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The b Subunit of Escherichia coli ATP Synthase

Stanley D. Dunn,*? Matthew Revington,* Daniel J. Cipriano,! and Brian H. Shilton*

The b subunit of ATP synthase is a major component of the second stalk connecting the F;
and F, sectors of the enzyme and is essential for normal assembly and function. The 156-
residue b subunit of the Escherichia coli ATP synthase has been investigated extensively
through mutagenesis, deletion analysis, and biophysical characterization. The two copies of
b exist as a highly extended, helical dimer extending from the membrane to near the top of
F1, where they interact with the 8 subunit. The sequence has been divided into four domains:
the N-terminal membrane-spanning domain, the tether domain, the dimerization domain, and
the C-terminal 8-binding domain. The dimerization domain, contained within residues 60—122,
has many properties of a coiled-coil, while the 8-binding domain is more globular. Sites of
crosslinking between b and the a, «, 8, and & subunits of ATP synthase have been identified,
and the functional significance of these interactions is under investigation. The b dimer may
serve as an elastic element during rotational catalysisin the enzyme, but aso directly influences
the catalytic sites, suggesting a more active role in coupling.
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INTRODUCTION

The synthesisof ATPinthe processesof oxidative
phosphorylation and photophosphorylation is cata-
lyzed by ATP synthase, an enzyme found in the cyto-
plasmic membranes of bacteria, the thylakoid
membranes of chloroplasts, and the inner membranes
of mitochondria. This enzyme consists of two sectors,
the membrane-integral Fo, which catalyzes the move-
ment of protons across the membrane, and the mem-
brane-periphera  F-ATPase, which catalyzes the
synthesis or hydrolysisof ATP. The F, of the prototypi-
cal ATP synthase from Escherichia coli consists of
five different polypeptide chainsin a stoichiometry of
agzB3yd€; the Fy from this bacterium is composed of
three subunits in a stoichiometry of ab,C,y_1,. In addi-
tion to other articles within this issue, a number of
reviews stressing various aspects of ATP synthase
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structure and function have been published recently
(Boyer, 1997; Weber and Senior, 1997; Nakamoto et
al., 1999; Walker, 2000).

Catalytic sites for nucleotides are located primar-
ily on B subunits with minor contributions from adja-
cent o subunits, while residues critical for proton
translocation reside on the a and ¢ subunits. Both ATP
synthesis and ATP-dependent proton pumping depend
on coupling the two catalytic activities; this coupling
requiresthe v, 8, €, and b subunits. Before the mecha
nism of coupling can be discussed, the overall structure
of the enzyme should be considered in greater detail.
No high-resolution structure of the entire enzyme is
available; a subunit model based on crystal structures
of bovine mitochondrial F, (Abrahams et al., 1994),
an a3PzyEC;y assembly of yeast mitochondria (Stock
et al., 1999), individual subunit or domain structures
(Wilkens et al., 1995, 1997; Girvin et al., 1998; Uhlin
et al., 1997) electron microscopy (Wilkens et al.,
2000), and other datais presented in Fig. 1. The three
o and B subunits form an alternating hexagonal array
with an elongated cavity in the middle and a dimple
at the top. Most of the cavity is occupied by an asym-
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Fig. 1. Subunit model of E. coli ATP synthase. The model is a
composite incorporating information from crystal structures, NMR
structures, electron microscopy, cross-linking analysis, and other
forms of protein structural analysis.

metric antiparallel coiled-coil formed by the N-and C-
terminal segments of -y, while the rest of v is located
near the membrane and binds €, forming the larger,
more central, stalk. The multiple ¢ subunits are embed-
ded in the membrane as aring with lipid in the center;
the v and e subunits contact a limited number of ¢
subunits through the polar loop regions of the latter.
Subunit a is mostly embedded in the membrane and
interacts with the outside of the c ring. Subunit b has
an N-terminal membrane anchor, located close to the
a subunit, but the balance of the polypeptide is highly
polar. The two copies of b exist as a dimer reaching
from the membrane nearly to the top of F; where they
interact with the C-terminal part of 8 to complete the
second, or peripheral, stalk. The N-terminal part of &
sits in the dimple at the top of F;.

