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Abstract

The DCCD-sensitive proton permeability of chromatophores, from a green strain of Rhodobacter Capsulatus is potentiometrically
detected following the proton release induced by a transmembrane diffusion potential imposed by a valinomycin-mediated potassium
influx with a procedure already used for bovine heart submitochondrial particles (ESMP) and vesicles from Escherichia coli (Zanotti et
al. (1994) Eur. J. Biochem. 222, 733-741). In the photosynthetic system, addition of increasing amounts of DCCD inhibits, with a similar
titre, both proton permeability and MgATP-dependent ATPase activity as detected in the dark. The titre for 50% inhibition coincides with
that obtained measuring proton permeability and ATP hydrolysis in ESMP. Upon removal of F|, the passive proton permeability is much
less sensitive to DCCD in chromatophores than in USMP, suggesting that in chromatophores the F -F, interaction shapes the
DCCD-sensitive proton conducting pathway. Addition of the purified mitochondrial F I-PVP and oligomycin sensitivity-conferring
(OSCP) proteins to the F, stripped chromatophores restored the sensitivity of proton permeability to DCCD detected in untreated
chromatophores. Analysis of the binding of '*C[DCCD] on F, stripped chromatophores shows that the increase of DCCD sensitivity of
proton permeability, caused by addition of mitochondrial F, proteins, is related to an increase of the binding of the inhibitor to subunit ¢

of F, sector of ATP synthase complex.
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1. Introduction

The H"-translocating sector (F,) of the F,F,-ATP syn-
thase of coupling membranes has changed its polypeptide
composition during evolution [1]. Escherichia coli F, is

o

composed of three subunits: a, b, ¢ [2]; in photosynthetic
bacteria [3] and in chloroplasts [4] the F, is composed of
four different subunits; in yeast mitochondria of six sub-
units [5] and in mammalian mitochondria of nine different

Abbreviations: DCCD, N,N'-dicyclohexylcarbodiimide; ESMP, sub-
mitochondrial particles prepared in the presence of EDTA; USMP, F,-
stripped submitochondrial particles; BChl, bacteriochlorophyll; OSCP,
oligomycin-sensitivity conferring protein; F,I-PVP, protein subunit of
mitochondrial F,; SDS-PAGE, sodium dodecy! sulfate polyacrylamide gel
electrophoresis; Val., valinomycin; Enzymes: H*-ATPase (EC 3.6.1.34);
Pyruvate kinase (E.C.2.7.1.40); Lactate dehydrogenase (E.C.1.1.1.27).
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subunits [6]. All the E, sectors contain the DCCD binding
proteolipid (subunit ¢ in E. coli [2]) which is essential for
the proton conducting pathway of the enzyme [7]. The
function of the additional polypeptides is not completely
defined (see Ref. [8] for review); they could contribute to
the formation of the transmembrane proton channel and /or
to the coupling of proton translocation by F to the cat-
alytic functions of F,. Recently it has been shown that, in
mitochondria, the F, subunit of the highest molecular
weight (denominated EI-PVP from the first N-terminal
residues) is an essential component of the specific proton
channel [9-13]. Tt has been suggested that this protein is
analogous to bacterial subunit b on the basis of the distri-
bution of hydrophobic and polar residues [14]. F, from
chloroplasts and from photosynthetic bacteria comprises
two different subunits with a general distribution of hy-
drophobic and polar residues related to those of E. coli b
subunit (see Ref. [15]). They are known as subunit b and b’
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in photosynthetic bacteria and as subunits II and IV in
chloroplasts [16]. In a recent paper [17] we have shown
that the combined addition of mitochondrial F,1-PVP and
OSCP to F, depleted E. coli membranes increased both
the sensitivity of passive proton conduction by the mem-
brane to DCCD and the affinity of subunit ¢ for the
binding of ["*CJDCCD. In this paper, we show that the
removing of F, in photosynthetic membranes severely
hampers the DCCD sensitivity of the proton permeability.
This can be restored by addition of the mitochondrial E
proteins (F,I-PVP and OSCP) to F,-depleted chromato-
phores. Considering the high homology existing between
OSCP and the 3 subunit of photosynthetic bacteria (and
that F I-PVP is not homologous to any protein of the
photosynthetic ATPase complex), our data suggest a possi-
ble role of the 8 subunit in gating the proton conducting
pathway in chromatophores.

