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ABSTRACT

Corn mitochondrial F,-ATPase was purified from submitochondrial
particles by chloroform extraction. Enzyme stored in ammonium sulfate
at 4°C was substantially activated by ATP, while enzyme stored at —=70°C
in 25% glycerol was not. Enzyme in glycerol remained fully active (8-9
micromoles P; released per minute per milligram), while the ammonium
sulfate preparations steadily lost activity over a 2-month storage period.
The enzyme was cold labile, and inactived by 4 minutes at 60°C. Treat-
ment with octylglucoside resulted in complete loss of activity, while
vanadate had no effect on activity. The apparent subunit molecular
weights of corn mitochondrial F,-ATPase were determined by SDS-
polyacrylamide gel electrophoresis to be 58,000 (), 55,000 (5), 35,000
(), 22,000 (8), and 12,000 (¢). Monoclonal and polyclonal antibodies
used in competitive binding assays demonstrated that corn mitochondrial
Fi-ATPase was antigenically distinct from the chloroplastic CF,-ATP-
ases of corn and spinach. Monoclonal antibodies against antigenic sites
on spinach CF,-ATPase § and v subunits were used to demonstrate that
those sites were either changed substantially or totally absent from the
mitochondrial F,-ATPase.

Analogous proton-translocating ATPases are essential com-
ponents of both mitochondrial respiration (oxidative phosphor-
ylation) and of chloroplastic light-driven ATP synthesis. Both
systems are comprised of two structurally distinct portions. The
easily solubilized hydrophilic, peripheral membrane component
possessing ATPase activity in vitro is generally abbreviated F,-
ATPase in mitochondrial systems and CF,-ATPase in plant
chloroplasts. Similar polypeptides designated as «, 8, v, 6 and
have been characterized in both systems. The second component
of the proton-translocating ATPases functions as a proton
translocator in vivo and consists of a group of hydrophobic
integral membrane proteins abbreviated Fo in both mitochondria
and chloroplasts (for reviews, see Nelson [14], and Senior and
Wise [23]). The mitochondrial F,-ATPases from animals and
the CF,-ATPases from higher plants have been extensively char-
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acterized by chemical, enzymic, and immunochemical methods.
However, the situation in regard to the phosphorylating enzyme
of plant mitochondria is quite different. In comparison to the
amount of information that has been accumulated in animal
systems, very little is actually known about the characteristics of
plant mitochondrial F,-ATPase. This is in large part due to the
difficulties involved in isolating large quantities of plant mito-
chondria. Plant mitochondrial F,-ATPase has been partially
purified from pea cotyledons (7) and castor bean endosperm
(28). Two recent reports (3, 8) have appeared which utilized the
chloroform extraction procedure introduced by Beechey et al.
(2) to solubilize F;-ATPase from submitochondrial particles of
bean and corn mitochondria. The isolation of sweet potato
mitochondrial F,-ATPase was also recently reported (9). No
detailed comparisons of mitochondrial F,-ATPase and chloro-
plastic CF,-ATPase from the same plant species has as yet been
accomplished, and the similarities or differences between these
enzymes can only be inferred by studies of animal mitochondrial
F,-ATPases.

The fact that plant cells contain two unique organelles capable
of energy production by oxidative phosphorylation in one case,
or photosynthetic phosphorylation in the other, makes them an
attractive model for comparative studies. Detailed studies of
plant mitochondrial F,-ATPase will provide the basis for com-
parison to chloroplastic CF,-ATPase. Comparisons of these two
enzymes from the same cell may provide valuable information
on aspects of structure, regulation, biosynthesis, and evolution
of the enzyme within these two organelles. This paper reports
the isolation, purification, physical and enzymic properties of
the F,-ATPase from corn mitochondria. In addition, the anti-
genic properties of this enzyme are compared to those from CF;-
ATPases and mamallian and E. coli F,-ATPases using both
polyclonal and monoclonal antibodies.

MATERIALS AND METHODS

Purification of Corn Mitochondrial F,-ATPase. About 700 g
of etiolated 3- to 4-d-old corn seedlings (NB611) were homoge-
nized for 20 s at full speed in a Waring Blendor with 3 volumes
of 50 mm KH,PO, buffer (pH 7.4) containing 220 mM D-
mannitol, 70 mM sucrose, 0.5 mm EDTA, and 0.05% BSA
(Buffer A). Debris was removed by centrifugation at 1500g x 5
min. Mitochondria were pelleted from the supernatant fluid by
centrifugation at 12,000¢ X 15 min. The mitochondria were
washed by resuspension in 1.5 L of Buffer A and centrifuged as
above. Mitochondria were then resuspended in 200 ml of Buffer
A without BSA, and 40 ml aliquots were disrupted by a 1-min
sonication at maximum output (Bronwill, Biosonic III). Unbro-
ken mitochondria were removed by centrifugation at 12,000g X
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10 min, and SMP? were collected by ultracentrifugation at
100,000¢ x 60 min. The SMP were resuspended in 50 ml of 40
mM Tris-Cl buffer (pH 7.4) containing 1 mM EDTA, 5 mm ATP,
and protease inhibitors (3 mMm p-ABA and 1| mm PMSF) (Buffer
B). All above procedures were caried out at 4°C.