The synthesis of ATP is believed to depend on
the rotational motion of the yec,, complex, sometimes
called therotor, relative to azBzdab,. According to the
current consensus model, proton movement through
Fo is thought to drive rotation of the ¢ oligomer past
the a subunit, one proton crossing the membrane as
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each ¢ subunit passes critical residues on a. Energy is
transferred to F; through the coupled rotation of e,
with the intrinsic asymmetry of they coiled-coil inside
the a3B3 hexamer causing conformational changes in
the B subunits. These conformational changes result
inthebinding of ADP + P, and therelease of ATP from
catalytic sites, with all three B subunits participating
sequentially. The changesin binding properties, rather
than the chemical synthesis of ATP, isthe major ender-
gonic step of ATP synthesis (Boyer, 1997). In this
model the primary function of the second stalk is to
serve as a stator, preventing asBs from rotating with
V€, so that the conformational changes can be effected.

Since we reviewed the second stalk of the E. coli
enzyme just over ayear ago (Dunn et al., 2000b), the
present review will focus on recent progress on the b
subunit. The sequence of this 156-residue, 17,264-Da
polypeptide (Fig. 2) reveals the existence to two dis-
tinct regions, a hydrophobic N-terminal transmem-
brane domain and alarger, more polar, remainder. This
pattern is characteristic of b-type subunits, although
mitochondrial b has two consecutive membrane-span-
ning segments at the N-terminus.

THE POLAR REGIONS OF b SUBUNITS

The expressed polar region of E. coli b existsin
solution as a highly extended dimer capable of binding
to F1-ATPase (Dunn, 1992). Because of its high degree
of extension, attempts to determine the solution molec-
ular weight of b by techniques dependant on shape
give notably erroneous values. For instance, bas_is6
(originally called by,) elutes from a calibrated size
exclusion column with an apparent molecular weight
of 85,000. The shape-independent technique of sedi-
mentation equilibrium ultracentrifugation, in which a
stable distribution of proteinisgenerated at alow rotor
speed, gives a more reliable vaue of around 30,000,
consistent with a dimer of 15.5-kDa monomers. The
shape of the dimer was studied by a different type of
ultracentrifuge experiment, called sedimentation
velocity ultracentrifugation, in which the rate of sedi-
mentation of the protein at a high rotor speed is mea
sured. This rate depends on both the mass and the
shape of the protein; knowing the molecular weight
to be about 31,000 and the sedimentation coefficient
to be 1.8 S alows one to calculate that the bus_j56
dimer has a frictiona coefficient 1.9-fold higher than
expected for a smooth sphere of the same mass and
density. This high frictional ratio indicates that the
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dimer is notably extended in shape, but cannot revea
details of the structure. Circular dichroism (CD) spec-
troscopy has shown b,s 155 to be greater than 60%
helical. More recently, it was shown that the dimeriza-
tion was not very strong, that monomer and dimer
exist in a dynamic equilibrium, and that dimer can be
largely converted to monomer at 40°C, the maximal
operating temperature of the Beckman XL-A analytical
ultracentrifuge (Revington et al., 1999). A related
melting has also been observed using the CD signal
(Rodgers et al., 1997). Recently, the entire b subunit
was purified by SDS-PAGE, reconstituted into lipo-
somes, and analyzed by CD spectroscopy (Greie et
al., 2000). These workers concluded that the subunit
was about 80% helix, with most of the remainder in
the form of turn or extended conformation. Overall,
these results supported the predominantly helical
nature of the polar domain of the subunit but do not
reveal which segments are helical, and which are not.

Photosynthetic organi sms encode two b-type sub-
units, called b and b’. Recently, in collaboration with
Holger Lill’s laboratory, the polar regions of the b and
b’ subunits from the cyanobacterium Synechocystis
PCC6803 were expressed and examined by similar
techniques (Dunn et al., manuscript submitted). Each
of these polypeptides existed individually as a mono-
mer, with helical content on the order of 40 to 50%.
When they were mixed, formation of heterodimers
could be observed by either chemical crosslinking or
sedimentation equilibrium analytical ultracentrifuga-
tion. An increase in helicity, up to at about 60%, was
also observed. The heterodimer had a frictional ratio
of 2.1 and melted at 40°C. Overall, these results imply
that b and b’ exist in the ATP synthases of photosyn-
thetic organismsin a heterodimeric form and the simi-
larity of properties of this heterodimer to the soluble
b homodimer of E. coli implies that the latter is a
good model for b subunits from other eubacteria and
photosynthetic organisms.

