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Abstract 
The extrinsic and intrinsic membrane sectors of F,F,-ATPases are linked by a slender stalk 4&50 A in length. The stalk transmits the energy 

produced by oxidative or photosynthetic phosphorylation from the intrinsic sector, FO, to the catalytic sites in the extrinsic F, sector. How this is 
achieved is unknown, but long-range conformational changes linked to transmembrane proton transport may be involved. In bacterial and chloroplast 
F,F,-ATPases, the stalk is probably a composite of subunits 6 and E, part of the y-subunit, and the extrinsic membrane domains of 2 subunits (identical 
or non-identical according to the species) that are bound to the membrane by their N-terminal regions. The stalk in the bovine mitochondrial enzyme 
appears to be more complex, and the y, 6, E, OSCP, Fe, b and d subunits all contribute to it. A bovine stalk complex has been assembled in vitro 
from bacterially expressed OSCP, F,, b and d, both in the presence and in the absence of F,-ATPase. One molecule of each of these subunits is present 
in the assembled complexes, as there is also in each native F,F,-ATPase assembly. Providing that suitable crystals can be obtained, the stalk complex 
and the F, stalk complex may permit the high resolution structure of bovine F,-ATPase to be extended into the stalk domain. 
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1. Introduction 

The proton translocating F,F,-ATPases in the energy 
transducing membranes of eubacteria, chloroplasts and 
mitochondria have many common features. For exam- 
ple, their gross structures observed by electron micros- 
copy are similar and consist of three domains, namely 
the extrinsic and intrinsic membrane domains, F, and F,,, 
respectively, and the slender stalk 4650 A long that links 
them together [1,2]. The existence of the stalk has been 
questioned (see references cited in [2]), and it has been 
suggested that it may be an artefact of negative staining. 
However, the visualization of the stalk by electron mi- 
croscopy of unstained specimens of the Escherichia coli 
enzyme [2] has rebutted this criticism effectively. The 90 
A particle attached to this stalk is F,-ATPase, the extrin- 
sic membrane domain of the ATP synthase, which con- 
tains the catalytic sites of the enzyme (for reviews see 
[3,4]). If the stalk is ruptured, the F,-ATPase particle is 
released intact as a soluble globular complex. The intrin- 
sic membrane domain, F,, has a transmembrane proton 
transporting mechanism involved in harnessing energy 
stored in the proton potential gradient across the energy 
transducing membrane [5,6]. A central question for un- 
derstanding ATP formation is, how is this energy chan- 
nelled into the F, domain to drive ATP synthesis? There 
is considerable evidence that the energy transmission 
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from F, to F, is indirect and is mediated by long-range 
conformational changes that are induced by proton 
transport [7,8]. These changes must pass through the 
stalk. In alternative directly coupled mechanisms, the 
protons are proposed to be conducted from F, via the 
stalk to the catalytic sites in F,, where they participate 
directly in ATP formation [9,10]. Therefore, irrespective 
of whether the coupling mechanism is direct or indirect, 
the stalk plays a central role in this mechanism, and 
knowledge of its structure is crucial for understanding 
the process of energy transduction. Our current knowl- 
edge about the structure of the stalk is reviewed below. 

2. Stalk subunit compositions in bacteria and chloroplasts 

The F,F,-ATPases are multisubunit enzymes, ranging 
from the simplest bacterial complexes, exemplified by the 
E. coli enzyme, which has 8 different polypeptides, to the 
F,F,-ATPases from photosynthetic bacteria and chloro- 
plasts, which have 9 subunits, to the F,F,-ATPase from 
bovine heart mitochondria, in which 16 constituent pol- 
ypeptides have been characterized. Nonetheless, as the 
sequences of the subunits of F,F,-ATPases have re- 
vealed, there are many extensive similarities between 
bacterial, chloroplast and mitochondrial enzymes. For 
example, homologues of all five of the subunits of the F, 
domain of the E. coli enzyme (a, /I, y, 6 and E; stoichiom- 
etries 3 : 3 : 1: 1: 1) are also found in the chloroplast and 
mitochondrial enzymes [ 111. 

