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Dissociation-reconstitution experiments support the presence
of two catalytic B-subunits in mitochondrial F,
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Mitochondrial F,, inactivated to various extents with 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl), was
dissociated with LiCl and reconstituted after removal of the salt. This procedure resulted in a reactivation
that corresponded with a reactivation theoretically expected on the basis of the assumption that the
reassociation of S-subumits into native F, molecules is random and that two out of the three S-subunits are
directly involved in catalysis. Repeated inactivation of such reactivated F,, followed by the same dissocia-
tion-association procedure, resulted in similar data. After inactivation of F, by covalent binding of
2-N-AT(D)P to one catalytic site, no reactivation upon dissociation-reassociation was obtained due to the

fact that such modified F, did not dissociate under the experimental conditions used.

Introduction

After the subunit composition of mitochondrial
F,; had been established [1,2], the discussion on
the number of catalytic sites continued. These
catalytic sites were thought to be located on the
B-subunits [3]. The arguments in favour of the
presence of three cooperative catalytic sites, i.e.,
three B-subunits, three tightly bound nucleotides
[4] supposed to be located on non-catalytic a-sub-
units, and three rapidly exchangeable sites [5],
were supported by the kinetic analysis presented
by Gresser et al. [6], and by the inactivation of F,
with 3 mol of p-fluorosulphonylbenzoyl-5'-
adenosine per mol of F; [7]. On the other hand,

Abbreviations: NBD-Cl, 4-chloro-7-nitrobenzo-2-oxa-1,3-di-
azole (also named 4-chloro-7-nitrobenzofurazan); F;, mito-
chondrial ATPase; DCCD, dicyclohexylcarbodiimide.
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the detailed analysis of the photolabelling data by
our group led to the conclusion that F, contains
two catalytic sites on [-subunits, two non-cata-
lytic exchangeable sites located at a—f interfaces,
and two non-exchangeable sites located on the
third a-B couple, one on the third S-subunit and
the other one the third a—f interface [8,9]. These
latter conclusions were in agreement with the data
on binding of dicyclohexylcarbodiimide (DCCD)
[10] and the structural data on F, [11]. The recent
finding of Kironde and Cross [12] that one non-
catalytic site (previously considered to be non-ex-
changeable [5]) is in fact exchangeable further
supports the two-site model. The kinetic data can
also be explained well with such a model [13].
Recent papers by Wang [14-16] present data
that support the proposal of only one catalytic
site. Since such a proposal seems contradictory to
many well-documented phenomena, such as the
cooperativity between catalytic sites [8,17], we per-
formed experiments similar to those of Wang. The
conclusion is reached that these experiments con-
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firm the presence of two cooperative catalytic
B-subunits in F;.

Materials and Methods

Bovine heart mitochondrial F;-ATPase was iso-
lated according to the method described by
Knowles and Penefsky [18] and stored in liquid
nitrogen in a medium containing 10 mM Tris-HCl
(pH 7.5), 4 mM ATP, 250 mM sucrose and 4 mM
EDTA. Prior to use, F; was precipitated with
(NH,),S0, and dissolved in buffer A. (Buffer A
contained 50 mM Hepes-NaOH (pH 7.0), 2 mM
EDTA, 5 mM ATP and 25% (v/v) glycerol [16]).
(NH,),SO, was removed by means of a centrifuge
column packed with Sephadex G-50 and equi-
librated with buffer A. Protein concentrations were
determined with the BioRad protein assay. The
starting concentration of F, was about 6 mg,/ml
with a specific activity of 140 pmol/min per mg.

Pyruvate kinase (in glycerol), lactate dehydro-
genase (in glycerol), Hepes, NADH, ATP and
phosphoenol/pyruvate were obtained from Boeh-
ringer Mannheim. NBD-Cl was produced by Serva,
dithiothreitol by Sigma, and Sephadex G-50-
Coarse by Pharmacia. 2-Azido-ATP was synthe-
sized as described previously [9].