THE DOMAIN STRUCTURE OF E. cali b

Unfortunately, asyet, no high-resolution structure
of most of the b subunit is available, either inisolation
or as a part of ATP synthase. The membrane-spanning
domain present in residues 1-34 has been solved by
NMR (Dmitriev et al., 1999), revealing ahelical struc-
turewith abend at residues 23—26. However, the polar
region has been refractory to both crystallographic and
NMR analysis. Crystals of the entire polar domain
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have been obtained (Dunn et al., 2000b), but in no
cases did they diffract X-rays well enough to warrant
analysis. NMR spectra have shown very little disper-
sion. The problems afflicting both of the methods of
determining protein structures at high resolution have
their roots in the nature of the polar domain of b. It
is extended rather than globular, highly helical, its
dimerization is relatively weak and reversible, and it
exhibits evidence of flexibility. All of these factors
serve to make structural analysis a challenge.

We have, therefore, pursued additional
approachesto gain structural knowledge of the b dimer.
Hydrodynamic analysis of deletion constructs has led
to development of a four-domain model as illustrated
in Fig. 2 and additional information has been provided
by spectroscopic and protein chemical approaches.

Beginning with by,_156, the entire polar region,
we determined how many residues could be removed
from each end without a major effect on dimerization,
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Fig. 2. Amino acid sequence of the E. coli b subunit. The amino
acid sequence, domain structure, and residues of known significance
are shown. The transmembrane domain is indicated by boldface,
the tether domain by the dotted underline, the dimerization domain
by the double underline, and the 3-binding domain by the single
underline. A number of features are indicated above the sequence.
A rigid bend was observed at positions 23—26 in the NMR structure
of residues 1-34. Thea and d positions of the heptad repeat between
positions 30 and 79 are noted and residues 80—84, which are pre-
dicted to form aturn, are indicated by t. Positions that have been
crosslinked to other subunits of ATP synthase are indicated by the
single-headed arrows. Mutation or deletion of residues marked by
asterisks leads to structural disruption of the local domain. The
tendency of introduced cysteine residues to form intersubunit disul-
fides in the soluble b constructs is indicated below the sequence,
with the size of the double-headed arrows indicating the relative
tendency toward disulfide formation. The straight bars indicate
little or no tendency toward disulfide formation.
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as measured in the ultracentrifuge. From this we
learned that the region essential for dimerization is
contained within the sequence from Asp53 to Lys122
(Revington et al., 1999), and more recent studies show
that we can move the N-terminal boundary of this
dimerization domain to at least Ser60 (Dunn, unpub-
lished observations). Residues between the membrane
domain and the dimerization domain form the tether
domain, which links the two definable regions. The C-
terminal region, from residue GIn123to the C-terminus
Leul56, forms a more globular structure that serves
to bind 3.

THE TETHER DOMAIN

The tether domain, between residue 25 and
approximately residue 60, is the least defined part of
the b subunit. A heptad repeat, extending from just
outside the membrane and continuing without interrup-
tion to residue Ala79 (Dunn, 1992; McCormick et
al., 1993), suggests a coiled-coil arrangement. If this
structure does exist in the tether domain, it contributes
little to the stability of dimerization.

