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1. INTRODUCTION

Phosphorylation of ADP by energy-transducing
membranes is catalyzed by reversible H™ -translo-
cating ATP synthetases (F1—Fg) having a common
organization in that they are composed of an ex-
trinsic ATPase unit (F) linked with an intrinsic,
protontranslocating membrane unit (Fg) [1-3]. Al-
though the ATP synthetases of mitochondria,
bacteria and chloroplasts appear to have compar-
able functional properties [2], their subunit compo-
sition and stoichiometry have not yet been firmly
established. However, most of the work with mito-
chondria and bacteria showed, a3, B3, v, 8, € subunits
to be associated with the F|-ATPases [4—8], where-
as an ay, B2, v, 81_2, €2 subunit stoichiometry is
strongly favoured for the chloroplast ATPase (CF )
[3]. Consequently, significant differences with re-
spect to subunit arrangement and mechanism of
ADP phosphorylation could exist among ATP syn-
thetases. These findings prompted us to investigate
the subunit stoichiometry of chloroplast ATP syn-
thetases from plants grown in an atmosphere en-
riched with '4CO,. The ATP synthetases were im-
munoprecipitated from Triton X-100 thylakoid
membrane extracts and the polypeptides separated
by SDS/urea gel electrophoresis. Based upon the
distribution of radioactivity, we estimated that the
CF| subunits «, 3, v, 8 and e were present in a ratio
of 3:3:1:1:1 while the CFy polypeptides I-III oc-
curred in a stoichiometric ratio of 0.3:1:5, respect-
ively. The results are consistent with the view that
subunit composition and stoichiometry of pro- and
eucaryotic F{-ATPases as well as of procaryotic Fy
units are strictly preserved throughout evolution.

2. MATERIALS AND METHODS

Seedlings of field beans (Vicia faba) [2 X ] and oat
(Avena sativa) [150 X ] were grown for 2 weeks at
20°Cin an air atmosphere (4000 cm?) enriched with
0.096 MBq '4CO, . cm 1. The light:dark ratio was
16:8 h. The freshly harvested leaves were homo-
geneized at 4°C in a buffer of 0.075 M Tricine—
NaOH (pH 7.8), 0.5 M sucrose, 1 mM Na-diethyl-
dithiocarbamate and 2% human serum albumin,
The chloroplasts of the cheese cloth-filtered
homogenates were sedimented by centrifugation
at 4000 X g for 15 min and osmotically shocked
by resuspending them in 0.5 mM Tricine—NaOH
(pH 8.0). Nuclei and cell debris were sedimented at
800 x g for 5 min and discarded before the swollen
thylakoid membranes were sedimented at 20 000
X g for 15 min. Immunoprecipitation of ATP syn-
thetases from Triton X-100 membrane extracts was
performed as in [9] using affinity-purified immu-
noglobulins raised against the Vicia faba CF, [10].
The immunoprecipitates and thylakoid membranes
were solubilized in 50 mM Na-borate (pH 9.0), 2%
(w/v) SDS, 8 M urea and 10 mM dithiothreitol and
subjected to SDS—urea acrylamide gradient gel
electrophoresis [11]. Slab gels with lengths up to 60
cm have also been used allowing the successful
one-dimensional gel electrophoretic separation of
almost all thylakoid polypeptides [12]. The !4C-
labeled proteins of desiccated gels were visualized
by autoradiography on HS-11 X-ray sensitive film
(VEB Fotochemische Fabrik, Berlin) and the radio-
activity of gel segments was measured by liquid
scintillation counting. The 1 mm gel slices were
dissolved in HyO; [13] and the dpm determined

213



Volume 144, number 2

after the addition of 10 ml scintillation liquid (Pra-
wozell:toluene:PPO:dimethyl POPOP, 33% (v/v):
66% (v/v):5% (w/v):.03% (w/v) in a LKB liquid
scintillation spectrometer 81 000.