ATP-hydrolysis assay. The assay medium con-
tained 33 mM Tris-HCl (pH 8.0), 83 mM sucrose,
10 mM KHCO,, 6 mM MgCl,, 5 mM ATP, 0.5
mM phosphoenolpyruvate, 250 uM NADH, 2.5 U
pyruvate kinase/ml and 2 U lactate dehydro-
genase/ml. The oxidation of NADH at 30° C was
followed on a Zeiss M4QIII spectrophotometer at
340 nm.

Preparation of the centrifuge columns. The
centrifuge columns (5 X1 cm) consisting of Sep-
hadex G-50-Coarse equilibrated with buffer A were
pre-centrifuged for 1 min at 2000 r.p.m. in a
Homef LC-30 table centrifuge using a volume of
buffer A of 100 ul. The columns used for the F;
treated with LiCl were chilled on ice. 100 ul of
each protein sample was centrifuged at a speed of
about 2400 r.p.m. for 1 min. The columns consist-
ing of Sephadex-G-50-Coarse equilibrated with
buffer B (see labelling with 2-azido-ATP) were
spun and pre-centrifuged at 2000 r.p.m. for 1 min
using the same centrifuge.

Labelling with NBD-Cl. Labelling with NBD-Cl

was performed in the dark at 20°C in buffer A
containing 75 pM of NBD-CI (stock solution 2
mM in ethanol) [19]. Inhibition of hydrolysis ac-
tivity was calculated from the activity values ob-
tained with and without 125 pM dithiothreitol.
The value obtained in the presence of dithiothrei-
tol was considered to be the corresponding 100%
value.

Labelling with 2-azido-ATP. Labelling with 2-
azido-ATP was performed in a buffer containing
50 mM Hepes-KOH (pH 7.5), 150 mM sucrose
and 4 mM MgCl, (buffer B). After precipitation
with (NH,),S0,, F, was dissolved in buffer B and
(NH,),SO, was removed by means of a centrifuge
column consisting of Sephadex G-50-Coarse equi-
librated with buffer B. After this, 2-azido-ATP (in
methanol) was added to a concentration of 1 mM.
1 min later (NH,),SO, precipitation followed,
and again the (NH,),SO, was removed by means
of a centrifuge column of the same type as men-
tioned above. The F, was now photolabelled by
making use of a specially designed xenon-flash
unit (100 J per flash; flash duration, = 50 us).
Between the F; samples and the flash tube, a 1
mm thick piece of glass was put in order to cut off
most of the light below 300 nm and prevent
protein damage. The first two irradiation sessions
were performed at a distance of 3 cm from the
flash tube in a shallow vessel made of aluminium
foil with an interval of 30 min. After each irradia-
tion session, part of the F; sample was removed.
30 min later, these samples were irradiated at a
distance of 1.5 cm from the flash tube and this
procedure was repeated twice with intervals of 30
min. Here also part of the F; sample was removed
after each irradiation session. Each irradiation ses-
sion consisted of 10 flashes fired with intervals of
15 s. After irradiation, the F; samples were put in
buffer A by means of a centrifuge column equi-
librated with buffer A. The same labelling and
irradiation procedure was done with F, samples
incubated with ATP instead of 2-azido-ATP. The
hydrolysis activity of these samples was taken as
100%. After the procedure described above, all
samples were dissociated with LiCl and after
reconstitution the values of the ATP samples were
again taken as 100%.

Dissociation and reconstitution. Samples of F,
with different degrees of inhibition of ATP hy-



drolysis were chilled on ice for 3 min and then
mixed at a ratio of 1:1 with ice-cold buffer A
containing 6 M LiCl. After mixing for 100 s, the
LiCl was removed by means of a centrifuge col-
umn. Reconstitution was optimal 15 min after
removal of LiCl and stayed constant for at least 1
h. Inhibition of hydrolysis was determined again
and the samples were relabeled until nearly total
inhibition occurred, after which the LiCl treat-
ment was repeated. The method described above
is the method used by Wang et al. [16], except that
we used an incubation time of 100 s instead of 3.5
min and repeated the LiCl treatment.

