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Abstract

In this review we discuss recent work from our laboratory concerning the structure and/or function of the F0 subunits of
the proton-translocating ATP synthase of Escherichia coli. For the topology of subunit a a brief discussion gives (i) a detailed
picture of the C-terminal two-thirds of the protein with four transmembrane helices and the C terminus exposed to the
cytoplasm and (ii) an evaluation of the controversial results obtained for the localization of the N-terminal region of subunit
a including its consequences on the number of transmembrane helices. The structure of membrane-bound subunit b has been
determined by circular dichroism spectroscopy to be at least 75% K-helical. For this purpose a method was developed, which
allows the determination of the structure composition of membrane proteins in proteoliposomes. Subunit b was purified to
homogeneity by preparative SDS gel electrophoresis, precipitated with acetone, and redissolved in cholate-containing buffer,
thereby retaining its native conformation as shown by functional coreconstitution with an ac subcomplex. Monoclonal
antibodies, which have their epitopes located within the hydrophilic loop region of subunit c, and the F1 part are bound
simultaneously to the F0 complex without an effect on the function of F0, indicating that not all c subunits are involved in F1

interaction. Consequences on the coupling mechanism between ATP synthesis/hydrolysis and proton translocation are
discussed. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Membrane-bound ATP synthases (F0F1-ATPases)
of bacteria serve two important physiological func-
tions. The enzyme catalyses the synthesis of ATP
from ADP and inorganic phosphate utilizing the en-
ergy of an electrochemical ion gradient. On the other
hand, under conditions of low driving force, ATP
synthases function as ATPases, thereby generating

a transmembrane ion gradient at the expense of
ATP. The similar overall structure and the high ami-
no acid sequence homology between all known F-
type ATPases indicate that the mechanism of ion
translocation and catalysis as well as the mode of
coupling is the same in all organisms. The simplest
F0F1-type ATP synthase, e.g. that of Escherichia coli,
is composed of eight types of subunits present in the
stoichiometry K3L3QNO for the peripheral F1 part car-
rying the catalytic sites for ATP synthesis/hydrolysis
and ab2c12 for the membrane-integrated F0 complex
functioning as a proton channel [1,2]. The F1 part
extends from the membrane with subunits K and L
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alternately arranged in a hexamer, which surrounds
the centrally located subunit Q [3]. Subunits Q and O
form a 45 Aî stalk connecting the catalytic subunits
with the ion-translocating F0 complex [4]. ATP syn-
thesis/hydrolysis occurs in the di¡erent L subunits
according to the cooperative binding of ADP and
inorganic phosphate at one catalytic site, which is
coupled to the release of ATP at a second site,
whereas the third site is empty [3,5]. There is consen-
sus that subunits Q and O rotate relative to the K3L3

domain, thereby causing di¡erent binding a¤nities in
the catalytic sites accomplished by a high coopera-
tivity [6^14]. To allow the energy-linked rotational
movement of subunits Q and O a second structural
link between F1 and F0 is supposed to be necessary
for the stabilization of the F0F1 complex. This so-
called second stalk is composed at least of subunit N
of F1 and the two copies of subunit b of the F0

complex [15^19]. Recent electron micrographs indi-
cate that the second stalk may be located at the
periphery at one side of the F0F1 molecule [20^22],
which is in good accordance with the asymmetrical
arrangement of the F0 complex with subunits b and a
located outside the ringlike subunit c oligomer [23^
25].

Proton translocation through F0 is mediated by
subunit c, a hydrophobic protein with a hairpin-
like structure comprising two transmembrane helices
connected by a polar loop region [26], which is ex-
posed to the F1 binding site of the membrane [27,28].
During proton translocation proton binding and re-
lease takes place via a carboxyl group (cD61 in
E. coli) located within the centre of the second trans-
membrane helix. In this protonation/deprotonation
step subunit a (essentially the highly conserved
aR210) is thought to play an important role,
although the precise mechanism remains to be estab-
lished (for review, see [1]). With regard to the energy
coupling between F1 and F0 the presence of 12 copies
of subunit c within the F0 complex [2,29] is in ac-
cordance with recent results obtained for chloroplast
and cyanobacterial F0F1 that four protons are trans-
located per ATP synthesized [30,31]. During ATP
synthesis/hydrolysis subunits Q and O rotate by 120³
for each ATP synthesized or hydrolyzed [7] with the
rotation being coupled by the deprotonation/pro-
tonation of four c subunits. This means that in a
complete cycle three ATP molecules are synthe-
sized/hydrolyzed, while 12 protons are translocated.

The coupling between ATP synthesis/hydrolysis
and proton translocation is thought to occur via in-
teractions between subunits Q/O and subunit c. How-
ever, the mechanism, by which the protonation/de-
protonation step is coupled to rotation of Q and O, is
still unknown. Whether the subunit c oligomer ro-
tates together with subunits Q and O being in a ¢xed
position relative to the c subunits or whether the QO
subcomplex rotates along the surface of the loop
regions of the subunit c oligomer is controversially
discussed (see below) [32^37].

