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Abstract The ε subunit of the ATP synthase from E. coli
undergoes conformational changes while rotating through
360◦ during catalysis. The conformation of ε was probed
in the membrane-bound ATP synthase by reaction of mono-
cysteine mutants with 3-N-maleimidyl-propionyl biocytin
(MPB) under resting conditions, during ATP hydrolysis, and
after inhibition by ADP-AlF3. The relative extents of label-
ing were quantified after electrophoresis and blotting of the
partially purified ε subunit. Residues from the N-terminal
β-sandwich domain showed a position-specific pattern of la-
beling, consistent with prior structural studies. Some residues
near the ε-γ interface showed changes up to two-fold if la-
beling occurred during ATP hydrolysis or after inhibition
by ADP-AlF3. In contrast, residues found in the C-terminal
α-helices were all labeled to a moderate or high level with
a pattern that was consistent with a partially opened helical
hairpin. The results indicate that the two C-terminal α-helices
do not adopt a fixed conformation under resting conditions,
but rather exhibit intrinsic flexibility.
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Introduction

The ATP synthase is a membrane-bound, multi-subunit, ro-
tary motor for the synthesis of ATP. It is typically found
in the membranes of mitochondria, chloroplasts and bac-
teria (For recent reviews see (Capaldi and Aggeler, 2002;
Ackerman and Tzagoloff, 2005; Dimroth et al., 2006). The
enzyme from E. coli is somewhat simpler than those from
mitochondria, but it preserves the essential features. Three
subunits make up the rotor: γ , ε and the oligomeric ring
of c subunits. The five types of stator subunits include 3
copies of α and β, which together form the three catalytic
and three non-catalytic nucleotide binding sites. These sub-
units are connected to the membrane via δ, b and a subunits,
which form the so-called peripheral stalk. The single a sub-
unit makes an interface with the rotary c subunits, and these
subunits work together to translocate protons. The role of the
γ subunit is to communicate the effects of rotation to the cat-
alytic sites, so that the conformations of all three sites change
in sequence to accommodate substrate binding, phosphory-
lation and product release. This is described by the “binding
change” mechanism (Boyer, 1993).

The E. coli F1Fo ATP synthase catalyzes both ATP
driven proton translocation and proton-gradient-driven ATP
synthesis. The role of the ε subunit is unclear, but it has long
been known that it inhibits ATP hydrolysis in both F1 and
F1Fo enzymes (Smith and Sternweiss, 1977; Kato-Yamada
et al., 1999; Peskova and Nakamoto, 2000; Feniouk et al.
2006). Evidence has been presented that the ε subunit
from the thermophilic bacterium Bacillus PS3 binds ATP
directly (Kato-Yamada and Yoshida, 2003; Iizuka et al.,
2006). ε is also known to rotate through 360◦ during ATP
hydrolysis (Bulygin et al., 1998; Kato-Yamada et al., 1998).
The structure of the isolated ε subunit has been analyzed by
both X-ray crystallography (Uhlin et al., 1997) and NMR
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(Wilkens et al., 1995; Wilkens and Capaldi, 1998), with both
methods revealing a nearly identical two-domain structure.
An alternative conformation was revealed (Rodgers and
Wilce, 2000) when ε was co-crystallized with the globular
domain of the γ subunit, called γ ′. A similar conformation
was found for ε in a low-resolution structure of the E. coli
F1 ATPase (Hausrath et al., 2001). A variety of studies
employing proteolysis (Mendel-Hartvig and Capaldi,
1991a,b), antibody binding (Johnson and McCarty, 2002),
cross-linking (Aggeler et al., 1992, 1995; Suzuki et al.,
2003), and FRET (Iino et al., 2005) have shown ε to exist in
different conformations, generally described as compact and
extended conformations. In the compact conformation, the
two α-helices of the C-terminal domain are folded together in
a helical hairpin and are close to the N -terminal β-sandwich
domain. This is the conformation seen in the isolated ε

subunit, and also that of the mitochondrial homolog as found
in the F1 ATPase (Gibbons et al., 2000). In the extended con-
formation, the hairpin comes undone and the two C-terminal
α-helices are extended, nearly end to end. The details of this
conformation are unclear, since it has only been seen in a
crystal form with a truncated γ subunit. Furthermore, there
may be several different extended conformations with the
C-terminus of ε docked at different sites in the intact enzyme.