Corn mitochondrial F,-ATPase was dissociated from SMP at
room temperature by slow passage through chloroform. From 5
to 10 ml of the SMP suspension was slowly expelled from a
pipette into the bottom of a 50-ml cylinder containing 40 ml
chloroform. The aqueous phase containing soluble mitochon-
drial F,-ATPase slowly bubbled to the top of the cylinder and
was collected. Any remaining chloroform was removed by cen-
trifugation at 12,000g X 10 min, and then the F,-ATPase solution
was cleared of membrane debris by centrifugation at 100,000g
X 30 min.

The F,-ATPase was precipitated from solution by addition of
an equal volume of saturated (NH,),SO,. After a 30-min incu-
bation at 4°C, precipitated protein was collected by centrifugation
at 12,000g X 15 min at 4°C. The protein pellet was dissolved in
3 to 5 ml of Buffer B containing 8 mM ATP and 2 mm DTT,
and then insoluble material was removed by centrifugation at
12,000¢ X 20 min (20°C). Finally, the F,-ATPase was reprecipi-
tated by (NH,),SO, fractionation between 30 and 50%. The
enzyme was stored as a 50% (NH,),SO, slurry at 4°C for use as
antigen, or redissolved in 25% glycerol containing 4 mM ATP, |
mM EDTA, and 1 mMm DTT and stored at —70°C for kinetic
studies.

Isolation of Other ATPases. Corn and spinach CF,-ATPases
were isolated from thylakoid membrane fractions (12) by a
chloroform release technique previously described (24, 25, 29).
Glycerol (15%) was added after extraction to prevent loss of &
subunits during subsequent DEAE-cellulose chromatography.
The CF,-ATPases were eluted from DEAE-cellulose by 0.3 M
NaCl in 40 mm Tris-Cl buffer (pH 7.4), 3 mM ATP, 1 mm EDTA,
15% glycerol. Further purification was achieved by gel filtration
on Sepharose 4B equilibrated with 0.04 M Tris-Cl buffer (pH
7.4), 3 mM ATP, 1| mMm EDTA. Beef heart F,-ATPase was isolated
as previously described (24, 25). E. coli F;-ATPase was kindly
provided by Dr. L. Heppel, Cornell University, Ithaca, New
York.

SDS-Polyacrylamide Gel Electrophoresis. The subunits of
corn mitochondrial F,-ATPase were separated by SDS-PAGE as
described by Ryrie and Gallagher (20), except the separating gel
was 12% acrylamide, 0.4% methylene-bisacrylamide. The sub-
units of E. coli F,-ATPase, beef heart F,-ATPase, corn CF,-
ATPase, and spinach CF,-ATPase were also separated as above
for comparison of subunit mol wt. Average apparent mol wt for
the subunits were derived from a calibration curve of seven
protein markers plus the subunits of E. coli F,-ATPase. The
protein standards were BSA (6.6 x 10*), ovalbumin (4.5 x 10%),
pepsin (3.47 x 10%), bovine erythrocyte carbonic anhydrase (3.0
% 10%), trypsinogen (2.4 X 10%), lactoglobulin (1.84 x 10%), and
lysozyme (1.43 X 10*) (Sigma). The subunit mol wt of E. coli F;-
ATPase determined from nucleotide sequence data (10) were
also used to establish the mol wt standard curve.

Densitometric analyses of the Coomassie brilliant blue R-250
stained polyacrylamide slab gels or their photo negatives were
done with A LKB model 2202 densitometer.

