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Thermal inactivation of electron-transport functions and FoFI-ATPase activities 
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Bovine heart submitochondrial particles in suspension were heated at a designated temperature for 3 min, 
then cooled for biochemical assays at 30 o C. By enzyme activity measurements and polarographic assay of 
oxygen consumption, it is shown that the thermal denaturation of the respiratory chain takes place in at least 
four stages and each stage is irreversible. The first stage occurs at 51.0 5:1.0 ° C, with the inactivation of 
NADH-linked respiration, ATP-driven reverse electron transport, F0F l catalyzed A T P / P  i exchange, 
N A D H  and succinate-driven ATP synthesis. The second stage occurs at 56.0 5:1.0 ° C, with the inactivation 
of suceinate-linked proton pumping and respiration. The third stage occurs at 59.0 5:1.0 ° C, with the 
inactivation of electron transfer from cytochrome c to cytochrome oxidase and ATP-dependent proton 
pumping. The ATP hydrolysis activity of F 0 F 1 persists to 61.0 5:1.0 ° C. An additional transition, detectable 
by differential scanning calorimetry, occurring around 70.0 5:2.0 ° C, is probably associated with thermal 
denaturation of cytochrome c and other stable membrane proteins. In the presence of either mitochondrial 
matrix fluid or 2 m M  mercaptoethanol, all five stages give rise to endothermic effects, with the absorption of 
approx. 25 J / g  protein. Under aerobic conditions, however, the first four transitions become strongly 
exothermic, and release a total of approx. 105 J / g  protein. Solubilized and reconstituted F0F ! vesicles also 
exhibit different inactivation temperatures for the A T P / P  i exchange, proton pumping and ATP hydrolysis 
activities. The first two activities are abolished at 49.0 5:1.0 ° C, but the latter at 58.0 d: 2.0 o C. Differential 
scanning calorimetry also detects biphasic transitions of F0F 1, with similar temperatures of denaturation 
(49.0 and 54.0°C). From these and other results presented in this communication, the following is 
concluded. (1) A selective inactivation, by the temperature treatment, of various functions of the electron- 
transport chain and of the F0F I complex can be done. (2) The ATP synthesis activity of the F0F I complex 
involves either a catalytic or a regulation subunit(s) which is not essential for ATP hydrolysis and the proton 
transiocation. This subunit is 10 °C less stable than the hydrolytic site. Micromolar ADP stabilizes it from 
thermal denaturation by 4 - 5 ° C ,  although ADP up to miilimolar concentration does not protect the 
hydrolytic site and the proton-translocation site. (3) Protein complexes of the mitochondrial energy-trans- 
ducing membrane are metastable, i.e., they are in a ifigh-energy state under aerobic environments. These 
complexes are susceptible to oxidation (consuming 250 nmol 02 per mg protein) and as a consequence 
dissipate heat. Whether this exothermic energy is relevant to the in vivo ATP synthesis remains unclear. 
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Introduction 

The generally accepted theory for the coupling 
of electron transport and ATP synthesis in 
mitochondria is the chemiosmotic hypothesis [1-4]. 
While this theory postulates a proton electrochem- 
ical gradient as the key intermediate for ATP 
synthesis, little is known of how such a gradient 
can be coupled to the ATP synthesis reaction. The 
mechanism proposed by Boyer and his coworkers 
[1,5] postulates that on binding of ADP and P~ to 
the enzyme ATP is formed at the enzyme surface, 
with a free energy of the conversion close to zero. 
The function of the proton electrochemical gradi- 
ent is to provide an electrochemical potential en- 
ergy that triggers the release of the tightly bound 
ATP. In fact, measurements of the rate constants 
of nucleotide binding to isolated F1-ATPase sup- 
port the view that the free energy of conversion of 
ADP and Pi to ATP on the enzyme surface is near 
zero [6-8]. Other views, although different in de- 
tails, all revolve around the idea of altering the 
affinity of enzyme for ATP [7,9-12]. It is sus- 
pected that changes in the affinity for ATP could 
result from electrochemical potential-induced 
structural or conformational changes of the F0F ~- 
ATPase. 

It is in this last context that we have been 
investigating the role of membrane potential in 
ATP synthesis [13-17]. It is known that the peptide 
unit of a protein is an electric dipole of 3.5 debye, 
and the secondary structures of proteins are elec- 
tric dipoles of considerable strength [18,19]. Most 
proteins are also charged at neutral pH. A mole- 
cule with net charges and electric dipoles in its 
structure is capable of responding to an electric 
field, especially when the electric field is amplified 
on a membrane surface [15,16]. In the case of 
membrane-bound ATP synthetases, this field-in- 
duced conformational shift may provide free en- 
ergy required for the release of tightly bound ATP 
or for an ATP synthesis through electroconforma- 
tional coupling [13-17]. Such a rationale has 
proved fruitful and electric-field driven ATP 
synthesis has now been demonstrated in spinach 
chloroplasts, lettuce chloroplasts, Escherichia coli, 
PS3 thermophilic bacterium, rat liver sub- 
mitochondria, bovine heart submitochondria, 
bovine heart FoF~-ATPase reconstituted lipid 
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vesicles and chloroplast CFoF1-ATPase recon- 
stituted lipid vesicles [13,14,20-23]. These results 
pose new challenges for understanding the 
energy-transducing process, and at the same time, 
they may furnish useful information for bridging 
the gap between the conformational coupling hy- 
pothesis and the chemiosmotic hypothesis [1-5, 
15,16,24]. 