This study was undertaken to see if one of the previously
identified conformations of ε could be confirmed in the in-
tact, membrane-bound ATP synthase. To probe the confor-
mation of ε throughout its polypeptide chain, over twenty
mono-cysteine mutants were constructed, and reacted with
the thiol reagent MPB. The pattern of labeling was not en-
tirely in agreement with the conformation of either the iso-
lated ε subunit or with that of the γ ′-ε co-crystal, but was
consistent with intrinsic flexibility of at least one of the C-
terminal α-helices.

Materials and methods

Materials

Restriction endonucleases were obtained from New England
Biolabs, (Beverly, MA). Synthetic oligonucleotides were ob-
tained from Operon Technologies, (Huntsville, AL). DNA
sequencing was done by Lone Star Labs, (Houston, TX).
MPB was obtained from Molecular Probes-Invitrogen (Eu-
gene, OR). Reagents for electrophoresis, immunoblotting
and isoelectric focusing were obtained from Bio-Rad (Her-
cules, CA). Anti-ε monoclonal antibodies were a generous
gift from Dr. Roderick Capaldi, University of Oregon.

Plasmids, mutagenesis, growth and expression

Plasmids pXH302S (Xiong and Vik, 1995a,b), pSA302S and
pSG302S were used for construction of mutants. Plasmid

pSA302S was constructed from pXH302S by digesting with
Nco I and AsiS I, and ligating the large fragment to an 87
base pair fragment of synthetic DNA. This introduced four
new unique restrictions sites in the gene for ε: Blp I, Xho
I, Acc I and Eag I for constructing mutations in residues
95–116. Plasmid pSG302S was constructed from pSA302S
by inserting a 49 base pair fragment of synthetic DNA at the
AsiS I site. This regenerated the 3′ end of the gene, intro-
duced unique Mlu I and Nsi I restriction sites, and by the use
of degenerate nucleotides, allowed the construction of both
a wild type coding sequence, and one with an extra cysteine
at position 138. This construct was used for mutations at
residues 120–138. Amino acid substitutions were introduced
using cassette mutagenesis (Vik et al., 1988; Xiong and Vik,
1995a,b). For expression, XH1 (uncC, bglR, thi-1, rel-1,
Hfr Po1) was used as the background strain (Xiong and Vik,
1995a,b). It produced no subunit ε due to a deletion of 273
bp from –2 to 271 in the uncC gene, and was complemented
by plasmids containing a wild type uncC gene.

Preparation, labeling, and stripping
of membrane vesicles

Membrane vesicles were prepared as described previously
(Long et al., 2002), and resuspended in 10 ml of 200 mM
Tris-HCl pH 8.0 for labeling experiments. To prepare
stripped membrane vesicles (loss of F1), the membrane vesi-
cles were resuspended in low ionic strength buffer, 1 mM
Tris-HCl, pH 8.0, 0.5 mM EDTA, 10% glycerol (v/v) and
2.5 mM β-mercaptoethanol, followed by centrifugation at
200,000 × g for 1 h at 4◦C. Rates of ATP hydrolysis were
measured by a coupled-enzyme assay, as described previ-
ously (Xiong and Vik, 1995a,b). For labeling experiments,
membrane vesicles were incubated in 200 mM Tris-HCl (pH
8.0) with 120 µM MPB at room temperature for 20 min.
Longer incubations under these conditions did not result in
a greater extent of labeling. The reaction was stopped by
addition of β-mercaptoethanol to a final concentration of
20 mM. The sample was centrifuged for 1 hr at 200,000 × g
and the pellet obtained was suspended in stripping buffer
and centrifuged again. For inhibition by ADP-AlF3, the pro-
cedure of Braig et al was followed (Braig et al., 2000). All
mutants were inhibited at least 90% in ATP hydrolysis by
this treatment. For labeling in the presence of ATP, the mem-
brane vesicles were resuspended in 200 mM Tris-HCl (pH
8.0), with 3 mM ATP and 1 mM MgSO4. To this suspension,
MPB was added and incubated as described above.