Enzymatic Assay of Corn F,-ATPase. Enzyme was stored at
—=70°C in 25% glycerol, 4 mMm ATP, | mm EDTA. Under these
conditions the preparations were stable over a period of up to 2
months. Prior to assay, storage nucleotide and glycerol were

2 Abbreviations: SMP, submitochondrial particles; p-ABA, p-amino-
benzoamidine; PMSF, phenylmethyl sulfonylfluoride; ELISA, enzyme-
linked immunosorbent assay; NP-40, actylphenoxypolyethoxyethanol;
Ig, immunoglobulin; IgG, immunoglobulin G; IgM, immunoglobulin M.
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removed by centrifugal filtration (17) using Biogel P-6DG equil-
ibrated with 4mmMm ATP, 0.1 mM EDTA in 50 mM Tricine-NaOH
(pH 8.0), and the enzyme incubated at 25°C for 1 h with 5 mMm
ATP. ATPase activity was determined at 30°C by following
absorbance changes at 340 nm in a coupled assay system con-
sisting of 50 mm Tricine-NaOH (pH 8.0), 5 mMm ATP, 6 mMm
MgCl,, 1.0 mm KCl, 2 mm phosphoenolpyruvate, 0.3 mm
NADH, 12 units of pyruvate kinase, and 17 units lactate dehy-
drogenase in a total volume of 1| ml. During purification the
enzyme activity was determined by P-released assay (22). The
assay mixture (final volume, 0.5 ml) contained 50 mMm Tricine-
NaOH, 5 mm MgCl,, 5 mM ATP, 4 mm DTT (pH 8.0). The
reaction was started by the addition of enzyme (10-50 ug of
protein) and followed for 5 min at 30°C. The reaction was
stopped by the addition of 12.5 ul of 90% TCA and P; was
determined by the procedure of Ames (1).

Determination of pH Optimum. For pH studies, an isoionic
buffer system consisting of 50 mM 2[N-morpholino]ethanesul-
fonic acid, 50 mMm N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid, 100 mM diethanolamine, and 33.3 mm Na,SO, re-
placed Tricine as the assay buffer.

Production of Rabbit Inmune Sera. Purified corn CF,-ATPase
was used to immunize rabbits. The first immunizations (150 g
of protein) were emulsified in complete Freund’s adjuvant, fol-
lowed by two injections (100 ug of protein per injection) in
incomplete Freund’s adjuvant at 2-week intervals. Rabbits were
bled 1 week after the third injection.

Production of Monoclonal Antibodies. BALB/c mice were
immunized by intraperitoneal injection with 20 ug of spinach
CF, in complete Freund’s adjuvant followed by two injections
of 20 ug CF, in incomplete Freund’s adjuvant at monthly inter-
vals. A final intravenous injection of 20 ug CF, was administered
4 d before the fusion. Hybridomas were produced by fusion of
X63-AG8.653, a nonsecreting BALB/c myeloma cell line (11),
with spleen lymphocytes from the immunized mouse according
to the fusion protocol outlined by Oi and Herzenberg (16).

Antibody Screening. An enzyme-linked immunosorbent assay
(ELISA) (26) was used to select for hybridomas producing anti-
body against spinach CF,-ATPase. Vinyl microtiter plates (Cos-
tar) were coated with spinach CF;-ATPase at 5 ug/ml by incu-
bation at room temperature for 4 h. Unreacted protein binding
sites were blocked by addition of 2% BSA in PBS (pH 7.2) for
at least 1 h. The plates were then flicked dry, and washed three
times with PBS containing 0.5% NP-40 (washing buffer). Anti-
gen-coated plates could be used immediately or stored in a moist
chamber at 4°C for up to several months. Hybridoma culture
fluids were incubated in the antigen-coated wells for 2 h at 4°C,
then rinsed off with washing buffer. Goat antimouse Ig (Meloy)
at an appropriate dilution (usually 1:3200) was then incubated
in the wells for 2 h at 4°C, followed by affinity-purified rabbit
antigoat IgG conjugated to alkaline phosphatase (1:1000)
(Sigma). The enzyme conjugate was incubated in the wells over-
night at 4°C. All incubation volumes were 50 ul per well. Un-
bound phosphatase conjugate was removed by rinsing the plates
three times in washing buffer followed by vigorous washing under
running tap water. Dinitrophenyl phosphate (4 mM in 840 mMm
diethanolamine [pH 9.8], 0.25 mM MgCl,) was added to each
well (200 ul) and incubated for 1 h at 25°C. Absorbance was read
on a Titertek MC interfaced to an IBM personal computer.’
Culture fluids were considered to contain antibody against CF,-
ATPase if the absorbance reading was greater than 2 sp above
the absorbances of the negative controls. All culture fluids were
also tested for nonspecific binding on plates coated with 2% BSA
in the absence of spinach CF,-ATPase.

3 IBM-PC software was developed by G. H. Pfeiffer, Department of
Agricultural Economics, University of Nebraska, Lincoln, NE 68583.
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Positive clones were selected after from 2 to 6 weeks of growth
following the initial fusion procedure and subcloned by limiting
dilution (16) in media conditioned by Buffalo Rat liver (BRL-
3A) cells (6). Four stable antibody-producing hybridoma lines
were established from the fusion. The class specificities of these
lines were determined by ELISA utilizing goat antimouse IgM,
IgG,, IgGaa, and IgG,p antisera (Meloy).

