
302 Biochimica ct Biophvsica A cta 890 (1987) 302- 3(19 
Elsevier 

BBA 42221 

R e s t o r a t i o n  o f  A T P  s y n t h e s i s  in u r e a - t r e a t e d  m e m b r a n e s  p r e p a r e d  

f r o m  p e a  c o t y l e d o n  m i t o c h o n d r i a  

A r n o s t  H o r a k ,  H e l e n a  H o r a k  a n d  M a r y  P a c k e r  

Department of Plant Science, The Universi(v of Alberta, Edmonton, A/berta (Canada) 

(Received 27 June 1986) 
(Revised manuscript received 28 October 1986 

Key words: Oxidative phosphorylation; Reconstitution; ATPase, F Mitochondria; (Pea) 

Submitochondrial particles were prepared from pea cotyledon mitochondria by sonication in a medium 
containing 5 mM MgCi 2. The resulting particles (Mg2+-submitochondrial particles) catalyzed oxidative 
phosphorylation at the rate of 100-200 nmol ATP formed/ ra in  per mg protein. Treatment of Mg2+-sub- 
mitochondrial particles with 3.0 M urea resulted in a preparation of highly resolved particles with low 
ATPase activity and no capacity for oxidative phosphorylation. However, the resulting membranes were not 
capable of reconstitution of oxidative posphorylation with the purified mitochondrial Fi-ATPase. Urea 
particles capable of reconstitution of oxidative phosphorylation could be prepared by extracting Mg2+-sub- 
mitochondrial particles with concentrations of urea ranging from 1.7 to 2.0 M. We have used 1.9 M urea for 
large-scale preparation of urea particles that could be stored in liquid nitrogen without any loss of 
reconstitution capacity. The residual oxidative phosphorylafion rate of these particles was 6 -8  nmol 
A T P / m i n  per mg protein and this rate could increase to 60-70 nmol A T P / m i n  per mg protein on 
incubation with saturating amounts of purified mitochondrial F~-ATPase. In contrast to the mitochondriai 
F~, purified activated pea chloroplast CF~ was unable to stimulate ATP synthesis in 1.9 M urea particles. 

Introduction 

Proton-translocating ATP synthetases are es- 
sential components of both mitochondrial oxida- 
tive phosphorylation as well as of chloroplastic 
photophosphorylation. Higher plants possess both 
of these systems. The chloroplast coupling factor 
has been studied in great detail, while relatively 
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ethanesulphonic acid; Tricine, N-[2-hydroxy-l,l-bis(hydroxy- 
methyl)ethyl]glycine. 

Correspondence: A. Horak, Department of Plant Science, The 
University of Alberta, Edmonton, Alberta, T6G 2P5, Canada. 

little information is available on the plant mito- 
chondrial enzyme. This is, in large part, due to the 
difficulties involved in isolating large quantities of 
plant mitochondria. The proton-translocating 
ATPase of higher plant mitochondria resembles 
generally that of mammalian mitochondria, chlo- 
roplasts and bacteria. The enzyme consists of two 
sectors, an F 1 sector on which ATP synthesis and 
hydrolysis occur and a membrane sector (F 0) which 
binds F1 to the membrane and transports protons 
across the membrane. Similar to mammalian mito- 
chondria, the F 0 sector contains a binding site for 
oligomycin [1] and N,N'-dicyclohexylcarbodii- 
mide [2]. Partial purification of the F 1 sector from 
pea cotyledon mitochondria has been reported by 
Malhotra and Spencer [3] and the enzyme was 
further purified by Grubmeyer [4]. More recently, 
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purification and the subunit composition of the 
FI-ATPase from sweet potato [5], maize [6,7], Fava 
bean [8], oat root [9] and pea cotyledon mitochon- 
dria [10] has been described. The enzyme has been 
reported to contain the usual complement of five 
subunits in maize mitochondria [6,7], while reports 
on sweet potato [5] and pea cotyledon [10] F 1- 
ATPases suggest a possibility of six different types 
of polypeptides in these F a preparations. 