Polyacrylamide gel electrophoresis. In order to
determine the level of dissociation of F, samples
labelled with 2-azido-ATP, a non-denaturating
polyacrylamide gel was prepared. The method used
was that described by Knowles and Penefsky [18],
except that ATP and EDTA were omitted and
instead of tube gels slab gels were made. F, sam-
ples with different degrees of inhibition were
treated with LiCl for 100 s, as described above.
After LiCl treatment the samples were transferred
to a buffer containing 0.25 M sucrose and 50 mM
Hepes-KOH (pH 7.5) by means of a centrifuge
column and directly placed on the gel. Staining
was done with Coomassie brilliant blue.

Statistics. In order to evaluate the results of the
experiments, some statistical calculations were
made. The degree of inhibition was considered to
be the same as the amount of label on the F,
[19,22]. The assumptions made were:

(i) labelled and unlabelled B-subunits behave
identically upon treatment with LiCl;

(ii) at reconstitution the S-subunits integrate ran-
domly into F;;

(iii) labelling with NBD-CI takes place at one
catalytic B-subunit.

If we consider the three B-subunits of F, to
have different functions in the enzyme, we can call
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them B-1, B-2 and B-3. The B-1 subunit in this
calculation is the subunit where the label is incor-
porated in the enzyme. The total amount of label
on the enzyme is called x (mol of label /mol of
F,). Inactivation after reconstitution is expressed
by r. At total inhibition » =1 and at zero inhibi-
tion r=0. Before LiCl treatment there are only
two kinds of F; possible:

i B-1, B2, B-3=X,0,0 (X=Ilabelled, 0=
unlabelled); and

(i) g-1, B-2, B-3=0,0,0.

After reconstitution many more kinds of F, are
possible (see Table I).

The amount of labelled B-subunits is 3x and
the amount of unlabelled B-subunits is 1 — §x.
The expected values for r were calculated for
three kinetic models:

(1) One catalytic site:

r=§x

(i) Two cooperative catalytic sites:
r=2(1-3x)* tx +3(1-1x)(3x )+ (x)’
(iii) Three cooperative catalytic sites:

2 2 3
r=301=3x)" 3x+3(1-5) (bx)"+ (x)

Results and Discussion

Previously [20] we have used the dissociation of
B-subunits from F, in the presence of LiCl to
develop a simple procedure for the determination
of the F, content of submitochondrial particles.
Isolated F, was also dissociated with 0.85 M LiCl
at pH 6.0, but appreciable reconstitution was only
obtained when LiCl was removed before the in-
activation was completed [21]. This method for

TABLE 1
x=0 x=1 x=2 x=3
B-1 B2 B-3 81 B-2 B-3 81 B2 B-3 B-1 B2 B-3
0 0 0 X 0 0 X X 0 X X X
0 X 0 0 X X
0 0 X X 0 X
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dissociation-reconstitution was recently improved
by Wang [15], using higher concentrations of LiCl
in the presence of glycerol and ATP. To obtain
reproducible results, both at the level of recon-
stitution of specific activity and at the level of the
recovery of protein we modified the procedure at
the column centrifugation step. Also the time of
incubation influenced the final reconsituted activ-
ity. In Fig. 1 it can be seen that inactivation was
reached within 30 s and that after 100 s the
reconstitued activity was still 60-70% of the origi-
nal activity. After longer incubation times the
reconstituted activity decreased. Binding of NBD-
Cl to F, was followed both spectrophotometrically
and by measuring the activity. For the experiment
shown in Fig. 2 samples were taken at various
levels of binding (inactivation). On the basis of
earlier data [19,22] it was assumed that inactiva-
tion is proportional with the binding of 1 mol of
NBD-Cl/mol of F,.

