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Effect of disulfide cross-linking between a and & subunits on the properties
of the F, adenosine triphosphatase of Escherichia coli
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Under very mild oxidizing conditions the § subunit of the F,-ATPase of Escherichia coli can be crosslinked
by a disulfide linkage to one of the a subunits of the enzyme. The cross-linked ATPase resembles the native
enzyme in the following properties: (1) specific activity; (2) activation by lauryldimethylamine N-oxide
(LLDAO); (3) binding of aurovertin D and ADP; (4) cross-linking products with 3,3’-dithiobis(succinimidyl
propionate); (5) binding to ATPase-stripped everted membrane vesicles and the N, N ’-dicyclohexylcarbodi-
imide sensitivity of the rebound enzyme. However, the rebound crosslinked ATPase differed from the native
enzyme in lacking the ability to restore NADH oxidation — and ATP hydrolysis-dependent quenching of the
fluorescence of quinacrine to ATPase-stripped membrane vesicles. It is proposed that the § subunit is
involved in the proton pathway of the ATPase, and that this pathway is affected in the ad-cross-linked
enzyme. The mechanism for activation of the ATPase by LDAO was examined. Evidence against the
proposal of Létscher, H.-R., De Jong, C. and Capaldi, R.A. (Biochemistry (1984) 23, 4140-4143) that

activation involves displacement of the e subunit from an active site on a 8 subunit was obtained.

Introduction

The ATP synthase (ATPase) of Escherichia coli
has a central role in the bioenergetics of this
organism being involved both in ATP synthesis by
oxidative phosphorylation and in ATP hydrolysis
to energize various energy-dependent processes as-
sociated with the cell membrane. The F, portion
of the enzyme is composed of five subunits (a—¢)
in a stoichiometry of o;B;v8¢. It has been studied
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complex of Escherichia coli; ECF,, membrane protein of the
ATP synthase complex of E. coli; DCCD, N,N’-dicyclohexyl-
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(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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extensively (for recent reviews, see Refs. 1-4). The
function of the different subunits of ECF, are now
becoming clear [1-5]. The active sites of the en-
zyme are probably located on the B subunits,
possibly at interfaces with « subunits [2,6,7]. The
a subunits have a binding site for ADP or ATP [8]
and it is likely that the o subunits carry the tightly
bound, non-catalytic adenine nucleotides which
are found in ECF, as isolated [9-12]. The vy sub-
unit has a role in organizing the structure of F;,
and the 3 and ¢ subunits in binding the «;B,y
substructure to F; in the membrane [5,13-15].

Net ATP synthesis and hydrolysis involves co-
operative interactions between active sites on ECF,;
[16]. A mutation which changes a single amino
acid in the o subunit [17] can cause inactivation of
these reactions by affecting cooperative interac-
tions between o and B subunits [6,18]. We were
interested to see if altering the interactions be-
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tween other subunits of ECF, would affect its
enzymatic activities. As described in this paper,
we have developed a mild oxidative procedure
which causes the formation of a disulfide bridge
between sulfhydryl groups on the « and § sub-
units of ECF,. The ad-cross-linked enzyme has
normal catalytic activities, can bind to ECF,-
depleted membranes, but is unable to set up or
maintain a transmembrane pH gradient. The sig-
nificance of these findings will be discussed with
respect to the pathway of protons to ECF, and the
mechanism of the enzyme.

Materials and Methods

Preparation of F, ATPase

E. coli strains KY7485 and LE392pRPG54 were
used as sources of the ATPase. Strain KY7485
was heat-induced during growth as described by
Foster and Fillingame [19]. Strain LE392pRPG54
was grown in the presence of 25 pg/ml chlor-
amphenicol [20]. The F, ATPase was prepared as
described previously [21]. The F, ATPase was
released from the membranes by the low ionic
strength dialysis procedure described before [22].
The resulting ATPase-stripped everted membrane
vesicles from strain ML308-225 were washed by
resedimentation from dialysis buffer and sus-
pended in 50 mM Tris-HCl buffer, (pH 7.5), con-
taining 10 mM MgCl, and 5.5% (w/v) sucrose for
use in F; binding experiments.

