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Role of the Subunits of the Energy-Transducing Adenosine Triphosphatase
from Micrococcus lysodeikticus Membranes studied by Proteolytic

Digestion and Immunological Approaches
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An energy-transducing adenosine triphosphatase (ATPase, EC 3.6.1.3) that contains an
extra polypeptide (9) as well as three intrinsic subunits (a, f, y) was purified from Micro-
coccus lysodeikticus membranes. The apparent subunit stoichiometry of this soluble
ATPase complex is a,f8,yd. The functional role of the subunits was studied by correlat-
ing subunit sensitivity to trypsin and effect of antibodies raised against holo-ATPase and
its a, B and y subunits with changes in ATPase activity and ATPase rebinding to mem-
branes. A form of the ATPase with the subunit proportions 1.67(a):3.00(8):0.17(y)
was isolated after trypsin treatment of purified ATPase. This form has more than twice
the specific activity of native enzyme. Other forms with less relative proportion of a sub-
units and absence of y subunit are not active. Of the antisera to subunits, only anti-(8-
subunit) serum shows a slight inhibitory effect on ATPase activity, but its combination
with either anti-(a-subunit) or anti-(y-subunit) serum increases the effect. The results
suggest that # subunit is required for full ATPase activity, although a minor proportion
of a and perhaps y subunit(s) is also required, probably to impart an active conforma-
tion to the protein. The additional polypeptide not hitherto described in Micrococcus
lysodeikticus ATPase had a molecular weight of 20000 and was found to be involved in
ATPase binding to membranes. This 20000-dalton component can be equated with the
d subunit of other energy-transducing ATPases and its association with the (a, £, y) M.
lysodeikticus ATPase complex appears to be dependent on bivalent cations. The
present results do not preclude the possibility that the p subunit also plays a role in ATP-
ase binding, in which, however, the major subunits do not seem to play a role.
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The ATPases (EC 3.6.1.3) from energy-trans-
ducing membrane systems play a key role in cell
energy transduction. These enzymes, named F, fac-
tors, can be easily solubilized from their membrane
complexes and subsequently purified by conven-
tional procedures (Senior, 1973; Pedersen, 1975;
Kozlov & Skulachev, 1977). They have been charac-
terized as oligomeric proteins made up of three to
five subunits, depending on their origins. Mitochon-
drial and chloroplast F, factor contain five subunits
designated as a, B, y, d and ¢ with respective
molecular weights of 55000, 50000, 35000, 15000
and 12000 (Penefsky, 1974; Pedersen, 1975; Nel-

Abbreviations used: F, factor, the water-soluble por-
tion of the ATPase—~ATP synthetase complex, or water-
soluble coupling factor; BF, factor, bacterial F, factor;
SDS, sodium dodecyl sulphate.
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son, 1976) on the basis of their relative mobilities in
SDS/polyacrylamide-gel electrophoresis. Bacterial
F, factors from Escherichia coli (Vogel & Steinhart,
1976), Streptococcus faecalis (Abrams et al., 1976a)
and the thermophile bacterium PS,; (Yoshida et al.,
1977) are also made up of five subunits, thus appear-
ing structurally similar to the F, ATPases from
mitochondria and chloroplasts. However, two to
three subunits have been identified in purified BF,
factors from aerobic Gram-positive cocci and bacilli;
a, B and y subunits have been found in Micrococcus
lysodeikticus BF, factor (Andreu et al, 1973;
Andreu & Munoz, 1975; Carreira et al., 1977), and
only the two major subunits (a and f) in ATPases of
Bacillus megaterium and Bacillus subtilis (Mirsky
& Barlow, 1973; Serrahima-Zieger & Monteil,
1978).
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In order to understand the molecular basis of
energy transduction in the different systems, a com-
parison of the roles of each subunit in different ATP-
ases is needed. The functions of the subunits have
been studied by experiments with antibodies against
each of them in the case of F, factor from chloro-
plasts (Nelson et al., 1973) and E. coli (Kanner et
al., 1975), by controlled proteolytic digestion of
chloroplast F, factor (Deters et al., 1975) and bac-
terial ATPases (Nelson et al., 1974; Bragg & Hou,
1975; Abrams et al., 1976b; Hockel et al., 1976)
and by reassociation of dissociated subunits
(Yoshida et al., 1975, 1977; Vogel & Steinhart,
1976; Smith & Sternweis, 1975). From these studies,
no integrated point of view has yet emerged. On the
one hand, it has been concluded that subunits a plus
B are required for catalytic activity (Deters et al.,
1975; Hockel et al., 1976), but in other cases such
complexes showed no activity (Yoshida et al., 1977).
The minor subunits (y,  and ¢) have been involved
in ATPase binding to the membranes (Smith &
Sternweis, 1975; Sternweis, 1978); it has been
shown that a segment of a subunits of S. faecalis
ATPase plays a critical role in the attachment of the
enzyme to the membrane (Abrams et al., 1976b).
Functional roles for y, d and ¢ subunits have also
been suggested (Nelson et al., 1973; Nelson &
Karny, 1976; Larson & Smith, 1977; Yoshida et al.,
1977).

