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A B S T R A C T

The γ subunit located at the center of ATP synthase (FOF1) plays critical roles in catalysis. Escherichia coli mutant
with Pro substitution of the γ subunit residue γLeu218, which are located the rotor shaft near the c subunit ring,
decreased NADH-driven ATP synthesis activity and ATP hydrolysis-dependent H+ transport of membranes to
~60% and ~40% of the wild type, respectively, without affecting FOF1 assembly. Consistently, the mutant was
defective in growth by oxidative phosphorylation, indicating that energy coupling is impaired by the mutation.
The ε subunit conformations in the γLeu218Pro mutant enzyme were investigated by cross-linking between
cysteine residues introduced into both the ε subunit (εCys118 and εCys134, in the second helix and the hook
segment, respectively) and the γ subunit (γCys99 and γCys260, located in the globular domain and the carboxyl-
terminal helix, respectively). In the presence of ADP, the two γ260 and ε134 cysteine residues formed a disulfide
bond in both the γLeu218Pro mutant and the wild type, indicating that the hook segment of ε subunit penetrates
into the α3β3-ring along with the γ subunits in both enzymes. However, γ260/ε134 cross-linking in the
γLeu218Pro mutant decreased significantly in the presence of ATP, whereas this effect was small in the wild
type. These results suggested that the γ subunit carboxyl-terminal helix containing γLeu218 is involved in the
conformation of the ε subunit hook region during ATP hydrolysis and, therefore, is required for energy coupling
in FOF1.

1. Introduction

ATP synthase (FOF1), which is ubiquitous in the membranes of
bacteria, mitochondria, and chloroplast thylakoids, synthesizes ATP
coupling with an electrochemical proton gradient generated by the
electron transport chain [1]. Bacterial enzymes are the simplest ver-
sions, consisting of a peripheral sector F1 (α3β3γδε) with three catalytic
sites in the β subunits and an integral membrane FO (ab2c10–15) with the
H+ pathway being formed by the a subunit and multiple c subunits (c-
ring). Single-molecule observation of the Escherichia coli enzyme clearly
indicates that the γεc10 complex rotates against residual α3β3δab2
during ATP hydrolysis [2–4]. Thus, ATP synthesis/hydrolysis is coupled
to the reversible rotation that accompanies H+ transport. The γεc10
rotor should be elastic to connect different rotational steps in F1 (120°,
between three catalytic sites) and FO (36°, between 10 proton binding
sites) [5–7]. The crystal structure of E. coli F1 revealed that the highly-
extended carboxyl-terminal domain of ε subunit is inserted between the

β and γ subunits via its Loop2/Helix2/Hook segments (Fig. 1A left) [8].
The extended conformation of the ε subunit corresponds with inhibition
of rotation and ATP hydrolysis. On the other hand, the compact form ε
has no inhibitory effect because its carboxyl-terminal domain does not
interact with the catalytic β subunits (Fig. 1A right). The two ε con-
formations are thought to change reversibly depending on cellular
conditions [9]. In addition, the ε subunit carboxyl-terminal domain
probably contributes to lowering the activation energy of ATP hydro-
lysis for γ subunit rotation and bulk ATPase activity [10,11]. Therefore,
consistent with the structure extending toward the β subunit, the ε
subunit is pertinent for catalysis to proceed elementary steps smoothly
through interactions with β and γ subunits [1]. However, it is unclear
how the ε subunit changes its conformation and interacts with other
subunits.

The γε subunit complex should interact with the catalytic β subunits
for sequential steady-state catalysis and energy coupling. The amino-
and carboxyl-terminal helices of the γ subunit form a coiled-coil
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structure (Fig. 1, cyan). The γMet23Lys (γ subunit Met23 replaced with
Lys) mutation in the amino-terminal helix increases the activation en-
ergy of rotation step and reduces the efficiency of energy coupling
between H+ transport and ATP hydrolysis by forming a salt bridge with
the βGlu381 residue of the β subunit [12,13]. Mutations in the car-
boxyl-terminal helix reduce catalytic activity, however they can sup-
press the γMet23Lys mutation [14,15]. Therefore, the γ subunit's
amino- and carboxyl-terminal helices are related to each other and
should participate in the successive conformational changes of catalytic
sites on each of the three β subunits, leading to energy coupling. As
expected from the F1 structure [8,16–18] and the inhibition of rotation
by the ε carboxyl-terminal domain, the γ subunit should also interact
with the ε subunit during energy coupling.