Preparation of ad-cross-linked ECF,

ECF, from the final step of purification on a
sucrose gradient was present at a concentration of
5-7 mg protein/ ml of 0.1 M triethanolamine-HClI,
0.5 mM EDTA /1 mM ATP/22.5% (w/V) sucrose
buffer at pH 7.5. Samples (up to 100 ul) were
freed of the buffer components by the centrifuged
column procedure of Penefsky [23]. The column
contained 1 ml of Sephadex G-50 equilibrated
with 50 mM triethanolamine-HCl buffer (pH 7.5).
The enzyme was used generally between 30 and 60
min after emerging in the column effluent.

Binding of ATPase to ATPase-stripped everted
membrane vesicles

ATPase (20 ul containing 100-150 pg protein)
was incubated at 20°C for 15 min with ATPase-

stripped vesicles (2.0 mg protein) in 4 ml 10 mM
Hepes-KOH buffer (pH 7.5), containing 300 mM
KCl/5 mM MgCl,. After a further 15 min in-
cubation at 0°C the vesicles were sedimented by
centrifugation at 50 000 rpm in a Beckman type 65
rotor. The vesicles were resuspended in 0.2 ml 50
mM Tris-HCI, 10 mM MgCl, buffer (pH 7.5), for
assay of ATPase activity. Rebound ATPase activ-
ity was corrected for the small residual ATPase
activity present in the ATPase-stripped membrane
vesicles.

Fluorescence assays

NADH oxidation and ATP hydrolysis-depen-
dent quenching of the fluorescence of quinacrine
was measured as follows. Fluorescence was excited
at 430 nm and the emission was measured at 505
nm in a Turner model 420 spectrofluorometer
connected to a strip chart recorder. The reaction
mixture in a final volume. of 2.0 ml contained
ATPase-stripped membrane vesicles (1.0 mg pro-
tein), ATPase (amounts present as indicated in the
figures) and 3.3 pM quinacrine in a buffer of 10
mM 'Hepes-KOH /300 mM KCl/5 mM MgCl,
(pH 7.5). The ATPase and vesicles were incubated
in the buffer for 5 min at 20°C before addition of
the quinacrine. Quenching was initiated by adding
10 pl 200 mM NADH. The steady-state level of
quenching decreased rapidly on exhaustion of dis-
solved oxygen in the cuvette to the fluorescence
level observed prior to the addition of NADH.
Fluorescence quenching energized by the hydroly-
sis of ATP was then measured by adding 10 pl
200 mM ATP.

The fluorescence of aurovertin D in the pres-
ence of F;, ATPase was measured at 20°C in 2.0
ml of a buffer at pH 7.4 which contained ATPase,
10 mM Tris-HCI, 0.25 M sucrose, 0.5 mM EDTA
and 1.19 pM aurovertin D. Fluorescence was
excited by light at 365 nm and emission was
measured at 470 nm. Changes in fluorescence were
measured following sequential additions of 10 pl
40 mM ADP /100 1 40 mM ATP /10 p1 M MgCl,,
as described in Ref. 6.

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis

Samples were treated with N-ethylmaleimide
prior to dissolving in SDS as described in Ref. 21.



2-mercaptoethanol was omitted from all sample
buffers, unless indicated otherwise. SDS-poly-
acrylamide gel electrophoresis as performed on 7.5
or 9% (w/v) polyacrylamide gel slabs (0.75 mm
thick) in Tris buffer (pH 9.2), using the Laemmli
system [24]. Two-dimensional SDS gel electro-
phoresis involving the cleavage of a disulfide bridge
with 2-mercaptoethanol prior to running the sec-
ond dimension was carried out as before (Ref. 21).

Cross-linking with 3,3’-dithiobis(succinimidyl
propionate) and analysis of the cross-linked prod-
ucts followed the procedures described in Ref. 21.

Other procedures

ATPase activity was measured at 37°C in the
presence of 2.5 mM MgCl, as described previ-
ously [25].

Protein was determined by the methods of
Bradford [26] (for F,-ATPase) or Lowry et al. [27]
(for vesicles) with bovine serum albumin as a
standard.

Treatment of ECF, with cupric 1,10-phenan-
throlinate was carried out as described in Ref. 22.
Crosslinking of ECF, with EDC followed the pro-
cedure of Lotscher et al. [28].

