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Abstract

In ATP synthase, proton translocation through the Fo subcomplex and ATP synthesis/hydrolysis in the F1 subcomplex are coupled by subunit
rotation. The static, non-rotating portions of F1 and Fo are attached to each other via the peripheral “stator stalk”, which has to withstand elastic
strain during subunit rotation. In Escherichia coli, the stator stalk consists of subunits b2δ; in other organisms, it has three or four different
subunits. Recent advances in this area include affinity measurements between individual components of the stator stalk as well as a detailed
analysis of the interaction between subunit δ (or its mitochondrial counterpart, the oligomycin-sensitivity conferring protein, OSCP) and F1. The
current status of our knowledge of the structure of the stator stalk and of the interactions between its subunits will be discussed in this review.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

ATP synthase uses the energy contained in a transmembrane
proton (or, in some bacteria, sodium ion) gradient to drive the
synthesis of ATP from ADP and Pi. The enzyme is found in the
inner membrane of mitochondria, the thylakoid membrane of
chloroplasts, and the plasma membrane of bacteria, and is the
central enzyme of energy metabolism in most organisms. In
bacteria, under certain physiological conditions, ATP synthase
runs in reverse, hydrolyzing ATP to generate a transmembrane
proton gradient which is necessary for nutrient transport and
locomotion. Proton translocation and ATP synthesis (or hydro-
lysis) are coupled by a unique mechanism, subunit rotation.
Electrochemical energy contained in the proton gradient is
converted into mechanical energy in form of subunit rotation,
and back into chemical energy as ATP (for reviews, see Refs.
[1–5]).

Traditionally, ATP synthase is divided into two subcom-
plexes, the membrane-embedded Fo subcomplex through which
the protons flow, and the peripheral F1 subcomplex that carries
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the nucleotide binding sites (Fig. 1). In the simplest form of the
enzyme, in bacteria like Escherichia coli, F1 consists of five
different subunits, in a stoichiometry of α3β3γδε; Fo consists of
three different subunits, in a stoichiometry of ab2c10–15 (for
other organisms, see below). A newer, more mechanically-based
division differentiates between the “rotor” (in E. coli, γεcn) and
the “stator” (α3β3δab2). The α3β3 ring of the stator contains the
three catalytic nucleotide binding sites, on the β subunits at the
interface to the adjacent α subunit. The a subunit contains the
static portion of the proton-translocating machinery. α3β3 and a
are held together by the “stator stalk” (or “peripheral stalk”),
consisting of b2δ. During rotation, the stator stalk experiences
elastic strain, which has been estimated to be equivalent to about
50 kJ/mol [6,7]. The interaction between the individual com-
ponents of the stator stalk have to be sufficiently strong to
withstand the rotary strain. A high-resolution structure of the
complete stator stalk is not available, although the structure of
some fragments has been solved (see below).

Here, I will review the available information on the structure
of the stator stalk, with specific emphasis on subunit arrange-
ment and interactions with F1. Many of the experimental results
discussed in the following were obtained with bacterial ATP
synthase. However, available information on differences and
similarities of the mitochondrial or chloroplast enzymes will be
included. (For earlier reviews on this topic, see Refs. [8–11]. I
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Fig. 1. Model of Escherichia coli ATP synthase. The model is a composite of
structures obtained by X-ray crystallography [19,73], NMR [13,46,74], and
modeling [74]. The rotor subunits (γεcn) are in blue/green colors, the stator
subunits (α3β3δab2) in yellow and reddish hues. In comparison to earlier
versions of the model (see e.g., [5]), the NMR structure of δ′ [23] was replaced
by the structure of the δ′/αN1–22 complex [46]. Furthermore, the position of δ
and structural aspects of the unresolved portions of the b dimer were changed to
illustrate issues discussed in the text. All figures were generated using PyMOL
[75].
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would also like to point the reader's attention to another review
in this issue that focuses on the stator stalk of the mitochondrial
enzyme [12].)

