C and D. 
The half-times for the uncouplers 1799 and TTFB are about 50 and 40 ms, respec- 

(Wig r'nycin 
17c~ m9 

RATP~ "~] ~ \I 
-, - 7  o. 

M,o 
' /°2"0 

a ur'ov~-i:in 

Fig. 4. Effect of an uncoupler and oligomycin on the fluorescence of aurovertin in the presence of 
Mg-ATP particles. The incubation conditions were the same as described under Fig. 2. Further 
additions at the points indicated in the figure: 10 mM succinate (pH 7.3), 5 mM phosphate buffer 
(pH 7.3), 1 mM ADP,  1 mM ATP, 13 pM 1799, 5 pg oligomycin and 0.3 mM H202. In Trace A the 
standard mixture was supplemented with 5 units hexokinase. 



258 

tively. The rapid quenching induced by an uncoupler is followed again by a slow and 
extensive rise in the fluorescence. Anaerobiosis allows the aurovertin fluorescence to 
increase even more, after a small transient quenching of the fluorescence. This com- 
plex change is also induced by other uncouplers such as by TTFB or FCCP. 

As also shown in Trace A2 of Fig. 4, oligomycin induces a fast rise in the auro- 
vertin fluorescence with a half-time of about 50 ms (Fig. 3D). This enhancement is 
followed by a slow quenching. It is of interest to note that in the presence of oligo- 
mycin neither anaerobiosis nor the addition of an uncoupler induce a rapid quench- 
ing of the fluorescence. The changes induced by an uncoupler or oligomycin are 
qualitatively comparable in the absence or presence of succinate (Fig. 4, Traces A1 
and A2). 

A low pH induces better coupling of the membrane in submitochondrial 
particles [13, 14]. Since it appeared possible that the effects of oligomycin and un- 
coupler on the aurovertin fluorescence in Mg-ATP particles suspended under State-3 
conditions might depend on the degree of coupling of the membrane, they were 
recorded at different pH values (Fig. 5). It can be seen that if ADP is added to the 
complex of aurovertin and particles oxidizing succinate in the presence of MgC12 
and phosphate, the rate and extent of the fluorescence enhancement is considerably 
larger at low PH. Furthermore, the extent of the anaerobic-aerobic transitions is 
larger at low pH. 

It is also illustrated in Fig. 5 that at low pH the oligomycin-induced increase 
in the aurovertin fluorescence is relatively small, while the 1799-induced quenching is 
large. Both changes proceeded to about the same fluorescence levels over the whole 
pH range tested. 

oligo, mycin i 

~~ 
© 

aur'over'tin ~- ~ time (3r~in) 

/ 
t 

Fig. 5. pH dependence of the oligomycin- and 1799-induced change of  the aurovertin fluorescence 
in the presence of Mg-ATP particles. Aurovertin (200 nM) was added to Mg-ATP particles (0.7 nag 
protein) suspended in 1.5 ml standard medium (see Materials and Methods) supplemented with I mM 
MgCl2, 5 m M  phosphate buffer, 10 mM succinate, 50 units catalasz and 5 units hexokinase. Before 
the assay the complete  mixture except for the enzymes  was adjusted with 2 M acetic acid or 2 M Tris 
to the following pH values: Curve 1, 8.0; Curve 2, 7.5; Curve 3, 7.0; Curve 4, 6.5, Further additions 
at the points indicated in the figure: 1 raM ADP (at corresponding pH), 10/~M 1799 or 5 ~tg oligo- 
mycin and 0.3 mM H202. 
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Fig. 6. Scatchard plot for the binding of aurovertin to phosphorylating Mg-ATP particles, oxidizing 
succinate. The conditions of  the experiment and the order of additions are given in Table I. Mg-ATP 
particles (0.33-0.35 mg protein/ml) were titrated with aurovertin in separate experiments (18 differ- 
ent concentrations ranging from 5 to 1000 nM). The relative quantum yield (Qrci) was calculated 
from a double-reciprocal plot of the final fluorescence versus the protein concentration (0.18-0.70 mg 
protein/ml) at 4 different aurovertin concentrations (40-400 nM), in essentially the same way as 
described before [5, 12]. From the relative quantumyield and the titration curve, the Scatchard plot 
[I 5] was calculated. The experiment was done in triplicate with different batches of freshly prepared 
particles. Calculated binding parameters are listed in Table I. 