Several considerations prompted us to under- 
take the present study. Firstly, in experiments 
using electric fields to induce ATP synthesis, con- 
siderable Joule heating is associated with the ap- 
plication of each electric pulse. Effects of tempera- 
ture on various functions of the electron-transport 
chain need to be studied in greater detail. ATP 
formed by pulsed electric field may include contri- 
butions from yet unidentified sources which are 
not relevant to the in vivo mechanism of oxidative 
phosphorylation (Chauvin, F., Astumian, R.D. and 
Tsong, T.Y., unpublished results). Secondly, there 
are several reports on heat sensitivity of F 1 and F 0 
subunits of the enzyme and other protein compo- 
nents of the electron-transport chain [49-51,25,26]; 
yet, no systematic efforts have been invested to 
study heat inactivation and its implication to en- 
zyme functions, in vivo. Thirdly, although the 
conformational coupling hypothesis is considered 
a viable mechanism, experimental evidence of 
conformational changes in the coupling factor is 
still lacking [14,15]. Many accessible conforma- 
tional states of an enzyme are detectable to DSC 
or spectrophotometric methods, and there is a 
high likelihood that we might be able to detect 
these conformational transitions. Fourthly, the 
question of whether ATP synthesis is a direct 
reverse of the hydrolysis reaction has often been 
asked. Information on differential inactivation of 
the several functions of the F0F 1 complex may 
provide some insight concerning the relationship 
between these functions of the enzyme. Partial 
inactivation by temperature of different activities 
of the respiratory chains may also allow us to 
distinguish mechanisms of ATP synthesis with 
various forms of energy source. In this communi- 
cation, we report a stepwise temperature inactiva- 
tion of several functions of the electron-transport 
chain and the different activities of lipid recon- 
stituted bovine heart FoF1-ATPase. 
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Materials and Methods 

Submitochondrial particles and A TPase recon- 
stitution. Mixed layer bovine heart mitochondria 
were prepared according to the large scale proce- 
dure of Blair [27]. Submitochondrial particles were 
prepared by sonicating mitochondria for 30 s at 
0 °C ,  with a Branson S-200 3/8-inch step-horn 
tip, in the presence of 0.25 M sucrose, 1 mM 
succinate, 1 mM ATP, 5 mM MgC12, 10 mM 
MnC12 and 10 mM sodium-Hepes (pH 7.4), and 
separating from other fractions by differential 
centrifugation [28]. A more drastic sonication pro- 
cedure was also employed. Mitochondria were sus- 
pended in 0.25 M sucrose, 10 mM Tris-HC1 (pH 
7.4) and sonicated for 4 rain. FoF1-ATPase was 
prepared by cholate extraction of submitochondri- 
al particles and subsequent (NH4)2SO 4 fractiona- 
tion [29]. This preparation is about 80% pure as 
judged by SDS-polyacrylamide gel electrophoresis. 
Reconstitution of the isolated FoF1-ATPase into 
asolectin vesicles followed the procedures of 
Kagawa and Racker [29] with a slight modifica- 
tion. Briefly, FoF1-ATPase at 10 m g / m l  was ad- 
ded to a sonicated mixture of 20 m g / m l  of cholate 
and 80 m g / m l  of partially purified soybean phos- 
pholipids (Sigma Chem.) in 50 mM Tricine (pH 
7.8). The mixture was dialyzed against 300 volumes 
of medium containing 10% (v/v)  methanol, 0.2 
mM sodium-ATP, 0.5 mM EDTA, 0.4 mM di- 
thiothreitol and 10 mM Tricine (pH 8.0). The 
buffer was changed once after 2 h, and dialysis 
was continued overnight. The solution was centri- 
fuged at 45 000 r.p.m, in a 50 rotor (Beckman 
Instruments) and the pellet was resuspended to 20 
m g / m l  in 20 mM Tricine (pH 8.0). 

Thermal inactivation. Submitochondria (10 m g /  
ml) or reconstituted F0F l vesicles (1 m g / m l )  were 
suspended in a medium containing 0.25 M sucrose 
and 10 mM Tris-HCl (pH 7.8). 50 /~1 was placed 
into a glass tube and heated at indicated tempera- 
tures for 3 min. The suspension was cooled to 
room temperature and a 10/~1 aliquot was drawn 
and immediately assayed at 30°C  for electron- 
transport chain activities. Duplicates were per- 
formed for each temperature, as well as a control 
sample which was kept at room temperature for 
an equal length of time before assay. When effects 
of reagents on thermal stability needed to be 

examined, the reagent was added to the heating 
medium at indicated concentrations. 3-min heat 
treatment was found to be adequate. Other slow 
and time-dependent processes were a few percent 
and would have no effect on the analysis of result. 

Biochemical assays. ATP hydrolysis was mea- 
sured by a coupled enzyme assay, using lactate 
dehydrogenase and pyruvate kinase [30]. Succinate 
driven oxidative phosphorylation was assayed by a 
coupled enzyme assay using hexokinase and glu- 
cose-6-P dehydrogenase [31]. N A D H  driven ATP 
synthesis was assayed by radioactivity incorpora- 
tion of 32p i. Reverse electron transport (using 
cyanide-treated particles) was assayed with suc- 
cinate as the electron donor, NAD + the electron 
acceptor and ATP as the energy source [32]. ATP 
and succinate-dependent proton translocation was 
monitored by the 9-amino-6-chloro-2-methoxy- 
acridine fluorescence quenching method using an 
Aminco spectrofluorometer [33]. A T P / P  i ex- 
change was measured in the presence of 20 mM 
[32p]p i 10 mM and MgATP. The amount of 
esterified 32p was determined after extraction with 
molybdate and isobutanol [34]. Oxygen consump- 
tion was measured in a vessel (1.5 ml volume) 
which is temperature controlled and tightly sealed 
against air at indicated temperature using a Clark 
oxygen electrode. The solubility of oxygen in the 
medium used was estimated to be 220 nmol 0 2 / m l  
at 30°C. Oxygen consumption was initiated by 
addition of 0.3 mM N A D H  or 10 mM succinate. 
Cytochrome c reductase activity was monitored 
polarographically as described [35]. Electrophore- 
sis was carried out in the presence of SDS and 8 
M urea according to Laemmli [36]. Protein was 
determined by a modified Lowry procedure [37]. 