Competitive Binding Assays. Monoclonal antibodies were
tested for cross-reactivity to corn CF;-ATPase, corn mitochon-
drial F|-ATPase, beef heart F;-ATPase, and E. coli F,-ATPase.
A limiting amount of each monoclonal antibody was incubated
in solution with each of the competing enzymes at various
protein concentrations for 20 h at 4°C in 1% BSA-PBS. The
antibody-protein solution was then incubated with spinach CF,-
ATPase on a solid phase (i.e. adsorbed to vinyl microtiter plates)
for 2 h at 4°C. After plates were rinsed thoroughly, solutions of
goat antimouse Ig, rabbit antigoat IgG conjugated to alkaline
phosphatase and dinitrophenyl phosphate were added in se-
quence using the conditions described above for the ELISA.
Competitive binding assays utilizing rabbit antisera against corn
CF,-ATPase were accomplished in a similar fashion, except
bound antibody was detected with goat antirabbit IgG conjugated
to alkaline phosphatase (Sigma).

Transfer of Electrophoretically Separated Proteins to Nitro-
cellulose Paper. Electrophoretic separation of the chloroplastic
and mitochondrial ATPases was carried out as described above,
and then electrophoretically transferred to nitrocellulose paper
utilizing a Trans-Blot cell (Bio-Rad). Transfers were performed
at 30 v for 18 h according to the directions supplied with the
Trans-Blot cell. Nitrocellulose transfer blots were either stained
for protein using 0.1% amido black or reacted with antibody
(15). For reaction with antibody, the nitrocellulose transfers were
first incubated for 1 h with 3% ovalbumin in 10 mm Tris, 0.15
M NaCl (pH 8.2) (ovalbumin-Tris-saline), to block unreacted
protein binding sites. Blots were then incubated for 2 h with
hybridoma culture fluids diluted 1:50 in ovalbumin-Tris-saline.
Free antibody was washed from the transfer blot using 10 mm
Tris, 0.15 M NaCl (pH 7.4) (Tris-saline), and then goat antimouse
Ig (Meloy) diluted 1:3200 in ovalbumin-Tris-saline was added
for 2 h. After rinsing three times in Tris-saline, rabbit antigoat
Ig conjugated to alkaline phosphatase (Sigma) diluted 1:1000 in
0.3% BSA, 20 mM Tris, | mM MgCl,, 2.5 uM ZnCl,, 0.15 m
NaCl, 0.05% NaN; (pH 7.5), was added and incubated overnight
at 4°C. Transfer blots were then washed thoroughly with at least
five Tris-saline rinses over a 30-min interval. As a further rinse
the blots were held under running tap water to remove all traces
of unreacted enzyme conjugate. Failure to adequately remove
free enzyme conjugate resulted in unacceptably high back-
grounds. Transfer blots were then soaked in a substrate solution
containing freshly prepared and filtered naphthol AS-MX phos-
phate (0.2 mg/ml) and Fast Red TR salt (3 mg/ml) in 0.1 M
Tris-Cl (pH 8.2). After antibody-specific polypeptides were visi-
ble as red bands, the reaction was stopped by rinsing the blots in
water (15). All incubations except as noted above were done at
23 + 2°C. When rabbit-immune serum was used in place of
hybridoma culture fluids, the blots were developed as above,
except the sequence of reagents was rabbit immune serum fol-
lowed directly by goat antirabbit IgG conjugated to alkaline
phosphatase (Sigma).

Statistical Analysis. For competitive binding assays, seven
replicates of each treatment were used, and results reported as
the mean and standard deviations of those replicates. The Stu-
dent’s ¢ test was used to compare treatment means at the 99%
level of significance. Binding to a competing antigen was consid-
ered to be significant if the mean absorbance values with com-
peting antigen were significantly lower than in the control treat-
ment without soluble antigen.
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Protein Analysis. The Coomassie dye-binding method of Brad-
ford (4) (BioRad dye reagent concentrate) was used to determine
the protein concentrations of the purified ATPases. Fraction V
BSA (Sigma) was used for generation of a standard curve.