2. Composition of the stator stalk and structure of its
components

In E. coli (and other non-photosynthetic bacteria), the stator
stalk consists of two copies of subunit b and one copy of subunit
δ (Fig. 1). Subunit b has 156 residues. Its N-terminus is located
on the periplasmic side of the membrane, immediately followed
by a transmembrane helix. NMR studies of a peptide consisting
of residues 1–341 show this helix, interrupted by a bend around
residues 23–26, after which the helix resumes [13]. The
cytoplasmic portion of the protein is actually predicted2 to be
a single helix, up to the C-terminus, with a potential short break
(∼4 residues) in the helix around residue 140. The elongated
shape and largely α-helical character of the cytoplasmic domain
1 Residue numbering refers to the E. coli enzyme. Residue numbers for
subunit δ assume that the N-terminal Met is present. For b, the domain
nomenclature suggested by Dunn et al. [8] will be used, which differentiates
between the membrane domain (residues 1–23), the tether domain (24–53), the
dimerization domain (54–122), and the C-terminal domain (123–156).
2 Secondary structure predictions in the author's lab were made using the

PredictProtein server (http://www.predictprotein.org/), programs PHD and
PROF [14,15].
of b (“bsol”
3), in dimeric form, were demonstrated experimen-

tally by analytical ultracentrifugation and circular dichroism
measurements, respectively [16]; in monomeric bsol, the content
of α-helix is reduced [17,18]. The crystal structure of a peptide
corresponding to residues 62–122 showed a single, almost
straight helix [19]. It is not precisely known how far up b has to
reach at the side of F1. If the cytoplasmic helix were fully ex-
tended, perpendicular to the plane of the membrane, it would
reach far beyond the apex of F1 (190 Å versus 135 Å from the
surface of the membrane). In fact, there is evidence from ana-
lytical ultracentrifugation data on C-terminally truncated bsol
molecules that the extreme C-terminus is bent back in a hairpin-
like fashion [20]; the turn could be located at the predicted break
of the α-helix.

Despite its extended helical structure, the cytoplasmic por-
tion of b (or of the b dimer) does not appear to be a stiff rod, but
somewhat flexible, especially in the tether domain. Subunit b
can tolerate deletions of up to 11 amino acids, corresponding to
shortening the helix by 16 Å, or insertions of up to 14 amino
acids, corresponding to lengthening the helix by 20 Å, under
preservation of enzymatic function [21,22]. These findings
suggest a certain flexibility in the cytoplasmic helix between its
attachment points to Fo and F1 [22]. An alternative, but by no
means mutually exclusive, explanation would be to accommo-
date these length differences, at least partially, by reducing or
increasing the angle of the bend between the transmembrane
helix and the cytoplasmic helix.

Like the b subunits, δ is essential for a functional ATP
synthase. The structure of the N-terminal domain (residues 2–
106, out of a total of 177) has been solved byNMR [23], showing
a six-helix bundle (Fig. 2). The C-terminal domain is less well
ordered, at least in the isolated subunit [23]; however, it appears
to be also largely helical [24]. The two natural Cys residues,
δCys65 in the N-terminal domain and δCys141 in the C-terminal
domain, have been proposed to be in rather close spatial
proximity [25], which would give δ a rather compact overall
structure. On the other hand, data from gel filtration experiments
on isolated δ [26] and the proposed locations of its N- and C-
termini relative to F1 (see below) favor an elongated shape.

ATP synthases from cyanobacteria and other photosynthetic
eubacteria as well as from chloroplasts contain two different
types of b subunits, termed b and b′ in cyanobacteria and
subunits I and II in chloroplasts. Despite overall only weak
homologies, these b-type subunits have a common predicted
structure: an N-terminal transmembrane helix and an extended
cytoplasmic (or, in the case of the chloroplast enzyme, stromal)
helix. Like in E. coli b, in cyanobacterial (Synechocystis) b and
in chloroplast (spinach) subunit I, this latter helix is about 130
residues long, with a predicted short interruption about 20
residues from the C-terminus. In Synechocystis b′ and spinach
subunit II, this helix is shorter (about 110 residues), with no
3 Abbreviations: bsol (=bsoluble), b constructs in which the transmembrane
domain has been removed; it should be noted that there might be differences
between bsol constructs used in different studies. OSCP, oligomycin-sensitivity
conferring protein; the mitochondrial equivalent of the bacterial (and
chloroplast) δ subunit.
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Fig. 2. Interaction of δ with the N-terminal helix of α. The NMR structure of a
complex of δ′ with peptide αN1–22, mimicking residues 1–22 of α, is shown
[46]. The N-terminal domain of δ is shown in rainbow colors, the peptide in
gray. The N termini of both chains are marked. Highlighted residues are:
δTrp28, which gives a fluorescence response to binding of the N-terminal helix
of α; αGln2 and δCys65, indicating that the crosslink observed between δCys65
and a Cys residue introduced in position α2 [51] requires involvement of a
second α subunit; αLys13 and δAsp17, which form the only obvious charged/
polar interaction between both chains in the δ′/αN1–22 complex. For a
depiction of the hydrophobic interactions, see Fig. 4B in [46].
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predicted breaks. Thus, these subunits might be missing the
proposed C-terminal hairpin-like structure of the longer b-type
subunits (see above).