2. Topology of subunit a

Mutational analyses revealed that only residue
aR210 of subunit a is essential for ATP-driven pro-
ton translocation within F0, possibly by formation of
a transient salt bridge with cD61 [1,38]. This is sup-
ported by the observation that even the most con-
servative substitution to lysine abolishes ATP-depen-
dent proton translocation [39^41]. On the other
hand, recent data revealed that aR210 is not essential
for passive proton transport mediated by F0 after
removal of F1 [42,45]. To understand the function
of subunit a in the proton translocation process dur-
ing ATP synthesis/hydrolysis, the knowledge of the
topology is a prerequisite. For the determination of
the topological organization of subunit a, several in-
dependent approaches have been applied, always us-
ing the reciprocal pattern of reactivity or accessibility
of hydrophilic regions at the cytoplasmic and peri-
plasmic side of the membrane. Whereas the localiza-
tion of the N-terminal part of subunit a is still con-
troversially discussed, a detailed picture of the
orientation of the C-terminal two thirds of the pro-
tein could be developed. However, the existing dis-
crepancies provoke the presence of two models: one
with six transmembrane helices [43,44] and a second
with ¢ve helices [45^47] (compare Fig. 1). Consensus
for the topology of subunit a with the di¡erent meth-
ods used has been obtained starting with residue
aK66 (the amino acid numbering of subunit a is ac-
cording to that of the corresponding gene [48],
although the protein starts with alanine (aA2) as
determined by amino acid sequencing [1]). The re-
sults obtained clearly demonstrate a cytoplasmic
loop region starting around aK66, the presence of
four transmembrane helices within the remainder of
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subunit a (from aK66 to aH271), and the C terminus
being located in the cytoplasm. Experimental evi-
dence for that is as follows.

2.1. Presence of two cytoplasmic loop regions within
subunit a

Subunit a contains two hydrophilic loop regions
rich in lysine residues (I: aK65, aK66, aK74, aK91,
aK97, aK99; II: aK167; aK169, aK176), which are
favoured by the `positive inside rule' to be located at
the inner side of the cytoplasmic membrane [49,50].
Binding studies with a monoclonal antibody (mAb)
against the reporter epitope FLAG (DYKDDDDK)
inserted at di¡erent positions of the polypeptide
chain revealed that aK66, aH95 (¢rst cytoplasmic
loop), and aQ181 (second cytoplasmic loop) are ac-

cessible from the cytoplasmic side of the membrane
[43]. Residue aK66 seems to be located at the border
of the phospholipid bilayer, possibly within the phos-
pholipid headgroups, since a positive signal with the
anti-FLAG mAb could only be obtained for a tan-
dem insertion of the FLAG epitope. Furthermore,
L-galactosidase fused to aK66 exhibits high mem-
brane-bound activities [51] indicating its cytoplasmic
localization. Binding studies with polyclonal antibod-
ies (pAb) raised against peptide aK167-aQ181
showed that at least part of this region is exposed
to the cytoplasm [44]. The chemical accessibility of
genetically introduced cysteine residues in membrane
vesicles also revealed the presence of residues aS69C,
aV71C (¢rst cytoplasmic loop), aK169C, aG172C,
aK176C, and aE196C (second cytoplasmic loop) at
the cytoplasmic side of the membrane [46,47]. The

Fig. 1. Models of the topology of subunit a with six transmembrane helices according to Ja«ger et al. [43] and with ¢ve helices accord-
ing to Valiyaveetil and Fillingame [46]. C, epitope (FLAG or His5 tag) insertion sites; , subunit a-PhoA fusion sites; , antigenic
determinants; a, genetically introduced cysteine residues reacting site-speci¢cally with maleimides.
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observed reciprocal pattern of reactivity has in gen-
eral only a very narrow range and residues like
aS89C, aL193C, aS202C, and aV205C did not
show any reactivity [46].

2.2. Exposition of the C terminus of subunit a to the
cytoplasm

pAb against peptide aT260-aH271 [44] as well as
antibodies against epitopes fused to the C terminus
of subunit a (the mutated FLAG epitope
DYKDDVDK or a His5 tag) [43] revealed that the
C-terminal region of subunit a is exposed to the cy-
toplasm. Interestingly, insertion of the FLAG epi-
tope after aH271 produced an ATP synthase non-
functional in oxidative phosphorylation, whereas
the clone carrying the mutant FLAG epitope at-
tached to aH271 showed strong complementation
of an atpB deletion strain [43]. Genetically intro-
duced cysteine residues at aM266 or C277 (addition
of a His5-Cys tag at aH271) are highly reactive for
maleimide label from the cytoplasmic side of the
membrane [46,47].

2.3. Presence of two periplasmic loop regions within
subunit a between aK66 and aH271

Subunit a-PhoA fusion proteins having their fu-
sion joints within regions aV110-aL125 and aL229-
aI246 showed high phosphatase activities supporting
the presence of two periplasmic loop regions [52,53].
In addition, a L-galactosidase fusion protein linked
at position aI236 shows no activity [54]. A genetically
introduced cysteine residue at position aE131 is
highly reactive to maleimide showing a preferential
reactivity in membrane vesicles of right-side-out ori-
entation, indicating a periplasmic loop region [46].
However, residues aY128C and aL134C in the vicin-
ity of aE131C can only poorly be labelled if at all
[46,47]. The results from cysteine mutants for a fur-
ther periplasmic loop region are less convincing, only
for residue aP230C a slight preference for the reac-
tivity in right-side-out oriented membrane vesicles
could be observed [46], whereas the surrounding res-
idues, such as aG227C, aS233C, aW235C, aL237C,
aN238C, and aV239C, showed no reactivity to mal-
eimides at all, even in the presence of high concen-
trations of the labelling reagent [46,47]. However, an

independent experimental approach described in the
next paragraph also supports the presence of a peri-
plasmic loop within this region.