Recently, we have described the purification of 
pea cotyledon F1-ATPase [10] and showed that the 
preparation possessed coupling factor activity. It 
stimulated ATP formation in CFl-depleted pea 
chloroplast membranes [10]. Thus, the coupling 
factor activity of the mitochondrial enzyme has 
been demonstrated in a heterologous system. In 
order to demonstrate the activity in a homologous 
system, it is necessary to obtain reconstitutively 
active Fl-depleted mitochondrial membranes. No 
such membrane preparation has been described 
for plant mitochondria, while in mammalian mito- 
chondria, reconstitution of oxidative phosphoryla- 
tion has been achieved many years ago. Some of 
the early reports on preparation of Fl-depleted 
submitochondrial particles from bovine heart in- 
volved disruption of mitochondria in the presence 
of EDTA [11], passage of submitochondrial par- 
ticles through Sephadex followed by urea treat- 
ment [12] or urea-ATP treatment of submitochon- 
drial particles [13]. More recently, successful pre- 
paration of F~-depleted rat liver mitochondrial 
membranes has been reported [14] using urea ex- 
traction under controlled conditions. The particles 
obtained had very low residual ATP-synthetic and 
ATPase activities, yet they were reconstitutively 
active. 

We have adapted the method of Pedersen and 
Hullihen [14] to prepare urea-extracted mem- 
branes from pea cotyledon submitochondrial par- 
ticles. In this paper we describe the preparation, 
some properties, and the reconstitutive response 
of these membranes to the addition of purified 
pea mitochondrial Fx-ATPase. We have also ex- 
amined the effect of the addition of purified chlo- 
roplast CF 1 to these membranes in view of the fact 
that both CF1 as well as Fx can reconstitute photo- 
phosphorylation in CF~-depleted thylakoid mem- 
branes [10]. 
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Materials and Methods 

Purification of mitochondrial coupling factor (F 1). 
Preparation of pea cotyledon mitochondria, sub- 
mitochondrial particles and purification of F 1 were 
performed exactly as described in our previous 
paper [10]. The purified F 1 was dialyzed at room 
temperature against buffer containing 300 mM 
sucrose/2 mM E D T A / 2  mM A TP /2 0  mM Tris- 
HzSO 4 (pH 7.4)/10% methanol and stored frozen 
at - 8 0 ° C .  Before use in reconstitution experi- 
ments the enzyme was dialyzed at room tempera- 
ture against the 'reconstitution buffer' containing 
100 mM sucrose/100 mM K2HPO4/2  mM 
E D T A / 1  mM Tes (pH 7.5) and concentrated 
using Centricon-30 Microconcentrators (Amicon). 

Purification and activation of chloroplast cou- 
pling factor (CF~). Preparation of chloroplasts from 
pea leaves and purification of CF 1 was performed 
as described before [10]. As in the case of mito- 
chondrial I=1, the purified chloroplast CF a was 
dialyzed against 300 mM sucrose/2 mM E D T A / 2  
mM A TP /2 0  mM Tris-H2SO 4 (pH 7.4)/10% 
methanol and stored frozen at - 8 0  ° C. Before use 
in reconstitution experiments, the enzyme was 
activated by dialysis at room temperature against 
20 mM Tes (pH 8.0) containing 50 mM dithio- 
threitol. After dialysis, the sample was con- 
centrated on Centricon-30 Microconcentrators and 
finally passed through a Sephadex G-50 centrifuge 
column [15] equilibrated with the 'reconstitution 
buffer' containing 0.1 mM dithiothreitol. 

Preparation of Ffdepleted mitochondrial mem- 
branes. 'Mg 2 +-submitochondrial particles' were 
prepared by sonication of mitochondria in the 
presence of 5 mM MgC12 in addition to the 250 
mM sucrose/50 mM Tes (pH 7.0) used to prepare 
submitochondrial particles for F 1 purification. The 
final suspension of these particles was made in 
250 mM sucrose. They were stored in 0.5-ml 
aliquots at 14 mg protein/0.5 ml at - 80°C. 