TABLE I 

PARAMETERS OF BINDING OF AUROVERTIN TO Mg-ATP PARTICLES 

All binding data were obtained by measurement of the final fluorescence of bound aurovertin by the 
extrapolation method described under Fig. 6. A standard fluorescence trace is illustrated in Fig. 4, 
Trace A2. (l) Aurovertin was added to Mg-ATP particles suspended in 1.5 ml standard medium 
supplemented with 1 mM MgCl2, 50 units catalase and 7.5 units hexokinase. All subsequent additions 
were made after the fluorescence had reached a constant value. (2) 5 mM phosphate buffer (pI-I 7.3). 
(3) 1 mM ADP. (4) 5 mM succinate (pH 7.3); when required 0.3 mM H202 was added to keep the 
suspension aerobic. (5) The suspension reached anaerobiosis. (6) 30 s after the addition of 0.3 mM 
HzO2, 13/~M 1799 was added. Qr©~ is the relative quantum yield; nl, concentration of strong auro- 
vertin-binding sites; r/2, concentration of weak aurovertin-binding sites; KD~, dissociation constant of 
the strong binding site (cooperativity is indicated by a decrease in dissociation constant); KD2, 
dissociation constant of the weak binding site. 

Expt Consecutive Qr*l nz n2 KD 1 KD2 
additions (units/nM (nmole/mg (nM) (nM) 
or events aurovertin) protein) 

1 None 0.5 0.18 0.40 42 390 
2 Phosphate 0.5 0.14 0.41 25 370 
3 ADP 0.75 0.14 0.50 l l  330 
4 Succinate 1.6 0.25 0.12 65 -~ 20 140 
5 02 = 0 0.95 0.13 0.42 l0 175 
6 1799, Oz = 0 i.! 0.27 0.26 47 265 



260 

Binding of  aurovertin to Mg-ATP particles 
The parameters of aurovertin binding to Mg-ATP particles were determined 

by measurement of the final fluorescence of bound aurovertin (i.e. at least pseudo- 
equilibrium conditions). The relative quantum yield (Qrcl) was calculated by ex- 
trapolation to infinite protein concentration, as described in the legends of Fig. 6 and 
Table I. Fig. 6 represents a Scatchard plot [15] for the binding of aurovertin to Mg- 
ATP particles oxidizing succinate under State-3 conditions. The results of three 
separate experiments are plotted together. 

It can be seen that there are two binding sites for aurovertin, one with high 
affinity (concentration, nl) and one with a lower affinity (concentration, n2), and 
that binding of aurovertin to the first site is positively co-operative, the dissociation 
constant of the particle-aurovertin complex decreasing from 65 to 20 nM. Positive 
co-operative binding of aurovertin has also been shown for rat-liver mitochondria 
oxidizing succinate under State-3 conditions [10]. 

In Table I the binding parameters of aurovertin are listed under conditions of 
the experiment shown in Fig. 4, Trace A2. The first row of Table I shows that binding 
of aurovertin to Mg-ATP particles suspended in the standard medium, supplemented 
with 1 mM MgCI2, occurs with a low relative quantum yield, while the ATPase 
enzyme exposes a high concentration of weak binding sites with a low affinity. Whereas 
phosphate has little effect on the binding parameters, a subsequent addition of ADP 
enhances the relative quantum yield by 50%. 