A most remarkable feature of this part of the b
sequence is its ability to accommodate the deletion of
up to 11 residues, and still assemble into functional
ATP synthase in vivo, provided the mutant subunit is
overexpressed (Sorgen et al., 1998b). The residues
deleted in these constructs were mostly in the C-termi-
nal end of the tether domain and the N-terminal end
of the dimerization domain. Since then, the work has
been extended to demonstrate that insertions of up to
14 residues in the same region are tolerated (Sorgen
et al., 1999). Given the role of b,d in reaching from
the membrane to the top of F;, one would have expec-
ted the deletions to be too short and the insertions too
long. The fact that enzyme containing these alterations
can function suggeststhat some part of the b,6 complex
must be flexible or elastic so that it can stretch or take
up the slack. This conclusion leaves an open question
of why, despite the low conservation of individual
amino acid residues in b, gaps are seldom found when
multiple b sequences are digned (Blair et al., 1996;
Tiburzy and Berzborn, 1997). It should be noted in
thisregard that arecent revision to the sequence of the
b subunit of the akalophile Bacillus firmus (SWISS-
PROT Acc. No. P22481) has brought this sequence
into better alignment with other b sequences.

Among the few residues in b that are conserved
through evolution is Arg36 and mutagenesis of thissite
caused both lower levels of assembly and functional
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defects, including uncoupling (Caviston et al., 1998).
More recently, we have shown that a cysteine substi-
tuted into position 36 can be crosslinked to the a sub-
unit of Fy (McLachlin et al., 2000). The proximity of
this conserved position to subunit a suggests that it
may participate in signaling events between the two
catalytic regions of the enzyme.

THE DIMERIZATION DOMAIN

The C-terminal boundary of the dimerization
domain was established by the findings that truncation
from the C-terminus back to residue Lys122 had no
major effect on dimerization, but cutting it back to
residue Lys114 resulted in monomeric protein (Revin-
gtonetal., 1999). Finaly, thebss_;,, formof theprotein
was constructed and shown to be dimeric. In thermal
denaturation studies, bs;_ 12, melts with characteristics
similar to those of the entire domain, suggesting that
the most relevant intersubunit contacts are within the
region (Revington et al., 2000).

Our result that truncation of b back to position
122 had little effect on dimerization might be seen
as conflicting with the result previously published by
another laboratory that the mutation of residue Alal28
to aspartic acid caused b to become monomeric (Howitt
et al., 1996). A re-examination of the impact of this
mutation on the structure and interactions of b within
the context of b, 155 showed no significant effect of
the mutation on the dimerization of the construct, as
measured by sedimentation equilibrium ultracentrifu-
gation (Dunn et al., 2000a). The reason for the discrep-
ancy between our results and those of Howitt et al.
(1996) is not obvious. We did find that the mutation
caused a conformational change in the C-termina
region accompanied by the loss of ability to bind F;-
ATPase (see section on “The 8-Binding Domain”).

A number of lines of evidence point to the dimer-
ization domain having substantial coiled-coil content.
First, the shape of bsz_;,,, as determined both from its
frictional coefficient in the ultracentrifuge and from
NMR relaxation parameters, is consistent with a
coiled-coil of the expected length (Revington et al.,
1999). Second, small-angle X-ray scattering by the
polypeptide in solution indicates a maximum dimen-
sion of the dimeric domain to be 100-110 A, again
consistent with helices of the expected length (Shilton
et al., unpublished observations). Third, the CD spec-
trum of the domain indicates close to 100% helix at
5 or 20°C and is indicative of coiled-cail structure, in
that the minimum at 222 nm has an intensity similar
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to that of the minimum at 208 nm (Revington et al.,
in preparation). This spectral property is characteristic
of coiled-coils, whereas spectra of globular proteins
with noninteracting helices typically show minima at
222 nm that are 80—-85% as intense as those at the
shorter wavelength (Lau et al., 1984). Fourth, analysis
of thetendency toward disulfide formation of cysteines
introduced at positions between Alal03 and Glul10
revealsaperiodicity consistent with parallel interacting
helices (Revington et al., 1999). However, a smilar
analysis of residues between positions Ala59 and
Ala68 failed to show this pattern, implying aless regu-
lar structure in the region near the junction of the tether
and dimerization domains (McLachlin and Dunn,
1997).