In view of this complexity, the analysis of the sub-
unit function of ATPases differing in the number of
their subunits appears to be of great significance for
a definition of the structure—function relationships in
energy-transducing proteins. In this paper we
describe the degradation of subunits of M. lysodeik-
ticus ATPase by proteolytic enzymes, correlating it
with loss of enzyme activity and ability to rebind to
the membranes, as well as the effect of antibodies
raised against whole ATPases and their three main
subunits (a, # and ) on these activities. ATPase
forms with different subunit patterns have also been
used as tools to determine the role of each subunit.
An additional polypeptide component, of M. lyso-
deikticus ATPase, of molecular weight 20000, simi-
lar to that of the J subunit, has been identified. This
component seems to play a role in ATPase binding
to the membrane.

Materials and Methods

Preparation of soluble ATPase

Micrococcus lysodeikticus strain A was grown
and harvested as described (Andreu et al., 1973;
Carreira et al., 1976a).

Membranes were prepared by osmotic shock of
cell protoplasts (Muifioz et al., 1969), except that
10mMm- instead of Smm-MgCl, was used during
protoplast formation. The membrane-bound ATP-

ase was released into solution by suspension of care-
fully washed membranes for 10min in 3 mMm-
Tris/HCI (pH 7.5) and centrifugation at 35000g for
30min. During the first membrane washes a mini-
mal concentration of MgCl, (0.010-0.050mm) was
maintained. The depleted membranes were frozen as
a pellet and kept to assay reattachment of the soluble
purified ATPase.

The differences in the use of MgCl, are relevant to
explain the presence of a new polypeptide in purified
M. lysodeikticus ATPase (see below).

Purification of the ATPase and its subunits

The crude soluble ATPase was purified by pre-
parative polyacrylamide-gel electrophoresis as pre-
viously described (Andreu & Mufioz, 1975). When
analysed in SDS/7%-acrylamide gels, freshly puri-
fied ATPase contained a, # and y subunits (Car-
reira et al., 1977) in the proportions 3:3:1, to-
gether with variable amounts of B polypeptide
(Carreira et al., 1977; Andreu et al., 1973) and com-
ponents of mobility 1.0 relative to that of Bromo-
phenol Blue used as tracking dye. In 10%-acryl-
amide gels, the components of relative mobility 1.0
were resolved into two components (see the Results
section). In some instances, aged or repeatedly
thawed and frozen ATPase preparations, which
showed overlapping of a and g subunits in 7%-
acrylamide/SDS gels (Nieto et al., 1975), were used.

ATPase subunits (a, § and p) were isolated as
random-coil polypeptides by preparative gel electro-
phoresis of purified ATPase in the presence of 8 M-
urea, required to dissociate the enzyme fully (An-
dreu & Murnoz, 1975; Andreu et al., 1976).

Analytical gel electrophoresis in non-dissociating
and dissociating conditions was carried out at
pH8.5+0.2 as reported (Andreu et al., 1973). Gels
of 7% acrylamide/0.18% NN'-methylenebisacryl-
amide or 10% acrylamide/0.28% NN'-methylene-
bisacrylamide were used. Electrophoreses were run
at room temperature, first at 2mA/column (20 min)
and then at 5SmA/column (2h).

In SDS/polyacrylamide-gel electrophoresis, gels
and buffer contained 0.1% SDS and samples were
pretreated with a detergent:protein ratio of 10:1
(w/w) at 85°C for 5min. In urea/polyacrylamide-gel
electrophoresis, gels and upper buffer contained 8 M-
urea/1 mMm-dithiothreitol, whereas the lower chamber
did not contain urea. Samples were treated with
10M-urea/ 5 mM-dithiothreitol ~ before  electro-
phoresis. Solutions of urea were freshly prepared
before each use to avoid carbamoylation of proteins
(Stark et al., 1960).

Gels were stained with either Coomassie Brilliant
Blue R250 (Fairbanks et al., 1971) or Coomassie
Brilliant Blue G-250 (Dietzel et al., 1972) and
scanned at 575nm in a Gilford 2400 spectrophoto-
meter equipped with a 24108 linear transport.
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Preparation of antisera

Antibodies were raised against purified ATPase
from M. lysodeikticus membranes judged to be more
than 95% homogeneous by polyacrylamide-gel elec-
trophoresis. Pure enzyme (0.4 mg) was incorporated
in Freund’s complete adjuvant to a final volume of
1ml and injected subcutaneously to rabbits. The rab-
bits were given weekly subcutaneous injections (each
containing 0.4mg of pure ATPase) without ad-
juvant for a period of 3 weeks; 2 weeeks later, the
rabbits were given a subcutaneous booster injection
of ATPase (0.4mg). The rabbits were bled from an
ear vein 1 week after the last injection. After irrita-
tion of the ear with xylene, the border vein of the ear
was punctured with a needle and blood was col-
lected. After clotting, serum was obtained, heated at
55°C for 30 min to inactivate complement (Brody &
Carlstrom, 1961) and stored without preservative at
—20°C.