2.4. Presence of four transmembrane helices between
residues aK66 and aH271

The presence of two cytoplasmic and two periplas-
mic loop regions and the C-terminal region being
exposed to the cytoplasm requires the presence of
four transmembrane helices within this part of sub-
unit a. The transmembrane helix involving aR210
has been characterized very well. Cysteine residues
introduced between residues aL207 and aI225 can
be cross-linked by disulphide bonds to cysteine resi-
dues introduced into the second transmembrane helix
of subunit c. Relative cross-link yields of more than
20% (at 10³C) were obtained for the following pairs:
aN214C-cA62C, aN214C-cM65C, aI221C-cG69C,
aI223C-cL72C, aL224C-cY73C, and aI225C-cY73C
(aL207C-cI55C has a yield of 12%) [55]. Since resi-
dues cI55-cY73 of subunit c are part of a transmem-
brane helix from the cytoplasmic to the periplasmic
side of the membrane [27,28,56,57] residues aL207-
aI225 of subunit a must also be located in a trans-
membrane helix directed from the cytoplasmic to the
periplasmic side [55]. The interaction between both
helices is also supported by third-side-optimizing mu-
tants starting with mutation cA24D/cD61G [58] (see
Table 1). In addition, suppressor mutations were dis-
cussed to support the topological model based on the
notion that the simplest explanation of a second site
suppressor pair is side chain proximity in the folded
and assembled molecule with suitable structural
changes in the corresponding residues [45,46,59,60].
However, looking more closely at all second site sup-
pressor pairs described so far for subunit a (see Table
1), several pairs do not ¢t with the models (compare
Fig. 1). In general, an evaluation of second site sup-
pressors can be critical without an additional ap-
proach demonstrating direct interaction, since muta-
tions can cause long distance conformational changes
[61].

2.5. Controversial results for the N-terminal part of
subunit a

The chemical accessibility of genetically introduced
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cysteine residues in membrane vesicles suggested that
aS3C, aR24C, and aS27C are located in the peri-
plasm [46,47], although the reciprocal pattern of re-
activity has a very narrow range (a factor of 1.5^2.5
for right-side-out vesicles versus inside-out vesicles)
[46]. These results indicate that the N terminus of
subunit a is exposed to the periplasm and that only
one transmembrane helix is present up to residue
aK66, in accord with a ¢ve helix model.

In contrast, the binding behaviour of antibodies to
membrane vesicles of di¡erent orientation always re-
vealed the accessibility of the N-terminal region at
the cytoplasmic side of the membrane, which re-
quires the presence of two transmembrane helices
up to residue aK66. In each case, the range of the
reciprocal pattern of reactivity is about a factor of 10
[43,44]. The epitopes of two monoclonal antibodies
against subunit a are a4-ENMTPQD-10 (GDH 14-
5C6) and a29-VDPQ-32 (GDH 8-8B3) as determined
by ELISA using overlapping synthetic decapeptides
[43]. In addition, the mutations aS27C and aN33C
interfere with the binding of mAb GDH 8-8B3,
whereas other mutations within the polypeptide
chain have no e¡ect on the binding of the mAbs to
subunit a (W.-D. Stalz, G. Deckers-Hebestreit, un-
published results). As expected, the insertion of the
FLAG epitope at position aT7 or aD30 inhibited the
binding of the corresponding anti-a mAb by inter-

ruption of the epitopes [43]. Binding studies with
these mAbs and with antibodies against the FLAG
epitope revealed that the N-terminal region of sub-
unit a, at least up to amino acid aQ32, is exposed to
the cytoplasmic side of the membrane [43]. In addi-
tion, antibodies raised against peptide aS3-aL16
showed only binding to inside-out membrane vesicles
[44]. Recent studies with polyclonal antibodies raised
against peptide a2-ASENMTPQDY-11 [62] (kindly
provided by Dr. R.H. Fillingame, Madison, WI,
USA) also clearly demonstrated a distinct binding
of the antibodies only to membrane vesicles of in-
side-out orientation both in the presence or absence
of F1 (Fig. 2) (W.-D. Stalz, K. Altendorf, G. Deck-
ers-Hebestreit, unpublished results). In general, for
binding studies with antibodies we always prepare
membrane vesicles from a wild-type strain carrying
the atp operon on the chromosome, thus no genetical
manipulation or overexpression of membrane pro-
teins, which might alter the properties of the mem-
brane or the assembly of membrane proteins, has to
be taken into consideration. A further independent
hint for the presence of two transmembrane helices
up to residue aK66 might be the intermediate activity
of a subunit a-PhoA fusion protein having its fusion
joint at position aV51 [52], indicating a periplasmic
orientation of this amino acid region of subunit a.
The data provided suggest the presence of two trans-

Table 1
Second site suppressor pairs and third-site-optimizing mutations involving subunit a

Second site suppressor pairs involving subunit a Fit with models of Fig. 1 Ref.

5 helices 6 helices

aR210Q-aQ252R + + [45]
aR210K-aV50D +/3 3 [45]
aE219H-aR140H/L + 3 [99]
aE219C-aA145E + + [46]
aH245E-aE219H + + [100]
aH245G-aG218D/K + + [101]
aH245C-aD119H + +/3 [46]
aD124N-aR140Q + + [99]
bG9D-aP240A/L + + [102]

Third-site-optimizing mutations involving subunit a

cA24D/D61G-aD92Y 3 3 [58]
cA24D/D61G-aV198G 3 3 [58]
cA24D/D61G-aA217G + + [58]
cA24D/D61G-aI221N + + [58]
cA24D/D61G-aL224M/Q +/3 +/3 [58]
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membrane helices reaching from aN33 to aS49 and
aL54 to aG70, respectively, being connected by an
extremely short periplasmic loop region (aV50-
aG53), and the length of the transmembrane helices
with 17 amino acids is shorter as for most proteins
estimated.