The addition of succinate to complete State-3 conditions induces a conforma- 
tion of F~ that binds aurovertin with a high relative quantum yield, and the con- 
centration of binding sites is decreased considerably, mainly the weak binding sites, 
that also have an increased affinity. The concentration of strong binding sites is 
increased, and aurovertin binding to this site becomes cooperative. 

Upon anaerobiosis, cooperativity disappears, the relative quantum yield is 
diminished, and the binding parameters are comparable to those found in the absence 
of succinate, with the exception of a higher relative quantum yield. The binding data 
obtained after the addition of 1799 under aerobic conditions, followed by anaerobiosis, 
are comparable with those of endogenously uncoupled AS particles in the presence of 
MgC12, phosphate and ADP (Table III of ref. 12). The calculated aurovertin-binding 
parameters obtained immediately after the fast uncoupler-induced quenching or the 
oligomycin-induced enhancement of the fluorescence had been reached (Fig. 4, 
Trace A2) are not given, since it is doubtful whether even a pseudo-equilibrium 
exists under these conditions. The changes appeared, however, partly to be caused by 
a rapid change in the relative quantum yield (0.5 and 2.2 units/nM aurovertin, 
respectively). 

DISCUSSION 

The large enhancement of the fluorescence of aurovertin upon binding to F~ 
is influenced by ligands of the enzyme, both in the isolated [6, 9, 11 ] and membrane- 
bound enzyme [8-10, 12]. In general, the changes in the fluorescence of the aurovertin- 
F1 complex may be interpreted as being due to conformational changes of the enzyme, 
induced by the ligands, leading to an alteration of the aurovertin-binding sites. The 
results reported in this paper indicate that energization of the mitochondrial membrane 
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also changes the conformation of FI as monitored by the fluorescence of bound 
aurovertin. 

We have shown that the ATPase inhibitor dissociates from Mg-ATP particles 
when oxidative energy is supplied, especially under State-3 conditions [4, 5]. A 
high ratio of ADP/ATP also induces a partial dissociation of the inhibitor [4]. 
Since we have reported that binding of the ATPase inhibitor to inhibitor-deficient 
submitochondrial particles or to isolated F1 strongly quenches the aurovertin fluores- 
cence, any enhancement of the fluorescence induced in the complex between auro- 
vertin and Mg-ATP particles may be the result of three possible factors: (i) dissocia- 
tion of the ATPase inhibitor; (ii) alteration in the binding of ligands to F1; (iii) 
change of the energy state of the particles. Which of these factors causes the fluores- 
cence changes described in this paper will be discussed. 

The control experiments shown in Figs 1A, 1C and 1D indicate that the slow 
and extensive enhancement of the fluorescence of aurovertin that is induced by 
succinate oxidation (Fig. 1B) can be completely accounted for by dissociation of the 
ATPase inhibitor. This slow enhancement of the fluorescence is prevented not only 
by an uncoupler but also by oligomycin, indicating that the latter antibiotic prevents 
F 1 'feeling' energization of the membrane. 

After the inhibitor has been dissociated from Mg-ATP particles during an 
incubation with succinate, the second factor becomes apparent. The resulting high 
aurovertin fluorescence is influenced by ligands of F 1 (Fig. 2). Phosphate and ATP 
(not shown) strongly quench it, while ADP has only a small effect, provided hexo- 
kinase is present. In this respect the effects of ligands are comparable to those in- 
duced in inhibitor-depleted AS particles [12] or isolated F~ [9, 11 ]. 

The third factor, the energy state of the particles is directly felt by aurovertin 
only when all the State-3 components are present (Fig. 2). Measurements of the 
kinetics of the aurovertin fluorescence enhancement under State-3 conditions in 
oxygen-pulse experiments indicate that this change is very fast (t½ about 20 ms). 
This value is comparable to half-times obtained for the initial phase in the NADH- 
or succinate-induced reduction of cytochromes c, b and a [16]. Half-times for oxida- 
tion of the succinate-reduced cytochromes b and ct in oxygen-pulse experiments in 
rat-liver mitochondria are in the order of 50-100 ms [17, 18]. Thus, the rate constants 
of conformational changes of FI induced by energization are comparable to those of 
rate-limiting redox changes of carriers in the respiratory chain. 