Antisera were also prepared against a, § and y
subunits judged to be more than 92% homogeneous
by gel electrophoresis in dissociating conditions.
Rabbits were immunized intradermally into the foot-
pad with a suspension of 300ug of each subunit in
about 1ml of 30mm-Tris/HCI (pH 7.5) mixed with
an equal volume of Freund’s complete adjuvant,
followed by three weekly immunizations as above.
After 1 week’s rest, the animals were boosted sub-
cutaneously with 200 ug of each protein. Blood and
serum were obtained as described above. Control
sera were obtained from the blood of each rabbit
before immunization.

Immunodiffusion

The Ouchterlony immunodiffusion reaction was
carried out in agarose-coated plates as described by
Campbell et al. (1964). The gels were prepared at
0.8% (w/v) agarose in 30mm-Tris/HCl (pH7.5).
After overnight incubation at room temperature in a
moisture chamber, precipitation patterns were exa-
mined directly.

Immunoelectrophoresis

This was performed on 10cm x 8 cm plates coated
with agarose (0.8cm thick) (Clausen, 1969). The
gels were prepared at 0.8% (w/v) in 30 mM-Tris/HC1
(pH 7.5). Samples containing about 25ug of protein
were applied to wells 1.5mm in diameter and sub-
jected in 20mm-Tris/HCI buffer (pH 7.5) to electro-
phoresis at 300V for 2h at 10°C in a LKB Multi-
phor apparatus. Whatman paper, soaked in buffer
and laid on both ends of the plates, connected the
buffer solution in the anode and cathode compart-
ments with the agarose surface. After the electro-
phoretic run, a trough (well) was filled with anti-
serum and the plates were developed in a moisture
chamber at room temperature for 24 h.
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Analytical procedures

ATPase activity was measured as described by
Muiioz et al. (1968a,b). One unit of enzyme activity
is defined as the amount able to liberate 1umol of
P,/min at 37°C under the experimental conditions
described by Mufioz et al. (1968b). Protein was
determined by the method of Lowry et al. (1951),
with bovine serum albumin (Sigma Chemical Co.,
St. Louis, MO, U.S.A.) as standard.

Inhibition of ATPase activity by antisera

The ability of the antisera (to holo-ATPase and a,
B and y subunits) to inhibit activity of ATPase was
examined by preincubating the purified enzyme
(0.06 unit) for 2h at room temperature with increas-
ing amounts of antisera in 600 ul of 30 mM-Tris/HCI
(pH1.5). Portions (150ul) were withdrawn from
these mixtures and assayed for ATPase activity with
the following modification: the reaction was stopped
by the addition of 0.2ml of 12.5% (w/v) trichloro-
acetic acid and P, in the supernatant after centri-
fugation at 0°C (30min at 37000g) was measured
(Mufioz et al., 1968a,b).

Re-insertion of ATPase into depleted membranes

The procedure for measuring rebinding of ATP-
ase to depleted membranes was as follows. Pure
ATPase (0.12 unit) was mixed with depleted mem-
branes (500ug of protein) in 200ul of 30mm-
Tris/HC1 (pH 7.5)/20mM-MgCl,. The mixture was
vigorously shaken for Smin, subsequently incu-
bated for 15min at 37°C and then centrifuged at
43000g for 30min. The supernatant was recovered
and the sediment was washed once with the same
buffer and resuspended in 1004l 30mMm-Tris/HCI
buffer (pH7.5). ATPase activity was measured in
sediment and supernatant. Samples without Mgt
served as controls of non-specific binding.

In other cases, re-insertion experiments were
carried out with either *H-labelled ATPase purified
from cells grown in the presence of 3H-labelled
amino acids (a gift from Dr. C. Mufioz) or %I-
labelled ATPase prepared by iodination with chlor-
amine-T (a gift from Dr. N. Rubio). The procedure
to perform rebinding was as above and ATPase
bound to the sediment was measured by radio-
activity counting (Larraga & Mufioz, 1975).

Trypsin treatment

Samples of purified ATPase were incubated with
trypsin at 37°C for different times in 200ul of
30mwm-Tris/HCI (pH 7.5) at trypsin/ATPase ratios
of 1:20 to test the effect of the proteinase on ATP-
ase subunits and enzyme activity, or 1:15 to corre-
late the effect of subunit modification with ATPase
re-insertion into the membrane. To stop the action of
trypsin, a 2-fold excess of soya-bean trypsin inhibitor
was added. After these treatments, samples were
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analysed for ATPase activity or ability to rebind to
the membranes. These properties were correlated
with electrophoretic patterns in SDS or urea. Con-
trols were run showing that the trypsin inhibitor did
not influence the properties of the ATPase.