RESULTS

Isolation and Purification of Corn F,-ATPase. The chloroform
release method introduced by Beechey ef al. (2) was used to
release F,-ATPase from SMP. However, in order to obtain
reproducible results from this procedure, the special conditions
of slow passage through chloroform described in “Materials and
Methods” were extremely important. From 2 to 4 mg F,-ATPase
were purified from about 700 g of corn seedlings. The freshly
purified enzyme had a specific activity in the range of 8 to 9
pmol Pi-released/min mg of protein. The enzyme preparation
appeared to consist of five subunits as shown by SDS-PAGE
(Fig. 1A), which is consistent with the subunit composition of
F;-ATPase as shown by other investigators (3, 8). Densitometric
analysis of the Coomassie blue-stained gel demonstrated that
these five bands comprised over 95% of the total protein present
when 40 ug of protein were loaded onto the gel. Although the
electrophoretic pattern suggests a high degree of enzyme purity,
it is still possible, although unlikely, that one of these bands
might represent a contaminating polypeptide.

Catalytic Properties of Corn F,-ATPase. When the purified
corn F,-ATPase was stored as an (NH,),SO, precipitate at 4°C
in 4 mM ATP, | mM EDTA, low catalytic activities (<0.7 gmol/
min mg at 5 mm ATP, 6 mm MgCl, [pH8.0}, 30°C) were observed
unless the enzyme was incubated with ATP after removal of the
(NH,),SO,. Following a 1-h incubation at 25°C in 4 mm ATP,
0.1 mm EDTA, 50 mMm Tricine-NaOH (pH 8.0), the (NH,),SO,
precipitated enzyme typically had a specific activity of 2 umol/
min mg. However, enzyme preparations stored at —70°C in 25%
glycerol, 4 mM ATP, 1 mMm EDTA typically had ATPase activities
of 8 to 9 umol/min mg under the above conditions, and were
not markedly activated by incubation with ATP. Unlike the
chloroplastic CF,-ATPase (15), a 4-min incubation at 60°C in 35
mM ATP and 5 mm DTT inactivated the mitochondrial F;-
ATPase. The isolated corn F,-ATPase was cold labile. After 1 h
at 0 to 2°C, the enzyme lost practically all activity in the absence
of (NH.,).SO..

Contamination of the preparations with chloroplastic CF,-
ATPase was directly addressed by examining the effect of octyl-
glucoside on activity. Conditions which activate the Mg-depend-
ent CF,-ATPase (18), (10 mM octylglucoside) completely in-
hibited the activity of the purified mitochondrial enzyme. So-
dium vanadate, which inhibits the plasma membrane ATPases,
and soluble phosphatases of corn root cells (5) had no effect on
activity at concentrations of up to 2 mm. In addition, NaNs,
which inhibits F;-ATPases, but not the plasma membrane or
cytoplasmic enzymes (5), caused 60% inhibition of the prepara-
tions at a concentration of 2.5 uM.

Physical Properties of Corn F,-ATPase. The apparent mol wt
of corn mitochondrial F;-ATPase subunits were determined by
SDS-PAGE using E. coli F,-ATPase subunits in addition to
protein standards as the calibration curve (10). These mol wt are
presented in Table I, and are compared to the subunits of beef
heart F;-ATPase, and spinach and corn CF,-ATPases determined
simultaneously in the same gel. Simultaneous determination of
mol wt of the subunits of F,-ATPase from a number of sources
allowed us to avoid the discrepancies in apparent mol wt which
can arise between electrophoretic gels. The mol wt of the «, 8,
and 6 subunits of corn mitochondrial F,-ATPase appeared to be
similar to the corresponding subunits of the mitochondrial en-
zyme from beef heart. In contrast, the mol wt of the § and e
subunits of corn mitochondrial F,-ATPase appeared to be larger
than the corresponding subunits from other mitochondrial
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FiG. 1. SDS-polyacrylamide slab gel electrophoresis of (A) corn mitochondrial F,-ATPase (40 ug) and (B) a comparison of the subunit structure
of vatious ATPases. (a), Beef heart F;-ATPase; (b), E. coli F,-ATPase; (c), corn mitochondrial F;-ATPase; (d), corn CF,-ATPase; (e), spinach CF,-
ATPase; (f), marker proteins (BSA, ovalbumin, pepsin, carbonic anhydrase, trypsinogen, g-lactoglobulin, lysozyme); (g), Cyt c.

Table 1. Comparison of Subunit Mol Wt (n X 1073) of Corn Mitochondrial F,-ATPase to F,-ATPase
- Subunits from Other Sources
All mol wt were determined simultaneously by SDS-polyacrylamide slab gel electrophoresis (modified
Laemmli system as described in “Materials and Methods™).

Subunit Corn E. coli Beef Corn Spinach
Type Mitochondria ’ Heart Chloroplast Chloroplast
« 58.0 57.2 58.0 60.0 62.0
B 55.0 52.5 54.0 56.0 55.0
¥ 35.0 315 340 40.0 39.5
) 220 20.5 15.5 22.5 21.0
€ 12.0 145 10.0 15.5 16.0
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sources.