In this study, we isolated a series of γ subunit mutants defective in
ATP synthesis. One of them, γLeu219Pro, located near the start of the
carboxyl-terminal helix of the γ subunit, reduced energy coupling. This
finding prompted us to introduce mutations into the helix, such as
γLeu214Pro, γLeu215Pro, γLeu218Pro, and γArg220Pro, and to observe
altered ATP-dependent ε-γ subunit interactions.

2. Materials and methods

2.1. Isolation of γ subunit mutants

Plasmid pBWU13.X, which carries all eight subunit genes of E. coli
FOF1, and a null strain for FOF1 (DK8; atpB-C ilv thi) were used in this
study [7]. Mutations were introduced randomly in the γ subunit gene

using Taq DNA polymerase as reported previously [19]. The oxidative
phosphorylation abilities of the mutant strains were tested at 37 °C on a
minimal medium containing succinate (0.4%) or acetate (0.4%) as the
sole carbon source [19,20]. To exclude assembly mutants unable to
form ATP synthase (FOF1), western blotting of whole cell lysates or
membranes was carried out using anti-F1 antiserum. Mutants with
single amino acid substitutions in the γ subunit genes were selected
after DNA sequencing.

2.2. Site-directed mutagenesis of the γ and ε subunit genes

The site-directed Pro and Cys substitutions, γLeu214Pro,
γLeu215Pro, γLeu218Pro, γArg220Pro, γLeu99Cys, and γLeu260Cys,
were produced by replacing the KpnI–SpeI segment of the γ subunit
gene in pBWU13.X, with the DNA fragments that introduced codon
changes by PCR using mutagenic primers (Table S1). Similarly,
Aor51HI–XbaI fragments carrying εSer118Cys and εThr134Cys muta-
tions of the ε subunit gene were used (Table S1). DNA sequences of
resultant plasmids were verified to exclude mutations other than those
introduced.

2.3. E. coli cultivation and preparation of inverted membrane vesicles

The plasmids carrying the wild-type and mutant FOF1 genes were
introduced into E. coli DK8 cells. The cells were cultured at 37 °C, and
their membranes were prepared using a French press [19,20]. Ad-
ditionally, we cultured the cells at 25 °C to reduce the amount of FOF1 in

Fig. 1. Structure of the E. coli F1 and the muta-
genized γ subunit Leu residues. A, Left, Crystal
structure of F1 (PDB ID: 3OAA), β1 and β3
(yellow), γ (cyan), and ε (magenta) subunits are
shown [8]. The γ and ε subunits are attached to
the c-ring in the membrane, as schematically
depicted. The γ subunit consists of amino- and
carboxyl-terminal helices (both termini are in-
dicated as “N” and “C” in the figure, respec-
tively) and a globular domain. Right, The ε
subunit consists of a β-sandwich domain and a
α-helix domain of amino- and carboxyl-terminal
parts, respectively [8]. The latter domain con-
tains Helix1/Loop2/Helix2/Hook segments that
are believed to change conformations between
the extended and the compact forms. The
structure of an isolated ε subunit (PDB ID:
1AQT) [34] is shown as the compact form. B,
The area indicated by the square on Fig. 1A is
enlarged. Leu residues, at positions 214, 215,
218, and 219, located in the γ carboxyl-terminal
helix (γCTH) and Arg220 were substituted with
Pro. The Leu residues are indicated in orange
and red. The side-chains of these residues, ex-
cept for Arg220, are facing the γ amino-terminal
helix.

A. Yamakita, et al. BBA - Bioenergetics 1860 (2019) 361–368

362



membranes (see Fig. S2). Ethylenediaminetetraacetic acid (EDTA) ex-
tracts rich in F1 were prepared from membranes as described previously
[19,20].