ATPase forms after trypsin treatment were iso-
lated by micro-preparative gel electrophoresis.
Trypsin-digested samples were run on 7% gels as
described before. Every sample, containing about
40ug of protein, was loaded on a minimum of four
different gels run at the same time. One of the gels
was stained with Coomassie Blue G-250 for the
rapid location of protein bands, whereas another was
stained for the histochemical detection of ATPase
(Mufioz et al., 1968b). Once the mobilities of the
bands were measured, the proteins were eluted with
30mmMm-Tris/HC1 (pH 7.5) from transverse slices of
the corresponding zones and ATPase activity was
measured, and the urea/- or SDS/-polyacrylamide-
gel patterns were analysed. ATPase samples un-
treated with trypsin were run under the same condi-
tions and used as controls.

Results

Characterization of antisera against ATPase and its
subunits

The antigenicity of the purified ATPase from
Micrococcus lysodeikticus has been demonstrated in
previous work (Mufioz et al., 1969; Whiteside &
Salton, 1970). The antigenicity of the isolated sub-
units of M. Ilysodeikticus ATPase is demonstrated
for the first time in the present work. Moreover, this
is, to our knowledge, the first demonstration that F,
subunits isolated in urea are antigenic, because in
previous studies with chloroplast and E. coli F, fac-
tor, SDS—subunit complexes were used as antigens
(Nelson et al., 1973; Kanner et al., 1975).

Fig. 1 illustrates these immunological experi-
ments. Fig. 1(a) shows the typical single precipitin
line given by the ATPase antiserum when tested
against the enzyme. The holo-ATPase reacted with
antisera against isolated a and 8 subunits (see Fig.
16). The isolated a, § and p subunits reacted with
anti-ATPase antiserum and with their respective
antisera (see Figs. 1c¢ and 1d). This indicates that
antigenic determinants of the subunits are expressed
in whole ATPase. The antisera to subunits did not
cross-react. It is worth noting that the differences in
mobility towards the anode of the isolated a and g
subunits reflect their net negative charge (Andreu et
al., 1976).

Effect of antisera on ATPase activity of the purified
enzyme.

Fig. 2 illustrates the effect of the antibodies on the
ATPase activity of purified enzyme. As shown in
Fig. 2(a), the anti-(holo-ATPase) serum completely
inhibited the activity, but of the anti-subunits sera,

only anti-(f-subunit) serum showed a slight effect.
The results obtained with combinations of different
antibodies are shown in Fig. 2(b). The combination
of anti-(f-subunit) serum with either anti-(a-sub-
unit) or anti-(y-subunit) serum increased their effect
to inhibit up to 50% of ATPase activity. However,
the combination of anti-(a-subunit) and anti-(y-sub-
unit) serum did not show any effect. Combination of
the three antibodies had no additional effect as
compared with the combination of anti-(#-subunit)
plus anti-(a-subunit) or anti-(y-subunit) serum. Simi-
lar effects of the antisera were observed on the
activity of a trypsin-digested (90min) ATPase (see
below).

Sensitivity of ATPase activity of the purified en-
zyme to trypsin

The effect of trypsin digestion on the ATPase
activity of M. lysodeikticus ATPase is shown in Fig.
3. The activity did not change for the first 10min
incubation under these conditions. After this lag
phase, a gradual decrease in activity to about 50% of
the original value was observed over a period of
about 50min. Incubation of the ATPase with tryp-
sin for another period of 2h did not substantially
modify the 40% residual catalytic activity. This fact
is interesting because it confirms the presence of a
catalytic core in M. Ilysodeikticus ATPase that is
resistant to trypsin digestion, as suggested from pre-
vious work with other active forms of the enzyme

« (Carreira et al., 1977). In this respect the difference

from the ATPase of Streptococcus faecalis is self-
evident (Abrams et al., 1975; Carreira et al., 1977).
It is also noteworthy that by heating the ATPase in
absence of proteinase (control), a slight activation of
the enzyme was produced (results not shown).