Differential scanning microcalorimetry. MC1 mi- 
crocalorimeter (MicroCal, Inc.) was used to mea- 
sure excess heat uptake or heat liberation of 
mitochondria, submitochondria, and solubilized 
and reconstituted FoF1-ATPase upon thermal de- 
naturation. Membranes or proteins were sus- 
pended in the concentration range between 0.5 
and 10 mg protein per ml in 0.25 M sucrose, 10 
mM Tris/C1 (pH 7.8) for measurements. The 
heating rate ranged from 5 to 25 ° C per hour. The 
heat of transitions was determined by a planime- 
ter, or by cutting out the transition peaks and 
weighing the paper [38]. Deconvolution using a 



nonlinear least-squares program was also done for 
selected DSC runs. The results are consistent with 
our present interpretation. Samples used for 
calorimetry analysis were bovine heart mitochon- 
dria [27], 4 min sonicated submitochondrial partic- 
les [28], and mildly treated and 30 s sonicated 
submitochondrial particles. 

Results 

Thermal inactivation of enzyme activities in sub- 
mitochondrial particles 

Several activities of the electron-transport chain 
of mitochondria were monitored for their thermal 
stability. Fig. 1A shows typical transition curves 
for O 2 consumption rate of submitochondrial par- 
ticles plotted against temperature of incubation, 
driven by three different substrates. The maxi- 
mum rate of NADH-driven oxygen consumption 
in our samples was approx. 350 nmol O J m i n  per 
mg at 30 o C. This rate was not affected for sam- 
ples pretreated below 50 o C. However, a dramatic 
reduction in rate occurred for samples prein- 
cubated above 50 o C. The midpoint of inactiva- 
tion (Tin) for this activity was 52.0°C. When the 
respiration was driven by succinate, the midpoint 
of inactivation was significantly higher, with a T m 
of 56.0°C. The thermal inactivation curve was 
frequently found to be biphasic. Typically, the 
starting submitochondrial particles consumed 180 
nmol Oz /min  per mg in this case. Cytochrome-c- 
driven respiration persisted to higher tempera- 

120 ~ ~ 1 I I I 

100 

80 

60 

b 
40 

20 

0 
30 52 

-.-..~ j I 
48 

\ \ \ .  
60 -64 

TEMPERATURE~ *C 

68 

19 

120 

100 

80 

60 

4O 

2O 

0 _~ I 

30 48 

I i I 

Q 

52 56 60 64 68 

TEMPERATURE, °C 

Fig. 1. Thermal inactivation of various functions of electron- 
transport chain. (A) Oxygen consumption was measured 
polarographically, at 30 ° C, on submitochondrial  particles (1 
m g  of proteins) that had been incubated at the indicated 
temperature for 3 rain. The substrates were N A D H  (O),  
succinate (I) ,  and reduced cytochrome c (zx). The maximal  
respiration rates of submitochondrial  particles, not heat treated, 
were 330, 180 and 430 nmol 02 per min per mg, respectively, 
for substrates NADH,  succinate and cytochrome c. (B) Ther- 
mal inactivation curves of ATP hydrolysis without FCCP (I),  
ATP-driven proton pumping (zx), succinate-driven proton 
pumping  (A), succinate-driven ATP synthesis (e), N A D H -  
driven ATP s y n t h e s i s  (O),  ATP-driven reverse electron trans- 
port from succinate to N A D  + (O),  and A T P / P  t exchange ([]) 
are given. The proton-pumping activity was measured by 9- 
amino-6-chloro-2-methoxyacridine fluorescence change, as de- 
scribed in Materials and Methods, and was given in relative 
activity. The maximal activity of ATP hydrolysis was 2.0 
# m o l / m i n  per rag; of NADH-dr iven ATP synthesis, 120 
n m o l / m i n  per rag; of succinate-driven ATP synthesis, 170 
n m o l / m i n  per rag; of A T P / P  i exchange, 140 n m o l / m i n  per 

mg; and of reverse electron transport, 50 n m o l / m i n  per mg. 

tures, with the T m of inactivation at 59° C. In this 
case, the inactivation curve also appeared to be 
biphasic and much broader than that of NADH- 
linked respiration. 

The thermal stability of the FoFx-ATPase was 
also determined by a variety of assays. Fig. 1B 
shows the thermal inactivation curves for ATP 
hydrolysis (I) ,  ATP- (zx) and succinate- (zx) driven 
proton pumpings, A T P / P  i exchange (O), NADH- 
(O)  and succinate- (e) driven ATP synthesis, and 
reverse electron transport (O).  ATP hydrolysis 
was the most stable, usually showing an activation 
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around 56 ° C  folowed by an inactivation around 
60 ° C. A T P / P  i exchange was the least stable. In 
Fig. 2A several typical spectrofluorometric trac- 
ings of succinate-driven proton pumping using the 
9-amino-6-chloro-2-methoxyacridine method are 
shown. Similar tracings of ATP-driven proton 
pumping are shown in Fig. 2B. In both cases, the 
rate of proton pumping can be measured either by 
the maximum slope of the fluorescence quenching 
curves or by the final level of the quenching 
curves. We have used the latter to express the 
relative level of proton pumping using samples not 
treated with heat as the reference. The T m values 
for these measurements varied from 54 to 59°C.  
Table I summarizes the thermal inactivation re- 
sults using submitochondrial particles. Mean val- 
ues and standard deviations are given. 