2. Materials and methods

Acrylamide, N,N’-methylenebisacrylamide, sodium do-
decyl sulfate (SDS) were from Bio Rad; valinomycin was
from Sigma and ['*CIDCCD (50Ci /mol) was from Amer-
sham. All other chemicals were of analytical grade.

2.1. Preparative procedures

Chromatophores were prepared from cells of
Rhodobacter Capsulatus, strain ga, as described in [18].
F,-deprived chromatophores were prepared by sonication
in the cold for 90 s (three bursts of 30 s) of EDTA (4 mM)
treated chromatophores (2-3 mM Bacteriochlorophyll)
with a Branson sonifier B15, equipped with a microtip
vibrating at maximal amplitude as reported in Ref. [19].
EDTA-treated submitochondrial particles were obtained by
sonication of beef heart mitochondria in the presence of
EDTA at pH 8.5 [20]. F,-stripped everted submito-
chondrial particles (USMP) were obtained as described
[21]. The bovine F, subunits OSCP and F,I-PVP protein
were isolated by preparative gel electrophoresis [22]. After
purification, the proteins were solubilized in 50 mM Tris-
HCl (pH 8.8), 0.1% SDS, 50% glycerol at a protein
concentration of approx. 0.1 pg/pl.

2.2. Reconstitution experiments

F, depleted chromatophores (1 mg membrane
protein /ml) were incubated for 10 min in 0.25 M sucrose,
10 mM Tris-acetate (pH 7.5), 1 mM EDTA, 6 mM MgCl,,
with the purified F, subunits F,I-PVP (4 ng/mg mem-
brane protein) and OSCP (4 pg/mg membrane protein).
The incubation was stopped by centrifugation (20 min at
105000 X g).

2.3. Electrophoresis and measurement of passive proton
permeability

SDS /PAGE was carried out as described previously
[21,22]. Proton permeability was analysed by following
potentiometrically the HY release from the particles in-
duced by diffusion potential (positive inside) imposed by
valinomycin-mediated K* influx [22]. To minimize the
electrode response time, a low-resistance and low-capaci-
tance glass electrode connected to a MOS FET Electrome-
ter Amplifier, model 604 Keithley, was used. With this
system the pH in stirred suspension can be measured with
resolutions of 0.01 pH unit and overall rise time (10-90%
change) of less than 0.5 s [23].

2.4. Measurement of the ['*CIDCCD binding

F, depleted chromatophores at the concentration of 1
mg protein/ml, were incubated with [*C]DCCD for 30
min at room temperature in the same mixture {(pH 7.5)
used for reconstitution experiments (see above). Separate
aliquots were used to measure H" conduction, ['*C]DCCD
binding and to carry out reconstitution experiments. For all
the experiments, one batch of ['*C]DCCD was used. For
measurement of ['*C]JDCCD total binding to the mem-
brane, 0.3 mg of membrane protein were incubated at 0°C
for 20 min with 90% ice-cold acetone (v/v) to remove
free ['*CIDCCD and [“C]DCCD bound to membrane
phospholipids. The acetone-washed membrane proteins
were centrifuged at 20000 X g for 20 min. Acetone-washed
pellets, containing ['*C]JDCCD-labelled membrane pro-
teins, were suspended in 0.2 ml of 12% perchloric acid
followed by sonication in a water-bath heat/ultrasonic
system. The samples, boiled for 3 min, were left overnight
at room temperature. After centrifugation at 20000 X g for
20 min, the radioactivity in the supernatant was determined
by liquid-scintillation counting. Binding of ["*C]JDCCD to
subunit ¢ was measured as follows: 0.3 mg of membrane
proteins, incubated with ["*CIDCCD as reported above,
were treated with 90% ice-cold acetone (v/v) and incu-
bated at 0°C for 20 min. After centrifugation at 20000 X g
for 20 min, acetone-washed pellets were dissolved in a
lysis buffer containing 2.3% (w /v) SDS, 10 mM Tris /HCI,
10% (w/v) glycerol, 5% (v/v) 2-mercaptoethanol (pH
6.8). The samples were then boiled for 3 min and sub-
jected to SDS/PAGE. SDS /PAGE (linear gradient from
14% to 20% of polyacrylamide) was performed on slab
gels (1.5 X 140 X 140 mm) [9]. After electrophoresis, pro-
teins were stained in a solution containing 0.25%
Coomassie brillant blue R-250 in 45% methanol (v /v),
8.2% acetic acid (v/v). Each strip of the gel, containing
electrophoresed membrane proteins, was sliced into pieces.
Slices were treated with 1-ml aliquots of Beckman Tissue
Solubilizer 450 at 60°C for 12 h and the radioactivity was
determined by liquid-scintillation counting [13,22].
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3. Results