The sequence from residues Asn80 to Ser84 is
predicted to form a bend by secondary structure pro-
grams, but the actua structure of the region is
unknown. Analysis of the b,d complex in the ultracen-
trifuge showed that the b dimer can bend at some
unknown position (McLachlin et al., 1998). Work in
Brian Cain’'slaboratory (McCormick et al., 1993; Sor-
gen et al., 1998a) explored the importance of residue
Alar9, which immediately precedes the predicted turn
and is highly conserved among b subunit sequences.
These workers found that the majority of the expressed
polar domains containing substitutions to this site had
a much reduced tendency to form dimers and that the
ability to bind F, in vitro was well correlated with the
potential for dimer formation. Growth on succinate,
however, was significantly affected only by the most
radical substitutions, such as glutamate, lysine or pro-
line, at this position of the full-length b subunit. These
results suggest that additional factors, such asthe prox-
imity imparted by the membrane anchors or possibly
interactions with F; favor dimer formation in vivo.

Two new lines of evidence imply that the dimer-
ization domain of b has a well-defined structure, with
lesstolerance for major changesthan seenin theregion
of the junction with the tether domain. First, we have
found that deletion of a single residue, Lys100, in the
dimerization domain causes the loss of dimerization
in vitro and the failure to grow on succinate in vivo,
even when the protein is expressed at levels higher
than normal (Cipriano and Dunn, unpublished observa-
tions). Second, we have obtained crystals of a dimer-
ization domain_construct, which diffract X-rays to
better than 2.5 A resolution using a rotating anode X-
ray generator (Fig. 3; Shilton and Dunn, unpublished
observations), indicating a high state of order and con-
formational homogeneity.
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Fig. 3. Crystals of the dimerization domain of E. coli b subunit.
Crystals of a dimerization domain construct were grown by the
sitting-drop technique. Panel A illustrates crystals of the b, dimer-
ization domain. The crystals are typically rod-shaped, over 1 mm
long, and up to 100 wm in the two shorter dimensions. Panel B
showsthe diffraction pattern from ab, dimerization domain crystal,
recorded at 100°K using a rotating anode source and image plate
area detector. The rings correspond to Bragg spacings of 10.8, 5.4,
3.6, 2.7, and 2.2 A. The protein crystallizes in space group P2;2,2
with unit cell dimensionsa = 35.5, b = 40.9, and c = 42.2 A.

THE 8-BINDING DOMAIN

In contrast to the tether domain, the C-termina
d-binding domain has both a defined structure and a
clear function. Work in Masamitsu Futai’slab anumber
of years ago showed that truncation of b by a few
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residues caused defective assembly of ATP synthase
(Takeyama et al., 1988). Subsequent work from our
laboratory revealed that the very C-terminal residues
areessentia for binding F, or 8 and that the C-terminus
of b can be chemically crosslinked to position Met158
of 8 (McLachlin et al., 1998). The role of the C-
terminal region of mitochondrial bin binding oligomy-
cin sensitivity-conferring protein (OSCP), the analog
of E. cali 8, has been demonstrated through subunit
interaction (Collinson et al., 1994) and chemical cross-
linking (Soubannier et al., 1999) analyses.

Either the A128D mutation or the deletion of
residues 153—-156 from b cause theloss of 8-dependent
interaction with F;. The globular nature of the 3-bind-
ing region of E. coli b was revealed by the effects
of either these mutations or cold temperature on the
sedimentation coefficient, which depends on both
shape and molecular weight. The sedimentation coeffi-
cients of a number of forms of b, al dimeric under
the conditions employed, were measured at either 5
or 20°C, then corrected for density and viscosity to
obtain the values of sy, (Table1). Beginning with the
data collected at 20°C, the complete polar domain,
b24_156, sedimented at 1.74 S, whereas b24_152 sedi-
mented at just 1.46 S. This decrease is far larger than
would be expected from the small change in molecular
weight, implying a conformational change in which
the protein became more extended causing an increase
in the frictional coefficient. As can be seen in the next
two lines, the A128D mutation caused asimilar change
in the context of the bz, ;56 construct (Dunn et al.,
2000a). Carrying out the studies at 5°C reduced the
sedimentation coefficients of the wild-type sequences,
but had little or no effect on the sedimentation coeffi-
cients of the truncated or mutant polypeptides. In fact,
at the lower temperature, all samples showed very
similar sedimentation coefficients. These resultsimply

Tablel. Effects of Temperature and Mutations to the
C-Terminal Domain of b on the Sedimentation
Coefficient of the Dimer

SZO,W(S)
Polypeptide 5°C 20°C
D24 156 1.55 = 0.012 1.74 = 0.042
bo4_152 152 = 0.00* 1.46 = 0.022
D34 156 154 + 0.02° 1.76 * 0.01°
D34_155A 128D 151 + 0.01° 154 + 0.01°

aData from Revington et al. (1999).
b Data from Dunn et al. (2000a).
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that either the mutations or the lower temperatures
induce similar effects on the structure of the b dimer.