In mitochondrial ATP synthase, the stator stalk consists of at
least 4 different subunits, each in a single copy: b, d, F6, and
OSCP [27,28]. Subunit b has only very weak, if any at all,
homologies with the b-type subunits listed above; however, it
appears to have a similar overall structure. The main difference
is that mitochondrial b has two predicted transmembrane heli-
ces, suggesting a hairpin structure with the N-terminus in the
mitochondrial matrix, on the side of F1. The transmembrane
segment is followed by an extended helical structure of about
140 residues, with a predicted short interruption in the helix
about 30 residues from the C-terminus. Subunit d has no sig-
nificant homologies with any b-type subunit. In bovine mito-
chondria, d has 161 residues. It has no predicted transmembrane
helix, but is overall helical, although not in form of a single
extended helix. Predictions propose 8 helices, the longest with
about 31 residues. F6 is a small protein (76 residues in bovine
mitochondria), with no significant sequence similarities to any
subunit of bacterial or chloroplast ATP synthases. The structure
of F6 has been solved by NMR. F6 is highly flexible, consisting
of two helixes, connected by an unstructured linker [29]. OSCP
has significant homologies to bacterial and chloroplast δ sub-
units; in general, these δ-type subunits are more conserved than
the b-type subunits. The structure of the N-terminal domain of
OSCP has been solved by NMR [30], and it is very similar to the
structure of the N-terminal domain of E. coli δ [23]. The main
difference is in the surface charge, which is overall positive in
OSCP and negative in E. coli δ [30].

3. Subunit–subunit interactions in the stator stalk: the b
dimer

Most experimental data suggest that E. coli b dimerizes in a
parallel, side-by-side arrangement, without significant offset.
Crosslinks between (individually) introduced Cys residues were
reported for the membrane portion as well as for the cytoplasmic
portion, up to the C-terminus [13,17,31–33]. Many of these
crosslinks could be formed in the holoenzyme [13,17,32]. Sus-
piciously absent are crosslinks in the stretch of b between the
attachment points in F0 and F1, i.e., the tether domain and the N-
terminus of the dimerization domain, up to residue 84. Cross-
links between residues 59, 60 and 62 were found with the iso-
lated cytoplasmic portion of b [31,34]; however, those between
residues 60 and 62 could not be detected in the F1Fo holoenzyme
[17,34]. Other arguments for a less close contact between both b
subunits in this region are the findings (a) that the tether region
(up to residue 53) does not contribute significantly to dimer
formation in isolated bsol [31], and (b) that it is possible to form a
functional “asymmetric” dimer between a b subunit where res-
idues 54 to 60 have been deleted and a b subunit where a repeat
of these residues is inserted [35]. A recent attempt to measure the
distance between both bmonomers in this region came up with a
somewhat surprising finding. Based on EPR measurements,
Steigmiller et al. [34] determined that pairs of spin labels at-
tached to Cys residues inserted in five different positions be-
tween 40 and 64 are in each case 29 Å apart from each other.
Taking the crosslinking data obtained in the holoenzyme into
account, the EPR data [34] would leave several possible sce-
narios for the structure of the b dimer in the tether region: (a)
between the points of close contact in the transmembrane region
and around residue 84, the two b subunits diverge to a distance of
19 Å around residue 40, run in parallel to (at least) residue 64,
and then converge again; (b) the two b subunits have bulges
where 15–20 residues are looped out, in one b subunit between
the membrane domain and residue 40, in the other between
residues 64 and 84, so that both helices can run side-by-side in
the tether region, one shifted by 27 Å versus the other; (c) a
combination of a smaller divergence with a smaller shift. None
of these scenarios is easy to reconcile with existing models.