Analysis

ε subunit was purified by isoelectric focusing electrophoresis
using a Bio-Rad MiniRotofor

R©
cell, essentially as described

earlier (Xiong and Vik, 1995a,b). Fractions were analyzed
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on two 4–15% polyacrylamide gradient gels followed by
transfer to polyvinyledine difluoride membranes. One blot
was developed using an alkaline phosphatase-avidin conju-
gate for detection of MPB labeling, while the second was
probed using anti-ε monoclonal antibody, as described pre-
viously (Zhang and Vik, 2003). This antibody appeared to
bind strongly to all of the mutants reported here. The intensity
of the bands for each mutant were quantified using the soft-
ware Image J (freely available at http://rsb.info.nih.gov/ij).
These values were divided by the quantity of labeling found
in an immunoblot from the same amount of material. These
scaled values were then compared to the corresponding val-
ues of mutants 28, 55 or 120 that appeared on the same blot.
Two to five determinations were used to calculate an average
and standard deviation for each mutant. The highest labeling
mutant, H58C, was set at a value of 100. Accessible surface
areas of the individual residues of ε were calculated using
the Analytic Surface Calculation Package (Eisenhaber and
Argos, 1993) through the IMP Bioinformatics Group server
(http://mendel.imp.ac.at/mendeljsp/studies/asc.jsp).

Results

Twenty-three mono-cysteine mutations were constructed in
the ε subunit of the ATP synthase using several different
plasmids, and are listed in Table 1. Mutant 138C has a cys-
teine added to the C-terminus of the normal protein. Each
plasmid was then used to transform the ε-deletion strain
XH1. All of the resulting strains could grow on succinate
minimal medium, indicating a functional ATP synthase. The
sites chosen for mutation were surface residues of the N-
terminal β-sandwich domain, or were residues throughout
the C-terminal α-helical domain. The locations of the mu-
tated residues are shown in Fig. 1. The face of the isolated
ε as shown in panel B is expected to be largely shielded by
the γ subunit, on the basis of the crystal structure of the
mitochondrial F1 (Gibbons et al., 2000). The face shown in
panel C is expected to be more accessible.

To investigate the surface accessibility of each of the cys-
teine mutations, membrane vesicles were prepared from cul-
tures of each mutant. Samples were reacted with 120 µM
MPB for 20 min at room temperature. The membranes were
stripped of F1 by a low ionic strength wash, and the ε subunit
was partially purified by subjecting the supernatant fraction

to preparative isoelectric focusing. Equal volumes of frac-
tions containing the ε subunit were loaded onto two polyacry-
lamide gels. One gel was used to detect the amount of chem-
ical labeling, and the other was used to quantify the amount
of ε subunit by immunoblotting. Representative experiments
are shown in Fig. 2, for V112C, Q116C, and E120C. Panel
A shows the extent of labeling, while panel B is an im-
munoblot, indicating the amount of ε subunit. By loading
multiple samples on a single gel, and using several mutants
as internal standards, relative extents of labeling were ob-
tained for all of the mutants, as shown in Fig. 3. The highest
extent of labeling, that of residue H58C, was set to 100 units.

The labeling of residues in the N -terminal domain, 17–
81, varies from about one unit to 100 units, and it correlates
well with the location of the residues with respect to the γ

subunit, as seen in the γ ′-ε co-crystal. Residue 79 is buried
at the γ -ε interface, and L79C shows essentially no label-
ing. Residues 55, 56 and 58 are both exposed and distant
from γ , and these mutants had the highest levels of label.
Residues 17, 26, 28 and 81 are all near the γ subunit, and
the corresponding cysteine mutants show rather low label-
ing, 10–25% of the maximum. In contrast, all 15 cysteine
mutants in the C-terminal domain were labeled to the extent
of 30–90% of maximum, indicating that none of the residues
are inaccessible to the reagent.

To test whether the cysteine mutations had generally per-
turbed the conformation of the ε subunit, the effects of lauryl
dimethyl amine oxide (LDAO) on ATP hydrolysis were mea-
sured. Under the conditions used here for ATP hydrolysis, the
presence of 2% LDAO will stimulate ATP hydrolysis rates
by 2–3 fold (Xiong and Vik, 1995a,b; Xiong et al., 1998).
This indicates the extent of inhibition by the ε subunit. ATP
hydrolysis by the wild type membranes was stimulated 2.1-
fold, and nineteen of the mutants were in the range of 1.3–3.5
fold stimulation. E120C was stimulated 3.8-fold, and Q127C
was stimulated 5.4-fold. Therefore, only one of the mutants
exhibited a significantly greater extent of inhibition by ε,
which might be consistent with an altered conformation.