In the F, sectors of F,F,-ATPases, homologues of 
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subunits a and c, two of the three components of E. coli 

F,, are also present in the chloroplast and mitochondrial 
assemblies. They are both hydrophobic proteins and are 
essential components of the transmembrane proton 
transporting mechanism [5,6]. Neither of them is likely 
to form part of the stalk, but subunit b, the third constit- 
uent of E. coli F,, is almost certainly an important com- 
ponent of this domain. It has a hydrophobic N-terminal 
region, which is thought to make a single transmembrane 
a-helix, followed by an extensive highly charged region, 
that lies outside the lipid bilayer, where it can interact 
with the F, subunits [12-151. There are two molecules of 
subunit b in each E. coli F,F,-ATPase complex [16]. 
These conclusions are supported by studies of subunit b 
lacking its N-terminal hydrophobic region. It forms a 
stable dimer that competes with F, in binding with E. coli 
F,-ATPase [15]. 

3. Which subunits are in the stalk in the mitochondrial 
enzyme? 

Amongst the 16 different proteins in the bovine F,F,- 
ATPase complex, other subunits, in addition to the 
OSCP and the components of the F, stem (y, 6 and E), 
contribute to the stalk. For example, if the membranes 
are stripped more stringently than is needed for OSCP 
removal, a subunit known as F, is removed, and must be 
added back together with OSCP for the reassembly of F, 
with stripped membranes [24,25]. Subunit F, has no ex- 
tensive hydrophobic regions in its sequence [26]. It is 
attached to the matrix surface of the inner mitochondrial 

In contrast to subunits a and c, the F,F,-ATPases in 
chloroplasts and photosynthetic bacteria do not contain 
subunits that are significantly related in sequence to the 
E. coli subunit b, but they each have two different sub- 
units with a general distribution of hydrophobic and 
charged residues related to those of E. coli b (see [17]). 
They are known as subunits b and b’ in photosynthetic 
bacteria, and as subunits II and IV in chloroplasts. It has 
been assumed that there is one of each of these subunits 
per photosynthetic bacterial or chloroplast complex, and 
that they play a similar role to the two identical b sub- 
units in the E. coli F,F,-ATPase. 

F1 -ATPase 

In the structure of bovine F,-ATPase determined by 
X-ray crystallography at 6.5 A resolution [18], a stem 
protrudes about 40 A from the approximately spherical 
body of the particle, and, next to it, a pit penetrates 35 
A into the particle. It is probable that the stem is derived 
from the stalk in the intact mitochondrial F,F,-ATPase, 
and that it is composed of the 6 and E subunits and part 
of the y subunit. The pit may be occupied by part of the 
OSCP subunit, which forms a stable 1: 1 complex with 
F,-ATPase [19], and is required for re-association of F, 
with membranes from which F, has been removed 
[20,21]. The stem in the bacterial and chloroplast F,F,- 
ATPases is likely to have a similar composition to the 
mitochondrial one. Therefore, they probably contain 
part of their y-subunits, together with the S and E sub- 
units (the homologues of mitochondrial OSCP and 6, 
respectively, in bacteria and chloroplasts) and the extrin- 
sic membrane domains of the two subunits b (or one each 
of b and b’ in photosynthetic bacteria and chloroplasts). 
Two recent observations are consistent with this pro- 
posal. In chloroplasts, the y, 6 and E subunits interact 
with the membrane domain [22], and in the E. coli en- 
zyme, the y and E subunits interact with each other in the 
middle of the F, particle (viewed end-on). They are mo- 
bile during the catalytic cycle, which is consistent with 
their role in energy transmission by conformational 
changes [23]. 