In order to correlate the changes in activity with-
changes in the subunit pattern, ATPase samples
were taken at different times during incubation with
trypsin and electrophoresed in gels containing SDS
or urea. The first system was used to obtain better
resolution of the minor subunits, whereas the urea
system gave better resolution between a and f sub-
units. It is known from previous work that the over-
lapping of a and f subunits on gels occurred rapidly
after digestion of the ATPase with trypsin (Carreira
et al., 1976b, 1977). Fig. 4(a) illustrates the experi-
ments with SDS/polyacrylamide-gel electrophoresis
showing that the digestion of the y subunit and the
displacement of a subunit towards the mobility of
the B subunit are not concomitant with loss of ATP-
ase activity (compare Figs. 3 and 4). Fig. 4(b) illus-
trates the scans obtained after urea/polyacrylamide-
gel electrophoresis, which clearly show the progres-
sive destruction of the a subunit and the relative
resistance of the f subunit during digestion of ATP-
ase with trypsin. In both sets of experiments it is
possible to identify the presence of components
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Fig. 1. Reactivity and specificity of antibodies against Micrococcus lysodeikticus BF -ATPase and its three main subunits
(a) Immunodiffusion experiments showing the reaction of anti-ATPase serum with the holoenzyme. Centre well,
35ug of purified ATPase. Outer wells, dilutions of anti-ATPase serum as follows: (1), undiluted; (2), 1/5; (3), 1/10;
(4), 1/20; (5), 1/40; (6), 1/80. (b) Immunoelectrophoresis patterns of ATPase reaction with antisera against ATPase
and its a and f subunits. ATPase samples (20 ug of protein) were in well (1); trough wells contained 1504l of the
following sera; I, anti-ATPase; II, anti-(a-subunit); III, anti-(f-subunit); but in the mixture of anti-( a-subunit) and
anti-(f-subunit) sera (I +1III), 75ul of each serum was used. (¢) Immunoelectrophoresis patterns of isolated a and
B subunits with anti-ATPase serum (I). Subunit samples contained 30ug of protein; trough wells contained 150 ul of
serum. (d) Immunoelectrophoresis patterns of isolated a, # and y subunits with their antisera (II, anti-a; III, anti-g;
IV, anti-y). Subunit samples contained 30ug of protein, except in the mixtures of a and § subunits (15 ug each);
trough wells contained 1504l of the respective sera.
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Fig. 2. Effect of antibodies (a) and their combination (b)
on the ATPase activity of M. lysodeikticus BF, factor
For experimental details see the Materials and
Methods section. (a): ———-, control; antibodies: A,
anti-ATPase; A, anti-(a-subunit); @, anti-(8-sub-
unit); O, anti-(y-subunit). (&): ————, control; anti-
bodies: [, anti-(a-subunit) + anti-(y-subunit); W,
anti-( a-subunit) + anti-(f-subunit); v, anti-(g-sub-
unit) + anti-(y-subunit); V¥, anti-(a-subunit) + anti-
(B-subunit) + anti-(y-subunit). In these experiments,
the sera were mixed in equal volumes to give the
final amount indicated on the abscissa.

derived from modification of the subunits, such as §’
(Fig. 4a) and x and y (Fig. 4b), which remain appar-
ently unaltered through the process of digestion of
ATPase. A quantitative analysis of these results is
shown in Table 1; the residual ATPase activity cor-
relates well with the percentage left of a+f sub-
units, in general, and with that of § subunit, in par-
ticular. However, correlation does not exist between
percentage of ATPase activity and amount of y sub-
unit, although the requirement for small amounts of
this subunit for activity cannot be ruled out.

In an attempt to define further the role of sub-
units in M. lysodeikticus ATPase activity, forms of
the enzyme were isolated after its digestion with
trypsin. Table 2 summarizes the properties of the
two main components obtained after a 30 min diges-
tion of ATPase with trypsin. Both forms have, as
expected, higher mobilities than the control. The
slowest one possesses twice the specific activity of
native ATPase, whereas the fastest component is
inactive. The comparison of the proportions of sub-
units between the forms allows us to conclude that
the B subunit is essential for activity, but it requires
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Fig. 3. Time course of the effect of trypsin on ATPase

activity of M. lysodeikticus BF, factor
ATPase (50ug) was incubated with 2.5ug of tryp-
sin as described in the Materials and Methods sec-
tion. Samples corresponding to 5 ug of ATPase were
withdrawn at different intervals, trypsin inhibitor
was added and the mixture was assayed for ATP-
ase activity. For other details see the Materials and
Methods section.

for activity at least one a subunit per three § sub-
units to maintain or impart the appropriate con-
formation. On this ground, the role of y subunit in
ATPase activity is very unlikely. These results con-
firm that £ subunit is not active by itself, as suggested
from previous work (Andreu & Mufioz, 1979), and
demonstrate that component £, a product of the
degradation of a subunit, is not involved in ATPase
activity.

Rebinding of the ATPase to the membranes and
effect of trypsin digestion and antisera on it

Mg?+ was essential for attachment of ATPase to
the membrane. The omission of this bivalent cation
from the assay completely abolished ATPase re-
binding. Measurements of binding as a function of
ATPase concentration (results not shown) indicated
that saturation occurred at close to 100ug of ATP-
ase bound/mg of protein of depleted membranes, a
value which is consistent with previous estimates of
the amount of ATPase bound to native M. lysodeik-
ticus membranes (Mufioz et al., 1969). Interest-
ingly, these experiments also showed that, irrespec-
tive of the ATPase concentration used, about 50%
of the ATPase molecules were efficient in rebinding.
This suggested that half of the ATPase molecules
were defective in the structural feature(s) that is (are)
essential for binding (see the Discussion section).
The possibility that this finding is the consequence of
the heterogeneity in orientation of the membrane
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preparation seems unlikely, because such a result
was even obtained when an excess of potential ATP-
ase-binding sites may be available to ATPase