Results

Formation of ad-cross-linked ECF,

The final step in the purification of native
ECF, involves sucrose density gradient centrifuga-
tion in the presence of EDTA, ATP and dithio-
threitol. Purification of the ECF, from strains
KY7485 or LE392pRPG54 by sucrose density
gradient centrifugation in the absence of these
substances yielded a peak of enzyme in which a
portion of the ATPase towards the bottom of the
gradient contained « subunit crosslinked by a
disulfide bridge to the & subunit. The enzyme
towards the top of the peak also was capable of
yielding ad-cross-linked ECF,; on treatment with
cupric 1,10-phenanthrolinate (Fig. 1, left panel).
ECF, from strain ML308-225 showed little tend-
ency to form ad cross-links under these condi-
tions. The cross-linking within ECF, had not been
observed previously, since samples for SDS-poly-
acrylamide gel electrophoresis were usually treated
with 2-mercaptoethanol. This would have cleaved
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Fig. 1. Conditions leading to the formation of ad-cross-linked
ECF,. Left panel: SDS-polyacrylamide gel electrophoresis of
samples through the ATPase activity peak from the separation
of ECF, on a sucrose gradient in the absence of dithiothreitol,
EDTA and ATP. Samples were prepared for electrophoresis
without (lanes 1-6) or with (lanes 1’-6’) a prior treatment
with cupric 1,10-phenanthrolinate. Right panel: SDS-poly-
acrylamide gel electrophoresis of samples from centrifuged
column of Sephadex G-50. (1) Native enzyme; (2) enzyme from
the Sephadex G-50 column which had been equilibrated with
50 mM triethanolamine buffer (pH 7.5); (3) enzyme from (2)
treated with cupric 1,10-phenanthrolinate; (4) enzyme from (2)
incubated with 12.5 mM ATP and 6.25 MgCl, for 30 min at
20°C; (5) enzyme from (4) treated with cupric 1,10-phenanth-
rolinate. The positions of migration of the a—¢ subunits of
ECF,, ad and B, crosslinked dimers, and internally cross-lined
8 subunit (8’) are indicated.

the disulfide bridge between the sulfhydryl groups
on the a and 8 subunits.

The identification of the cross-linked subunits
was confirmed by two-dimensional SDS-poly-
acrylamide gel electrophoresis in which the first
dimension was run in the absence of 2-mer-
captoethanol. The second dimension was run after
reductive cleavage of the disulfide bond with this
thiol. The a and § subunits released by the clea-
vage ran as spots off the diagonal containing the
non-cross-linked subunits (Fig. 2).

The ad-cross-linked ECF, was prepared more
conveniently from the native enzyme purified by
sucrose gradient centrifugation by removing the
ATP, EDTA and DTT by centrifuging samples of
the enzyme through a small column of Sephadex
G-50 which was equilibrated with 50 mM tri-
ethanolamine-HCl buffer (pH 7.5) [23] (Fig. 1,
right panel). As seen in lane 2, passage through
Sephadex G-50 resulted in the formation of a
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Fig. 2. Two-dimensional SDS-polyacrylamide gel electrophore-
sis of ad-crosslinked ECF,. The direction of migration is from
left to right in the first dimension and from top to bottom in
the second dimension. A stained duplicate strip of the first-di-
mension gel is placed at the top of the two-dimensional gel for
identification of cross-linked subunits. The subunits arising
from cleavage of the disulfide linkage between the cross-linked
subunits with 2-mercaptoethanol prior to running the second
dimension gel are seen as off-diagonal spots migrating verti-
cally below the ad band. The position of the a—¢ subunits of
ECF, are indicated.

disulfide cross-link between a and 8 subunits, and
a decrease in the amount of uncross-linked 8
subunit. Treatment of the enzyme from Sephadex
G-50 with cupric 1,10-phenanthrolinate did not
increase the amount of ad cross-linking, but did
cause the generation of internally cross-linked &
(8’) and generated a small amount of disulfide-
linked B, (lane 3). The formation of B, and inter-
nally crosslinked & by cupric 1,10-phenanth-
rolinate was prevented by incubating the enzyme
from the column with 12.5 mM ATP/6.25 mM
MgCl, for 30 min at 20°C prior to treatment with
this reagent.

Passage of the native ECF, through Sephadex
G-50 equilibrated with 50 mM triethanolamine-
HCI (pH 7.5) containing 0.5 mM EDTA did not
lead to the formation of «d cross-links.

The ad-cross-linked ECF, generated by the
Sephadex G-50 procedure sedimented during
sucrose gradient centrifugation slightly more rap-
idly than the native enzyme.