b’ 
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Fig. 1. Schematic representation of possible arrangements of some 

subunits of bovine F,F,-ATPase. The various subunits are not drawn 

to scale. The OSCP is shown interacting with the ‘pit’ and ‘stem’ regions 

of F,-ATPase [18]. The diagonally hatched subunit b, has two trans- 

membrane a-helical spans near its N-terminus (amino acids 30-53 and 

58-79) [28]. The positions of the fragments b’, b1, bM and bC (amino 

acids 79-214, 121-214, 79-164 and 165-214) used in the reconstitution 

experiments are indicated. Subunits F, and d interact primarily with 

subunit b, and to a lesser extent with each other. The hydrophobic 

subunits a, c and A6L are placed within the lipid bilayer. It is not known 

how they interact with each other or with subunit b. The locations of 

subunits e, f and g are unknown, as the question mark indicates, but 

subunit f has an extensive hydrophobic region [39], and is therefore 

likely to be at least partially within the lipid bilayer. 
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Fig. 2. The subunit compositions of the stalk and F, . stalk complexes 
derived by in vitro assembly of subunits of bovine F,F,,-ATPase in the 
absence and presence of bovine F,-ATPase. The subunits were sepa- 
rated by SDS-PAGE and stained with Page blue 83 dye. The bovine FO, 

F, and F,F,-ATPase complexes are shown for reference. The positions 
of the subunits of F,F,-ATPase are indicated on the right, and the 
positions of b’ and Fs are shown on the left. The F,.stalk complex 

contains intact subunit b and was made by adding b, OSCP, d and F, 
to F,. The stalk (b’) and F, ‘stalk (b’) complex contains fragment b’, 

which migrates on the gel at approximately the same position as the 
&subunit. The latter complex was made by association of bovine Fr- 
ATPase with a pre-formed stalk complex containing OSCP, b’, F, 
and d. 

membrane, as demonstrated by proteolysis of stripped 
inner mitochondrial membranes (see below), where it can 
form part of the stalk. Homologues of F, have been 
found in other eukaryotic F,F,-ATPases [27]. 

In vitro assembly experiments described below have 
helped to confirm that subunits b and d are also stalk 
components. The hydrophobic profile of subunit b [28] 
has two consecutive hydrophobic stretches from amino 
acids 3&53 and 58-79 that could form the arms of an 
a-helical hair-pin spanning the inner membrane twice. 
The remainder of its sequence is highly charged and is 
capable of making important interactions either with 
other subunits in the stalk or, as in the analogous subunit 
b in the bacterial F,F,-ATPases, with F, subunits. Hom- 
ologues of bovine b are present in the rat [29] and yeast 
[30] mitochondrial enzymes, and a human homologue 
has also been sequenced [31]. Subunit d has no extensive 
hydrophobic regions in its sequence [28], and, like F,, it 
is probably attached to the matrix surface of the inner 
mitochondrial membrane. Homologues of bovine d have 
been identified in the yeast and rat enzymes [32,33]. 

Several studies have emphasized the role of bovine b 
in energy transduction [3437]. In inner mitochondrial 
membranes that have been treated with chaotropes, the 
C-terminal part of bovine subunit b is exposed to prote- 
olysis on the matrix side [36,38]. In sub-mitochondrial 
particles that have been striped of F,-ATPase and OSCP 
with guanidine hydrochloride [37], the main sites of tryp- 
sin cleavage in F0 are in F,, which is completely digested 
away, and the bonds Arg166-Gln’67, and Lys’20-Arg12’ 

and Arg’2’-His’22, at distances of 48 and 93-94 amino 
acids from the C-terminus of subunit b, respectively. The 
same subunits are similarly exposed to digestion by chy- 
motrypsin. Trypsin also removes amino acids l-4 from 
subunit d; the other subunits in F, appear to be relatively 
resistant to proteolysis [37]. 

The bovine F, domain is now thought to be an assem- 
bly of 9 different polypeptides [39]. They are subunits a, 
b, c, d and F,, which have been discussed already, and 
A6L, e, f, and g. Homologues of A6L and e have been 
found in the rat mitochondrial F,F,-ATPase [40,41]. Rat 
subunit A6L is also known as chargerin II, and is said 
to have an essential role in energy transduction [40]. The 
C-terminus of bovine A6L may be exposed to the matrix 
[38], and interaction of this region with the stalk cannot 
be excluded. Subunits f and g were discovered in the 
bovine enzyme recently [42], and it is not yet known 
whether there are homologues elsewhere. Subunit f may 
have a single cc-helical transmembrane span, but nothing 
is known about either the functions of subunits e, for g, 
or about their locations. Therefore, it is possible that any 
of them could interact with the stalk domain in the bo- 
vine enzyme. 