Several facts of these experiments are noted. 
First, there appears to be a stepwise inactivation 
of various functions associated with different en- 
zyme complexes of the respiratory chain. N A D H -  
ubiquinone reductase of Complex I apaprently 
was inactivated at 51.0 _+ 1.0°C, but Complex II  

associated with succinate-ubiquinone reductase 
was inactivated at 56.0 + 1.0 ° C. Both Complex 
I I I  and Complex IV were more resistant to ther- 
mal inactivation, and they continued to function 
up to around 59.0 _ 1.0 o C. Surprisingly ATP/P~ 
exchange and ATP synthesis activity, either driven 
by succinate, or by N A D H ,  were all denatured at 
51.0 + 1 .0°C despite the fact that succinate and 
ATP-driven proton pumping continued to func- 
tion at or close to 100% efficiency, i.e., there was 
no indication of membrane leakage and inactiva- 
tion of F0F 1 complex up to this temperature. 

Second point of interest is that the ATP synthe- 
sis and ATP hydrolysis activity of FoF1-ATPase 
seemed to denature quite independently. For 
nearly a dozen experiments done on different pre- 
parations of submitochondrial particles ATP 
synthesis driven by different energy sources, 
namely, succinate, N A D H ,  or ATP in the case of 
A T P / P  i exchange, all inactivated around 51-53 
° C, but ATP hydrolysis all persisted up to 60-62 
°C.  ATP-driven proton pumping denatured a- 
round 54-59 ° C. For several preparations of sub- 
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Fig. 2. Relative proton-translocating activity of heat-treated submitochondrial  particles as measured by quenching of 9-amino-6- 
chloro-2-methoxyacridine fluorescence. (A) Succinate-driven proton pumping was monitored for samples treated at indicated 
temperatures for 3 rain prior to the 9-amino-6-chloro-2-methoxyacridine assay at 30 o C. Fluorescence intensity is expressed in an 
arbitrary unit. The dashed line indicates where 20 m M  succinate was added. 2 ml solution contained 0.5 mg proteins. (B) ATP-driven 
proton pumping was followed by the same 9-amino-6-chloro-2-methoxyacridine assay. 2 ml solution contained 0.1 mg proteins. The 

dashed line indicates where 1 m M  ATP was added. 



TABLE I 

T H E R M A L  INACTIVATION OF  ELECTRON T R A N S P O R T  F U N C T I O N S  OF BOVINE H E A R T  S U B M I T O C H O N D R I A  

21 

Activity measured Max imum activity Added A D P  T m Comments  
(reproducibility) d 

Submitochondria 
NADH-l inked  respiration 

Succinate-linked 
respiration 
Cytochrome c-linked 
respiration 
NADH-l inked  ATP 
synthesis 
NADH-l inked  
ATP synthesis 
Succinate-linked ATP 
synthesis 
Succinate-linked 
ATP synthesis 
A T P / P  i exchange 

A T P / P  i exchange 

Reverse electron b 
transport 
Succinate-driven 
proton pumping 
ATP-driven proton 
pumping 
ATP hydrolysis 

ATP hydrolysis 

330 nmol  02/min per mg 

180 nmol  0 2 / m i n  per mg 

430 nmol  0 2//min per mg 

120 n m o l / m i n  per mg 

120 n m o l / m i n  per mg 

170 n m o l / m i n  per mg 

170 n m o l / m i n  per mg 

140 n m o l / m i n  per mg 

140 n m o l / m i n  per mg 

50 n m o l / m i n  per mg 

relative activity 

relative activity 

2 .0 /~mol /min  per mg 

20 # m o l / m i n  per mg 

no"  51.0 
(1.0) 

no 56.0 
(1.0) 

no 59.0 
(1.0) 

no 51.0 
(1.0) 

5.0 m M  51.0 
(1.0) 

no 52.0 
(1.0) 

5.0 m M  56.0 
(1.0) 

no 51.5 
(1.0) 

5.0 m M  56.5 
(1.0) 

no 51.5 
(1.0) 

no 56.5 
(2.0) 

no 59.0 
(2.0) 

no 62.0 
(1.0) 

5.0 m M  62.0 
(1.0) 

F 0 F1-ATPase reconstituted into lipid vesicles ¢ 
ATP hydrolysis 1 . 2 / , m o l / m i n  per mg no 60.0 

(1.0) 
ATP dependent  relative activity no 49.0 
proton pumping (1.0) 
A T P / P  i exchange 10 n m o l / m i n  per mg no 49.0 

(1.0) 

reactivation of 
Complex I 
inactivation of 
Complex II 
inactivation of 
Complex VI 
inactivation of 
Complex I 
inactivation of 
Complex I 
inactivation of ATP 
synthetic site of  F0F 1 
inactivation of ATP 
synthetic site of F 0 F 1 
inactivation of ATP 
synthetic site of F 0 F 1 
reactivation of ATP 
synthetic site of F o F 1 
inactivation of 
Complex I 
inactivation of 
complex II 
inactivation of F 0 

inactivation of ATP 
hydrolytic site of F0F 1 
reactivation of ATP 
hydrolytic site of FoF 1 

inactivation of ATP 
hydrolytic site 
inactivation of F 0 

inactivation of ATP 
synthetic site 

a [ADP] < 1 - 1 0  -8  M. 
b ATP-driven electron backtransport  from succinate to N A D  +. 
¢ Reconsti tuted ATPase activity was 91% sensitive to 1 #g  oligomycin per mg protein. 
d Number  of measurements  for each value listed below ranges from 2 to 20. 

mitochondrial particles, differential inactivation of 
the A T P / P  i exchange and succinate-driven ATP 
synthesis activity was also noted [39]. When this 
happened, the ATP synthesis activity usually per- 
sisted to a higher temperature, ranging from 0.5 to 
3 .0°C above the denaturation of the A T P / P  i 
exchange, which was consistently measured at 