The faster sedimentation of the normal b dimer
at 20°C, and the location of the mutations, imply that
the conformational change is one in which the C-
terminal domain goes from a more folded or globular
structure to a less folded and more extended state.
How could each of these minor changes cause this
unfolding? The C-terminal 10 residues have the poten-
tial to form an amphipathic helix (McLachlin et al.,
1998), so removal of the last four of these residues
(VAEL) could disrupt interactions essential to the
integrity of the domain. Residue 128 is on the side of
the helices that appear to be nearest each other, so
electrostatic repulsion could push the chains apart,
causing a loss of interactions critical to maintaining
the folded state. Finaly, cold lability in proteins is
normally ascribed to a weakening of the hydrophobic
effect, suggesting the importance of nonpolar residues
in the folding of this region. Another significant effect
of the unfolding is a reduced tendency to aggregate to
species higher than dimer. Overall, we infer that the
C-terminal domain has a weakly folded structure in
which hydrophobic residues are arranged so as to both
impart stability to the structure and also to create one or
more hydrophobic patches on the surface. The folded
structure seems to be required for interaction with
F, and the exposed hydrophobic patches are logical
candidates for sites of this interaction.

THE INTERACTION OF b WITH F;

Previously reviewed work has established the
interaction of b, with 8, mediated by the C-terminal
domains of each (Rodgers et al., 1997; Sawada et al.,
1997; Dunn and Chandler, 1998; McLachlin et al.,
1998). While a location of & near the top of F; was
clearly indicated by earlier work, the exact location
has been controversial. Recently, apart of & was local-
ized to the dimple at the very top of F; by immunoel ec-
tronmicroscopy (Wilkens et al., 2000) using a
monoclonal anti-3 antibody. In addition, one view seen
in the electron micrographs revealed an elongated
region of protein density on the upper outside surface
of Fy; this density could represent the C-termina
domain of binteracting with the C-terminal region of &.

The possible dynamic nature of the interaction
between the b and 8 subunits was tested by linking
them together through a disulfide formed between
introduced cysteine residues (McLachlin and Dunn,
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2000). Essentiadly complete disulfide formation,
brought about by incubation of membranes containing
this engineered ATP synthase with Cu?*, had no effect
on ATP-dependent proton pumping. This result dem-
onstrates that b—3 interaction need not be dynamic and
is probably static, in the normal, unlinked enzyme,
consistent with the proposed role of b,d as a stator.
The interaction of b with 8 is essential for F, and
Fo to bind together properly. However, the weakness
of the interaction (reviewed by Dunn et al., 2000b)
suggests that additional contacts between b, and the
o3B3 hexamer of F, probably also contribute to bind-
ing. In a search for such sites, chemical crosslinks
between cysteines introduced into the b subunit and
the azB3 hexamer have been obtained and analyzed in
our laboratory (McLachlin et al., 2000). These studies
utilized heterobifunctional reagents, such as p-
azidophenacylbromide or benzophenone-4-maleimide,
which react spontaneously with sulfhydryl groups at
one end, and are photoactivatable at the other end.
Cysteinesintroduced into by,_1s6 at positions 92 or 109
could belinked to o or B of F;-ATPase and the linkages
could be obtained in membrane-bound ATP synthase
in which the same mutations had been introduced into
the intact b subunit of the cysteineless ATP synthase
encoded by pACWUL.2 (Kuo et al., 1998). Analysis
of the sites of linkage of b,, 156 t0 Fy, carried out
by peptide mapping and mass spectrometric analysis,
showed that the cysteine in position 92 was linked to
both o and B at sites near their respective C-termini.
Based on the high-resolution structure of mitochon-
drial F;, these peptides are located close to the lower
edge of the azB; hexamer, adjacent to one of the o/
B interfaces which defines a noncatalytic nucleotide
binding site. A significant feature was that in order to
get the linkage from position 92 in membrane-bound
enzyme, it was necessary to remove the F, from the
Fo, modify the cysteine residue with the reagent, and
then add the F, back, implying that the interaction of
b with F, in this region is very tight and that parts of
b may penetrate well into the cleft between the sub-
units. The likely position of a crossiink from cysteine
in position 109 of b,,_;55 was within residues 213—-220
of «, aregion on the surface of the enzyme again close
to an o/ interface containing anoncatalytic nucleotide
binding site. In order to accommodate these results,
the dimerization domain, modeled as a pair of helices,
was positioned at an o/f interface such that residue
53 was about 40 A below the lower surface of asfs
and residue 122 was 25—30 A below the upper surface
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of asBs. This positioning would place the predicted
bend of b (residues 80—84) in the deep cleft between
the C-terminal helical domains of « and B.