As far as the cytoplasmic portion of b is concerned, only the
portion between residues 53 and 122 appears to contribute sig-
nificant binding energy for dimer formation (“dimerization do-
main”) [20,33]. It has been suggested that in this region, the
two helices form a coiled coil with a right-handed superhelical
twist [19]. Although crosslinking data suggest that also the C-
termini of both b subunits come close to each other (see above),
removing them did not change the affinity between two bsol
subunits [20]. The affinity is relatively weak; analytical ultra-
centrifugation gave Kd values of 1–2 μM [20,36]. However, it
seems highly likely that the membrane domain contributes
additional binding energy. At the very least, anchoring b in the
membrane will increase the local concentration available for
dimer formation.
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As an example of organisms that have two different b-type
subunits, the soluble portions of b and b′ of Synechocystis pre-
ferentially form a heterodimer, although a small amount of
homodimer could be observed for each construct [18]. For the
mitochondrial enzyme, the heterodimer consisting of bsol and d
aswell as the heterotrimer consisting of bsol, d, and F6were found
stable enough to withstand gel filtration chromatography [24].

4. The interaction of b and δ

b binds to δ with its C-terminal domain. Removal of 4 res-
idues from the C-terminus of b disrupted binding of δ, and Cys
residues inserted at the C-terminus could be crosslinked to δ
[37]. Likewise, the C-terminus of chloroplast subunit I could be
crosslinked to δ [38]. In the case of δ, it is also the C-terminus
that binds to b, as shown by crosslinking [37] and NMR studies
[17]. In the case of the mitochondrial enzyme, deletion of the 10
C-terminal residues from OSCP prevented binding to Fo,
probably by removing the C-terminal α-helix [39,40].

Analytical ultracentrifugation data showed that the complex
formed between E. coli bsol and δ has the stoichiometry (bsol)2δ.
The b dimer and δ are probably arranged in an end-to-end, not
in a side-by-side way [41]. Monomeric b appears to have a
significantly lower affinity for δ than the dimeric form, as only
the bsol dimer, but not a monomer which included a mutation
preventing dimerization was able to compete with intact Fo in
reconstitution experiments [17]. Still, even the affinity of b2 for
δ is fairly weak. From NMR experiments, a Kd of N2 μM was
estimated [17], analytical ultracentrifugation gave values of 5–
10 μM [41]; it cannot be excluded, however, that after assembly
into the holoenzyme these interactions are strengthened due to
cooperative effects. In the mitochondrial enzyme the interac-
tions seem to be somewhat tighter, as a complex between the
monomeric mitochondrial bsol and OSCP could be isolated by
gel filtration chromatography; also a quaternary complex of bsol,
d, F6, and OSCP could be obtained [27].

5. Binding of the stator stalk to F1: interactions between δ
and F1

E. coli δ contains a single Trp residue, δTrp28, in the N-
terminal domain at the beginning of helix 2. The fluorescence of
this Trp increases by 50% upon binding of δ to δ-depleted F1.
Using this signal, a Kd of 1.4 nM was determined for the
interaction between δ and δ-depleted F1 [42]. Presence of bsol,
probably in the form of bsol dimer, tightened binding between δ
and F1 further [43]. While technical limitations of the assay did
not allow measurement of this effect with wild-type δ, it could
be shown for several δ mutants with reduced affinity. In all
cases investigated [43], in presence of bsol binding of δ to δ-
depleted F1 was so tight that only an upper limit for the Kd could
be estimated. From these data, we concluded that presence of
bsol increases the affinity between δ and F1 by at least a factor of
500. For wild-type δ, this would result in a Kd of b3 pM.