Urea extraction was done by a modification of 
the procedure described by Pedersen and Hullihen 
[14] for rat liver mitochondria. To 0.5 ml of 
MgZ+-submitochondrial particles in 250 mM 
sucrose, 0.1 ml of 12 mM Tes/0.6% fatty acid 
poor bovine serum albumin (pH 7.4) was added, 
followed by addition of 0.6 ml of urea in water to 
obtain a final urea concentration between 1.0 M 
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and 4.0 M. The suspension was incubated on ice 
for 5 min and the extraction stopped by addition 
of 20 ml of cold 250 mM sucrose/2 mM Tes/0.1% 
fatty acid poor bovine serum albumin (pH 7.4). 
Unless mentioned otherwise, the final suspension 
of the urea particles was made at 10 mg prote in /ml  
in 'reconstitution buffer' containing 1% fatty acid 
poor bovine serum albumin. For storage in liquid 
nitrogen, the urea particles were distributed in 40 
/~1 (400 /~g protein) aliquots that were used di- 
rectly for the reconstitution experiments. 

Reconstitution of oxidative phosphorylation in 
urea extracted submitochondrial particles. Recon- 
stitutions were done according to Pedersen and 
Hullihen [14] with some modifications. Urea par- 
ticles (400 /~g) were incubated with various 
amounts of purified F 1, or purified activated CF1, 
or DCCD (added in 5 /~1 ethanol) in a final 
volume of 0.1 ml. The incubations were carried 
out in the presence of 1% fatty acid poor bovine 
serum albumin in the 'reconstitution buffer' con- 
sisting of 100 mM sucrose/100 mM K2HPO4/2  
mM E D T A / 1  mM Tes (pH 7.5). After 1 h on ice, 
40-/~1 aliquots were taken for the oxidative phos- 
phorylation assay. Unextracted submitochondrial 
particles or urea-extracted membranes alone (for 
measurements of residual oxidative phosphoryla- 
tion) were subjected to the same reconstitution 
procedure prior to the oxidative phosphorylation 
assay. 

Oxidative phosphorylation assay. Oxidative 
phosphorylation was measured in a final volume 
of 1 ml with 0.88 mM NADH as substrate. Condi- 
tions described by Grubmeyer et al. [16] were 
followed, except that 0.2% fatty acid poor bovine 
serum albumin was also included in the assay 
medium. To stop the reaction, 0.1 ml of 60% 
trichloroacetic acid was added and after centrifu- 
gation to remove precipitated protein, the 32P i 
incorporation into glucose-6-phosphate was mea- 
sured using the procedure of Nielsen and 
Lehninger [17]. 

A TPase activity determinations. The ATPase ac- 
tivity of submitochondrial particles or of urea 
particles was measured in the same way as 
described before for the ATPase activity of F 1 
[10]. When oligomycin was included, a final con- 
centration of 1 /~g/ml of incubation mixture was 
used. 

Protein determinations. Protein was determined 
by the method of Lowry et al. [18]. 