4. Assembly of the mitochondrial stalk complex in vitro 

Interactions between bovine F,-ATPase and proteins 
that probably form the stalk in the F,F,-ATPase, have 
been investigated by in vitro assembly, using the OSCP, 
F, and subunits b and d, and fragments of subunits b and 
d (see fragments b’, b1, bC and d’ in Fig. 1) produced by 
over-expression in E. coli. Each of these proteins was 
tested by gel-filtration chromatography for its ability to 
form a stable binary complex with F,-ATPase. Only the 
OSCP could do so. Ternary complexes, F, .OSCP.(b’, b1 
or bC), were obtained by mixing F,-ATPase together 
with OSCP and either b’, b1 or bC, but b’, b1 and bC 
seemed to be bound in sub-stoichiometric quantities. 
However, when F, was added to F,-ATPase together 
with OSCP and any one of b’, b1 or bC, the stoichiomet- 
ric quaternary complexes F, .OSCP. (b’, b1 or bC). F, 
were observed. Therefore, the presence of F, enhances 
the binding of b’, b1 and bC to F, -OSCP, although F6 
does not appear to form a strong direct interaction with 
the binary complex. By adding either d or d’ to F, to- 
gether with OSCP, b’ (or b1) and F,, the pentameric 
complexes F, . OSCP . b’(or b1). F, . d(or d’) were formed. 
These latter experiments suggest that the N-terminal re- 
gion of subunit d is unimportant in forming the complex, 
and that its main interactions with subunit b and the 
other subunits involve amino acids 121-214 in the latter 
protein. Subunit d did not form a stable complex with F, 
in the presence of OSCP and b’, and the F, .OSCP.b 
complex, lacking d, was recovered. Therefore, the bind- 
ing of subunit d in the complex depends on the additional 
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presence of F,. Finally, a pentameric complex was 
formed between F,, OSCP, b, F, and d (see Fig. 2). The 
binary complexes b’ * OSCP and b’ . d were observed by 
mixing b’ and OSCP and b’ and d, respectively, a ternary 
complex formed from b’, d and F,, and a stoichiometric 
quaternary complex between OSCP, b’, F, and d was 
also isolated (see Fig. 2). This quaternary complex con- 
taining b’ is referred to as the ‘stalk (b’)’ complex. The 
pre- formed stalk (b’) complex can make a 1: 1 complex 
with F,-ATPase, as shown in Fig. 2. 

5. The stoichiometry of mitochondrial stalk subunits 

interactions between subunits in the bovine stalk have 
been identified by in vitro assembly experiments, and an 
extended bovine F,-ATPase complex containing stalk 
subunits has been obtained. Therefore, a future task will 
be to obtain suitable crystals of the F, . stalk and of the 
separate stalk complex. It will also be important to try 
and understand how the proton transporting mechanism 
in the a and c subunits of the F, membrane domain 
interacts with the stalk subunits. The recently completed 
high resolution structure of bovine F,-ATPase (J.P. 
Abrahams, A.G.W. Leslie and J.E. Walker, unpublished 
results) should help to explain how the stalk subunits 
communicate with the catalytic sites in the /?-subunits. 