Using fluorescence correlation spectroscopy and tetrameth-
ylrhodamine-labeled δ, also for the chloroplast enzyme a tight
interaction between δ and F1 was measured, with a Kd of
≤0.8 nM (in absence of b-type subunits) [44]. In contrast, the
affinity of mitochondrial F1 for OSCP appears to be somewhat
lower (Kd≈80 nM [45]), which could explain that in the
bacterial and chloroplast enzymes δ purifies as part of the F1
subcomplex, while in the mitochondrial enzyme OSCP does
not. The C-terminus of δ is not involved in binding to F1, as a
proteolytic fragment of E. coli δ, δ′, consisting of residues 1–
134, bound with the same affinity as intact δ [42]. Mutagenesis
results [43] and NMR data [30,46] demonstrated that the major
interaction surface with F1 consists of helices 1 and 5 in the N-
terminal domain of δ (Fig. 2) or, in the case of the mitochondrial
enzyme, of OSCP.

For a long time, it had been suggested that the extreme N-
terminus of α is the site where F1 interacts with δ. Proteolytic
removal of the first 19 residues from α greatly reduced binding
of δ [47]. In the available crystal structures of F1, the extreme N-
terminus of α, i.e., the portion that extends beyond the “crown”
region of the α3β3 ring, is not completely resolved; in one case
[48], a helix-like structure can be seen between residues 13, the
first resolved residue, and the crown region at around residue
24. Secondary structure predictions suggested that the N-termi-
nus of α forms a helix between residues 6 and 18 [49]. NMR
analysis of a complex between δ′ and a peptide corresponding
to residues 1–22 of α (termed “αN1–22”) demonstrated the
helical structure of α between residues 4 and 19 [46], at least in
the δ-bound state. Circular dichroism measurements of the free
(unbound) peptide gave a helix content of about 25% [49],
indicating that binding to δ leads to an increase in ordered,
helical structure. As a modification of earlier models for α/δ
interaction, which had the N-terminal helix of α run in a groove
between helices 1 and 5 of δ and parallel (or antiparallel) to
them [30,50], the NMR data showed an angle of∼ 45 ° between
the N-terminal helix of α and the two helices in δ (Fig. 2).
Interaction forces are largely hydrophobic, the exception being
a salt bridge/hydrogen bond between the side chains of residues
αLys13 and δAsp17. The structure of the N-terminal domain of
δ does not show significant changes upon binding to the α
peptide [46]. As the attachment of the N-terminal helix of α to
the crown domain is probably rather flexible, details of the
conformational arrangement of the N-terminal domain of δ with
regard to the bulk of F1 are still open.

In fluorescence titrations with δ, the αN1–22 peptide mim-
icked F1 very well [49]. Upon saturation with peptide, the
fluorescence response of δTrp28 was the same as observed
upon saturation with δ-depleted F1. The NMR structure of the
δ′/αN1–22 complex indicated no direct interaction between the
peptide and δTrp28 (Fig. 2); however, there are subtle changes
in the environment of the indole ring of the Trp, which might
account for the increased quantum yield. The affinity of δ for
the αN1–22 peptide was somewhat reduced, with a Kd of
130 nM, as compared to 1.4 nM for δ-depleted F1. Still, this
means that the major portion of the binding energy (N75%)
between F1 and δ is supplied by the N-terminal helix of one of
the three α subunits. The interactions that contribute the addi-
tional binding energy have not yet been identified. An inter-
esting speculation is based on comparison of the NMR structure
of the δ′/αN1–22 complex with crosslinking data [51] that



Fig. 3. Localization of the stator stalk. F1 (minus δ and ε) is shown in a side view
as a transparent surface, with α in green, β in grey, and γ in blue. Highlighted in
“spacefill” representation are residues in positions where an inserted Trp was
analyzed with regard to its fluorescence response upon binding of b [55]. The
strength of the response is indicated by the color of the residue, ranging from
white (no response) via different shades of pink to red (N20% signal increase).
Areas that can be reached by crosslinking from b [32,56] are indicated as yellow
surfaces. The location of an additional area [56] that is hidden from view is
indicated by the arrow. Suggested positions for the stator stalk based on electron
microscopy are discussed in the text.
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describe disulfide bonds between a Cys introduced in position 2
of α and both natural Cys residues in δ. As can be seen from
Fig. 2, disulfide bond formation between residue 2 of the αN1–
22 helix and residue δCys65 is virtually impossible. Thus, it
could be the N-terminal helix of one of the other two α subunits
that comes in close contact with δCys65 and contributes some
small amount of binding energy. This would position the N-
terminal domain of δ on “top” of F1. Steric hindrances would
explain why, despite the presence of 3 potential binding sites
(one per α N-terminus) of rather high individual mobility, only
one δ binds per F1 [42] (although for OSCP the existence of
additional, lower-affinity binding sites was suggested [30,45]).
A location of δ on top of F1 had been proposed on the basis of
immuno electron microscopy [52], although in that case the
antibody used for immunodecoration supposedly recognized
the C-terminal domain of δ [53]. This brings the results of [52]
in contrast to those obtained in a electron microscopy study
on OSCP [54], which placed the C-terminus of OSCP on the
“side” of F1, approximately at the transition region between the
N-terminal crown domain and the central nucleotide binding
domain.