3. Structure of subunit b

Subunit b is anchored in the membrane with its
hydrophobic N terminus, whereas the remainder of
the protein, except a short stretch of hydrophobic
amino acids near the C terminus (residues bV124-
bA132), is hydrophilic, highly charged, and adopts

a predominantly K-helical conformation. Proteolysis
studies have shown that the hydrophilic part of sub-
unit b is essential for the association of F1 with F0

[63^65]. Removal of two residues from the C termi-
nus of subunit b disrupts assembly of the ATP syn-
thase [66], as does mutation bG131D [67], bV124D
or bA128D [68]. Studies with the hydrophilic portion
of subunit b (bsol) showed that it forms in solution a
homodimer with an elongated shape [69], which can
be disrupted to monomers by mutation of bsolA128
to aspartate [17,68]. In addition, the introduction of
cysteine residues followed by chemical cross-linking
con¢rms the dimeric conformation of bsol as well as
of the intact protein in the membrane. Especially
cysteines at positions bV124, bA128, bG131, bA132,
bS139, and bS146 showed strong tendencies to form
disulphides with their counter parts in the dimer
[17,70] without e¡ecting ATPase activity [17]. Fur-
thermore, the formation of the subunit b dimer seems
to be essential for the interaction with the F1 part
[18,71] and, in addition, it could be shown that the
four C-terminal residues of subunit b (bsolV153-
bsolL156) are directly involved in binding of F1 via
subunit N [19] (see below). Dimerization could be
also observed for the N-terminal residues of subunit
b after introduction of cysteines into region bN2-
bA11, whereas no cross-linking was obtained in re-
gion bI12-bC21 [60]. In addition, mutant analyses
revealed a high tolerance towards amino acid substi-
tutions in the region around bC21, also indicating
that this region is not a protein-protein contact
area [72,73].

The secondary structure of bsol has been deter-
mined by circular dichroism (CD) to be mostly K-
helical, whereas for the mutant protein bsolA128D
present in monomeric form, a loss of K-helical struc-
ture was observed, which is largely compensated by
an increase in parallel L sheet and random coil struc-
ture [17]. In addition, the structure of the hydropho-
bic N-terminal stretch (peptide bM1-bI33) was deter-
mined by NMR using chloroform/methanol/water as
solvent. Residues bN4-bM22 form a continuous he-
lix, which is interrupted from residues bK23-bW26
and resumes from residues bP27-bI33 at an angle
o¡set by 20³ from the initial helix [60]. Recently,
we also determined the secondary structure compo-
sition of intact subunit b by CD spectroscopy, there-
by overcoming the di¤culties in the spectroscopic

Fig. 2. Competition for antibodies raised against peptide aA2-
aY11 of subunit a between their corresponding bound antigen
and free membrane vesicles of di¡erent orientation. The com-
petitive inhibition ELISA was carried out as described by Ja«ger
et al. [43]. Microtitre plates were coated with puri¢ed F0 (0.5
Wg/ml) [97]. To allow competition between bound antigen (sub-
unit a in the F0 complex) and free antigen (subunit a in mem-
brane vesicles of di¡erent orientation, prepared as described by
Ja«ger et al. [43]), the antibodies (dilution: 1/2000) and an equal
volume of membrane vesicles of di¡erent concentrations were
incubated overnight at 4³C in the wells coated with F0 [98]. To
reduce unspeci¢c binding of the antiserum, preadsorption of the
antiserum with everted membrane vesicles of the atpIBEFHA
deletion strain CM1470 was performed according to Hensel et
al. [28]. F, F1-containing everted membrane vesicles of the atp
wild-type strain ML308-225; b, F1-stripped everted membrane
vesicles of strain ML308-225; a, everted membrane vesicles of
the atp mutant strain CM1470; S, right-side-out-oriented mem-
brane vesicles of the atp wild-type strain ML308-225; P, right-
side-out-oriented membrane vesicles of the atp mutant strain
CM1470.
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analysis of membrane proteins due to arti¢cial CD
signals arising from detergents and light scattering
e¡ects in the presence of membranes. Subunit b of
the F0 complex was puri¢ed to homogeneity by prep-
arative SDS gel electrophoresis, precipitated with
acetone, and redissolved in a cholate-containing bu¡-
er. That subunit b recovered its native conformation
was shown by reconstitution into proteoliposomes
together with an ac subcomplex resulting in an F0

complex functional in proton translocation as well as
F1 binding. The light scattering of membrane sys-
tems in CD spectroscopic analysis could be mini-
mized by reduction of proteoliposomes containing
subunit b to a size of approx. 50 nm. The resulting
spectra revealed a secondary structure composition
of at least 75% K helix (J.-C. Greie, G. Deckers-
Hebestreit, K. Altendorf, unpublished results), which
is in good agreement with the results reported for the
hydrophilic bsol [17,69].

Like subunit b, subunit N is also required for the
binding of F1 to F0. Membranes of mutant strains
expressing truncated forms of subunit N showed little
ATPase activity indicating that F1 cannot bind to the
membrane in the absence of intact subunit N [74].
Several independent studies suggested that subunit
N is located at the periphery in the upper third of
the KL hexamer [16,75^77]. Recently, an interaction
of subunits b and N in the absence of other F0F1

subunits could be observed [17,18,78]. Furthermore,
cross-linking studies clearly demonstrated that both
subunits interact via their C-terminal regions
[15,19,79]. Preferred sites of cross-linking of the mu-
tant b subunits bsolE155C and bsolC158 (two residues
beyond the normal C terminus of subunit b) to sub-
unit N was shown to be C-terminal to NM148 [19],
clearly demonstrating that this interaction is instru-
mental to the binding of F1 to F0. Surprisingly, sub-
unit b can tolerate deletions of up to 11 amino acids
in the region bD50-bI75 while maintaining coupled
enzymatic activity, suggesting that subunit b is not
necessarily a rigid rod-like structure, but has an in-
herent £exibility with a possible dynamic role in cou-
pling [80].