Work in Rod Capaldi’s laboratory showed that a
disulfide bond could be formed between a cysteine
introduced at the C-terminus of b and the naturaly
occurring Cys90 of one of the o subunits (Rodgers
and Capaldi, 1998). The CysQ0 site is located nearer
thetop of F, and closer to an o/ interface that contains
a catalytic site. Together, these results could suggest
that the path taken by b does not travel straight up
toward thetop of F, likealine of longitude on aglobe,
but has a lateral component as well. The crosslink to
Cys90 was shown to inhibit ATP-driven proton pump-
ing (Rodgers and Capaldi, 1998), indicating either that
relative motion of b and « is essential, or else that
formation of the crosslink distorted the enzyme to an
inactive conformation.

Chemical cross-linking studies with yeast mito-
chondrial membranes have also indicated sites on sub-
unit 4, the analog of b in yeast, that can be crosslinked
to other subunits (Soubannier et al., 1999). Of particu-
lar interest is position 174, thirty-five residues before
the C-terminus, which can be linked to either B or
OSCP, implying that it is near the interface of these
two subunits.

DOES b HAVE A FUNCTION BEYOND
CONNECTING F; AND Fq?

A number of years ago, evidence was obtained
that the interaction of b with F; is essential not only
for holding the complex together, but in triggering the
maturation of F, to a proton-conducting form (Takey-
ama et al., 1988; Angov et al., 1991; Monticello and
Brusilow, 1994). As yet, however, there is little evi-
dence of the mechanism of this transformation.

The flexibility of b suggests a role, along with
ve, intransiently storing energy during rotational catal-
ysis. In the model developed by Wolfgang Junge and
colleagues (Cherepanov et al., 1999), these elements
would undergo stepwise elastic deformation as protons
moved through F,. The energy would then be expended
inone step to drive the conformational changeallowing
release of ATP from the catalytic site. In a different
view, Oster and Wang (2000) have stressed the theoret-
ical importance of b asaflexible, elastic link coupling
F, and F, so that torque provided by either proton
movement or ATP hydrolysis can be delivered more
smoothly to the other component, resulting in



354

increased efficiency. In this model the amount of
energy stored by the elastic element would be more
nearly constant through the catalytic cycle. However,
we are unaware of any direct evidence of whether the
flexibility of b is elastic, as required in either of the
above models, or inelastic. The suggested coiled-coil
component of the dimerization domain offersanumber
of potentially elastic modes of deformation, including
bending, stretching, and compression, although mech-
anisms involving electrostatic interactions between
side chains are aso conceivable.

Finally, recent studies from the laboratory of Pia
Vogel and John Wise have shown that the soluble
domain of b can influence the conformation of nucleo-
tide-binding sites in F-ATPase (Kersten et al., 2000).
In these studies, aspin label wasintroduced at position
B-331in E. coli F;-ATPase through use of a cysteine
residue inserted by mutagenesis. The ESR spectrum
of this spin label changed upon addition of bys_156 iN
a way implying that more of the catalytic sites were
in an open conformation. This result shows the poten-
tial of b to influence catalytic events more directly than
previously recognized and suggests that the coupling
function of b may extend beyond the generaly
accepted linkage function.
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