3. RESULTS AND DISCUSSION

Consistently with [9,14], the immunoprecipitated
ATP synthetases from Triton X-100 extracts of me-
tabolically radiolabeled thylakoid membranes are
composed of 8 non-identical polypeptides, 5 co-
inciding with the CF; subunits o, 8, v, 6 and ¢
while the components I — III were ascribed to CF
unit (fig.1). Because a significant part of subunit
protein was still associated with immunoglobulin
chains (fig.1), it was essential to reduce the SDS
extracts with dithiothreitol leading to complete dis-
sociation of protein complexes as well as disappear-
ance of intramolecular disulfide bonds. This may
explain the different amounts of protein associated
with the subunit II band of SDS-solubilized immu-
noprecipitates which had been treated with or with-
out dithiothreitol prior to electrophoresis. Gel
electrophoresis on very long gels (fig.2) allowed a
better estimation of subunit M,-values for stoichio-
metric calculations. They were determined to be
59 000, 56 000, 34 000, 21 000 and 16 000 for the
CF) subunits a, 8, v, § and € and 20 000, 17 000 and
7500 for CFy components I — III, respectively, in
the case of Vicia faba. Slightly different M;-values
were found for Avena sativa ATP synthetase sub-
units (table 1) and it should be noted that a pair of
bands differing in M, by —500 were seen in the
region of the y subunit which remained after treat-
ing the samples with dithiothreitol. Assuming that
the uniformity of photosynthetic radiolabeling of
cellular components is not influenced by protein
turnover processes and, consequently, the radio-
activity incorporated into polypeptides is propor-
tional to their quantities, the stoichiometric ratios of
subunits of immunoprecipitated ATP synthetases
have been determined (table 1). Analyses revealed a
stoichiometry of a3, B3, v, 8, € for CF|—ATPase
subunits independently of the source of the enzyme
complex. However, the ratio of «:B8:y subunits
changed to 2:3:1 if Vicia faba thylakoid membranes
were isolated in the absence of protecting pro-
teins. An identical subunit stoichiometry of a3, 83, v,
8, € has been observed for mammalian [15] and
yeast [5,16] as well as bacterial [6,8] F1—ATPases
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using the method of biosynthetic radiolabeling with
amino acids, whereas a different stoichiometry of
ay, B3, v, 61._2, £y was reported for pea CF{[17]. The
latter finding very probably resulted from subunit
dissociation induced by EDTA extraction or another
degradation of the membrane-bound enzyme
because physical and chemical methods gave simi-
lar molecular parameters for different CF, prep-
arations [18—20] which had been obtained by quite
similar isolation methods. In agreement with [17],
preliminary results with Vicia faba indeed revealed
that the CF; extracted with EDTA from '“C-
labeled thylakoid membranes contained the sub-
units a, B8 and vy in a ratio of 1.9, 2.1 and 1, res-
pectively (unpublished). This further indicates that
an a and B subunit dissociates from the enzyme
during EDTA extraction.

The stoichiometric ratios of CFg subunits I — III
were determined to be 0.2—0.3:0.7—0.9:4.6—4.8 for
Vicia faba and Avena sativa, respectively (table 1).
Since the amounts of subunit I and II were found to
be constant among several preparations, their
non-stoichiometrical appearance in the immuno-
precipitates is presently difficult to explain. It can
be excluded, however, from gel plotting results in
combination with monospecific antibodies raised
against the CF| subunits that these components
represent degradation products of them (unpub-
lished). Similar stoichiometric ratios have been ob-
tained for the subunits of the TF; of a thermophilic
bacterium. The subunit stoichiometry of TFy has
been estimated to be I;:II5:1II5 [6] and later one
II_5:1lI5s_¢ [7}. An even more complicated subunit
composition shows the mitochondrial Fy units con-
sisting of 5—14 non-identical polypeptides [2,16,21].

Due to the possibility of subunit dissociation dur-
ing immunoprecipitation, the ratios of chloroplast
ATP synthetase polypeptides bound to thylakoid
membranes have been investigated. The very long
acrylamide gradient gels used allowed the separa-
tion and exact identification of ATP synthetase sub-
units out of 130 different membrane polypep-
tides in the case of Vicia faba and Avena sativa
(fig.2).