Results and Discussion 

Preparation of Fl-depleted mitochondrial mem- 
branes 

Starting material for preparation of Fl-depleted 
mitochondrial membranes were 'Mg2+-submito - 
chondrial particles' prepared by sonciation of 
mitochondria in 250 mM sucrose/50 mM Tes /5  
mM MgC12 (pH 7.0). The preparation exhibited 
about two times higher rates of oxidative phos- 
phorylation than the particles obtained by sonica- 
tion in the absence of MgC12. Similar results have 
been obtained with bovine heart sumitochondrial 
particles in the presence of MgC12 and ATP. 
These particles had higher phosphorylation capac- 
ity than particles prepared in the absence of MgC12 
and ATP [19,20]. In our preparations obtained by 
sonication in the pesence of MgC12, the oxidative 
phosphorylation rates ranged from 100-200 nmol 
ATP formed/min  per mg protein and the inclu- 
sion of 1 mM ATP into the sonication medium 
did not increase the rates any further. These val- 
ues are lower than the oxidative phosphorylation 
capacity of bovine heart submitochondrial par- 
ticles [21], but comparable to the phosphorylation 
rates of the inner membrane vesicles prepared 
from rat liver mitochondria [14]. We have stored 
the Mg2+-submitochondrial particles for several 
months at - 8 0 ° C  without appreciable loss in 
phosphorylation rates and have used these par- 
ticles for preparation of Fa-depleted membranes. 

In our initial attempts to prepare Fi-depleted 
membranes from pea cotyledon mitochondria we 
have tried extracting the Mg2+-submitochondrial 
particles with 300 mM sucrose/2 mM Tricine/1 
mM EDTA (pH 7.4). This low ionic strength 
EDTA extraction procedure resulted in a 90% 
decrease in oxidative phosphorylation rates, but 
virtually no decrease in oligomycin-sensitive 
ATPase. Similar results, i.e., loss of oxidative 
phosphorylation and, at the same time, retention 
of ATPase activity, have been reported for EDTA 
extracted bovine heart submitochondrial particles 
[22], indicating only a partial extraction of F~ 
moieties by the EDTA treatment. 



In order to prepare particles more resolved with 
respect to the ATPase activity, we have extracted 
the Mg2+-submitochondrial particles with urea 
following the procedure of Pedersen and Hullihen 
developed for rat liver mitochondria [14]. Fig. 1 
shows the levels of oxidative phosphorylation and 
of oligomycin sensitive ATPase found in Mg 2+- 
submitochondrial particles extracted with various 
urea concentrations. It can be seen that at a urea 
concentration higher than 1.0 M, ATP synthesis 
rapidly decreased, while the decline in ATPase 
activity was more gradual. As found for rat-liver 
mitochondrial membranes [14], 3.0 M urea treat- 
ment  completely abolished oxidative phosphoryla- 
tion and decreased the ATPase activity to a low 
level. 

The reasons for the increases in ATP synthetic 
as well as ATPase activities in Mg2+-submito - 
chondrial particles extracted with 1.0 M urea are 
not clear at the moment.  One possibility is that at 
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Fig. 1. Oxidative phosphorylation and oligomycin sensitive 
ATPase in urea-extracted Mg2+-submitochondrial particles. 
MgZ+-submitochondrial particles were extracted using various 
urea concentrations as described in Materials and Methods. 
Final suspension of urea extracted membranes was made in 
250 mM sucrose at 1 mg/ml. Freshly prepared particles were 
used for ATPase (30-60/sg protein) or oxidative phosphoryla- 
tion (100-200/~g protein) assays as described in Materials and 
Methods. 
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lower concentrations urea causes preferential 
extraction of proteins other than the mitochon- 
drial coupling factor, thereby increasing the 
specific activities of the extracted membranes. 

Since the Mg 2 +-submitochondrial particles used 
in our experiments are prepared directly by soni- 
cation of whole mitochondria, they might contain 
outer membrane fragments in addition to the 
vesicles derived from the inner mitochondrial 
membrane.  It is possible that the elimination of 
outer membrane fragments from the membrane 
preparation used for subsequent urea extraction 
could increase the rates of oxidative phosphoryla- 
tion and ATP hydrolysis to the levels observed in 
1.0 M urea particles. 