Another observation that favors a restriction of the δ/F1
contact sites largely to the interaction sites between the N-
terminal domain of δ and the extreme N-terminus of one or
more α subunits is described in [42]. In these experiments, Trp
residues had been inserted into the N-terminal crown domain of
F1, in positions α55, β17, and β26 (see Fig. 3). None of these
Trp residues showed a fluorescence response upon binding of δ;
neither did the “natural” βTrp107, which is located at the top of
the central nucleotide binding domain. Originally, this finding
was ascribed to the rigidity of F1 in this region, which would
leave the environment of each of these residues unchanged if δ
was present or not. However, subsequently [55] we noticed that
three of the four residues (αTrp55, βTrp26, βTrp107) respond
to the binding of bsol (see below and Fig. 3), showing that it was
not rigidity, but in all likelihood absence of significant contact
between δ and these regions of F1 that prevented changes of the
fluorescence signals in presence of δ.

6. Binding of the stator stalk to F1: interactions between b
and F1

Crosslinking experiments [32,56] and spin-labeling data
[57,58] had indicated that b binds to F1 not only via δ, but
also directly to α and/or β. Recently, two studies attempted to
quantify the interactions between b and F1 [36,55]. In one of
those [55], we investigated the fluorescence signal of more
than 10 Trp residues in different regions of α and β upon
addition of bsol. More than 60% responded with a fluorescence
increase (Fig. 3). On average, the response of Trp residues
closer to the outer surface of F1 was larger than that of
residues in the interior. Somewhat unexpected was the
response of residues αTrp406 and αTrp409 which are
relatively near to the protein surface, but “under” the α3β3

ring, closer to the central stalk and the rotation axis. The
largest fluorescence increase, 24%, was observed for βTrp410;
assuming that only one of the three Trp residues in this
position reacts to binding of bsol, this would mean a signal
increase by 72% for this residue. Except for differences in
amplitude, all titration curves had a similar shape. Assuming
that all bsol was present in dimer form, in presence of Mg2+ an
apparent Kd for binding of (bsol)2 to F1 of around 100 nM was
obtained [55]. In absence of Mg2+ and presence of EDTA, the
affinity was weaker, by a factor of 10, which could explain
why F1 is released from E. coli membranes in absence of
divalent cations.

Diez et al. [36] measured the affinity between fluorescence-
labeled F1 and bsol by fluorescence correlation spectroscopy and
by steady-state fluorescence resonance energy transfer. Taking
into account the differences in experimental set-up, the titration
curves based on the energy transfer data were comparable to
those in [55]. However, the evaluation in [36] took the rather
weak affinity for b dimer formation (Kd=1.8 μM) into account,
and obtained for binding of (bsol)2 to F1 a Kd of between 0.6 and
14 nM, depending on the binding model. The former value
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roughly agreed with the Kd of 0.2 nM determined by fluores-
cence correlation spectroscopy [36]. In a subsequent study,
using full-length b incorporated into proteoliposomes and single
molecule resonance energy transfer, a Kd of about 10 nM was
found for binding of b dimer to F1 [59].