The analysis of radioactivity associated with the
subunits revealed a stoichiometry of a3, B3, v, 83, 1,
II, €, IIIjo_14 (table 1) generally confirming the re-
sults obtained by immunoprecipitation. It cannot
be excluded, however, that the bands containing the
subunits &, I and II are still overlapped by >1
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Fig.1. Analysis by SDS—urea gel electrophoresis and autoradiography of metabolically 14C-labeled Vicia faba chloroplast
thylakoid membrane polypeptides (A) and immunoprecipitated ATP synthetase complex (B). The samples were solubi-
lized in the presence or absence of dithiothreitol (DTT) as in section 2 and electrophoresed through an 8 — 18% acrylamide

gradient gel containing 0.1% SDS and 5 M urea. )
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Stoichiometry of chloroplast ATP synthetase subunits

Observed stoichiometry of subunits?

ATP synthetase Thylakoid membranes  Assumed

Sub- M, 14C act. stoichio- 14C act. stoichio- stoichio-
unit x 103 (dpm)® metry® (dpm)® metryd metryé
Vicia faba
a 59 15512 29 20241 32 3
B 54 15 161 31 16 210 2.8 3
Y 33 2990 1.0 3539 1.0 1
8 21 1353 0.7 6990 it ]
I 20 540 0.3 2578 1.2 1
11 17 1072 0.7 2005 1.1 1
£ 16 1450 1.0 1725 1.0 1
I 1.5 3125 4.6 8 448 10.5 5
Avena sativa
a 57 12 815 3.1 9551 33 3
B 56 10 934 27 8249 29 3

36
v | 355 2613 1.0 1830 1.0 1
8 23 1330 038 2461 2.1 1
I 20 580 04 820 0.8 1
II 17 1118 09 685 0.8 1
€ 16.5 1310 1.1 825 1.0 1
i 7.5 26060 4.8 5235 13.7 5
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each subunlt by 1ts Mr and normallzmg all values to subunit y.
b The distribution of radioactivity among the subunits of a representative experiment
¢f The values represent mean values derived from a different number of preparations: °4 X ;
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I (proteolipid) [22], although two-dimensional gel
electrophoresis of thylakoid membrane polypep-
tides in the presence of 0.1% SDS in the first di-
mension and SDS and 5 M urea in the second dimen-
sion did not give any indication [26]. Minimally 10
polypeptides appeared to be associated with sub-

nn-t 1711 ]’\Qh{‘ r\f‘ np] p]nntrnﬂhnrnhr\ membrane r\nlvA
it t12 DanG Ot g CLUOpaorcul inciiroranc po

peptide profiles and —~1/2 of them seem to belong
to the CFy. The ATP synthetase proteolipid sub-
units were shown to bind dlcyclohexylcarbodumlde
[14] but are not phosphorylated in vivo [22], while
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components with the same M, becomes phospho-

rylated on exposure of plants to light (fig.2C). Al-

.though the origin and the functions of CFq subunits

Iand 11 are still unknown and the number of copies
of subunit I to IIl is subject to the greatest uncer-
tainty, the subunit stoichiometry of the chloroplast
ATP synthetase complex is proposed to be a3, 83, v,
8, L 11 ¢, 11l yielding M, 490 000. Similar values
have been obtained by hydrodynamic methods for
bacterial [23] and mitochondrial {16] ATP syn-
thetase preparations. In contrast to the results of
physical and chemical investigations on soluble
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CF-ATPases, suggesting a subunit stoichiometry
of the ay, B, y-type [17,19,20,24], these data are
fully consistent with a subunit model of a3, 83,7, 8, ¢
proposed for Fj—ATPase in [25] and, furthermore,
indicate a strict preservation of subunit composition
and stoichiometry of F1—ATPase units of pro- and
eukaryotic H%Y-translocating ATP synthetases
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Fig.2. Gel electrophoretic separation of radiolabeled
chloroplast thylakoid membrane polypeptides on very
long slab gel and identified ATP synthetase subunits.
14C-labeled thylakoid polypeptides of Avena sativa (A)
and Vicia faba (B) as well as Vicia faba thylakoid poly-
peptides labeled in vivo with [32Pjorthophosphate (C) as
in [22], except that 100 mM NaF3 was added to all buf-
fers, were electrophoresed with the corresponding,
non-labeled ATP synthetases through a 4 cm 6% acryl-
amide stacking gel and a 60 cm 12—18% acrylamide
gradient gel. The gel divided into 2 parts was auto-
radiographed.

throughout evolution. Work is in progress to
identify the functions of the CFg subunits I and II
by the use of immunological methods.
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