Pedersen and Hullihen [14] used inner mem- 
brane vesicles as a starting material for urea ex- 
traction and they did not observe any increase in 
ATP synthetic or ATP hydrolytic activities in 1.0 
M urea particles. We have, therefore, tried to 
remove the outer mitochondrial membrane by dig- 
itonin treatment [23,24] prior to sonication. Treat- 
ment of pea cotyledon mitochondria with a sus- 
pension of crystallized digitonin as described in 
Chan et al. [23], followed by sonication in 250 mM 
sucrose/50 mM Tes /5  mM MgC12 (pH 7.0), re- 
sulted in particles which had substantially lower 
oxidative phosphorylation and ATPase activities 
than the MgZ+-submitochondrial particles which 
were prepared by sonication of whole mitochon- 
dria (not shown). Moreover, when the digitonin- 
treated particles were kept overnight at room tem- 
perature, complete dissociation of the ATPase ac- 
tivity from the membranes (no oligomycin inhibi- 
tion) was observed (not shown). In the Mg2+-sub - 
mitochondrial particles which were prepared from 
whole mitochondria, the ATPase activity re- 
mained oligomycin sensitive after 20 h at room 
temperature. Thus, digitonin treatment used to 
remove the outer mitochondrial membrane from 
rat-liver mitochondria without damaging the inner 
membrane is detrimental to the inner membrane 
of pea cotyledon mitochondria. 

Another possible explanation for the increase 
in ATPase activity in 1.0 M urea particles, is 
removal (or partial removal) of the ATPase inhibi- 
tor protein [25] by urea treatment. Bovine heart 
submitochondrial particles prepared in the pres- 
ence of Mg-ATP have been reported to contain a 
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high amount of the mitochondrial inhibitor pro- 
tein [26]. However, the removal of the inhibitor 
protein would not explain the observed increase in 
oxidative phosphorylation; the inhibitor has been 
reported to interfere with initial stages of phos- 
phorylation only, while having no effect on phos- 
phorylation when measured over a 3-15 min 
period [27]. 

Activation of A TPase in Mg 2 +-submitochondrial 
particles and in urea-extracted membranes 

We did try to remove the inhibitor protein from 
Mg2+-submitochondrial particles in an attempt to 
obtain a maximal value of the 'unmasked' ATPase 
activity in the starting material, in order to express 
the percentage of ATPase activity remaining in the 
membranes after urea extraction. Table I demon- 

strates the results. Activation of ATPase by 'aging' 
of Mg2+-submitochondrial particles for 5 h at 
room temperature (experiment 1) increased the 
activity two times, suggesting partial dissociation 
of the inhibitor [25,28]. A substantial activation 
was achieved by washing the Mg2+-submitochon- 
drial particles with a solution containing 150 mM 
KC1 (experiment 2), a treatment that was also 
successful in activating the ATPase of bovine heart 
submitochondrial particles [29]. It has been re- 
ported that further activation of the enzyme was 
obtained by alkaline treatment of the KCl-washed 
bovine heart membranes [30]; however, such an 
effect was not observed with pea cotyledon mem- 
branes (experiment 3). Washing five times with a 
phosphate buffer containing 250 mM K2HPO4/5 
mM EDTA, a procedure used to activate maxi- 