By S-carboxymethylation with iodo-2-[14C]acetic acid 
of the subunits of F,F,-ATPase that contain cysteine 
residues (subunits a, y, E, OSCP, b, d, f and c), and by 
measurement of the radioactivity incorporated into ~1, y, 
OSCP, b, d and f, the stoichiometry a3ylb,0SCP,dlf, 
was obtained. By similar means, the stoichiometry 
a,y,brOSCP,dr was found in the F, .stalk complex. The 
ratio of b:d in F, was l:l, and the ratio of b’:d:OSCP 
in the stalk was 1: 1: 1. The molar ratio of each subunit 
in the complex was also estimated by measuring the PTH 
amino acids released by N-terminal sequencing. The 
same ratios were obtained as in the radioactive labelling 
experiments, and the observed values additionally sug- 
gested that there is 1 mol of F, per mol of the various 
complexes. Therefore, the mol ratio of b: OSCP: d: F, in 
bovine F,F,-ATPases appears to be 1:l: 1: 1 and not 
2:1:1:2, as proposed by Hekman et al. [38]. Lippe et al. 
[35] have also proposed 2 mol of subunit b/mol of F,, and 
Penin et al. [43] have suggested that there are 2 mol of 
OSCP/mol of F, in the pig enzyme. The stoichiometry of 
1 mol of b/mol of F, implies that either the structure of 
the stalk in the mitochondrial enzyme differs signifi- 
cantly from the bacterial and chloroplast enzymes, or 
that other subunits or combinations of other subunits of 
the mitochondrial enzyme (such as d and F6) fulfil the 
role of the extrinsic membrane domain of the second 
bacterial b subunit. 

References 

111 

121 
Fernandez-Moran, H. (1962) Circulation 26, 1039-1065. 

Gogol, E.P., Lticken, U. andcapaldi, R.A. (1987) FEBS Lett. 219, 

274278. 

131 

141 

[51 

161 

Senior, A.E. (1988) Physiol. Rev. 68, 177-231. 

Hateli, Y. (1993) Eur. J. Biochem. 218, 759-767. 

Fillingame, R.H. (1990) Bacteria 12, 345-391. 

Fillingame, R.H. (1992) J. Bioenerget. Biomembranes 24, 4933 

497. 

[71 

I81 

[91 

[lOI 

1111 

1121 

1131 

Boyer, P.D. (1989) FASEB J. 3, 21642178. 

Boyer, P.D. (1993) Biochim. Biophys. Acta 1140, 215-250. 

Williams, R.J.P. (1961) J. Theor. Biol. 1, l-13. 

Mitchell, P. (1966) Biol. Rev. 41, 455-502. 

Walker, J.E., Fearnley, I.M., Lutter, R., Todd, R.J. and Run- 

swick, M.J. (1990) Phil. Trans. Royal Sot. 326, 367-378. 

Gay, N.J. and Walker, J.E. (1981) Nucleic Acids Res. 9, 3919- 

3926. 

Walker, J.E., Saraste, M. and Gay, N.J. (1982) Nature 298, 8677 

869. 

6. Conclusions 

An understanding of the coupling mechanism of F,F,- 
ATPases depends on knowledge of the stalk between the 
F, and F, domains of the enzyme, and of how the stalk 
communicates with the proton transporting mechanism 
in F, and with the catalytic sites in the p-subunits of F,. 
Different arrangements of subunits are found in the stalk 
regions of F,F,-ATPases from various sources. The 
stalks in bacterial and chloroplast enzymes are probably 
similar to each other, and 4 or 5 different subunits con- 
tribute to their structure. In bovine heart mitochondria 
as many as 7 proteins help to form the stalk. Some of the 

1141 

1151 

[161 

[171 

[181 

[191 

[201 

[211 

1221 

v31 

v41 

Schneider, E. and Altendorf, K. (1984) Proc. Natl. Acad. Sci. USA 

8 1, 7279-7283. 

Dunn, S.D. (1992) J. Biol. Chem. 267, 7630-7636. 

Foster, D.L. and Fillingame, R.H. (1982) J. Biol. Chem. 257, 

2009-2015. 

Van Walraven, H.S., Lutter, R. and Walker, J.E. (1993) Biochem. 

J. 294, 239-251. 

Abrahams, J.P., Lutter, R., Todd, R.J., van Raaij, M.J., Leslie, 

A.G.W. and Walker, J.E. (1993) EMBO J. 12, 1775-1780. 

Dupuis, A., Issartel, J.P., Lunardi, J., Satre, M. and Vignais, P.V. 

(1985) Biochemistry 24, 728-733. 

Kagawa, Y. and Racker, E. (1966) J. Biol. Chem. 241,2475-2482. 

MacLennan, D.H. and Tzagoloff, A. (1968) Biochemistry 7,1603- 

1610. 