4. Interaction of subunit c with F1 subunits

Subunit c folds into the membrane like a hairpin

with two transmembrane helices separated by a polar
loop region, which is exposed to the cytoplasm. For
the substructure of the subunit c oligomer within F0

a ring-like assembly has been proposed [38,81,82],
which correlates well with recent cross-link studies
[29], tryptophan substitutions [83], as well as with
electron and atomic force microscopy studies [23^
25]. However, which helix packs at the interior and
which at the periphery of the ring is controversially
discussed [29,83]. In addition, an arrangement of the
c subunits in three tetramers is discussed, so that
each unit would be functionally linked to a single
catalytic KL pair of F1 to energize it during catalysis
[81,84].

Several lines of evidence exist for the requirement
of subunit c in coupling of F0 to F1 (for review, see
[1]). Mutations in the conserved, hydrophilic loop
region, mainly at positions cR41, cQ42, and cP43,
exhibit e¡ects on the coupling of F1 in dependence
on the mutation introduced and on the genetic back-
ground used for characterization [56,85^87]. Further-
more, suppressor mutants to mutation cQ42E were
isolated, in which ATP-driven proton translocation is
recoupled again by a second mutation in subunit O,
changing OE31 to G, V or K [88]. Cross-linking stud-
ies with double mutants carrying cysteine residues at
position OE31 and at positions cA40, cQ42 or cP43
revealed a possible direct interaction between both
subunits [89]. An interaction between the hydrophilic
loop of subunit c (cQ42, cP43, cD44) and the tyro-
sine residue QY205 of subunit Q could also be dem-
onstrated with cysteine mutants [90,91]. Binding
studies with a peptide exhibiting the hydrophilic
loop region of subunit c (csol) revealed that at satu-
rating conditions 1 mol peptide was bound per mol
F1 in the chloroplast system [92].

Epitope mapping of mAbs prepared against sub-
unit c using overlapping synthetic heptapeptides re-
vealed that the epitopes of all mAbs are located with-
in the hydrophilic loop region, and, furthermore, all
epitopes (comprising residues c35-FLEGAARQ-42)
except one (c31-LGGKFLE-37) are located within
the highly conserved region involving c39-AARQP-
43. Binding studies with membrane vesicles of di¡er-
ent orientation showed a strong binding of all mAbs
to everted membrane vesicles. Thus, the mAb studies
clearly demonstrated that at least the region c31-
LGGKFLEGAARQ-42 is exposed to the cytoplasm
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[103], which would expand the polar loop surface of
subunit c being exposed to the water phase, com-
pared to the region determined earlier by analysis
of cysteine mutants [89^91,93] or by NMR analysis
of chloroform/methanol/water-dissolved subunit c
([26], and references therein).

The mAb molecules with their high speci¢city have
no in£uence on dicyclohexylcarbodiimide-sensitive
ATPase activity and ATP-driven or passive proton
translocation. From our experience in immunoelec-
tron microscopy studies [23] and from theoretical
considerations, one can expect that due to sterical
hindrance only one or two anti-c mAb molecules
with a molecular weight of 150 000 are bound per
subunit c oligomer (molecular weight of approx.
100 000). Binding of all mAbs to everted membrane
vesicles occurred independent of the presence or ab-
sence of F1. In contrast, NEM-labelling studies with
cysteine mutants revealed an e¡ect on the function of
F0 only after modi¢cation of more than 60% of the c
subunits [93]. Nevertheless, the results obtained with
the mAb studies clearly demonstrate that F1 and the
mAb molecule(s) are bound simultaneously to the F0

complex. Furthermore, the amino acid residues in-
volved in antibody recognition (c35-FLEGAARQ-
42) are almost the same as those known to interact
with subunits Q and O of the F1 complex (residues
c40-ARQPD-44) [56,85^91,93]. Therefore, from these
data it has to be concluded (i) that not all c subunits
are involved in F1 interaction and (ii) that this inter-
action is ¢xed, which means that during catalysis
subunits Q and O do not interact with all c subunits
present, since at least one of the subunit c loop re-
gions is occupied by an mAb molecule [103]. In ad-
dition, a di¡erent NEM-labelling behaviour for the
12 copies of subunit c in F0 could be observed with
membranes of the subunit c mutant cQ42C, also in-
dicating that only four or ¢ve c subunits participate
in F1 interaction [93].

5. Rotation versus conformational changes in the
subunit c oligomer

The coupling between proton translocation and
ATP synthesis/hydrolysis is supposed to take place
by rotation of subunits Q and O relative to the KL
hexamer [6,8^10,12]. This has led to the proposal
that the subunit c oligomer co-rotates past a static,