(a) (b)

(1)

(1) L

(2)

2) L

A 575

(3)

T

ﬂ!
(4) m (4)
a  y1.0 af

Fig. 4. Analysis by gel electrophoresis in SDS (a) and in
8M-urea (b) of the subunit modification induced by tryp-
sin in M. lysodeikticus BF ,-ATPase
ATPase samples (70 ug) were incubated with tryp-
sin (3.5ug) for different times: (1), 90min; (2),
30min; (3), 15min; (4), zero time. After processing
as described in the Materials and Methods section,
the samples were analysed by SDS/- or urea/-7%-
acrylamide-gel electrophoresis. Migration was from

left to right (+).

because of the very low concentration of ATPase
used.

The ability of ATPase to rebind to depleted mem-
branes was very sensitive to trypsin. It was there-
fore necessary to study the effect of the proteinase in
shorter incubation times than those above to corre-
late structural modifications with the inability of the
ATPase to reattach to membranes. Fig. 5 illustrates
a typical experiment showing the effect of trypsin on
ATPase binding and its correlation with SDS/poly-
acrylamide-gel-electrophoresis patterns. To increase
the resolution of the electrophoretic system in the
zone of low-molecular-weight components, 10%-
acrylamide gels were used. The components of rela-
tive mobility 1.0 in 7%-acrylamide gels (see Fig. 4)
were thus resolved (Fig. 5a) into two components:
one of relative mobility 0.85 (mol.wt. 20000) and
another of relative mobility 1.0, which now repre-
sented a very small percentage of material. The
former component has a molecular weight similar to
that of the d subunit in other F,-ATPases, and had
not hitherto been reported in M. lysodeikticus ATP-
ase (Andreu et al., 1973). Its association with the in-
trinsic BF, molecule (a,B,y subunits) seems to be
dependent on the presence of Mg?* in the mem-
branes before solubilization of ATPase, and can be
reversed by EDTA treatment of the purified ATP-
ase (F. Mollinedo, unpublished work). In most pre-
parations, one molecule of this J subunit was found
per molecule of the a,f,y complex, considered pre-
viously as the intrinsic holo-ATPase (Andreu et al.,
1973). After 5s treatment with trypsin, the a sub-
unit underwent a selective modification in its pri-
mary structure, being quantitatively transformed
into an a’ form, which is distinguishable from the
subunit in the 10%-acrylamide system (Fig. 5a); this
is another advantage as compared with the 7%-
acrylamide/SDS-gel-electrophoresis system. On the
other hand, about 50% of the component of relative
mobility 0.85 was destroyed (Fig. 5a and Table 3),
which is consistent with a 50% decrease in the
amount of ATPase bound to the membranes (Fig.

Table 1. Sensitivity to trypsin of the three main subunits (a, f and y) of Micrococcus lysodeikticus BF, factor in relation
to ATPase activity
M. lysodeikticus ATPase samples (60ug of protein) were treated with trypsin (3ug) for different times as described
in the Materials and Methods section. Portions (5 ug of ATPase) were assayed for ATPase activity and the rest of
the samples were electrophoresed. After the analysis by SDS/- or urea/-polyacrylamide-gel electrophoresis (Fig. 4),
the areas of the subunits were calculated from the densitometric scans of the gels stained with Coomassie Blue R-250.

Subunit area (% of zero-time value)

lan —A N
Electrophoresis ... Urea SDS
Trypsin treatment —Hr— ——H— ATPase activity

(min) a B a+p y (%)

0 100 100 100 100 100

15 56.9 71.8 71.5 31.1 70

30 35.7 62.3 67.0 14.6 58

90 12.2 35.6 335 6.8 46
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Table 2. Relationship between activity and subu:nit composition of ATPase forms isolated after trypsin digestion of
Micrococcus lysodeikticus BF, factor
ATPase was treated with trypsin for 30min (see Table 1) and the product of digestion was analysed and processed
as described in the Materials and Methods section. The amount of protein corresponding to each band was calculated
from the densitometric scans of gels run in non-dissociating conditions. For other details see the text and Table 1.