The experimentally determined levels of labeling were
compared with the exposure of residues as seen in two crys-
tal structures, by first calculating the surface accessible areas
for the residues that were mutated to cysteine (Eisenhaber
and Argos, 1993). These values were then normalized by di-
viding by the surface area of that amino acid as calculated in

Table 1 Location of cysteine
substitutions in the ε subunit Residue numbera Domain Plasmidb

17, 26, 28, 55, 56, 58, 79, 81 N-terminal pXH302S (Xiong and Vik, 1995a,b)
94, 95, 97, 101, 104, C-terminal, helix 1 pSA302S (This paper)
109, 110, 111 C-terminal, turn pSA302S (This paper)
112, 116, 120 C-terminal, helix 2 pSA302S (This paper)
127, 131, 138 C-terminal, helix 2 pSG302S (This paper)
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Fig. 1 (A) This is a ribbons-view of the isolated ε, showing the two
domain structure: an N -terminal 10-stranded β-sandwich, and a C-
terminal α-helical hairpin. (B) A spacefilling-view of ε in the same
orientation as panel A. Mutated residues are colored white, while the
rest of ε is in CPK colors: oxygen red, nitrogen blue, carbon gray, and
sulfur yellow. In analogy with the mitochondrial enzyme, this face of ε

is most likely to interact with the γ subunit. (C) This image is the same
as in panel B after a rotation of 180 degrees about a vertical axis. (D) A

spacefilling view of the γ ′-ε complex. γ ′ is colored green and ε is col-
ored as in panel B. The N-terminal domain of ε is in approximately the
same orientation as in panel B. (E) This image is that of panel D after a
rotation of 180 degrees about a vertical axis. Protein databank file 1aqt
(Uhlin et al., 1997) was used in panels A–C, and 1fs0 (Rodgers and
Wilce, 2000) was used in panels D and E. The Jmol application (freely
available at http://www.jmol.org) was used to generate the images

a tripeptide (Chothia, 1976). The two crystal structures used
were the isolated ε subunit, protein databank file 1aqt (Uhlin
et al., 1997), and the γ ′-ε hetero-dimer, protein databank file
1fs0 (Rodgers and Wilce, 2000). These calculated values,
along with the normalized values from labeling shown in
Fig. 3, are plotted in Fig. 4. Panel A shows the N-terminal
mutants, and panel B shows the C-terminal mutants. Label-
ing by MPB is shown in the solid black bars, the surface
accessibility of residues in the isolated ε subunit is shown
in the white bars, and the surface accessibility of residues in
the γ ′-ε complex is shown in the shaded bars.

In the N -terminal region (Fig. 4A), there is a general
correlation between labeling seen and the calculated sur-
face accessibility in the γ ′-ε complex, with the exception of
residue 17. The extent of labeling of S17C is much less than
would be predicted by the crystal structures. In the case of
residues 79 and 81, both are highly exposed in the isolated
ε structure, but are nearly buried in the γ ′-ε complex, and
the labeling matches that of the latter, suggesting that γ is
shielding those residues from the MPB.

In the C-terminal region (Fig. 4B), the results are more
complex. Residues 94, 97 and 117 are all alanine with little-
to-no accessibility in both crystal forms, but the cysteine
mutants can all be labeled to about 30–35%. In all of the other
mutants, with the possible exception of H104C, the extent
of labeling matches that of the crystal form with the greater
accessibility. For example, V112C has high accessibility in
the isolated ε, but not in the γ ′-ε complex, and I131C has
high accessibility in the γ ′-ε complex, but not in the isolated
ε. Both mutants show rather high labeling, with an extent of
55–60%.