After dissociation followed by reconstitution,
the sample that was originally inactivated to the
largest extent, was again treated with NBD-CIL
The time-course of the binding (inactivation) was
identical with the time-course of the original bind-
ing, indicating that inactivation was again due to
binding of NBD-CI to one catalytic site. Fig. 3
shows the results of the same experiment when the
activities after reconstitution were measured. As a
control for full activity, both unmodified F;, and
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Fig. 1. Inactivation of F, by LiCl. F, (4.2 mg/ml) was incubated
at 20°C in medium A and at =0 an equal volume of cold
medium A containing 6 M LiCl was added. At the indicated
times, samples were withdrawn for measurement of the ATPase
activity (W). After 100 s a sample was desalted on a column as
described in Materials and Methods and the activity measured
after 15 min (O).
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Fig. 2. Inactivation of F, with NBD-Cl. F, (6 mg/ml) was
incubated at 20°C in the dark with 75 pM NBD-Cl in
medium A. After the indicated time intervals, samples were
withdrawn for measurement of ATPase activity (H) and treat-
ment with LiCl. The sample taken after 120 min was incubated
again (after the dissociation-reconstitution procedure) with 75
M NBD-Cl (O) and after renewed treatment with LiCl and
reactivation was determined of the sample with the highest
inactivation (). In both incubations the ¢, , values for the
binding of NBD-Cl were identical (40 min).
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Fig. 3. Reactivation of NBD-modified F,;. All samples taken
from the incubation described in Fig. 2 were treated with LiCl
and desalted as described in Materials and Methods, and the
ATPase activities after reconstitution were measured. The ac-
tivity in the presence of dithiothreitol was taken as the 100%
value. The amount of bound NBD was assumed to be propor-
tional with the inactivation before LiCl treatment, 100% in-
activation being equivalent with 1 mol of NBD bound per mol
of F, (W). All samples were incubated again with NBD-Cl after
the first dissociation-reconstitution procedure, and the ad-
ditional amount of bound NBD was also assumed to be
proportional to the additional inactivation, since only F; with
no modified catalytic S-subunit can bind NBD-Cl (O). The
curves ------ , , and --~--— are theoretical curves
calculated on the basis of random incorporation of the dissoci-
ated B-subunits into F; and the involvement of three, two or
one B-subunit, respectively, in the catalytic process of ATP
hydrolysis.




the activities after treatment with dithiothreitol
were used, giving identical values within 2%. The
open symbols in the figure represent the data
obtained when the samples after the first dissocia-
tion-reconstitution step were treated again with
NBD-(I till nearby full inhibition again and then
subjected to the dissociation-reconstitution proce-
dure for a second time. It is clear that all points
are in agreement with the theoretical curve for
random incorporation of B-subunits into F; with
two of the three B-subunits being involved in
cooperative catalysis. The data of Wang et al. in
Ref. 16 also fit with this curve. In Ref. 15 a higher
level of reactivation was reported, suggesting that
only one of the S-subunits in F, was catalytically
active. In Table I of that reference it can be seen,
however, that a high ratio of the specific activity
of labelled F,-specific activity of dithiothreitol-
treated F; was only obtained after long incubation
times, under which conditions reconstituted activ-
ity measured after dithiothreitol-treatment was
substantially lower than after shorter incubation
times, while the activity before the dithiothreitol-
treatment is much less affected by the length of
the incubation period. Assuming that the migra-
tion of bound NBD to the lysine residue is not
higher than estimated by Wang, the result can be
explained by the assumption that after long in-
cubation times the NMB-modified 8-subunits are
less reconstitutively active than the unmodified
subunits. The control with unmodified F, is mis-
sing in this experiment. Also the data in Ref. 14
are not conclusive. The data can very well be
explained by the (reasonable) assumption that
when 1 mol of NBD per mol of F, is bound to the
tyrosine of a catalytic 8-subunit, the second cata-
Iytic subunit is fully protected against NBD-Cl
and that for the very slow additional binding the
non-catalytic subunit is responsible, together with
the migration of bound NBD to a lysine residue,
both in the modified catalytic subunit and the
non-catalytic subunit.