Effect of lauryldimethylamine N-oxide (LDAO) on
ATPase activity

The hydrolytic activity of native ECF, is
stimulated by detergent (117%, 229%, 169%, 127%,
167% and 153% by 0.5% N-lauroylsarcosinate, oc-
tylglucoside, sodium cholate, sodium deoxycho-
late, Triton X-100 and Zwittergent 3-12, respec-
tively). Lotscher et al. [28] have reported that the
detergent LDAO stimulated the ATPase activity
of ECF, and proposed that LDAO causes the ¢
subunit, which has an inhibitory function in ECF,
[5,15], to be displaced from an active site on a 8
subunit of the enzyme. The hypothesis was based
on the evidence that LDAO stimulated ATPase
activity and prevented crosslinking of B to ¢ by
EDC.

LDAO (0.5%) stimulated the ATPase activity
of native ECF, 259% from a specific activity of
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Fig. 3. Effect of LDAO and adenine nucleotides on the forma-
tion by EDC of a Be cross-link in ECF;. Samples prepared as
described below are submitted to SDS-polyacrylamide gel elec-
trophoresis. The samples were treated with 2-mercaptoethanol
prior to electrophoresis. (1) native enzyme; (2) native enzyme
treated with EDC; (3) native enzyme treated with EDC in the
presence of 0.5% LDAO; (4) as (3) but with 5 mM MgCl,
present also; (5) as (3) but with 10 mM ATP present also, (6)
as (4) but with 10 mM ATP present also; (7) as (4) but with 10
mM ADP present also. The positions of migration of the a—8§
subunits of ECF, and of the B¢ cross-linked product are
indicated.



18.8 pmol/ min per mg protein to 47.7 pmol/ min
per mg protein. The ad-cross-linked ECF, was
stimulated 226% from 25.0 pmol/min per mg
protein to 56.4 pmol/min per mg protein. The
validity of the mechanism of Lotscher et al. [28]
was next investigated, since the presence of the ad
cross-link might be expected to have some effect
on the ease with which the & subunit could be
displaced from a B subunit, particularly since it is
likely that the 8 and e subunits are relatively close
together in the ATPase molecule [15].

Fig. 3 shows, in agreement with Lotscher et al.,
that the Be crosslink generated by EDC (lane 2)
was diminished in the presence of LDAO (lane 3).
However, the inhibition of cross-linking by LDAO
was prevented by ATP or ADP in the presence of
MgCl, (lanes 6 and 7). ATP or MgCl, alone
could not reverse the inhibition by detergent (lanes
4 and 5). Since ATP and MgCl, were present in
the ATP assay at concentrations similar to those
which permitted EDC cross-linking of B to e, it is
unlikely that the stimulation by LDAO necessarily
involves displacement of ¢ from B as suggested by
Lotscher et al.

Aurovertin fluorescence assay of native and ab-
crosslinked ECF,

The fluorescence of aurovertin D is negligible
in aqueous solution, but increases markedly on
binding of aurovertin D to ECF, [6]. The increase
in fluorescence was used to measure the K, for
the dissociation of aurovertin from the ECF,-
aurovertin D complexes formed by native and
ad-cross-linked enzymes. Both enzymes gave K,
values in the range of 1.3-1.5 pM (Fig. 4). The
fluorescence of the ECF; - aurovertin D complex
was enhanced by ADP (or ATP) in a similar
manner for both native and ad-cross-linked en-
zymes. Both enzymes showed a K, of 3.7 uM for
dissociation of ADP from the ADP - ECF, -
aurovertin D complex (Fig. 4). As observed previ-
ously [6], addition of 2 mM ATP resulted in
partial quenching, and 5 mM MgCl, in full
quenching, of the fluorescence of the ADP - ECF,
- aurovertin D complex. Native and ad-cross-lin-
ked enzymes behaved similarly (data not shown).