The kinetics of the H" release, induced by transmem-
brane diffusion potential (positive inside) imposed on the
membranes by valinomycin-mediated potassium influx in
ESMP (trace a) and chromatophores (trace ¢), are shown in
Fig. 1. In both membranes the process is inhibited, to a
similar extent, by DCCD (traces b and d), a potent in-

molecule modifies, in bacterial and mitochondrial mem-
branes, an acidic residue located in the carboxyl-terminal
hydrophobic transmembrane a-helix of subunit ¢ of the F,
sector [24].

Increasing additions of DCCD to both membrane types
promote inhibition of the ATP hydrolase activity and
proton permeability with a very similar titre. This indicates

that DCCD binding hampers F,-F, functional interactions
in ESMP and also in chromatophores.
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Fig. 1. H* permeability by ESMP and by chromatophores. Titration of DCCD inhibition of ATP hydrolase activity and H* permeability. ESMP (1 mg
protein /ml) or chromatophores (1 mg protein /ml corresponding to about 0.1 pwmol BChl/ml) were incubated for 2 min in 0.15 M KCl at 27°C, then 2 pg
valinomycin /mg particle protein were added and proton release was followed potentiometrically as described under Section 2. Traces: (a and ¢) ESMP and
chromatophores respectively; (b and d) ESMP and chromatophores respectively, incubated 30 min with 0.25 mM DCCD. Initial rates are expressed as ng
ions H* min~' mg particle protein~'. The bottom of the figure shows the titration of the inhibitory effect of DCCD on ATP hydrolase activity (left panel)
and H™ permeability (right panel). ATP hydrolase activity was determined at 27°C in the presence of added pyruvate kinase, phosphoenolpyruvate and
lactate dehydrogenase by following NADH oxidation spectrophotometrically as described in Refs. [41 ,42). Symbols: open circles, ESMP; closed circles,
chromatophores. The ATP hydrolase activity and the proton permeability are expressed as % of the control values which were: ATP hydrolase activity:
2.34 wmol ATP hydrolyzed min~' mg ESMP protein ~1 and 0.7 wmol ATP hydrolyzed min~' wmol BChl™' in chromatophores. H* permeability: 98.6
ng ions H* min~! mg ESMP protein~' and 110 ng ions H* min ~! mg chromatophores. The results reported in the figure were the mean of four different
experiments whose standard error was less than + 10%.
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After removal of F,, the passive proton permeability of
USMP, which still contain F,-stalk proteins like OSCP and
E I-PVP [25], is still sensitive to DCCD (Fig. 2). F,
stripped chromatophores show a lower sensitivity of pas-
sive proton permeability to the inhibition by DCCD than
USMP (Fig. 2). Addition of purified mitochondrial F, I-PVP
protein to F, stripped chromatophores causes some in-
crease of the sensitivity of passive proton permeability to
DCCD (Fig. 2). A sensitivity similar to that noticed in
USMP is detected only after reconstitution of F,-depleted
chromatophores with E I-PVP plus OSCP. Addition of
OSCP alone does not promote any significant increase of
the DCCD sensitivity as compared to stripped chromato-
phores (data not shown), indicating that the interplay of the
two mitochondrial proteins is essential to completely re-
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Fig. 2. Titration of the inhibitory effect of DCCD on the H* permeability
in USMP and in F,-deprived chromatophores. Incubation with DCCD (at
the concentration reported in abscissa) was carried out for 30 min at room
temperature in the same buffer used for reconstitution experiments (see
Section 2). After centrifugation 1 mg protein /ml of USMP or of F,-de-
prived chromatophores was used for measurement of proton conduction
as described in the legend to Fig. 1. Symbols: (@) USMP; (O) F,-de-
prived chromatophores; (0) F, deprived chromatophores preincubated
with E I-PVP (4 pg/mg protein) and (M) F,-deprived chromatophores
preincubated with F,I-PVP (4 p.g /mg particle protein) + OSCP (4ug/mg
particle protein) for 10 min at room temperature before the addition of
DCCD at the concentrations reported in the figure. Separate controls
showed that the addition of 1 mM DCCD to F,-deprived chromatophores
incubated in the same buffer used for reconstitution experiments contain-
ing 100 pl of the solution used for the electroelution of proteins (see
Section 2), gave the same inhibition observed in the absence of the added
solution (data not shown). For other experimental details see Section 2.
The results reported in the figure were the mean of three different
experiments whose standard error was less than +10%.