It should be emphasized that all these values were obtained in
binding experiments with intact, five-subunit F1. This means, F1
still contained the δ subunit, and the measured affinities are
based on interactions between b and δ as well as between b and
α3β3. When we studied binding of bsol to δ-depleted F1, we saw
no effect of δ-depletion on the binding affinity [55]. This was
unexpected, as interaction between b and δ is essential for en-
zymatic function (ATP synthesis, ATP-driven proton pumping,
ATP-Pi exchange) [8,37,39,42], and created a thermodynamic
dilemma in consideration of the strong effect of bsol on the
affinity between δ and F1 (see above). However, recent simula-
tions (not shown) indicated that, under the given conditions and
taking the bmonomer–dimer equilibrium into account, the assay
system may have been at its limits; decreasing the Kd for the
interaction between (bsol)2 and F1 beyond 1 nM had little effect
on the overall binding curves. Thus, the question of the influence
of δ on the binding affinity between b and F1 remains open.

Data on binding of individual, monomeric b subunits to F1
are scarce. Reconstitution competition experiments, using a
dimerization-impaired b mutant, indicated that the monomer
has no significant affinity [60]. For the mitochondrial enzyme,
in absence of OSCP, the single b subunit did not form a complex
with F1 that was stable enough to withstand gel filtration chro-
matography; in presence of OSCP, a complex was observed, but
b appeared to be present in substoichiometric amounts [27]. On
the other hand, thermodynamic considerations dictate that, if K1

is the dissociation constant for binding of the first bmonomer to
F1, K2 is that for binding of the second b to the F1b1 complex, K3

is the Kd for dimerization of b, and K4 is the Kd for binding of b2
to F1, then

K1K2 ¼ K3K4 ð1Þ
Using this dependency in the evaluation of their energy

transfer data, Diez et al. [36] found the best fits for K1 values of
30–50 nM and K2 values of 30–500 nM, depending on the
binding model. Thus, especially for the first step, binding of a
bsol monomer to F1, the affinity is fairly high. It should be noted
that this evaluation still contains an oversimplification, and that
is the assumption that K1 for binding of b in one of the possible
positions on F1 is the same as K1 for binding of b in the other
possible position. Symmetry considerations impose that both
monomers in a b dimer have different interactions with F1.

4

The position of the stator stalk, particularly the b dimer, with
regard to the α3β3 ring is controversial. An early cryoelectron
microscopy study [62], using immunodecorated α subunits as
reference points, positioned the stator stalk of the E. coli enzyme
on the outer surface of one of the β subunits. Subsequent
cryoelectron microscopy studies modeled F1 crystal structures
4 The functional non-equivalence of the two b subunits in the E. coli enzyme
has recently been shown experimentally [61].
into the electron microscopy map and used those as reference.
They found the stator stalk of the chloroplast enzyme outside of
an α subunit [63], and that of the mitochondrial enzyme in a
noncatalytic cleft [64]. It seems highly unlikely that the position
of the stator stalk should be species-dependent. Crosslinking,
using the E. coli enzyme, located the central region of b (around
residue 100) in the lower half of the α3β3 ring in a noncatalytic
cleft [56] and the C-terminus near to residueαCys90, close to the
top of the N-terminal crown domain at a catalytic cleft [32]. We
had hoped that the location of the Trp residues that gave a
response to binding of bsol ([55] and Fig. 3) might give additional
information about the location of the stator stalk; however, the
results were inconclusive. In the C-terminal and central domains,
βTrp 410 and αTrp406, both of which are located close to the
catalytic cleft, gave the strongest response. On the other hand, in
the N-terminal domain two residues close to the noncatalytic
cleft, βTrp26 and αTrp55 showed a pronounced increase in their
fluorescence signals (Fig. 3). In retrospect, these results are
certainly biased by the distribution of the Trp residues included
in this study. Overall, the data seem to indicate long-range con-
formational changes in F1, which might be rather subtle, due to
binding of b (see also Ref. [57]). This makes the absence of
responses by the Trp residues in the N-terminal domain to bind-
ing of δ, which was discussed above, even more remarkable.