TABLE I 

EFFECT OF ATPASE AC T IVAT ING CONDITIONS ON ATPASE ACTIVITY IN M g 2 ~ - S U B M I T O C H O N D R I A L  PARTICLES 

A N D  IN UREA PARTICLES 

Mg2*-submitochondrial  particles were prepared as described in Materials and Methods and, in experiment 1, activated by allowing 
them to sit at room temperature for 5 h before ATPase activity was determined as described under Materials and Methods. In 
experiment 2, untreated urea particles from liquid nitrogen were diluted 10 times in 250 m M  sucrose before the ATPase assay in 
order to decrease the high phosphate  concentration of the reconstitution buffer used for storage of urea particles. KCI wash was done 
according to Penefsky [29]: Mg2+-submitochondrial  particles or urea particles were suspended at 1 m g / m l  in 250 m M  sucrose/150 
m M  KC1/2 m M  E D T A / 1 0  m M  Tris-sulfate (pH 8.0), suspension was incubated at 30 °C for 20 min, centrifuged at 160000 × g for 
40 min at room temperature, pellet suspended in 250 mM  sucrose /2  m M  E D T A / 1 0  mM N a 2 H P O 4 / 5 0  m M  Tris-sulfate (pH 8.0), 
centrifuged again and finally suspended in 250 m M  sucrose. In experiment 3, the alkaline treatment was done by suspending the KC1 
washed membranes  in 250 m M  sucrose /2  mM  E D T A / 1 0  m M  ATP/0.1% fatty acid poor bovine serum albumin (pH 8.0), increasing 
the pH to 10 by addition of 1 : 10 dilution of concentrated N H 4 O H  and incubating for 30 min at room temperature [30]. The pH was 
returned to 8 before assay of ATPase activity by addition of 1 M HC1. In experiment 4, K 2 H P O  4 wash was done by suspending the 
Mg 2 +-submitochondrial particles at 1 m g / m l  in 250 m M  K 2 H P O 4 / 5  m M  EDTA (pH 7.5) at 0 -4  ° C, centrifuging at 160000 × g for 
40 min at 4 ° C  and washing four times in the same buffer [14,31]. Final suspension was made in 250 mM sucrose. 

Exp. Starting Initial oligomycin- Treatment  Subsequent 
material sensitive ATPase oligomycin-sensitive 

( ~ m o l / m i n  per mg ATPase ( t~mol /min  per mg 
protein) protein) 

1 fresh Mg2+-sub - 0.22 aging 5 h, 2 0 ° C  0.41 

mitochondrial 
particles 

2 frozen and thawed 0.64 KCI wash 2.64 
Mg 2 +-submitochon- 
drial particles 
1.9 M urea particles 1.84 KC1 wash 4.78 

from liquid N 2 
3 frozen and thawed 0.66 KC1 wash 1.50 

Mg 2 +-submitochon- KCI wash + alkaline 
drial particles activation 1.50 

4 frozen and thawed 0.57 K 2 HPO4 wash 0.78 
Mg 2 +-submitochon- 
drial particles 



mally the ATPase of inner membrane vesicles 
from rat liver mitochondria [31,14], resulted in 
only marginal activation of the pea cotyledon 
enzyme (experiment 4). With bovine heart sub- 
mitochondrial particles, maximal activation of the 
ATPase was achieved by passing the particles 
through a Sephadex G-50 column [12]; however, 
this treatment was reported to result in complete 
inactivation of pea cotyledon ATPase [28]. Thus, 
so far, maximal ATPase activation has only been 
achieved by the KCI wash. However, exposure of 
1.9 M urea particles to the same treatment re- 
suited in an even higher specific activity of the 
enzyme (experiment 2) making it doubtful that the 
value obtained for KC1 washed Mg2+-submito - 
chondrial particles represents the optimum 'un- 
masked' ATPase activity of the starting material. 

Reconstitution of oxidative phosphorylation in 
urea-treated membranes 

In initial experiments we tried to reconstitute 
the oxidative phosphorylation with purified mito- 
chondrial F 1 in urea particles which had low 
amounts of residual ATPase activity (3.0 M urea 
particles, Table II). However, in contrast to the 
liver membranes, no reconstitution occurred with 
these particles. Lowering the concentration of urea 
used for extraction of the membranes resulted in a 

TABLE II 

RECONSTITUTION OF OXIDATIVE PHOSPHORYLA- 
TION IN UREA PARTICLES BY PURIFIED F 1 

Urea particles were prepared as described under Materials and 
Methods. For reconstitution, freshly prepared urea particles 
(400 ~g protein) were incubated with 100/tg of purified F 1 as 
described in Materials and Methods 

Membrane preparation ATP formed 
(nmol /min  per mg protein) 

Mg 2 +-submitochondrial particles 120 

1.7 M urea particles 35 
1.7 M urea particles + F 1 133 

2.0 M urea particles 11 
2.0 M urea particles + F 1 54 

2.3 M urea particles 2 
2.3 M urea particles+ F l 17 

3.0 M urea particles 0 
3.0 M urea particles+ F 1 0 
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gradual increase in ATP synthesis. In the experi- 
ment shown in Table II, with 1.7 M urea particles, 
ATP synthesis after reconstitution was approxi- 
mately the same as the value obtained for nonex- 
tracted MgZ+-submitochondrial particles. 