Densitometric analysis of the SDS-polyacrylamide slab gel
stained with Coomassie blue suggested a stoichiometry of 3:3:1
for a, 8, and v subunits for all investigated F,-ATPases. The mol
wt of corn mitochondrial F;-ATPase was calculated to be 430,000
based on a subunit stoichiometry of (asB3yd.¢) and on the
apparent subunit mol wt estimated by SDS-PAGE (see Table I).

A subunit stoichiometry of (a3B3v62¢) for the corn mitochon-
drial F,-ATPase subunits was suggested on the basis of densito-
metric analysis of Coomassie blue-stained bands of F,-ATPase
on SDS-PAGE (see Fig. 1). The generally accepted stoichiometry
of asB3y for beef heart mitochondrial F,-ATPase was first pro-
posed by Senior and Brooks (21) on the basis of similar densi-
tometric measurements. The stoichiometry a3B:yd.e for corn
mitochondrial F,-ATPase gives a mol wt of 430,000 which is
close to the mol wt of the spinach CF, recently estimated by
sedimentation equilibrium and by light scattering (13). Addi-
tional experiments with gel filtration using Sepharose 4B x 200
cm showed that the R; for the corn mitochondrial enzyme and
spinach CF, were very close (data not shown). This indicates that
the corn mitochondrial F,-ATPase isolated by us was in a high
mol wt form similar to other isolated ATPases.

Polyclonal Antibody Characterization. Antibodies produced in
rabbit against corn CF,-ATPase were tested for specificity by the
nitrocellulose transfer technique (15). When the subunits of corn
CF,-ATPase were separated by SDS-PAGE followed by transfer
to nitrocellulose, antibody reacted with the «, 8, v, 6, and ¢
subunits of the enzyme. Thus, specific polyclonal antibodies
appeared to be present for all subunits.

Production and Characterization of Monoclonal Antibodies.
Four stable hybridoma cell lines producing antibody against
spinach CF,-ATPase have been established. Two hybridoma lines
were found to produce antibody of the IgM class, and thus
proved unsuitable for competitive binding assays due to the large
number of antigen combining sites on each antibody molecule.
In addition, attempts to determine the subunit specificity of these
IgM antibodies were unsuccessful because they did not bind to
nitrocellulose transfer blots. Of the two remaining cell lines, one
produced IgG, (7D10) and the other produced IgG,a (8C4).
Antibodies produced by these two cell lines were suitable for
nitrocellulose blotting and competitive inhibition studies. Sub-
clones of the monoclonal antibody designated 7D10 were found
to be specific for an antigenic site on the 8 subunit of spinach
CF,-ATPase by nitrocellulose blotting, and subclones of the
monoclonal antibody designated 8C4 reacted only with the v
subunit.

Comparison of Antigenic Determinants. Specific polyclonal
antibodies against corn CF,-ATPase, and monoclonal antibodies
against spinach CF,-ATPase were utilized in solid phase com-
petitive binding assays to generate information about the anti-
genic sites of corn mitochondrial F,-ATPase in relation to other
mitochondrial and chloroplastic enzymes. The binding specific-
ity of polyclonal antisera raised against corn CF,-ATPase ap-
peared to be identical for both corn and spinach CF;-ATPase
(Fig. 2). Prior incubation of this antibody with either corn or
spinach CF,-ATPase in solution was effective in inhibiting bind-
ing of the antibody to solid-phase enzyme. Fifty per cent inhibi-
tion occurred at 0.6 ug/ml of either corn or spinach CF,-ATPase.
Antigenic similarity was also shown between the chloroplastic
and mitochondrial forms of the enzyme, as evidenced by the
inhibition curves for the beef heart, corn mitochondrial and E.
coli enzymes. However, neither the mitochondrial nor bacterial
enzymes were as effective as the chloroplastic enzymes in pre-
venting antibody binding to the solid phase, which indicated
substantial differences must exist between the antigenic deter-
minants of the chloroplastic and mitochondrial enzymes.