7. Binding of the stator stalk to Fo: interactions between b
and a

The interaction between subunits a and b is less well defined,
from an energetic as well as from a structural point of view. In
absence of affinities measurements, the strongest argument for a
tight interaction between a and b is the demonstration that it is
possible to purify an ab2 complex that, using a His-tagged a
subunit, was stable enough to withstand affinity chromatogra-
phy in different detergents and detergent mixtures [65]. It is not
known if just one or both of the b subunits contact(s) a. Second
site revertants for the mutation bG9D were found in position
a240 [66], which is located in the C-terminal of the five putative
transmembrane helices of a [67,68]. However, according to a
recent model of the transmembrane helix arrangement of the ab2
complex [69], the suppressor effect is indirect and transmitted
via helix 2 of a. The model [69] places one of the trans-
membrane helices of the b dimer adjacent to helices 1 and 2 of
a, the other just close to helix 2. This model is supported by the
finding that a Cys residue inserted in the rather long cytoplasmic
loop between transmembrane helices 1 and 2 of a could be
crosslinked to subunit b [70]. Together with the demonstration
that a Cys introduced in position b36, i.e., a few turns into the
predicted cytoplasmic helix of b, could be crosslinked to a [56],
these data show that the contact between a and b is not restricted
to the immediate membrane region.

8. Conclusions: subunit interactions and function of the
stator stalk

Certainly, it would be very desirable to have a high resolu-
tion structure of the stator stalk or, even better, of the ATP
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synthase holoenzyme. Despite the absence of a breakthrough of
this dimension, steady progress has been made in recent years
towards a coherent picture of the structure of the stator stalk,
especially with regard to the attachment of the stator stalk to F1
and to quantitative analysis of subunit–subunit interactions.

The current knowledge about the structure of the stator stalk
can be summarized as follows: A model of the major attachment
point between E. coli subunits δ and α has been derived [46],
and the structure of the interaction site between OSCP and α in
the mitochondrial enzyme appears to be similar [30]. One or
more additional minor interaction sites between these subunits
seem to exist whose location is unknown, except for the finding
that the C-terminal portion of δ is not involved [42]. δ and b
interact with their C-terminal domains [37–40], but molecular
details of the contact site are not yet known. The structure of the
dimerization domain of b has been resolved [19], although it has
been questioned if the N-terminal portion of this domain has the
same structure after assembly of the b dimer into the holo-
enzyme [34]. The location of the interaction site of the b dimer
with the α3β3 ring is uncertain; however, the noncatalytic
interface seems to be favored [56,64]. The conformation of the b
dimer in the tether domain is unresolved, but it is possibly rather
flexible [21,22,35]. The structure of the transmembrane domain
of a b monomer has been resolved, and a model for the dimer
was presented [13]. The interaction sites between the b dimer
and a are not well defined.

The function of the peripheral stalk is to hold the stator
portions of the machineries for ATP synthesis/hydrolysis and
proton translocation together during subunit rotation. The stator
stalk has to withstand elastic strain because the stepping angles
of the F1 motor and the Fo motor are different, 120 ° per ATP in
F1 and (360/n) ° per proton in Fo, with n being the number of c
subunits (n=10–15, depending on organism). Based on me-
chanical considerations (torque×angular displacement) [44] or
on the free energy necessary for ATP synthesis [36], the elastic
strain has been estimated as equivalent to 50–55 kJ/mol. As
pointed out in [36], the elastic strain can become smaller if the
energy transduction between both motors occurs in substeps, as
long as strain is released after each substep. And indeed, it has
been shown that rotation occurs in two substeps of 80 ° and 40 °
[71,72], each one associated with partial reactions of the cata-
lytic cycle [4,71,72]. It is, however, not known to what extent
the elastic strain is released after each substep.

A Kd of 1 nM corresponds to a free energy of binding of
about 50 kJ/mol. Thus, in presence of b, with an estimated Kd in
the pM range [43], δ binds clearly tightly enough to F1 to
withstand the elastic strain even if the energy transmission
occurred in a single step. It is, however, the interaction between
the b dimer and F1 that is critical to hold the stator parts together,
consisting of the contacts with δ as well as those directly with
the α3β3 ring. In this case, with affinities in the nM range, only
an energy transduction in substeps appears to provide a suffi-
ciently large safety margin [36]. A reason for concern could be
the low concentration of available b dimer, in case of an un-
favorable monomer–dimer equilibrium. However, as discussed
above, the measured (relatively high) Kd values [20,36] were
obtained using bsol. For full-length b, in a membrane environ-
ment, it is highly likely that the equilibrium is more on the side
of the dimer. For the interaction between the stator stalk with
Fo, i.e., between b dimer and a, no affinity data are available;
nevertheless, it seems reasonably stable [65].
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