Relative mobility
Enzyme form (Bromophenol Blue =1.00)
Control ATPase 0.28
Active ATPase band 0.34
Non-active ATPase band 0.59

Protein staining Specific activity Subunit proportions
(% of total) (umol/min per mg) a:f:p':y
85.6 6 2.72:3.00:0.03:1.30
41.5 15 1.67:3.00:0.16:0.17
14.3 0 0.43:3.00:5.38:0.00

(b) 1
20min
1min
a
<
5s
aan’fp )y 085 1.0
(0) _
g
L
(a) 60 B
1004 =
[
i=1
s
8o} -g
> o
& E
- G
°E° 60 o o 30 c?o
@ &
a0 3
o
5
Qo
20} )
[*]
[z}
I
a
TR S S B L1 0 =
0 1 2 3 4 5 10 15 20 <

Incubation time (min)

Fig. 5. Effect of trypsin on rebinding of M. lysodeikticus
BF,-ATPase (a) and analysis by SDS/10%-acrylamide-
gel electrophoresis of the subunit modification induced by
the proteinase (b)
For experimental details see the Materials and
Methods section. Migration was from left to right
(+); arrow indicates the position of the tracking dye.

5b). At the same time the y subunit underwent a
similar degradation, also suggesting there is correla-
tion between the defective binding of the ATPase
and the destruction of that subunit. The plateau at
50% binding ability of the ATPase corresponded
well to the residual amount of y subunit and 0.85-
relative-mobility component (J subunit), and the al-

most total disappearance of this component cor-
related well with a 100% loss of ATPase reattach-
ment, although 25% of the y subunit was left. This
effect was accompanied by a limited degradation of
the a subunit. These results show that the 0.85-rela-
tive-mobility component (J subunit) of M. lysodeik-
ticus ATPase is required for binding of the enzyme
to the membrane. This result was confirmed by the
isolation of an ATPase deficient in J subunit by
20min incubation of the enzyme with trypsin and
subsequent micro-preparative gel electrophoresis
(see the Materials and Methods section). The iso-
lated protein, with subunit composition a’,f,y, ,,
was unable to rebind to the membranes, i.e. less than
1% of the amount of 2’I-labelled protein was found
in the sediment after the binding assay. These results
make less likely a role of the y subunit in ATPase
binding to the membrane, although its role cannot be
totally precluded. However, the necessity of intact-
ness of the a subunit for the attachment of the ATP-
ase to the membrane appears to be less significant.
This notion was confirmed by experiments on ATP-
ase binding by using enzyme preparations that have
undergone a spontaneous degradation of a subunit
and its transformation into the a’ form, to overlap
with B subunits in 7%-acrylamide/SDS gels (see the
Materials and Methods section). These preparations
showed the same 50% efficiency in rebinding.

It is worth noting that similar results were ob-
tained in binding experiments irrespective of the
technique used.

Discussion

The homologies of F, factors from different
origins (mitochondria, chloroplasts and bacteria)
have been demonstrated (see Pedersen, 1975, for a
review). A detailed exploration of the structural
differences between these proteins in connection with
the functional diversity of the energy-transducing
machineries appears to be worthwhile for an under-
standing of their structure—function relationship. In
this regard, Micrococcus lysodeikticus BF, ATPase
seems to be an interesting model. It belongs to the
energy-transducing membrane complex of a strict
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Table 3. Sensitivity to trypsin of the subunits of Micrococcus lysodeikticus BF | factor in relation to rebinding of ATPase
' to the membrane
Samples containing 60ug of ATPase were treated with trypsin (4 ug) for 5s or 20min as described in the Materials
and Methods section and subsequently analysed by electrophoresis in SDS/10% acrylamide gels (Fig. 5). The areas
of the subunits were calculated from the densitometric scans of the gels stained with Coomassie Blue R-250 and
were correlated with the ability of the treated samples to rebind to the membranes.

ATPase rebinding
Trypsin treatment (%)
0 100
5s 50
20 min 0

Subunit area (% of zero-time value)

a+p y ]
100 100 100
76.5 54.1 57.8
71.05 23.3 0.0

aerobe and possesses a subunit pattern of inter-
mediate complexity between that of five-subunit
ATPases (mitochondria, chloroplasts, S. faecalis
and E. coli) and that of ATPases from other aerobic
bacteria, which are apparently made up of two sub-
units. The quaternary structure of purified M. lyso-
deikticus BF, factor (Andreu et al., 1973; Andreu &
Muiioz, 1975) was shown to consist of three well-
defined subunits, referred to as a, § and y on the
basis of their molecular weights. Trypsin was un-
able to stimulate the purified enzyme (Andreu et al.,
1973), which correlated well with the absence of a
subunit (¢) in the 10000-12000-mol.wt. range. A
subunit of this kind appears to be the natural inhibi-
tor of ATPase from mitochondria (Penefsky, 1974),
chloroplasts (Nelson, 1976) and E. coli (Smith &
Sternweis, 1975). Moreover, it had been suggested
from previous work that the natural inhibitor of M.
lysodeikticus ATPase was a polypeptide of about
25000mol.wt. that readily dissociated from the BF,
complex (Carreira et al., 1976b). In the present
work, a new polypeptide component of M. lysodeik-
ticus BF, factor has been identified. This polypep-
tide, whose molecular weight is similar to that of the
J subunit of other F factor systems (Pedersen,
1975; Nelson, 1976; Bragg & Hou, 1975), may also
be considered equivalent to the J subunit on account
of its functional role (see below). This result then ex-
tends the similarities between different ATPase sys-
tems, but raises questions about the significance of
associated polypeptides as ATPase subunits and
their dependence on the isolation procedure. Further
work is required to answer these questions. Pre-
liminary evidence suggests that the association of
this d-like subunit with M. lysodeikticus BF, factor
depends on bivalent cations (F. Mollinedo, unpub-
lished work). _