Reconstitution of proton translocation
Removal of ECF,; from everted vesicles of E.
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Fig. 4. Double-reciprocal plots of the fluorescence enhance-
ment of aurovertin D with ECF, from a Sephadex G-50
centrifuged column equilibrated with triethanolamine buffer in
the presence (solid points) or absence (open points) of EDTA.
The fluorescence was measured in the presence of increasing
concentrations of aurovertin D (bottom panel) or ADP as
described in Materials and Methods. In the experiment shown
in the bottom panel, each pair of samples was run with and
without 0.2 mM ADP. The concentration of protein was 0.5
mg,/ml.

coli results in leakage of protons through ECEF,.
Consequently, a reaction, such as the quenching of
the fluorescence of the dye quinacrine, which re-
quires the presence of a transmembrane pH gradi-
ent cannot occur. Fluorescence quenching can be
observed if the leakage of protons is blocked by
readdition of ECF,. Fig. 5 shows that titration of
ECF,-stripped everted membrane vesicles with na-
tive ECF, resulted in the restoration of NADH
oxidation- and ATP hydrolysis-energized proton
translocation as shown by the restoration of the
quenching of the fluorescence of quinacrine. Re-
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Fig. 5. Rebinding of native (circles) and ad-cross-linked ECF,
(triangles) to stripped membrane vesicles (1) and the recon-
stitution of the fluorescence quenching of quinacrine (2) en-
ergized by NADH oxidation (open points) or ATP hydrolysis
(solid points). Quenching is expressed as the percentage of the
quenching observed before energization. ATPase units are ex-
pressed as pmol ATP hydrolyzed /min. The amount of mem-
brane vesicle protein was 0.5 mg/ml reaction mixture. The
ad-crosslinked ECF, was prepared by the Sephadex G-50
method.

storation of quenching was accompanied by the
binding of ECF, to the stripped vesicles. The
ad-cross-linked ECF, bound to the stripped
vesicles to an extent similar to that of the native
ECF,. However, fluorescence quenching was not
restored to the extent shown by the native enzyme
(Fig. 5). The partial restoration which was seen
was probably due to the presence of a small
amount (20-25%) native ECF, in the preparations
of ad-cross-linked ECF, (Fig. 6, left panel).

For technical reasons the binding and fluores-
cence activity were not tested before 30 min had
elapsed since the emergence of the sample from
the Sephadex G-50 column. Fig. 6 shows the
results of an experiment to examine the properties
of samples of the enzyme at earlier time periods.
In this experiment three types of preparation were
examined: ECF, which had passed through the
column in (a) 50 mM triethanolamine buffer (pH
7.5) containing 0.5 mM EDTA, (b) triethanola-
mine buffer only, (¢) triethanolamine buffer only
but supplemented on emergence from the column
with 10 mM ATP and 5 mM MgCl,. In the
experiments, zero time was the time at which the

Fig. 6. SDS-polyacrylamide gel electrophoresis of samples used
in the reconstitution experiment (left panel) and time-course of
the formation of ad-cross-linked ECF,; (right panel). Left
panel: (1) native ECF;, used in Fig. 5; (2) a8-cross-linked
ECF, used in Fig. 5. Right panel: (1) native ECF;; (2-6)
samples of ECF, processed for electrophoresis 3, 6.5, 16, 31
and 60 min, respectively, after emergence of the enzyme from
the Sephadex G-50 column. The positions of migration of the
a-¢ subunits of ECF; and a8-cross-linked subunits are indi-
cated.

enzyme was collected from the column. The en-
zyme was kept at 20°C and at intervals samples
were removed for assay of ATPase activity or were
added to the stripped membrane vesicle prepara-
tions for a 5 min preincubation prior to assaying
for ATP-energized quenching of the fluorescence
of quinacrine. Other samples were removed, added
to stripped membrane vesicles, preincubated at
20°C for 15 min, and then stored at 0°C until all
the samples had been collected. The ATPase re-
bound to the membranes was then sedimented by
ultracentrifugation. A further set of samples, re-
moved at intervals, was treated with N-ethyl-
maleimide and prepared for SDS-polyacrylamide
gel electrophoresis.

As seen in Fig. 7 (upper panel) there was a
rapid loss of the ability of the ATPase which had
passed through the column in triethanolamine
buffer only to reconstitute ATP-energized fluores-
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Fig. 7. Time-course of changes in ATPase activity, binding to
stripped membrane vesicles, and reconstitution of ATP-en-
ergized quenching of the fluorescence of quinacrine, with ECF;
preparations from centrifuged Sephadex G-50 columns equi-
librated with triethanolamine buffer with (triangles) or without
EDTA (solid circles). The open circles were obtained for
enzyme which on emergence from a column equilibrated
without EDTA had been supplemented with 10 mM ATP/5
mM MgCl,. Binding activity and quenching are expressed as a
percentage of the zero-time value, i.e., that given by the sample
collected immediately on emergence from the centrifuged col-
umn.

cence quenching. A substantial decrease had oc-
curred by 15 min. This loss in ability to recon-
stitute was not accompanied by any marked de-
crease in the ability of the enzyme to bind to
stripped membrane vesicles (about 50% of the
added enzyme was bound) (middle panel), or with
loss of hydrolytic activity (lower panel) or of the
stimulation of ATP hydrolysis by LDAO (data
not shown). The presence of ATP and MgCl,
slowed down but did not prevent the loss of
ability to reconstitute fluorescence quenching.
EDTA in the column buffer fully protected against
loss of this activity.