A variety of earlier studies had indicated that the con-
formation of ε was sensitive to the presence of adenine
nucleotides (Mendel-Hartvig and Capaldi, 1991a,b; Kato-
Yamada et al., 2000). Therefore, the labeling of selected
residues was carried out in the presence of Mg-ATP, and
after inhibition by Mg-ADP-AlF3. The first case represents
the condition of ATP hydrolysis, and the second represents
inhibition by a transition state analog. A summary of these
results is presented in Fig. 5.
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Fig. 2 A representative labeling experiment: MPB labeling of V112C,
Q116C, and E120C. (A) MPB labeling: Lane 1, molecular weight
standards 20, 29, and 37 kilodaltons. Lane 2, V112C. Lane 3, Q116C.
Lane 4, E120C. (B) Immunoblots of the samlples in panel A: Lane 1,
molecular weight standards 20, 29, and 37 kilodaltons. Lane 2, V112C.
Lane 3, Q116C. Lane 4, E120C. Migration of the ε subunit is indicated
at the right

The effect of labeling during ATP hydrolysis (Fig. 5A) is
that the labeling of residue 17 increases by about 50%, and
the labeling of residues 26 and 28 decreases up to two-fold.

Other residues, including all those in the C-terminal region,
are not affected. The effect of the ADP-AlF3- inhibited state
on labeling is shown in Fig. 5B. Under these conditions the
labeling of S17C increased two-fold, while most of the other
residues decreased slightly. The labeling of residues 26, 28,
111, and 131 decreased by about two-fold.

Discussion

No high resolution structure exists for the ε subunit from
E. coli when it is found in an intact F1 or F1Fo ATP syn-
thase complex. A crystal structure of the bovine mitochon-
drial F1 shows the homologous subunit in a compact form
(Gibbons et al., 2000), much as the isolated ε subunit from
E. coli (Uhlin et al., 1997). However, mitochondria have an
additional subunit in F1 that interacts with the subunit that
is homologous to ε, and so the situation is different. For
example, studies of the rat liver enzyme (Pan et al., 1998)
have shown that the homologous subunit is highly resistant
to treatments of detergent and proteases. The goal of this
work was to investigate the conformation of the subunit ε in
a membrane-bound, functional enzyme. The conformation
of ε was probed by testing the accessibility of more than
twenty residues to chemical labeling. The labeling results in
the resting enzyme were compared to the amino acid expo-
sures calculated from both the crystal structures, isolated ε

Fig. 3 Relative MPB labeling of twenty-three monocysteine mutants. The highest level of labeling, as described in the methods, that of H58C was
set to 100 units. Each mutant was analyzed 2–5 times and the error bars represent the standard deviations of those measurements
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Fig. 4 Comparison of the MPB labeling with the surface accessibili-
ties of the mutated residues as seen in two crystal structures. The white
bars represent the fraction of residue that is exposed in the isolated ε

structure (pdb 1aqt) (Uhlin et al., 1997). The shaded bars represent the
fraction of each residue that is exposed in the γ ′-ε structure (pdb 1fs0)
(Rodgers and Wilce, 2000). The black bars represent the MPB labeling

relative to that of the highest labeled residue 58. The data are taken
from Fig. 3. (A) N -terminal residues 17–81. (B) C-terminal residues
95–131. Three residues are not included: 109 and 110, because they
do not appear in the γ ′-ε co-crystal structure, and 138, because it is an
additional residue at the C-terminus and so it does not appear in either
crystal form

and the γ ′-ε co-crystal. The results were not consistent with
either of the indicated conformations, but rather suggest an
intrinsically flexible C-terminal domain.

Residues in the N-terminal domain of ε include S17, T26,
S28, Q55, H56, H58, L79 and D81. The accessible sur-
face area of residue S17 as calculated from the isolated ε

structure is about 50%, and in the γ -ε structure is about
65%, but the extent of labeling is only about 15%. Since
labeling is done in the intact enzyme, other subunits could
contribute, directly or indirectly, to shielding residue 17. Fur-
thermore, labeling increases both with addition of ATP and
under conditions of ADP-AlF3 inhibition, suggesting that
conformational changes may have occurred at the γ -ε inter-
face, leading to greater exposure of this residue. Previously,
Capaldi and coworkers (Aggeler et al., 1992) had reported
that S10C, which is adjacent to S17, cross-links to γ after

reaction with the bi-functional cross-linker TFPAM-3. Fur-
thermore, the yield of γ -ε cross-link increased 2-fold in the
presence of ATP. These results support the view that residues
in this region of ε are found at the γ -ε interface and that they
undergo subtle changes in accessibility due to changes in
nucleotide occupancy at catalytic sites.