51-53 ° C. This observation is puzzling in view of 
the fact that A T P / P  i exchange is believed to be 
an essential step in the ATP synthetic pathway, 
and is usually used to measure the ATP synthesis 
activity of the FoF1-ATPase in solubilized form. 
At this point we have no satisfactory explanation 
to offer, except to report these observations. 
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No release of F 1 or its subunits upon heat denatura- 
tion 

At least two possibilit ies must  be considered 
for the f inding that upon  the thermal inact ivat ion 
of ATP  synthesis activity there was a concomi tan t  
increase in the ATP  hydrolysis activity of the F0F 1 

complex. These are membrane  leakage to pro ton  
and  release of F~ or its subuni ts  from the mem-  

brane.  The first possibil i ty was ruled out by the 

fact that the ATP-dependen t  p ro ton  t ranslocat ion 

activity of the enzyme was preserved at this tem- 

perature,  i.e., 56 ° C. Al though this fact also argued 
against  the release of F~ from the membrane ,  it is 

likely that certain subuni ts  of F~ essential for ATP 
synthesis bu t  not  required for ATP  hydrolysis 

might be released to the solut ion at this tempera-  
ture. The exper iment  described in Fig. 3 shows 
that this was not  the case. The ATPase  activity of 
s u p e r n a t a n t  after s p i n n i n g  down  the sub-  
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Fig. 3. F1-ATPase activity of heat-treated submitochondrial 
particles. (A) Oligomycin and DCCD sensitivities of the ATP 
hydrolytic activity of F 1 were examined for heat-treated sub- 
mitochondrial particles. The ATP hydrolysis in the absence of 
inhibitors (zx), in the presence of 1.25 ttg oligomycin/mg 
proteins (e), and in the presence of 48 nmol DCCD/mg 
proteins (©) are plotted against temperatures in which sub- 
mitochondrial particles samples were incubated for 3 min 
before assay at 30°C. No loss of oligomycin and DCCD 
sensitivities were detected before 55°C. Initial rate of ATP 
hydrolysis activity was measured, without FCCP. (B) The 
percentage oligomycin sensitive (O) and DCCD sensitive (O) 
ATP hydrolytic activity of 1::1 is plotted against temperature of 
inactivation. F1 activity in the supernatant is also shown (I). 
Data indicate that the loss of oligomycin and DCCD sensitivi- 
ties was not due to release of F 1 particle from the sub- 

mitochondrial particle membranes. 

mi tochondr ia l  particles remained at less than 5% 
of the total activity for temperatures between 30 ° 
and  65° C .  A n  an t ibody  (polyclonal)  against F 1 
detected an ~x subuni t  in the supernatant ,  but  the 
level of the a subuni t  released was well within 5% 
of the total concent ra t ion  of this subuni t  (data not 

shown), and the effect of the temperature  was 
gradual ;  there was no sudden release in the range 

of temperature  studied here. 

Thermal inactivation of reconstituted FoF1-A TPase 
The fact that different funct ions of F0F 1 could 

be independent ly  inactivated was of some signifi- 

cance, but  the results do not  rule out the possibil- 
ity that there are other protein  components  within 
the e lectron-t ransport  membrane  which may be 

required for various funct ions of the F0F 1 com- 
plex, and they were inactivated at different tem- 
peratures. This possibil i ty can be ruled out by 
per forming similar experiment  for l ipid-recon- 
st i tuted FoFl-ATPase.  The result shown in Fig. 4 

indicates that purif ied F 0F 1 ATPase  also exhibited 
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Fig. 4. Thermal inactivation of various activities of the soybean 
phospholipid-reconstituted FoF1-ATPase. In 2 ml solution 62 

g of F 0 F1-ATPase and 1-2 mg of soybean phospholipids were 
present. ATP hydrolysis activity of the reconstituted proteo- 
liposomes was 1.2 #mol/min per mg, which was 91% sensitive 
to 1 /~g of oligomycin. The ATP/P i exchange activity of the 
sample not treated with heat was 10 nmol/min per rag. Proton 
pumping activity was measured by the 9-amino-6-chloro-2- 
methoxyacridine fluorescence quenching method, and is given 
in arbitrary unit. ATP hydrolysis (1~), ATP/P i exchange (I), 

and proton-pumping (zx) activities are shown. 



differential thermal stability for its various func- 
tions, though the stability towards thermal in- 
activation was not fully compatible with that of 
the enzyme in its native membrane environment. 
Inactivation of the A T P / P  i exchange and the 
ATP hydrolysis were similar in proteoliposomes as 
in submitochondrial particles (about 2 °C  less sta- 
ble in proteoliposomes). However, the ATP-de- 
pendent proton-pumping activity was denatured 
at 51°C in proteoliposomes compared to 59.0°C 
in submitochondrial particles, suggesting that there 
was some modification of the supramolecular 
structure of the enzyme complex in the recon- 
stituted form. A sudden proton leak of the lipid 
bilayer is unlikely, since there are no known phase 
transitions of soybean phospholipid at 51 ° C. 