Examination of SDS-polyacrylamide gels of
samples removed at intervals after the column
treatment showed that there was progressive for-
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mation of ad crosslinks in enzyme prepared in
triethanolamine buffer only (Fig. 6, right panel).
This could be correlated with the loss of ability to
reconstitute fluorescence quenching. The enzyme
prepared by column treatment in the presence of
EDTA showed no formation of ad cross-links
(data not shown). This correlates with the reten-
tion of reconstitution activity by this preparation.
ATP and MgCl, added to the enzyme prepared
without EDTA could not prevent the formation of
ad cross-links. The amount of ad-cross-linked en-
zyme was about the same at 60 min in samples
with and without added ATP and MgCl, (data
not shown).

Effect of DCCD on rebound ad-cross-linked ECF,
Although ad-cross-linked ECF; was bound to
the same extent as native enzyme to ECF,-stripped
membrane vesicles, it was of interest to see if it
rebound to ECF,. This was assessed by the reten-
tion of sensitivity to DCCD in the membrane-re-
bound enzyme. Soluble ECF, is insensitive to
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Fig. 8. Inhibition by DCCD of ATPase activity of ECF,
rebound to stripped membrane vesicles. Open circles, native
enzyme; solid circles, solid triangles, open triangles and solid
squares were obtained using ECF, from a centrifuged Seph-
adex G-50 column equilibrated with triethanolamine buffer
and kept at 20°C for 5, 15, 30 and 60 min, respectively. The
reconstituted membrane vesicles were incubated with DCCD
at pH 8.5 in 50 mM Hepes-KOH buffer containing 2.5 mM
MgCl, at 37°C for 15 min prior to measurement of ATPase
activity. The protein concentration during incubation with
DCCD was 0.2 mg/ml. Activity is expressed as a percentage of
the activity found in the absence of DCCD.
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DCCD at pH 8.5. Inhibition of the ATPase activ-
ity of ECF, in the membrane-bound enzyme is
due to the reaction of DCCD with ECF,. This
requires the correct alignment of ECF,; on ECF; in
order that the conformational change responsible
for this inhibition can be transmitted from ECF,
to ECF, [29-31].

Samples were taken at intervals from an ECF,
preparation which had been passed through the
Sephadex G-50 column in triethanolamine buffer
to generate ad-cross-linked enzyme. The samples
were rebound to stripped membrane vesicles and
the extents of inhibition of ATPase activity at
various concentrations of DCCD were measured.
As shown in Fig. 8, all samples, except the one
incubated for 60 min, had similar sensitivities to
DCCD as that shown by the native enzyme. The
60 min sample was slightly less sensitive. It is
concluded that the ad-cross-linked ECF, rebinds
correctly to ECF; in stripped membrane vesicles.

Cross-linking

The pattern of crosslinked products formed by
3,3’-dithiobis(succinimidyl propionate) with «d-
cross-linked ECF, were as observed with the na-
tive enzyme [21]. Both enzymes yielded cross-
linked aa, aB, By, Be and ye dimers (results not
shown).

Discussion

In this study two experimental conditions lead
to the formation of a disulfide cross-link between
a and 8 subunits of ECF,. Both depended on the
removal of the protective thiol (dithiothreitol) in
the absence of EDTA. This was accomplished
either by sucrose gradient centrifugation or, more
conveniently and rapidly, by gel filtration through
Sephadex G-50 by the centrifuged column tech-
nique of Penefsky [23]. Presumably, both tech-
niques lead to oxidation of suitably placed sulf-
hydryl groups on the « and 3 subunits with the
formation of a disulfide bridge. Oxidation was
likely catalyzed by a contaminating divalent cation
in the buffer, since it could be prevented by EDTA.
Neither technique lead to complete conversion of
the enzyme to the ad-cross-linked form, but
75-80% conversion could be attained readily.