Residues 26 and 28 have moderate accessibility (30–
50%) in both crystal structures, γ ′-ε and isolated ε. For
both residues, the relative labeling was somewhat low (20–
25%). Both residues showed decreased labeling in the pres-
ence of both ATP and ADP-AlF3 as compared to the resting
state. This region was proposed to be at the γ -ε-c interface
(Rodgers and Wilce, 2000). Disulfide cross-linking experi-
ments have reported that E31C and several other residues in
this region could form disulfide cross-links to D42C of the
c subunit (Zhang and Fillingame, 1995; Schulenberg et al.,
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Fig. 5 Labeling of selected
mutants in the presence of ATP,
or after inhibition with
ADP-AlF3. (A) MPB labeling
was carried out in the presence
of 3 mM ATP, 1 mM MgCl2. (B)
MPB labeling was carried out
after inhibition by ADP-AlF3.
Each mutant was analyzed
2–3 times, and the standard
deviations are indicated by error
bars

1999). The decreased labeling of 26 and 28 in the presence
of nucleotides might be due to increased shielding by either
γ or c subunits.

Residues 55, 56 and 58 of the N-terminal domain show
maximal labeling and are not effected by nucleotide bind-
ing at the catalytic sites (data not shown). These residues
show moderate to high accessible surface area in both
crystal forms, and the high level of labeling indicates
they are not shielded by any other subunit in the F1Fo

complex.
Residue 79 does not label above background levels. This

pattern is consistent with the γ ′-ε crystal structure, in which
residue 79 is buried at the γ -ε interface. The lack of change in
labeling during ATP hydrolysis or ADP-AlF3 inhibition (data
not shown) indicates that this is a part of a fixed interface.
Labeling of 81 also matches its accessible surface area in
the γ ′-ε crystal structure. Residue 81 appears to be part of
the hinge between the two domains, rather than at a fixed
interface. The very low labeling suggests that this residue
and by extension, the adjacent helix 1 (residues 90–106), are
relatively immobile in the resting state.

With respect to the C-terminal domain of ε, the labeling
patterns seen did not totally support either the compact con-

formation seen in the isolated ε, or the extended structure
seen in the γ ′-ε structure. In the compact conformation seen
in the isolated ε, the second helix (112–135) shields the first
helix (90–106). In particular, residues 94 and 101 are com-
pletely buried. Other residues, including 95, 97 and 104 are
moderately exposed. As found in the γ ′-ε crystal structure,
in which the α-helices take up different positions relative to
γ and to the N-terminal domain of ε, both 94 and 101 remain
buried but have different positions. Residue 97 is also buried,
residue 95 maintains the same accessibility and residue 104
is much more exposed. In contrast, the labeling pattern is
similar for all five residues in the resting state. Therefore,
the labeling pattern is not consistent with either of the two
conformations shown in crystal structure, but would be con-
sistent with an ε subunit in which helix 2 at the C-terminus
is transiently moving away from its partner helix 1. In this
group only residue 95 was tested extensively in the presence
of nucleotides, and no significant differences were seen in
the labeling.

The loop region between the two C-terminal α-helices, in-
cluding residues 109–111, is highly exposed in the isolated
ε subunit, and all three residues label well in the resting
state of the F1Fo enzyme. In the γ ′-ε crystal structure, only
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residue D111 of the loop is visible, and it has high accessibil-
ity. Labeling of residue D111 in the presence of ADP-AlF3

was reduced by 50% relative to the resting state. This sug-
gests that the restricted motion of the inhibited state might
lower the accessibility of this residue. In previous studies,
residue 108 has been cross-linked to both α and β subunits
(Dallmann et al., 1992; Aggeler and Capaldi, 1996). It is
possible that α or β subunits partially shield residue D111 in
the ADP-AlF3 bound state.

The residues of the second helix (112–135) and includ-
ing the C-terminal 138, also labeled well in all cases, and
the labeling pattern does not match the accessibility pattern
of this helix in either crystal structure. In fact, the label-
ing pattern tends to match the exposure of the residues in
their more accessible state. For example, V112 has low ac-
cessible surface area in the γ ′-ε structure (11%) and high
accessible surface area in the isolated ε structure (78%) and
it labels well (66%). Likewise, I131 has high accessible sur-
face area in the γ ′-ε structure (70%) and low accessible
surface area in the isolated ε structure (7%), but it also labels
well (62%).