Engelbrecht, S. and Junge, W. (1992) Biochim. Biophys. Acta 

1140, 1577162. 
Wilkens, S. and Capaldi, R.A. (1994) Biol. Chem. Hoppe-Seyler 

375,43-51. 
Knowles, A.F., Guillory, R.J. and Racker, E. (1971) J. Biol. Chem. 

246, 2672-2679. 

[25] Fessenden-Raden, J.M. (1972) J. Biol. Chem. 247, 2351-2357. 

[26] Fang, J., Jacobs, J.W., Kanner, B.I., Racker, E. and Bradshaw, 

R.A. (1984) Proc. Natl. Acad. Sci. USA 81, 66036607. 

[27] Higuti, T., Tsurumi, C., Kawamura, Y., Tsujita, H., Osaka, F., 

Yoshihara, Y., Tani, I., Tanaka, K. and Ichihara, A. (1991) Bio- 

phys. Biochem. Res. Commun. 178, 793-799. 

[28] Walker, J.E., Runswick, M.J. and Poulter, L. (1987) J. Mol. Biol. 

197, 899100. 



J. E. Walker, I. R. Collinson I FEBS Letters 344 (1994) 39-43 43 

[29] Tsurumi, C., Yoshihara, Y., Osaka, F., Yamada, F., Tani, I., 
Higuti, T.M., Shimizu, M., Oeda, K., Ohkawa, H., Toda, H., 
Kakuno, T., Sakiyama, F., Kumatori, A., Tanaka, K. and Ichi- 
hara, A. (1990) Biochem. Biophys. Res. Commun. 169, 136142. 

[30] Velours, J., Arselin de Chateaubodeau, G., Galante, M. and 
Guerin, B. (1987) Eur. J. Biochem. 164, 579-584. 

[31] Higuti, T., Tsurumi, C., Osaka, F., Kawamura, Y., Tsujita, H., 
Yoshihara, Y., Tani, I., Tanaka, K. and Ichihara, A. (1991) Bio- 
them. Biophys. Res. Commun. 178, 1014-1020. 

[32] Norais, N., Prome, D. and Velours, J. (1991) J. Biol. Chem. 266, 
16541-16549. 

[33] Motojima, K. and Manaka, T. (1992) Biophys. Biochem. Res. 
Commun. 182, 1130-1138. 

[34] Torok, K. and Joshi, S. (1985) Eur. J. Biochem. 153, 155-159. 
[35] Lippe, G., Sala, F.D. and Sorgato, M.C. (1988) J. Biol. Chem. 35, 

18627-l 8634. 
[36] Papa, S., Guerrieri, F., Zanotti, F., Houstek, J., Capozza, G. and 

Ronchi, S. (1989) FEBS Lett. 249, 62-66. 

[37] Collinson, I.R., Fearnley, I.M., Runswick, M.J., Skehel, J.M. and 
Walker, J.E. (1994) Biochemistry (submited). 

(381 Hekman, C., Ton&hi, J.M. and Hateli, Y. (1991) J. Biol. Chem. 
266, 1356413571. 

[39] Collinson, I.R., Runswick, M.J., Buchanan, S.K., Feamley, I.M., 
Skehel, J.M., van Raaij, M.J., van Walraven, H.S., Griffiths, D.E. 
and Walker, J.E. (1994) Biochemistry (submitted). 

[40] Higuti, T., Negama, T., Takigawa, M., U&da, J., Yamane, T., 
Asai, T., Tani, I., Oeda, K., Schimizu, M., Nakamura, K. and 
Ohkawa, H. (1988) J. Biol. Chem. 263, 6772-6776. 

[41] Higuti, T., Kuroiwa, K., Kawamura, Y. and Yoshihara, Y. (1992) 
Biochemistry 31, 12451-12454. 

[42] Collinson, I.R., van Raaij, M.J., Runswick, M.J., Feamley, I.M., 
Skehel, J.M., Orriss, G., Miroux, B. and Walker, J.E. (1994) J. 
Mol. Biol. (submitted). 

[43] Penin, F., Archinard, P., Moradi-Am& M. and Godinot, C. 
(1985) Biochim. Biophys. Acta 810, 346353. 