ECF, from strain ML308-225 did not readily

form «d cross-links. The reason for this is unclear,
although the enzyme was somewhat more stable
than that from K12 strains. For example, it much
less readily lost subunits on sucrose gradient
centrifugation in the absence of ATP.

The ad-cross-linked enzyme resembled the na-
tive enzyme in many of its properties. The enzyme
sedimented in a sucrose gradient similarly to the
native enzyme. Both enzymes had similar specific
activities, and both were stimulated to the same
extent by LDAO. Both enzymes bound equally
well to ECF,-stripped membrane vesicles and the
ATPase activities of the bound enzymes were
inhibited by DCCD to the same extent. Chemical
cross-linking of both enzymes with 3,3’-dithio-
bis(succinimidy] propionate) gave identical cross-
linked products. The dissociation constants for
ADP and for aurovertin D from the ADP - ECF, -
aurovertin D and ECF, - aurovertin D complexes,
respectively, were similar for native and «a8-cross-
linked ATPases.

The only difference seen between native and
ad-cross-linked ECF, was in their different abili-
ties to reconstitute NADH oxidation- or ATP
hydrolysis energized quenching of the fluorescence
of quinacrine. Although there is some disagree-
ment about what is being measured by this reac-
tion [32,33], fluorescence quenching can be used
as a qualitative measure of proton translocation
[33,34]. It is also a measure of the leakiness of
vesicle membranes to protons. Thus, the stripping
of ECF, from vesicles results in the loss of the
NADH oxidation-dependent quenching of
quinacrine fluorescence, since the membranes can
no longer support a proton gradient. In the pre-
sent experiments the inability of NADH and ATP
to quench with vesicles reconstituted with the
ad-cross-linked enzyme was probably due to the
inability of the cross-linked enzyme to prevent
passive proton movement through ECF,. If this
had been prevented by the binding of ECF,, then
NADH oxidation would have resulted in fluores-
cence quenching. The retention of DCCD-sensitiv-
ity by the membrane-bound a8-cross-linked ECF,
suggests that this enzyme is interacting with ECF,
in the same way as the native enzyme. Therefore,
the most plausible explanation of the leakiness to
protons of the vesicle system containing rebound
ad-cross-linked ECF, is that cross-linking of § to



a affects the normal proton pathway between
ECF, and ECF,, and not that protons leak through
an improperly sealed ECF, proton channel. A
further implication of these results is that the 8
subunit is the most likely route for protons be-
tween ECF, and ECF,, and that the conforma-
ttonal changes involved in the transmission of
DCCD-sensitivity from ECF, to ECF; do not in-
volve this subunit. In support of the latter idea, is
evidence from other sources for interactions be-
tween ECF, and ECF, which do not involve the 8
subunit [35,36].

The inhibitory effect of a mutation in the «
subunit of ECF, on ATPase activity and other
properties of the enzyme has been taken as evi-
dence of the importance in the reaction mecha-
nism of the ATPase of cooperative interactions
between a subunits and active site-bearing B sub-
units [6,18]. Therefore, it was interesting to find
that many of the catalytic properties of the ad-
cross-linked ECF, resembled those of the native
enzyme. It would have been expected that cross-
linking between the 8 subunit and an « subunit
would have affected the conformational behaviour
of the « subunit. This suggests that the portion of
the o« subunit cross-linked to the 8 subunit is not
directly involved in cooperative interactions with
the B subunit or that the a subunits of the enzyme
behave asymmetrically so that only those « sub-
units not interacting with the 8 subunit are di-
rectly involved in the catalytic process. An asym-
metric model for the ATPase based on other evi-
dence has been proposed previously [22].

A final point emerging from the studies de-
scribed in this paper concerns the mechanism of
the activation of ATPase activity by LDAO.
Lotscher et al. [28] suggested that activation was
due to the LDAO-induced movement of the in-
hibitory e subunit from an active site on a B
subunit. This was based on the loss of EDC-
mediated cross-linking of § to ¢ in the presence of
LDAO. However, we show here that the ATP and
MgCl, present in the ATPase assay during the
measurement of LDAO activation effectively
counteract the inhibitory effect of LDAO on the
EDC cross-linking of B to e. Thus, ¢ does not
necessarily change its structural relationship to
in the course of LDAO activation of the ECF,.
Another explanation for LDAO activation must
be sought.
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