Competitive binding curves using the monoclonal antibody
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FiG. 2. Binding specificities of rabbit antibodies to corn chloroplastic
CF,-ATPase. Limiting concentrations of antibody were incubated in
solution with competing antigens (A), corn CF;; (@), spinach CF,; (M),
corn mitochondrial F,, (#), beef heart mitochondrial F,, (A), E. coli F,
at the concentrations shown for 20 h at 4°C. Inhibition of antibody
binding by the competing ATPases was then determined by incubation
of the ATPase-antibody complexes with solid phase corn CF, at 5 ug/ml
(attached to vinyl microtiter plates) for 2 h. After rinsing to remove
unbound protein, affinity purified goat antirabbit Ig conjugated to alka-
line phosphatase was incubated overnight, followed by 4 mM dinitro-
phenyl phosphate for 1 h at 25°C. The absorbance of competing antigen
(in PBS) was used to determine maximum antibody binding.

| S T N | 1 1
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Competing antigen concentration (gimi)

FiG. 3. Binding specificities of monoclonal antibody 8C4 (y subunit
specific). Limiting concentrations of antibody were incubated in solution
with competing antigens (®), spinach CF,; (A), corn CF,; (M), corn
mitochondrial F;; (¢), beef heart mitochondrial F,; (A), E. coli F, at the
concentrations shown for 20 h at 4°C. Binding inhibition was then
determined by incubation of the antigen-antibody solutions with solid
phase spinach CF, at 5 ug/ml (attached to vinyl microtiter plates) for 2
h. Plates were then developed as stated in “Materials and Methods”, and
absorbance readings corrected with negative controls. The absorbance
readings of antibody bound to the solid phase in the absence of competing
antigen (in PBS) was used to determine maximum antibody binding.
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FiG. 4. Binding specificities of monoclonal antibody 7D10 (specific
for 8 subunit). Limiting concentrations of antibody (culture fluid diluted
in BSA-PBS) were incubated in solution with competing antigens (@),
spinach CF;; (A), corn CF,; (M), corn mitochondrial F,; (#), beef heart
mitochondrial Fy; (A), E. coli F, at the concentrations shown for 20 h at
4°C. Inhibition of antibody binding to solid-phase spinach CF, was
determined as described in Figure 3.

8C4, which is specific for a single antigenic determinant on the
v subunit of CF,-ATPase, are shown in Figure 3. When the
homologous enzyme (spinach CF,-ATPase) was used as the
competing antigen in solution, an inhibition binding curve was
obtained that closely resembled those observed with homologous
enzyme and polyclonal antibody (Fig. 2). Fifty per cent inhibition
occurred at 0.8 ug/ml competing antigen. Thus, competition for
the monoclonal antibody between homologous soluble enzyme
and enzyme bound to the solid phase was similar to that observed
with the polyclonal antibodies. However, when the other ATP-
ases were used as competitive antigens, they were much less
effective. Corn CF,-ATPase was able to compete for antibody
binding with the solid phase spinach enzyme, but a high concen-
tration (7 ug/ml) of competing antigen was necessary to obtain
50% binding inhibition. The mitochondrial enzymes, on the
other hand, including corn F,-ATPase, exhibited almost no
binding to the antibody (Fig 3).

Competitive binding curves for the monoclonal antibody des-
ignated 7D10, which was specific for an antigenic determinant
on the 8 subunit of spinach CF,-ATPase, are shown in Figure 4.
This antibody appears to be extremely specific. Even the chlo-
roplastic enzyme from corn was not able to compete with the
solid-phase spinach enzyme for antibody binding, and 50%
binding inhibition was not achieved at even the highest concen-
tration of competing antigen (25 wg/ml). The mitochondrial
enzymes were totally unable to bind to this antibody under the
conditions of the assay.

DISCUSSION

The F,-ATPase from corn mitochondria has been isolated and
purified by a chloroform-release technique and (NH.),SO. pre-
cipitation. The chloroform-release method first reported by
Beechey et al. (2) is currently being used for isolation of F)-
ATPase from many different sources but we have found that the
conditions of extraction of corn mitochondrial F;-ATPase from
SMP had to be closely controlled in order to obtain reproducibly
good results. The modification of the chloroform treatment
described in “Materials and Methods” provides those conditions.
Our method of isolation of corn mitochondrial F,-ATPase is
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simpler than the method reported by Hack and Leaver (8); it
does not require the sucrose gradient centrifugation or DEAE-
Sephadex (or cellulose) chromatography steps. This modification
can serve as a standard for isolation of F,-ATPases from other
plant sources. In addition, the possibility that contaminating
ATPases of chloroplastic, plasma membrane origin, or soluble
nonspecific phosphatases were extracted by this procedure has
been eliminated by kinetic analyses using heat, octylglucoside,
vanadate, and NaNs.