Effects of ADP on the thermal stability 
Substrate ADP seemed to protect F0F ~ complex 

from thermal inactivation. Data in Fig. 5A show 
that 5 mM ADP raised the temperature of in- 
activation of succinate-driven ATP synthesis and 
A T P / P  i exchange by 3.5 and 5.5 o C, respectively. 
NADH-driven ATP synthesis was not affected, 
however. Two observations suggest that N A D H  
dehydrogenase activity was denatured at 51.0 o C. 
Firstly, ADP did not protect NADH-driven ATP 
synthesis. Secondly, while succinate-driven proton 
pumping persisted to 56.0°C NADH-linked pro- 
ton pumping diminished at 51.0 °C (Fig. 5B). 
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Fig. 5. Effect of ADP on the thermal stability of FoF1-ATPase. 
(A) 5 mM ADP was added to suhmitochondrial samples 
during the heat incubation period (3 rain), and thereafter 
enzyme assays were d o n e  in an identical condition for the 
control samples that were heat treated in the absence of ADP. 
Data points with ADP are given in the filed symbols, and that 
without ADP are given in the open symbols. Thermal inactiva- 
tions of NADH-driven ATP synthesis (O,  e),  succinate-driven 
ATP synthesis (A, A), and A T P / P  i exchange (12, I )  were 
examined. Each point represents the average of 2-4  separate 
experiments. (B) The thermal inactivation temperature 
(temperature for 50% inhibition) was plotted against ADP 
concentration in the medium during the heat incubation period. 
ATP hydrolysis (A) and NADH-driven ATP synthesis (e) were 
not affected, while the succinate driven ATP synthesis (O)  and 
A T P / P  i exchange (zx) were stabilized by 4-5 ° C. The effect of 

ADP reached a plateau around 10 ~M. 

The ADP protection against the thermal de- 
naturation reached a plateau value around 10 #M 
ADP (Fig. 5B). On the other hand, oligomycin- 
sensitive ATP hydrolysis activity was not affected 
by ADP (Fig. 5B), although total ATP hydrolysis 
activity increased dramatically from 1.60 f fmol /  
mg per min to nearly 4.00 f fmol /mg per min by a 
temperature treatment around 58°C in the pres- 
ence of 1.25 mM ADP (Fig. 6). In the absence of 
ADP in the medium, such an effect was not 
observed (Fig. 6). Surprisingly, ATP hydrolysis 
activity of State III submitochondrial particles 
was not affected by the millimolar concentration 
of ADP (Tr, stayed the same, at 62°C). Since the 
affected activity might be due to an altered K m of 



24 

= 

i t i i 

A 
5 

3 

1 

0 
30 50 55 60 65 70 

TEMPERATURE, °C 

i i i i I 

B 
i00 

8O 

60 

4O 

2O 

i 
300 ~0 5; 60'-~65 70 

TEMPERATURE, ~C 

Fig. 6. Effect of ADP on the thermal inactivation of F 1-ATPase. 
(A) Incubation with 1.25 mM ADP during the heat treatment 
of submitochondrial particles enhanced both the oligomycin- 
sensitive and -insensitive ATP hydrolytic activities of F 1. Data 
are for samples without ADP (O),  with 1.25 mM ADP (1), 
and with 1.25 mM ADP plus 2 ~tg/mg oligomycin during the 
heat treatment (A). (B) The percentage oligomycin-sensitive 
ATP hydrolysis activity of samples-with (A) with and without 
(O)  1.25 mM ADP during heat treatment appear to be similar 

in their thermal stability. 

enzyme for the substrate, these values were de- 
termined for submitohconcrial particles, heat 
treated at 52 and 59°C,  in the presence and 
absence of ADP. Table II summarizes the result. 
It  appears that both  heat treatment and incuba- 

TABLE II 

APPARENT K m OF HEAT-TREATED SUBMITOCHON- 
DRIAL PARTICLES 

Temperature [ADP] during K m K m K m 
of treatment heat for ADP for Pi for ATP 
( o C) treatment 9/t M) (mM) (/~M) 

30 a not added b 35.0 0.58 137 
30 a 3 mM 69.0 0.56 114 
52 not added 64.5 0.55 n.d. c 
52 5 mM 114 0.40 n.d. 
59 not added n.a. ,1 n.a. 102 
59 1.25 mM n.a. n.a. 97 

a Not heat-treated sample. Assay temperature is given. 
b [ A D P ] < 1 0 - s  M. 
c n.d. means not determined. 
d n.a. means not applicable. ATP synthesis activity of these 

samples was inactivated. 
e Each value is the average of two determinations. 

tion with ADP reduced the affinity of enzyme 
toward ADP, but not toward Pi and ATP. 