The results of the aurovertin-binding experiments listed in Table I can be 
understood using the concepts developed in the two preceding papers [5, 12]. Two 
conformations of F1 are in equilibrium, termed F~, binding aurovertin in a highly 
fluorescent form and *F~, binding the fluorochrome in a less fluorescent form. 
Conformation F~ has only a strong aurovertin-binding site, while *F~ is postulated to 
have both strong and weak sites. The equilibrium is shifted towards conformation 
*F 1 by binding of ATP or phosphate, whereas ADP induces conformation F~ [12]. 
Moreover, binding of the ATPase inhibitor to inhibitor-depleted particles induces a 
shift from conformation F1 to *Ft [5]. 

When aurovertin binds to inhibitor-containing Mg-ATP particles the enzyme 
is in the low-fluorescent *F~ conformation (Table I). Since phosphate induces the 
same conformation it has little effect. ADP elicits a partial dissociation of the ATPase 
inhibitor [4], giving rise to a higher fluorescence. When State-3 conditions are corn- 
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plete (and the inhibitor has been dissociated [4]) a high fluorescence is obtained. This 
may be interpreted as a shift to conformation F t. Binding of aurovertin to the strong 
site becomes cooperative, supporting the idea of the involvement of this site in the 
inhibition of oxidative phosphorylation [9, 12]. Upon anaerobiosis cooperativity 
disappears, the membrane de-energizes, concomitant with a shift back to the *F1 
conformation. 

Effect of  an uncoupler aria oligomycin 
The extent of the fast quenching of the fluorescence of aurovertin induced 

by an uncoupler seems to he dependent on the availability of ATP (Fig. 4). When no 
adenine nucleotides are present, the quenching is slow and slight (Fig. 1, Trace B). 
This suggests that the uncoupler induces a rapid association of the enzyme with ATP. 
This may be interpreted as a rapid shift to the *F1 conformation (the quantum 
yield decreased by 70% ). This result may support the proposal made by Boyer et al. 
[19] and Slater [20] that the energy-conserving step in oxidative phosphorylation is a 
conformational change of Ft, from a state where ATP is tightly bound to one where 
ATP is loosely bound. The slower rise in the aurovertin fluorescence following the 
fast quenching induced by an uncoupler (Fig. 4) may be due to a redistribution of 
bound adenine nucleotides, i.e. ATP is replaced by ADP, giving rise to a higher 
fluorescence (in Traces A and B of Fig. 4, substrate amounts of ADP were present). 
Because of the addition of an uncoupler the Mg-ATP particles are uncoupled, and 
in this case the ATP may not be tightly bound and can be replaced by ADP. 

This interpretation of the effect of an uncoupler is supported by the fact that 
oligomycin prevents the fast quenching induced by an uncoupler (Trace A2 of Fig. 4) 
(oligomycin prevents binding of ATP to the particles and replacement of a ligand by 
ADP [12]). 

The oligomycin-induced enhancement of the aurovertin fluorescence (Fig. 5) 
may be explained in the following way. The more coupled the membrane is, the higher 
the aurovertin fluorescence under State-3 conditions. Oligomycin is also able to restore 
coupling of partially or completely uncoupled submitochondrial particles [13, 21, 22]. 
Fig. 5 shows that the oligomycin effect is small at a low pH and large at a high pH. 
Since a low pH induces a better coupled submitochondrial membrane [13, 14], 
the results of Fig. 5 suggest that addition of oligomycin to Mg-ATP rapidly induces 
a maximally coupled membrane. This conclusion is in line with the extent of the 
uncoupler-induced quenching of the fluorescence at different pH values (Fig. 5). 
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