A careful comparison of apparent mol wt of the subunits of
corn mitochondrial F,-ATPase with ATPases from bacterial,
mitochondrial, and chloroplastic sources has revealed some sig-
nificant differences in the mitochondrial enzyme from corn (Fig.
1; Table I). While the establishment of proper mol wt for the «,
B and v subunits of corn mitochondrial F,-ATPase from SDS-
PAGE was straightforward, the proper identification of the é and
¢ subunits of the corn enzyme was more difficult. The mol wt of
the 6 subunit (22 X 10%) of corn F,-ATPase appears to be close
to that of the 4 subunit of the E. coli and chloroplastic enzymes,
rather than to the mitochondrial enzyme. The ¢ subunit (12 X
10°) may be analogous to the e subunit of beef F,-ATPase (10 X
10%) or corn chloroplastic F;-ATPase (15.5 X 10%). The recent
work of Walker et al. (27) revealed that bovine heart oligomicin-
sensitivity conferring protein (OSCP) is related to § subunits of
E. coli and bacterial ¢ is homologous to 6 subunits of mammalian
F,-ATPase. The questions thus raised regarding the exact deter-
mination of the counterparts for § and e subunits of corn mito-
chondrial F;-ATPase as well as the stoichiometry of the small
subunits are currently under investigation by us. The subunit
mol wt of corn F;-ATPase determined in the present study agree
quite closely with those determined recently by Hack and Leaver
(8), except that they identified an 8,000 mol wt polypeptide as
the ¢ subunit, whereas our work suggests that the ¢ subunit has a
mol wt of 12,000, which is much less than 22,900 proposed for
the e subunit of Vicia faba (3).

Cowmpetitive binding assays were used in conjunction with
both polyclonal and monoclonal antibodies to compare the
antigenic sites of corn mitochondrial F,-ATPase with those from
other sources. Competitive binding assays utilizing specific pol-
yclonal antisera (Fig. 2) yield information generated from a large
number of antibody molecules differing in affinities and specific-
ities. The advantage of using a polyclonal antiserum is that it is
possible to obtain an overall antigenic picture of complex en-
zymes such as the mitochondrial and chloroplastic ATPases,
each having many different antigenic sites distributed among the
five subunits. Thus, an overall picture of the similarities and
differences between the ATPases from diverse sources was ob-
tained. The binding data shown in Figure 2 demonstrate a very
high degree of antigenic similarity between the chloroplastic CF;-
ATPases from corn and spinach, as might be expected. Cross-
reaction between the chloroplastic and mitochondrial enzymes
was also apparent, although the degree of binding inhibition was
significantly less. This large amount of cross-reaction using pol-
yclonal antisera was expected since a high degree of sequence
homology (at least for the 8 subunit) between ATPases from E.
coli and both beef heart (19) and spinach chloroplast (30) has
been determined.

In contrast to polyclonal antisera, monoclonal antibodies are
highly specific for a single antigenic determinant. Thus infor-
mation may be obtained about a very specific part of the poly-
peptide chain (i.e., in the vicinity of a single antigenic determi-
nant), and comparisons between enzymes from diverse species
will reflect differences in that part of the molecule only. The
disadvantage of monoclonal antibodies used in this context, of
course, is that a complete antigenic map of a complex enzyme
containing five subunits would require the generation of a large
number of monoclonal antibodies. Hopefully, this will be accom-
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plished in the future. The monoclonal antibodies used in this
study, however, have demonstrated their potential for antigenic
mapping. The extreme specificity of the two monoclonal anti-
bodies to sites on the 8 and v subunits of spinach CF,-ATPase
have demonstrated that although the chloroplastic enzymes from
corn and spinach are antigenically very similar, they are by no
means identical, at least at these two sites (Figs. 3 and 4). In
addition, these monoclonal antibodies have demonstrated that
these two antigenic regions are either changed substantially or
totally absent from the mitochondrial F;-ATPases. The extreme
specificity of the monoclonal antibody which recognizes an
antigenic site on the 8 subunit (7D10) was somewhat surprising,
considering the highly conserved nature of the 8 subunit (19,
30). The fact that the monoclonal antibody which is directed
against an antigenic site on the v subunit of spinach CF,-ATPase
(8C4) did not react with the v subunit of E. coli, beef heart, or
corn mitochondrial F,-ATPases may be a reflection of the smaller
size of the later polypeptides (Table I). This antigenic determi-
nant may be totally absent from the smaller subunits of E. coli
and mitochondrial enzymes.

In summary, the investigation of corn mitochondrial F;-ATP-
ase isolated in this study has shown it to be similar in many
respects to the more intensively studied mammalian mitochon-
drial F;-ATPases with regard to kinetic parameters and subunit
mol wt, although it is by no means identical. In addition,
reactions with polyclonal and monoclonal antibodies have sug-
gested that the corn mitochondrial F,-ATPase isolated in this
study is antigenically more similar to mitochondrial enzymes
from diverse sources than to the chloroplastic enzyme isolated
from the same species of plant.
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