Seemingly, our results can be made compatible
with a model for three catalytic B8-subunits if it is
assumed that NBD-modified B-subunits are less
reconstitutively active than unmodified subunits,
resulting in a higher (relative) reactivation than
predicted for this model. Such an explanation,
however, is ruled out by the fact that the recon-
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stituted activity (after treatment with dithiothrei-
tol) obtained with modified F, is exactly the same
as that obtained with unmodified F,, indicative
for equal constitutive activity of modified and
unmodified B-subunits.

Another way to make the results compatible
with a model for three catalytic sites is to suppose
a loss of NBD during the dissociation-association
procedure. Both our own spectral analysis and the
data of Wang [14-16] contradict this possibility.
To fit the data with a 3 site-model about 25% of
the bound NBD should have been lost, too much
to escape detection. Also migration of NBD to a
lysine residue results in a higher than theoretical
reactivation relative to the activity after treatment
with dithiothreitol. But in that case the recon-
stituted activity of modified F, should be lower
than that of unmodified F, due to the presence of
NBD bound to lysine, which is not the case.

Finally, a higher than predicted reactivation
can be obtained if modified and unmodified -
subunits have a preference for assembling into F;
containing modified and unmodified B-subunits,
respectively. Our present results do not fully rule
out such a preference, although it is very unlikely
that such a preference should produce the theo-
retical curve for a 2-site model, even after a sec-
ond treatment of the F, with NBD-Cl and LiCl
(see also Discussion in Ref. 15).

Since 2-azido-ATP can be bound tightly to a
catalytic site [9,23], we also repeated the dissocia-
tion-association procedure with F, partially mod-
ified and inactivated with 2-nitreno-AT(D)P, co-
valently bound to a catalytic site. The illumination
of 2-azido-ATP-F, was repeated after 30 min and
60 min because the tetrazolium form of the com-
pound (approx. 55% under the experimental con-
ditions, Ref. 24), which has the same affinity for
F, as the azido-form [25], is not photoreactive and
isomerises to the azido form only slowly [23,24].
As can be seen in Fig. 4, the dissociation-recon-
stitution procedure did not result in reactivation,
in contrast to that with NBD-modified F,. The
reason for this lack of reactivation was found
when samples taken after 100 s of incubation in
the dissociation medium were put on polyacryla-
mide gels in the absence of SDS. With unmodified
F, the band of native F, had largely disappeared,
while the band at the position of the isolated
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Fig. 4. Reactivation of F; modified by 2-nitreno-ATP. F; (4.1
mg/ml) was incubated with 1 mM 2-azido-ATP in medium B
and after 10 min free and loosely bound 2-azido-ATP was
removed by repeated centrifuge column gel filtration. The
obtained F; preparation, containing 1 mol 2-azido-AT(D)P per
mol F; (or the tetrazolium form of the compound) was il-
luminated to various degrees resulting in the formation of F,
modified by 2-nitreno-AT(D)P. The partially inactivated sam-
ples were treated with LiCl and desalted, and the activities
were measured before and after the dissociation-reconstitution
procedure.

B-subunits was very intense, but with modified F,
the residual F,-band was about proportional to
the level of modification (see Fig. 5). It is con-
cluded from this experiment that covalent binding
of 2-nitreno-ATP to a catalytic site protects the
enzyme against dissociation and that, as suggested
previously, bound adenine nucleotides contribute

Staining ratio 3/F1
IN
T

! \
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Inactivation before LiCl-treatment

Fig. 5. Dissociation of 2-nitreno-AT(D)P-F,. F,, inactivated by
covalent binding of 2-nitreno-AT(D)P to a catalytic site, was
treated with 3 M LiCl and after 100 s samples were put on 4%
polyacryalmide gels, without urea or SDS. After electrophore-
sis according to Ref. 18, staining and destaining, the staining
of the bands of native F; and the B-subunit were compared
(m). The point (O) represents the result obtained with intact F,,
not treated with LiCl.

significantly to the stability of the mitochondrial
F,.
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