peripherally located ab2 subcomplex in the mem-
brane [10,33,34,94] with subunits Q and O being ¢xed
to a few out of the 12 c subunits like a wheel's spoke
[32,33]. Alternatively, it has been suggested that the
F0 complex remains ¢xed relative to subunits K and
L in F1 [35,36]. In such a model, only subunits Q and
O are predicted to move along the polar loop surface
of the subunit c oligomer, thereby possibly coupling
a unit of four c subunits at a time due to the neces-
sity of four protons pumped per ATP synthesized
[30,31]. Conformational changes would then be re-
layed from the site of proton binding/release to the
polar loop region of subunit c [37,95], and the con-
formational changes in the loop region then drive
movement of subunits Q and O from one copy of
subunit c to the next [35]. The studies with the
mAbs against subunit c, which had no in£uence on
the function of F0, although F1 and the mAb mole-
cule(s) are bound simultaneously to the F0 complex,
indicate that a complete rotation of the subunit c
oligomer together with subunits Q and O [32^34] along
the stator seems to be unlikely due to sterical hin-
drance generated by the large mAb molecule(s)
bound to subunit(s) c. On the other hand, a move-
ment of the QO subcomplex from loop to loop of
subunit c in a circular fashion during catalysis is
also di¤cult to understand with the results obtained,
since at least one of the subunit c loop regions is
occupied by an mAb molecule. However, a sterical
hindrance generated by bound mAb molecule(s)
seems to be less problematic for the QO subcomplex
sliding along the polar loop surface of the subunit c
oligomer than for the subunit c oligomer rotating
along the stator ab2 [103]. Antibody molecules of
the IgG1 subclass (as most anti-c mAbs) have a
head to tail distance of 75 Aî on average [96]. There-
fore, one has to take into consideration that despite
the high a¤nity of the antigen-antibody binding such
a projecting element can probably be removed by
adequate strong tractive forces. Thus, the mAb(s)
bound to subunit c may be sheared o¡ by the rota-
tional movement present at large driving forces dur-
ing catalysis. Studies for or against this argument are
under way.

6. Note added in proof

In the meantime ATP-driven rotation of the sub-
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unit c oligomer within assembled F0F1 was shown by
connecting a £uorescently labelled actin ¢lament to
the N terminus of subunit c [104]. These results sug-
gest that subunits Q, O, and c rotate together during
ATP hydrolysis. In addition, an electron density map
obtained from crystals of a subcomplex of yeast mi-
tochondrial ATP synthase revealed the presence of
the subunit c oligomer in a ring-like assembly [105].

Acknowledgements

Work from the author's laboratory was supported
by the Deutsche Forschungsgemeinschaft (SFB171/
SFB 431), by Human Frontiers (HFSP, RG0571/
1996-M), by the Fonds der Chemischen Industrie
(fellowship to J.-C.G.), and by the Graduiertenfo«r-
derung of the State of Lower Saxony (fellowship to
W.-D.S.).

References

[1] G. Deckers-Hebestreit, K. Altendorf, Annu. Rev. Microbiol.
50 (1996) 791^824.

[2] P.C. Jones, R.H. Fillingame, J. Biol. Chem. 273 (1998)
29701^29705.

[3] J.P. Abrahams, A.G.W. Leslie, R. Lutter, J.E. Walker, Na-
ture 370 (1994) 621^628.

[4] E.P. Gogol, U. Lu«cken, R.A. Capaldi, FEBS Lett. 219
(1987) 274^278.

[5] P.D. Boyer, Biosci. Rep. 18 (1997) 97^117.
[6] H. Noji, R. Yasuda, M. Yoshida, K. Kinosita Jr., Nature

386 (1997) 299^302.
[7] R. Yasuda, H. Noji, K. Kinosita Jr., M. Yoshida, Cell 93

(1998) 1117^1124.
[8] Y. Kato-Yamada, H. Noji, R. Yasuda, K. Kinosita Jr., M.

Yoshida, J. Biol. Chem. 273 (1998) 19375^19377.
[9] D. Sabbert, S. Engelbrecht, W. Junge, Nature 381 (1996)

623^625.
[10] T.M. Duncan, V.V. Bulygin, Y. Zhou, M.L. Hutcheon, R.L.

Cross, Proc. Natl. Acad. Sci. USA 92 (1995) 10964^10968.
[11] Y. Zhou, T.M. Duncan, R.L. Cross, Proc. Natl. Acad. Sci.

USA 94 (1997) 10583^10587.
[12] V.V. Bulygin, T.M. Duncan, R.L. Cross, J. Biol. Chem. 273

(1998) 31765^31769.
[13] R. Aggeler, I. Ogilvie, R.A. Capaldi, J. Biol. Chem. 272

(1997) 19621^19624.
[14] S.P. Tsunoda, E. Muneyuki, T. Amano, M. Yoshida, H.

Noji, J. Biol. Chem. 274 (1999) 5701^5706.
[15] G. Beckers, R.J. Berzborn, H. Strotmann, Biochim. Biophys.

Acta 1101 (1992) 97^104.
[16] I. Ogilvie, R. Aggeler, R.A. Capaldi, J. Biol. Chem. 272

(1997) 16652^16656.

[17] A.J.W. Rodgers, S. Wilkens, R. Aggeler, M.B. Morris, S.M.
Howitt, R.A. Capaldi, J. Biol. Chem. 272 (1997) 31058^
31064.

[18] S.D. Dunn, J. Chandler, J. Biol. Chem. 273 (1998) 8646^
8651.

[19] D.T. McLachlin, J.A. Bestard, S.D. Dunn, J. Biol. Chem.
273 (1998) 15162^15168.

[20] S. Wilkens, R.A. Capaldi, Nature 393 (1998) 29.
[21] S. Wilkens, R.A. Capaldi, Biochim. Biophys. Acta 1365

(1998) 93^97.
[22] B. Bo«ttcher, L. Schwarz, P. Gra«ber, J. Mol. Biol. 281 (1998)

757^762.
[23] R. Birkenha«ger, M. Hoppert, G. Deckers-Hebestreit, F.

Mayer, K. Altendorf, Eur. J. Biochem. 230 (1995) 58^67.
[24] S. Singh, P. Turina, C.J. Bustamante, D.J. Keller, R.A. Ca-

paldi, FEBS Lett. 397 (1996) 30^34.
[25] K. Takeyasu, H. Omote, S. Nettikadan, F. Tokumasu, A.