The subunits of M. lysodeikticus BF | factor could
not be dissociated unless fully denaturing conditions
were employed (Nieto et al, 1975; Andreu &
Murioz, 1979). These characteristics have hampered
reconstitution studies of M. lysodeikticus BF ,, aimed
at defining the role of each subunit (Andreu &
Mufioz, 1979). Therefore we approached the prob-
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lem indirectly. The combined use of trypsin diges-
tion and specific antibodies.has provided evidence to
support the notion that the f subunit is essential for
the ATP-hydrolytic acitivity of M. lysodeikticus BF,
factor, although this subunit requires a minor pro-
portion of a subunit, i.e. 1 molecule of a per 3 mole-
cules of B8, to be active. A similar conclusion has
been reached for the ATPase of Micrococcus
A.T.C.C. 398 (Hockel et al., 1976).

The present paper provides evidence to support
the role of the minor subunits in the binding of M.
lysodeikticus BF, factor to the membranes, which
seems to be a general property of all F,-factor sys-
tems studied (Sternweis & Smith, 1977; Abrams et
al., 1976a; Nelson & Karny, 1976). At the same
time, the present study does not support the notion
that the a subunit or any of its fragments plays arole
in the binding of M. lysodeikticus BF, factor to the
membrane, therefore confirming the earlier observa-
tion by Salton & Schor (1972). These results are un-
like those reported by Abrams et al. (1975, 1976b)
on 8. faecalis ATPase and by Bragg & Hou (1978)
on E. coli ATPase. The reasons for this difference
are not known at present, but it is tempting to think
that an answer to this question will arise from care-
ful sequence studies of the fragments responsible for
ATPase binding.

The identification of the & polypeptide component
in M. lysodeikticus BF, factor was crucial in under-
standing attachment of ATPase to the membrane. In
the light of these findings, which extend the exist-
ence and role of J subunits in the F -factor system, it
is worth noting that a study of the binding proper-
ties of B. megaterium and B. subtilis ATPases would
be extremely rewarding, since these enzymes possess
only a and f subunits (Serrahima-Zieger & Monteil,
1978). The fact that 50% of the ATPase molecules
present in our assays were able to bind to the mem-
branes suggests that half of the enzyme molecules
lacked some components that ensure the associa-
tion of the ATPase with the membrane and were
therefore deficient in & or y subunits.

On the other hand, the possibility arises from the
present studies that the y subunit also plays a role in
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the binding of ATPase to the membrane. It may be
suggested that y subunit is required for the attach-
ment of J subunit to the ATPase complex, or that
more than one y subunit per molecule of ATPase
(see above) is necessary for the proper binding. In
any case, this is the first report where a possible role
of a y subunit in ATPase binding to the membrane is
suggested. Structural-functional roles for the y sub-
unit in ATP hydrolysis and synthesis have been sug-
gested in F,-ATPases of chloroplasts (Nelson, 1976)
and E. coli (Futai, 1977; Larson & Smith, 1977).

The immunological studies carried out in the
present work extend those performed earlier by
Whiteside & Salton (1970). These authors demon-
strated that anti-ATPase antibodies completely in-
hibited the ATPase activity non-competitively, also
suggesting that the antiserum was acting on sites ad-
jacent to the catalytic site and inducing conforma-
tional changes. This may explain the present results,
showing low efficiency of anti-subunit antibodies to
inhibit ATPase activity, though the relatively stron-
ger effect of anti-(#-subunit) serum supports the view
that this subunit contains the catalytic site of M.
lysodeikticus ATPase. Antisera were tested for their
ability to inhibit ATPase binding to membranes. All
antisera inhibited the binding to a small extent, the
major perturbation being induced by anti-(y-sub-
unit) and anti-(S-subunit) sera. The lack of conclu-
sive results is not surprising in view of the role
played by the J subunits in this property of the ATP-
ase, which should be taken into account in future
immunological approaches to this problem.

In summary, this work has allowed us to advance
our understanding of the structural-functional rela-
tionship of M. lysodeikticus ATPase and represents
the first work of this kind performed on a BF, en-
zyme from an aerobic bacterium.

We are indebted to Professor E. Racker (Cornell
University, New York) for discussion and helpful critic-
ism of the manuscript. The work was supported by a
grant from Fondo Nacional para el Desarrollo de la
Investigacion (E. M.) and by a fellowship from the Insti-
tuto Nacional para Asistencia y Promocion del
Estudiante (F. M.).
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