store the DCCD inhibition of passive proton permeability
of F,-depleted chromatophores.

Norling et al. [26], using Western blotting technique,
have calculated that about 20% of the total protein content
of chromatophore membranes correspond to F|F, complex
with a molecular mass of 562 kDa. Using this value we
can calculate a content of 0.36 nmol of F,F, complex per
mg of chromatophore proteins, which correspond to about
210" molecules of F,F, per mg of chromatophore pro-
teins. Our data show that complete recovering of DCCD
sensitivity of F,-depleted chromatophores, can be pro-
moted by addition per mg of chromatophore proteins of 4
pg of E I-PVP subunit plus 4 pg of OSCP subunit which,
on the basis of the molecular mass of 24670 Da and
20936 Da respectively [27], correspond to a number of
mitochondrial subunit molecules of the same order of the
content of F,F, molecules in chromatophores.

Analysis of the binding of radioactive [*CIDCCD to
the F,-stripped chromatophores showed that the addition of
purified mitochondrial F I-PVP protein plus OSCP in-
creased the affinity for the binding of [*C]DCCD to
chromatophores (not shown).

A typical experiment on the analysis of ['*CIDCCD
binding to F,-stripped chromatophore protein fractions sep-
arated by SDS /PAGE is shown in Fig. 3a. The binding
profile is characterized by two peaks: the principal one is
associated with a protein in the region of apparent molecu-
lar weight of 8000 Da and is likely to correspond to
subunit ¢ [3]; a small one is centered at a molecular weight
of about 32000 Da and could represent a polymeric form
of the DCCD binding protein, as observed in USMP
{13,28]. Addition of mitochondrial F,I-PVP protein and
OSCP to the F,-stripped chromatophores increased the
affinity for the binding of ['*CIDCCD to the DCCD
binding protein (subunit ¢) (Fig. 3b).

This effect of mitochondrial F, subunits is apparently
associated to changes in the conformation of the proton
channel as indicated by the fact that, in their presence,
much less DCCD bound to subunit ¢ is required for
inhibition of the passive proton permeability (Fig. 3b).

4. Discussion

It is generally accepted (see Refs. [1,2,7] for review)
that the hydrophobic DCCD binding subunit ¢ of the ATP
synthase complex is the main component of the proton
conducting pathway in the membrane sector (F,). In the
bacterial enzyme from E. coli the presence of the other
two F, subunits, a and b, is required for the proper
assembly and function of F, [29].

Recently, comparative analysis between E. coli and
bovine heart mitochondrial enzyme indicated that, in the
eukaryotic enzyme, the passive proton conduction, through
the F, sector, is much more sensitive to oligomycin and
DCCD than in the bacterial system [17]. In the present
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paper we show that in F, containing chromatophores from similar to that necessary to obtain 50% inhibition of the

photosynthetic bacteria, proton permeability and hydrolytic same processes in ESMP, suggesting that a similar FF,