Iwamoto-Kihara, M. Futai, FEBS Lett. 392 (1996) 110^113.
[26] M.E. Girvin, V.K. Rastogi, F. Abildgaard, J.L. Markley,

R.H. Fillingame, Biochemistry 37 (1998) 8817^8824.
[27] M.E. Girvin, J. Hermolin, R. Pottorf, R.H. Fillingame, Bio-

chemistry 28 (1989) 4340^4343.
[28] M. Hensel, G. Deckers-Hebestreit, R. Schmid, K. Altendorf,

Biochim. Biophys. Acta 1016 (1990) 63^70.
[29] P.C. Jones, W. Jiang, R.H. Fillingame, J. Biol. Chem. 273

(1998) 17178^17185.
[30] H.S. van Walraven, H. Strotmann, O. Schwarz, B. Rumberg,

FEBS Lett. 379 (1996) 309^313.
[31] S. Berry, B. Rumberg, Biochim. Biophys. Acta 1276 (1996)

51^56.
[32] W. Junge, H. Lill, S. Engelbrecht, Trends Biochem. Sci. 22

(1997) 420^423.
[33] S. Engelbrecht, W. Junge, FEBS Lett. 414 (1997) 485^491.
[34] T. Elston, H. Wang, G. Oster, Nature 391 (1998) 510^513.
[35] R.H. Fillingame, J. Exp. Biol. 200 (1997) 217^224.
[36] P.C. Jones, M.A. Harrison, Y.-I. Kim, M.E. Finbow, J.B.C.

Findlay, Biochem. J. 312 (1995) 739^747.
[37] F.M. Assadi-Porter, R.H. Fillingame, Biochemistry 34

(1995) 16186^16193.
[38] R.H. Fillingame, in: T.A. Krulwich (Ed.), The Bacteria. A

Treatise on Structure and Function, vol. 12, Academic Press,
New York, 1990, pp. 345^391.

[39] B.D. Cain, R.D. Simoni, J. Biol. Chem. 264 (1989) 3292^
3300.

[40] S. Eya, M. Maeda, M. Futai, Arch. Biochem. Biophys. 284
(1991) 71^77.

[41] R.N. Lightowlers, S.M. Howitt, L. Hatch, F. Gibson, G.B.
Cox, Biochim. Biophys. Acta 894 (1987) 399^406.

[42] F.I. Valiyaveetil, R.H. Fillingame, J. Biol. Chem. 272 (1997)
32635^32641.

[43] H. Ja«ger, R. Birkenha«ger, W.-D. Stalz, K. Altendorf, G.
Deckers-Hebestreit, Eur. J. Biochem. 251 (1998) 122^132.

[44] H. Yamada, Y. Moriyama, M. Maeda, M. Futai, FEBS
Lett. 390 (1996) 34^38.

[45] L.P. Hatch, G.B. Cox, S.M. Howitt, J. Biol. Chem. 270
(1995) 29407^29412.

[46] F.I. Valiyaveetil, R.H. Fillingame, J. Biol. Chem. 273 (1998)
16241^16247.

BBABIO 44846 22-5-00

G. Deckers-Hebestreit et al. / Biochimica et Biophysica Acta 1458 (2000) 364^373372



[47] J.C. Long, S. Wang, S.B. Vik, J. Biol. Chem. 273 (1998)
16235^16240.

[48] J.E. Walker, M. Saraste, N.J. Gay, Biochim. Biophys. Acta
768 (1984) 164^200.

[49] G. von Heijne, EMBO J. 5 (1986) 3021^3027.
[50] G. von Heijne, J. Mol. Biol. 225 (1992) 487^494.
[51] M.J. Lewis, R.D. Simoni, J. Biol. Chem. 267 (1992) 3482^

3489.
[52] C. BjÖrb×k, V. Foe«rsom, O. Michelsen, FEBS Lett. 260

(1990) 31^34.
[53] M.J. Lewis, J.A. Chang, R.D. Simoni, J. Biol. Chem. 265

(1990) 10541^10550.
[54] K.A. Solomon, D.K.W. Hsu, W.S.A. Brusilow, J. Bacteriol.

171 (1989) 3039^3045.
[55] W. Jiang, R.H. Fillingame, Proc. Natl. Acad. Sci. USA 95

(1998) 6607^6612.
[56] M.E. Mosher, L.K. White, J. Hermolin, R.H. Fillingame,

J. Biol. Chem. 260 (1985) 4807^4814.
[57] G. Deckers-Hebestreit, R. Schmid, H.-H. Kiltz, K. Alten-

dorf, Biochemistry 26 (1987) 5486^5492.
[58] D. Fraga, J. Hermolin, R.H. Fillingame, J. Biol. Chem. 269

(1994) 2562^2567.
[59] R.H. Fillingame, M.E. Girvin, W. Jiang, F. Valiyaveetil, J.

Hermolin, Acta Physiol. Scand. 163 (1998) 163^168.
[60] R.H. Fillingame, P.C. Jones, W. Jiang, F.I. Valiyaveetil,

O.Y. Dmitriev, Biochim. Biophys. Acta 1365 (1998) 135^
142.

[61] B. Meunier, P.R. Rich, J. Mol. Biol. 283 (1998) 727^730.
[62] J. Hermolin, R.H. Fillingame, J. Biol. Chem. 270 (1995)

2815^2817.
[63] J. Hermolin, J. Gallant, R.H. Fillingame, J. Biol. Chem. 258

(1983) 14550^14555.
[64] D.S. Perlin, A.E. Senior, Arch. Biochem. Biophys. 236

(1985) 603^611.
[65] K. Ste¡ens, E. Schneider, G. Deckers-Hebestreit, K. Alten-

dorf, J. Biol. Chem. 2625 (1987) 5866^5869.
[66] M. Takeyama, T. Noumi, M. Maeda, M. Futai, J. Biol.