The percentage increase in ATP synthesis after 
reconstitution was the same regardless of whether 
it was carried out at room temperature or on ice, 
but the absolute values of oxidative phosphory- 
lation were substantially higher for samples kept 
on ice (not shown). Consequently, we carried out 
the reconstitution experiments on ice. The inclu- 
sion of 4 mM ATP in the reconstitution system, 
which enhanced the capacity of the reconstituted 
membranes to catalyze ATP synthesis in liver 
membranes [14], did not have any effect on freshly 
prepared urea particles from pea cotyledon mito- 
chondria (not shown). 

The concentration of urea used for extraction 
seems to be very critical. Particles that were ex- 
tracted too much either did not respond or re- 
sponded very feebly to the addition of purified F 1. 
As we had difficulties in obtaining reproducible 
extractions from one experiment to another, we 
tried to prepare a larger amount of extracted 
particles and store them in liquid nitrogen. Mem- 
branes extracted with 1.9 M urea and stored in 
liquid N z were used in subsequent experiments. 
Neither their residual ATP synthetic activity (6-8 
nmol ATP formed/min  per mg protein), nor their 
capacity for reconstitution (9-10-fold increase in 
oxidative phosphorylation on incubation with 
saturating amounts of F1) were affected by stor- 
age. The results obtained with these particles were 
highly reproducible. 

As shown in Fig. 2, purified mitochondrial F 1 
could readily reconstitute oxidative phosphory- 
lation in 1.9 M urea particles, reaching maximal 
levels when 100 ~g of F t were incubated with 400 
/~g of urea particles. Contrary to the purified 
mitochondrial enzyme, chloroplast CFI, isolated 
from pea leaves as described in our previous paper 
[10], was not capable of increasing ATP synthesis 
in urea extracted membranes from pea cotyledon 
mitochondria (Fig. 2). The C F  1 used in this experi- 
ment has been activated by dithiothreitol treat- 
ment prior to use in the reconstitution experiment. 
It was reported by Andreo et al. [32] that activa- 
tion of spinach CF1-ATPase by dithiothreitol 
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Fig. 2. ATP-synthetic capacity of 1.9 M urea particles recon- 
stituted with various concentrations of purified F 1 o r  C F  1. 

Mg2+-submitochondrial particles were extracted with 1.9 M 
urea and stored in liquid nitrogen as described in Materials 
and Methods. For reconstitution, 400 p.g of urea particles were 
incubated with the indicated amount of purified mitochondrial 
F l or purified activated chloroplast CF 1 and subsequently 40 
~1 aliquots were used in the oxidative phosphorylation assay. 
The conditions for activation of chloroplast CF~, for recon- 
stitution, and for oxidative phosphorylation assays are given in 
Materials and Methods. 

de termined by measur ing their ATPase activity 

(after the superna tants  were dialysed against  250 
m M  sucrose /2  m M  Tes (pH 7.4) to remove the 
phosphate  present in the ' recons t i tu t ion  buffer').  
The b ind ing  experiments  have shown that more 
than 60% of F 1 was bound  to 1.9 M urea particles 
when 400/~g of particles were incubated  with 25 

/~g of F 1. In  contrast ,  no b ind ing  of C F  1 to urea 
particles was observed, all CF  1 remained in the 

superna tan t  fractions. 