Calorimetric study 
Fig. 7 gives thermal denaturation curves for 9.0 

mg bovine heart mitochondria (A), 6.4 mg bovine 
heart submitochondria in the presence of 2 mM 
mercaptoethanol (B), 0.9 mg bovine heart sub- 
mitochondria in the absence of mercaptoethanol 
(C), and 0.9 mg rat liver submitochondria in the 
absence of mercaptoethanol (D). From curve A, 
one can identify thermal transitions corresponding 
to inactivation of different activities of the elec- 
tron-transport chain. There are 5 stages of in- 
activation at 51, 56, 59, 61 and 7 0 ° C  as indicated 
by the arrows. The same number of transitions is 
also discernible in the submitochondrial particle 
sample. The first four transitions correspond to 
the four stages of enzyme inactivation summarized 
in Table I. The fifth transition (70 ° C) possibly 
detected thermal denaturation of cytochrome c 
and other thermally stable proteins. All transitions 
were endothermic, in the presence of mitochondrial 
matrix fluid or mercaptoethanol, and absorbed a 
total of roughly 25 J / g  protein. The most dramatic 
observation we made was that the first four transi- 
tions became exothermic in the absence of matrix 
fluid or a reducing reagent, such as mercaptoetha- 
nol or dithiothreitol. The heat evolved in total 
more than 105 J / g  protein. It was suspected that 
this exothermic heat might reside in the supramo- 
lecular structure of the electron-transport proteins 
and might be relevant for ATP synthesis. How- 
ever, as will be discussed elsewhere (Tsong, T.Y. 
and Knox, B.E., unpublished results), associated 
with the exothermic processes, the samples con- 
sumed about 250 n m o l / m g  of molecular oxygen, 
indicating that there was oxidation of protein 
complexes, presumably the heme- and iron- 
sulfur-containing proteins. Curves C and D of Fig. 
7 indicate that both bovine heart and rat-liver 
submitochondrial particles gave rise to similar ex- 
othermic transitions when sufficient oxygen was 
available in suspensions. However, this exothermic 
effect was completely absent in a liver sub- 
mitochondrial particle sample of an infant who 
inherited a fatal congenital lactic acidosis [40]. 
Mitochondria from this infant were shown to be 
deficient in the iron-sulfur clusters of the Complex 
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Fig. 7. Differential scanning microcalorimetric study of 
mitochondria and subrnitochondrial particles. Curves A, B, C 
and D contained, respectively, 9.0 mg bovine heart mitochon- 
dria, 6.4 mg bovine heart submitochondrial particles in the 
presence of 2 mM mercaptoethanol, 0.9 mg bovine heart 
submitochondrial without adding mercaptoethanol, and 0.9 mg 
rat liver submitochondrial without mercaptoethanol, each sus- 
pended in 0.9 ml isotonic sucrose plus 10 mM Tris/HCl at pH 
7.4. The arrows in curve A point at peaks or shoulders that can 
be identified as separate transitions, at 51.0, 56.0, 59.5, 63.5 
and 71°C. Identical transitions are seen with curve B, except 
that the shoulder at 56.5°C is barely discernible. Arrows for 
curve C point at 52.0, 56.0, 58.5 and 62.0 o C, while for curve D 
at 52.0, 56.0, 58.5 and 68.0°C. The dashed lines indicate 
baselines. Areas above the baselines detected endothermic ef- 
fects and areas under the baselines detected exothermic effects. 
A 19 mJ calibration is shown with the shaded square. See text 
for details. The curves A and B each gave rise to approx. 25-29 
J /mg  of endothermic effect, while the curves C and D each 
gave rise to aprox. 105-117 J /mg of exothermic effect. See text 

for details. 

I by  M o r e a d i t h  e t  al. [40]. R e s o l u t i o n  o f  t hese  

c o m p o s i t e  t r a n s i t i o n  cu rves  a n d  d e t a i l e d  s t u d y  o f  

the  e x o t h e r m i c  e f fec t  will  b e  p r e s e n t e d  e l sewhere .  
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Fig. 8. Differential scanning calorimetry of F o F~-ATPase. Curve 
A was obtained with a sample containing 10.8 mg of solubi- 
lized F0F 1 complex, suspended in 0.9 ml of 50 mM sucrose, 0.5 
mM EDTA, 1 mM MgC12, 0.5 mM dithiothreitol, and 10 mM 
Tris/SO 4 at pH 7.8. Curve B was obtained with a 0.9 ml of 
sample containing 10.8 mg F0F 1 reconstituted into 90 mg 
soybean phospholipids, 25 mM Tris/SO4, 1 mM MgC12, 0.5 
mM dithiothreitol at pH 7.8. The arrows in curve A point at 
49.0, 54.0 and 59.0 o C, while in curve B, at 49.0 and 54.0 o C. 
The total heat absorbed was approx. 3 MJ/mol based on the 
molecular mass of 380 kDa, or an endothermic heat of 8 J/g, 
in each case. This is roughly one-fifth of the heat of unfolding 
for small proteins such as ribonuclease A [41]. Detailed de, con- 
volution of individual transitions and analysis will be pre- 

sented elsewhere. 

D S C  m e a s u r e m e n t s  w e r e  a l so  d o n e  w i t h  

so lub i l i zed  F o F 1 - A T P a s e  in  d e t e r g e n t  ( cu rve  A)  

a n d  in  the  s o y b e a n  p h o s p h o l i p i d  r e c o n s t i t u t e d  

f o r m  (curve  B), as s h o w n  in  Fig .  8. In  b o t h  cases ,  

t he  t r a n s i t i o n s  w e r e  b iphas i c ,  a n d  c a n  be  r e s o l v e d  

i n t o  t w o  t r a n s i t i o n s ,  o n e  at  49.0 ° C  a n d  the  o t h e r  

at  54.0 ° C. T h e  A H  o f  t r a n s i t i o n s  w e r e  3 M J / m o l ,  

o r  8 J / g ,  w h i c h  is a p p r o x ,  o n e - f i f t h  o f  t he  h e a t  o f  

d e n a t u r a t i o n  o f  r i b o n u c l e a s e  A o n  a w e i g h t  bas i s  

[41]. T h e  t h e r m a l  t r a n s i t i o n  o f  t he  F0F 1 c o m p l e x  

was  e n d o t h e r m i c  a n d  was  n o t  sens i t ive  to  the  

p r e s e n c e  o f  m o l e c u l a r  o x y g en .  

D i s c u s s i o n  

Different activities of FoF 1 complex 
In  all o f  ou r  e x p e r i m e n t s  wi'th h e a r t  sub -  
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mitochondrial particles and reconstituted F0F ~- 
ATPase, various activities of the electron-trans- 
port chain were inactivated in the temperature 
range 45-60 o C. These results are consistent with 
the earlier observations of Penefsky et al. and 
Kagawa and coworkers and Sone and Nicholls 
[49-51]. However, the thermal stability of other 
energy-transducing membranes could be quite dif- 
ferent. For example, TF 1 from the thermophilic 
bacterium PS3 has a much higher thermal stability 
because of its amino acid compositions which 
have several unique features [52,53]. Among these 
features are the high propensities of secondary 
structures and abundant charge interactions and 
reverse turns [52,53]. 