In the case of A117, it has less than 1% exposure in both
crystal structures, but still labels at about 40% of maximum.
In all, the labeling results of the second helix in the C-
terminal domain of ε support the view that helix 2 of the
coiled-coil comes apart transiently from helix 1. This would
increase accessibility of most or all of the residues in these
helices. None of the residues tested (112, 120, 127 and 131)
had altered labeling in the presence of ATP, suggesting that
they do not become more exposed during ATP hydrolysis.
In the presence of the transition state analog ADP-AlF3,
I131 showed the greatest effect during labeling, about a 50%
reduction. This might reflect increased shielding by the α or
β subunits, or immobilization of helix 2.

Other studies have indicated the proximity of the C-
terminus of ε to α and β subunits. A cross-link from 138C in
ε to the β subunit was identified using the TFPAM-3 cross-
linker (Tang and Capaldi, 1996). More recently Yoshida’s
group has shown in the thermophilic Bacillus PS3 ATP syn-
thase, that the C-terminus of ε forms a disulfide with the N-
terminus of γ during ATP synthesis conditions (Suzuki et al.,
2003). This latter position would be rather well-shielded
from solution by the α and β subunits.

How do the labeling methods here compare to other
approaches that have been used to probe conformational
changes in ε? Chemical labeling requires a residue to be
exposed to the reagent for a time sufficient for that chemical
reaction to occur. In cross-linking, two residues must be in
close proximity for a sufficient time, but do not probe con-
formational changes more generally. It may also be difficult
to distinguish between residues that are in a fixed proximity,
and those which occasionally are in close proximity during
the period of the experiment. On the other hand, evidence of

cross-linked products does not preclude additional confor-
mational states. FRET measurements can be complementary
to cross-linking, in that changes in distances between two
residues can be monitored in real-time, as shown recently
(Iino et al., 2005). That study showed that the ATP-induced
conformational change takes more than 10 s, from the com-
pact form to the extended form.

Other studies have used antibodies (Johnson and
McCarty, 2002) and proteases (Mendel-Hartvig and
Capaldi, 1991a,b; Wilkens and Capaldi, 1998) to probe the
C-terminal domain of ε. Johnson and McCarty showed that
the C-terminus of the chloroplast ε is accessible to antibodies
only during ATP synthesis, not ATP hydrolysis. Similarly,
the C-terminus of the E. coli ε is more sensitive to trypsin
digestion in the presence of ADP than with ATP (+Mg2+).
These studies may have similar limitations in that they re-
quire that an enzyme or antibody interact with the coiled-coil
domain of ε. Small conformational fluctuations in ε are not
likely to be sufficient to be detected by such probes, since for
detection they probably require local unfolding of the target
protein. Therefore, the chemical labeling approach appears
to be more sensitive for the detection of small conformational
changes through out the ε subunit.

Based on the results of this study we propose that neither
nucleotide binding at catalytic or noncatalytic sites, nor the
proton motive force, directly compel the C-terminus of sub-
unit ε to extend. Rather, it is both the availability of a docking
site, and the intrinsic instability of the α-helical coiled-coil
at the C-terminus of ε that allows the extended conformation
to form. The precise conditions under which the extended
conformation of ε forms in the E. coli ATP synthase remain
to be determined. It likely occurs during ATP synthesis, or
during inhibition of ATP hydrolysis by ε.

What makes the coiled-coil of the ε subunit inherently
unstable? Typical coiled-coils have leucines or other hy-
drophobic residues at the interface. For example, in the
coiled-coil of seryl-tRNA synthetase every eighth residue
is a leucine (Belrhali et al., 1994). In comparison, the ε

subunit of E. coli has mostly alanines at the helical inter-
face. This interaction has been termed an “alanine zipper”
(Uhlin et al., 1997). Because of its size, alanine provides a
smaller surface area of contact when compared to leucine,
and therefore provides a weaker hydrophobic interaction. In
addition, the α-helices in ε are somewhat shorter than typical
coiled-coils. Helix 1 is about 16 residues long and helix 2 is
about 23. The N-terminal coiled-coil of the seryl tRNA syn-
thetase contains helices of more than 30 residues each. These
two features result in a weaker helix-helix interface in the ε

subunit, and contribute to its propensity for conformational
change.
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