The urea particles used in our reconsti t ion ex- 

per iments  were part ial ly deficient in, but  not  de- 
void of, endogenous  ATPase activity. As men- 

t ioned above, using urea treatment,  we were not  
able to prepare more resolved particles that were 
also reconsti tutively active. It seems that p lant  

mi tochondr ia l  membranes  are more fragile than 
mi tochondr ia l  membranes  prepared from animal  
sources. For  example, the plant  membranes  are 

damaged by digi tonin  t reatment  (see Results in 
this paper), passage through a Sephadex G-50 
co lumn [28], as well as by t ra tment  with high urea 
concent ra t ions  (Table II). 

In  the experiment  shown in Table  III, we tried 
to dist inguish between whether the added F1 was 

increased its coupling factor activity in thylakoid 
membranes .  In  our experiments,  neither non-  

activated nor  activated CF  1 exhibited any effect 
on  ATP  synthesis in urea particles. This result is 
interest ing in view of the fact that both  chloro- 

plast  CF  1 as well as mi tochondr ia l  F~ could recon- 
sti tute the photophosphory la t ion  in CF~-depleted 
pea chloroplast  membranes  [10]. 

We have measured the b ind ing  of C F  1 to urea- 
extracted mi tochondr ia l  membranes  in order to 
determine whether its failure to st imulate ATP  
synthesis in urea particles was due to its inabi l i ty  
to b ind  to these membranes ,  or due to its failure 
to b ind  to them correctly to restore ATP  synthesis. 
Binding of CF  x and  F 1 to urea particles was mea- 
sured by incuba t ing  25 ~g of chloroplast  CF  1 or 25 
/xg of mi tochondr ia l  F 1 with various amount s  of 
1.9 M urea particles under  condi t ions  described 
for the reconst i tu t ion experiments  in Materials 
and  Methods. After  1 h on ice, reconsti tuted par- 
ticles were centr ifuged down. The amoun t  of CF  1 
and  F t remaining in the superna tan t  fractions was 

TABLE llI 

STIMULATION OF OXIDATIVE PHOSPHORYLATION 
IN 1.9 M UREA PARTICLES BY DCCD AND BY PURI- 
FIED F 1 

Mg2+-submitochondrial particles were extracted with 1.9 M 
urea and stored in liquid nitrogen as described in Materials 
and Methods. For reconstitution, 400 #g ure a particles were 
incubated with the indicated amount of DCC'D or with puri- 
fied mitochondrial F 1 under conditions described in Materials 
and Methods. 

Addition to 1.9 M ATP formed 
urea particles (nmol/min per mg protein) 

A. DCCD (nmol) 
0 6 
0.1 8 
0.5 14 
1 25 
2 44 
3 48 
5 27 

10 3 

B. F 1 200 ~g 61 



fulfill ing its s tructural  role only  (by filling the 
p ro ton  pores created by previous removal of F 1 

and  thus enab l ing  the residual F 1 on the mem-  
b rane  to form more ATP  by util izing the increased 
p ro ton  gradient)  or whether it was catalytically 

active as well [33]. The pro ton  leak resulting upon  

removal  of F 1 can be blocked by low concentra-  
t ions of D C C D  which b inds  to the pro ton  con- 
duct ing  part  of the mi tochondr ia l  proteolipid [2]. 

We pre incubated  the 1.9 M urea particles with low 
concent ra t ions  of D C C D  in an experiment  analo-  
gous to that of McCar ty  and  Racker [34]. As 
shown in Table  III,  the phosphoryla t ion  rates 

measured after p re incuba t ion  of 1.9 M urea par- 
ticles with F1-ATPase were aout  25% higher than 
the highest rates observed after p re incubat ion  of 

1.9 M urea particles with D C C D  (to block the 
p ro ton  channels).  This result suggests that the 

added F : A T P a s e ,  besides fulfilling its structural  
role, was also catalytically active in ATP  synthesis. 

However, more resolved mi tochondr ia l  mem- 

branes  con ta in ing  lower amount s  of residual F 1- 
ATPase  will be required for unequivocal  proof of 
catalytic activity of the added enzyme. 
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