Our results consistently show that ATP syn- 
thetic capabilities of the enzyme were more sensi- 
tive to temperature than the proton-pumping abil- 
ity and ATP hydrolysis activity. For example, at 
54°C, the synthesis activity, either by the sub- 
strates NADH,  succinate or by ATP (for ATP/P~ 
exchange) was completely demolished, yet the hy- 
drolysis activity of the enzyme was either un- 
changed or slightly enhanced. At this temperature 
F o was still intact, and there was no leakage of 
proton through the membrane (Fig. 1B). Neither 
was there significant release of enzyme subunits 
from the membrane-associated complex (Fig. 3B). 
Most investigators agree that a slight leakage of 
the energy-transducing membrane could lead to 
uncoupling of protonmotive force and the cou- 
pling factor leading to a complete abolition of 
ATP synthetic ability without much effect on hy- 
drolysis and proton-pumping activities of the 
ATPase. Our result on 86Rb+ uptake by heat- 
treated submitochondrial particles indicates that 
there was no change of membrane permeability up 
to 58°C (unpublished result of Knox and Tsong), 
consistent with proton pumping and oligomycin- 
sensitivity activity measurements. These results are 
difficult to reconcile with current notions that the 
ATP synthetic and ATP hydrolytic mechanisms 
are the reverse of each other [1]. However, there 
are some experimental evidences bearing on the 
possibility of separate catalytic pathways. It has 
been shown that removal of ' tightly bound'  
adenine nucleotides can inhibit selectively energy- 
coupled reactions, but not ATP hydrolysis [32]. 
Modified F1 when reconstituted with F~-depleted 

membranes retain approx. 50% of the synthetic 
capability, while ATP hydrolysis is nearly com- 
pletely inhibited [42]. Effects of various inhibitors 
on the two activities of the FoF 1 complex have 
been found to be at variant with a single active-site 
model [43]. Finally, results of trypsin treatment of 
F1 compared to FoF1-ATPase suggest two path- 
ways for ATP synthesis and hydrolysis [44]. A 
review bearing on this topic is available [7]. 

Two proposals concerning the organization of 
FoF1-ATPase could explain our result on thermal 
inactivation. The first one envisions two separate 
proton channels, one for synthesis (/~H+ channel) 
and the other for hydrolysis (pumping channel). 
The opening/closing of each channel is regulated 
by the enzyme in accordance with its function. 
The thermal inactivation could denature the 
'synthesis channel' before denaturing the 'pump- 
ing channel'. Alternatively, there can be a single 
proton channel (F0), with a crossing point from 
two control mechanisms within the F~, one control 
for synthesis and the other for pumping, or hy- 
drolysis. The thermal inactivation results, in this 
case, would indicate denaturation of the synthesis 
control subunits before denaturation of the chan- 
nel. The hydrolytic function, apparently, remained 
intact until 62°C. There is no evidence which 
favors either one of the two mechanisms, although 
we feel that the latter is a more likely path. 

The nature of the change caused by heating is 
of interest because it could lead to a further 
understanding of the conformational requirements 
for energy coupling. Mapping of subunits affected 
at different temperatures and their functional con- 
sequences should provide useful information for 
the understanding of mechanisms of ATP synthe- 
sis. It is unlikely that the thermally induced con- 
formational changes reported here are directly 
coupled to energy transduction, since these transi- 
tions were irreversible. However, reversible con- 
formational changes could be induced by other 
means, e.g., protonation and deprotonation of a 
charged group, cation binding, ligand binding, 
charge migration [45], or by an electric field asso- 
ciated with a transmembrane potential. When these 
occur, the conformational changes are equivalent 
to thermally induced transitions because the effect 
of electric field, proton, cation and ligand bind- 
ings is to alter the thermal stability of proteins. It 



appears that the voltage, or A#H÷, sensing region 
of the F0F 1 complex, or the region for transduc- 
tion of the electric field energy, extends beyond F 0 
and it was rendered inoperative 6 - 8  degrees below 
the temperature in which F 0 was denatured. Data 
show that this same region is also required for the 
substrate-driven synthesis and it was stabilized 
against temperature inactiviation by a tight ADP 
binding. 

Most of the electron transport process can now 
be traced back to the action of enzymes, redox or 
transport proteins. Thus, energy coupling must be 
governed by the same set of thermodynamic and 
kinetic principle that governs the chemistry of 
proteins. Conformational coupling hypothesis 
[5,9-12,24] aptly considers these facts. Recent ex- 
perimental observations that membrane-bound 
ATPases are capable of absorbing free energy 
from an oscillating or a pulsed electric field 
[13-17,20-23]  would suggest that conformational 
changes of these proteins could be induced by a 
transmembrane electric field. In these experiments 
a proton gradient was not present initially. Since 
redox potential of the electron-transport chain can 
establish, or is equivalent to, a transmembrane 
electric field, FoF~-ATPase should be able to re- 
spond, directly, to the electron flow, which inevi- 
tably must conduct through the prosthetic groups 
or iron-sulfur clusters of the protein complexes, 
and capture from it free energy for ATP synthesis 
[15]. Our recent experiments (Tomita, M. and 
Tsong, T.Y., unpublished data) indicate that ther- 
mal inactivation of the pulsed-electric-field-in- 
duced ATP synthesis follows the same inactivation 
curve of the succinate-driven ATP synthesis, sug- 
gesting that both syntheses are by the same mech- 
anism. These results have been successfully in- 
terpreted by proposing an electroconformational 
coupling of the ATPase with the applied electric 
field [15-17,46-48].  Furthermore, we have ob- 
served that pulsed-electric-field-induced ATP 
synthesis was greatly enhanced by dithiothreitol, 
suggesting that certain - S H  groups are essential 
for voltage sensing [54]. Whether the low thermal 
stability region (52°C)  involves denaturation of 
the hypothetical voltage-sensing region remains to 
be established. 
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