activity in the dark are inhibited by DCCD with a titre interaction is at the basis of the proton conducting pathway
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Fig. 3. Binding of ["*C]DCCD to subunit ¢ and relationship with the inhibition of H* permeability. Effect of F,I-PVP plus OSCP. (a) Binding of
[*CIDCCD on SDS /PAGE of F,-deprived chromatophores incubated 30 min at room temperature in the same buffer used for reconstitution experiments
(see Section 2), with 0.5 mM ["*C]DCCD. After incubation, 300 wg of particle protein were subjected to SDS /PAGE and the radioactivity, measured on
the slices of the gel containing the proteins bands identified by Coomassie Brilliant Blue R 250, was converted to pmol DCCD /mg particle protein. (b)
Titration of binding of ['*CIDCCD on F, subunit ¢ in F,-deprived chromatophores (left panel) and relationship with the inhibition of H* permeability
(right panel). The radioactivity measured on subunit ¢ band was referred to | mg of F,-deprived chromatophores protein. Symbols: (@) F,-deprived
chromatophores; (O) F,-deprived chromatophores incubated for 10 min with F,I-PVP (4 ng/mg particle protein) + OSCP (4 j.g/mg particle protein)
before treatment with ['*CIDCCD. The results reported in the figure were the mean of three different experiments whose standard error was less than
+10%.
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in the two systems. After removal of F, the DCCD sensi-
tivity of proton permeability of chromatophores is severely
hampered.

Previous observations based on proteolytic cleavage and
reconstitution experiments showed that, in the eukaryotic
enzyme, the mitochondrial E I-PVP protein [9-13] is in-
volved in proton conduction and in the sensitivity to
oligomycin [9-11] and DCCD [12,13]. Mutations in the
hydrophobic domain of subunit 4 (which is homologous to
the E. coli b subunit [30] and to F,I-PVP protein of beef
heart mitochondria [31]) of yeast mitochondria caused
oligomycin resistance of proton conduction by E [32].
These observations (cf. Ref. [17]) suggest that the mito-
chondrial F,I-PVP protein [33-35] and its homologous
subunit 4 of yeast F, [32] contribute to the organization of
oligomycin and DCCD sensitive proton channel in E,.

In the present paper, addition to F,-deprived chromato-
phores of F,I-PVP protein alone partially restored the
sensitivity of passive H' permeability to DCCD. Total
restoration of the DCCD sensitivity was observed only
when OSCP was added together with F,I-PVP protein to
the F,-deprived chromatophores. These observations indi-
cate that either F|-F, interaction or interaction between the
bovine binary complex (F,I-PVP + OSCP) and the bacte-
rial E, promotes a proton conducting pathway that can be
modulated by DCCD binding with the same titre as F,
containing chromatophores.

The detected increase of DCCD binding to subunit c, in
the presence of the bovine binary complex, suggests a
possible structural interaction between the mitochondrial
proteins and the ¢ subunit of F, from photosynthetic
bacteria.

A search for homology using multiple sequence align-
ment (with the HSSP program [36] available at the EMBL
server in Heidelberg) indicates that F,I-PVP is not homol-
ogous to any protein of the ATPase complex in photosyn-
thetic bacteria, in particular the alignment of the sequence
of bovine F,I-PVP protein with those of subunit b and b’
of Rhodobacter Rubrum showed an homology less than
20%. OSCP is highly homologous to the & subunit of
chloroplasts (see also Ref. [37]) and of photosynthetic
bacteria.

Based on the notion that a high degree of sequential
homology corresponds to a high degree of structural ho-
mology [38], it may be suggested that the folding of OSCP
(as present in the binary complex with F I-PVP) mimic the
folding of the & subunit essential to interact with the
membrane sector. It was suggested before that in chloro-
plasts the & subunit, located at the interfaces between F,
and F,, plays a key role in the coupling mechanism
between the reaction cycle of the ATPase and the trans-
membrane proton flow in chloroplasts [39].

In addition it has been recently observed that the inter-
action between & subunit and F, in E. coli during synthe-
sis and assembly produces a significant change in the
proton permeability of the E, proton channel {40].

Mitochondrial OSCP [13,16,17] and F,I-PVP protein
[13,16,17,25,33,34] are both involved in the formation of
the ‘stalk’ of the mitochondrial enzyme. A direct interac-
tion of OSCP and F,I-PVP protein has been demonstrated
by Walker and Collison [16] who describe the formation in
vitro of a binary complex between the carboxyl terminal
region of the F,I-PVP protein (amino acids from 79-214)
and OSCP. On the other hand it has been shown that in the
mitochondrial F,, the DCCD-sensitive proton conduction
depends on the interaction of the E I-PVP protein with
subunit ¢ [13].

On the basis of the present experimental results, we
conclude that the dimer OSCP/EI-PVP interacts with
subunit ¢ of the photosynthetic bacterial F, in order to
mimic the native functional F,E, interaction in chromato-
phores.
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