Chem. 263 (1988) 16106^16112.
[67] D.A. Jans, L. Hatch, A.L. Fimmel, F. Gibson, G.B. Cox,

J. Bacteriol. 162 (1985) 420^426.
[68] S.M. Howitt, A.J.W. Rodgers, P.D. Je¡rey, G.B. Cox,

J. Biol. Chem. 271 (1996) 7038^7042.
[69] S.D. Dunn, J. Biol. Chem. 267 (1992) 7630^7636.
[70] D.T. McLachlin, S.D. Dunn, J. Biol. Chem. 272 (1997)

21233^21239.
[71] P.L. Sorgen, M.R. Bubb, K.A. McCormick, A.S. Edison,

B.D. Cain, Biochemistry 37 (1998) 923^932.
[72] S. Kau¡er, G. Deckers-Hebestreit, K. Altendorf, Eur. J. Bio-

chem. 202 (1991) 1307^1312.
[73] G.B. Cox, A.L. Fimmel, F. Gibson, L. Hatch, Biochim. Bio-

phys. Acta 849 (1986) 62^69.
[74] M. Jounouchi, M. Takeyama, P. Chaiprasert, T. Noumi, Y.

Moriyama, M. Maeda, M. Futai, Arch. Biochem. Biophys.
292 (1992) 376^381.

[75] S.D. Dunn, L.A. Heppel, C.S. Fullmer, J. Biol. Chem. 255
(1980) 6891^6896.

[76] M.B. Maggio, D. Parsonage, A.E. Senior, J. Biol. Chem. 263
(1988) 4619^4623.

[77] H. Lill, F. Hensel, W. Junge, S. Engelbrecht, J. Biol. Chem.
271 (1996) 32737^32742.

[78] K. Sawada, N. Kuroda, H. Watanabe, C. Moritani-Otsuka,
H. Kanazawa, J. Biol. Chem. 272 (1997) 30047^30053.

[79] S. Joshi, R. Burrows, J. Biol. Chem. 265 (1990) 14518^
14525.

[80] P.L. Sorgen, T.L. Caviston, R.C. Perry, B.D. Cain, J. Biol.
Chem. 273 (1998) 27873^27878.

[81] E. Schneider, K. Altendorf, Microbiol. Rev. 51 (1987) 477^
497.

[82] G. Groth, J.E. Walker, FEBS Lett. 410 (1997) 117^123.
[83] G. Groth, Y. Tilg, K. Schirwitz, J. Mol. Biol. 281 (1998)

49^59.
[84] R.H. Fillingame, J. Bioenerg. Biomembr. 24 (1992) 485^

491.
[85] M.J. Miller, D. Fraga, C.R. Paule, R.H. Fillingame, J. Biol.

Chem. 264 (1989) 305^311.
[86] D. Fraga, R.H. Fillingame, J. Bacteriol. 173 (1991) 2639^

2643.
[87] D. Fraga, J. Hermolin, M. Oldenburg, M.J. Miller, R.H.

Fillingame, J. Biol. Chem. 269 (1994) 7532^7537.
[88] Y. Zhang, M. Oldenburg, R.H. Fillingame, J. Biol. Chem.

269 (1994) 10221^10224.
[89] Y. Zhang, R.H. Fillingame, J. Biol. Chem. 270 (1995)

24609^24614.
[90] S.D. Watts, Y. Zhang, R.H. Fillingame, R.A. Capaldi,

FEBS Lett. 368 (1995) 235^238.
[91] S.D. Watts, C. Tang, R.A. Capaldi, J. Biol. Chem. 271

(1996) 28341^28347.
[92] T. Licher, E. Kellner, H. Lill, FEBS Lett. 431 (1998) 419^

422.
[93] S.D. Watts, R.A. Capaldi, J. Biol. Chem. 272 (1997) 15065^

15068.
[94] S.B. Vik, B.J. Antonio, J. Biol. Chem. 269 (1994) 30364^

30369.
[95] H.S. Penefsky, Proc. Natl. Acad. Sci. USA 82 (1985) 1589^

1593.
[96] Y. Zheng, B. Shopes, D. Holowka, B. Baird, Biochemistry

31 (1992) 7446^7456.
[97] E. Schneider, K. Altendorf, Proc. Natl. Acad. Sci. USA 81

(1984) 7279^7283.
[98] G. Deckers-Hebestreit, K. Altendorf, Eur. J. Biochem. 161

(1986) 225^231.
[99] S.M. Howitt, R.N. Lightowlers, F. Gibson, G.B. Cox, Bio-

chim. Biophys. Acta 1015 (1990) 264^268.
[100] B.D. Cain, R.D. Simoni, J. Biol. Chem. 263 (1988) 6606^

6612.
[101] P.E. Hartzog, B.D. Cain, J. Biol. Chem. 269 (1994) 32313^

32317.
[102] C.A. Kumamoto, R.D. Simoni, J. Biol. Chem. 261 (1986)

10037^10042.
[103] R. Birkenha«ger, J.-C. Greie, K. Altendorf, G. Deckers-

Hebestreit, Eur. J. Biochem. 264 (1999) 385^396.
[104] Y. Sambongi, Y. Iko, M. Tanabe, H. Omote, A. Iwamoto-

Kihara, I. Ueda, T. Yanagida, Y. Wada, M. Futai, Science
286 (1999) 1722^1724.

[105] D. Stock, A.G.W. Leslie, J.E. Walker, Science 286 (1999)
1700^1705.

BBABIO 44846 22-5-00

G. Deckers-Hebestreit et al. / Biochimica et Biophysica Acta 1458 (2000) 364^373 373