2.4. Measurements of ATP synthesis and hydrolysis

ATPase activities were assayed at 37 °C. Wild-type and mutant
membranes (1–3 μg of membrane protein) were suspended in 0.3ml of
20mM Tris-HCl (pH 8.0) containing 140mM KCl and 2 μg/ml bovine
serum albumin. After incubation at 37 °C for 3min, 0.3 ml of 20mM
Tris-HCl (pH 8.0) containing 8mM ATP, 4mM MgCl2, and 140mM KCl
was added, incubated for 3–10min, and then 0.3ml of 1 N tri-
chloroacetic acid was added to terminate reaction. The amount of in-
organic phosphate was measured. Specific activities (μmoles ATP hy-
drolyzed per 1mg total membrane proteins) are shown. Effects of LDAO
and DCCD were also investigated [19,21]. After 15min incubation at
25 °C with DCCD in 50mM Tris-HCl, pH 7.5, containing 10mM MgCl2,
an aliquot was subjected to an ATPase assay at 25 °C. ATP synthesis
driven by NADH respiration was measured at 25 °C with 30 μg (protein)
of inverted membranes in 0.4 ml of a solution of 50mM MOPS-NaOH
(pH 7.0), 5 mM MgCl2, 6 mM inorganic phosphate, 2.1 mM NADH, and
0.6 mM ADP [22]. ADP was added 1min after NADH addition. The
reaction was terminated with the addition of trichloroacetic acid to
0.4 N and then was neutralized with 0.46M Tris base solution. Aliquots
of 50 μl were mixed with equal volume of solution from an ATP bio-
luminescence assay kit CLSII (Roche) [23,24]. NADH oxidation of the
membranes was estimated at 25 °C by measuring absorbance at 340 nm
with 100 μg (protein) of membranes in 2ml of 50mM MOPS-NaOH
(pH 7.0), 5 mM MgCl2, and 0.1 mM NADH [22].

2.5. Cross-linking between Cys residues introduced into the γ and ε subunits
of wild-type and mutant membranes

Membranes (200 μg protein) suspended in 1.1ml of 50mM HEPES-
NaOH (pH 7.5), 5 mM MgCl2, and 10% glycerol were incubated with
10–100 μM CuSO4 or 0.5–5mM DTT (dithiothreitol) at 15 °C or 25 °C.
Immediately after 5min incubation, 0.1–1mM EDTA was added to
terminate the cross-linking reaction. Membranes were recovered by
centrifugation (125,000×g for 15min) and suspended in the same
buffer. The suspensions (20 μg protein) were subjected to 15% acryla-
mide gel electrophoresis in the presence of 0.1% sodium dodecyl sulfate
without reducing agents. The proteins were transferred onto a PVDF
membrane, and cross-linking between the γ and ε subunits was visua-
lized using the antiserum against the γ or ε subunit. For testing nu-
cleotide effects on cross-linking, membranes were incubated with
1–2mM ADP, 1mM ATP with 1mM phosphoenolpyruvate and 50 μg/
ml pyruvate kinase, or 1–2mM AMP-PNP for 2min prior to the addition
of CuSO4 or DTT.

2.6. Structure modeling of the γLeu218Pro mutant F1

Tertiary structure of the γLeu218Pro mutant F1 was estimated by
homology modeling using the MOE software system (Ryoka Systems
Inc., Tokyo, Japan) [25], based on the structure of E. coli F1 (pdb:
3OAA) [8]. Fixing the regions of γLys9–γLys30, γGly75–γAsp83,
γLeu86–γPhe95, γAsn174–γPro184, and γGln228–γGln263 of the γ
subunit, energy minimization under an AMBER99 force field was car-
ried out. The conformations of above regions were well conserved
among F1 crystal structures from bovines, yeast, and bacteria [8].

2.7. Other procedures

Protein concentrations were determined by the method outlined in
Lowry et al. [26], using bovine serum albumin as a standard. H+

transport was monitored by fluorescence quenching of acridine orange
[19,20].

3. Results

3.1. The γLeu219Pro mutation is defective in energy coupling

We mutagenized the γ subunit gene to obtain strains defective in
energy coupling between ATP synthesis (or hydrolysis) and the elec-
trochemical proton gradient. The strain harboring a single γLeu219Pro
mutation (γ subunit Leu219 replaced by Pro) was identified from 91
mutants that hardly or never grew by oxidative phosphorylation at
37 °C. The membranes prepared exhibited ~80% of the wild-type
ATPase activity, whereas its H+ translocation was ~20% of wild type.
Thus, we became interested in the γLeu219 residue and its immediate
vicinity in the long carboxyl-terminal helix where the residue was lo-
cated (Fig. 1A left and B).

3.2. Proline substitutions of residues near γLeu219

We substituted Leu residues (γLeu214, γLeu215, and γLeu218) in
the vicinity of γLeu219 that faced the amino-terminal helix of γ subunit
(Fig. 1B). γArg220 at the opposite side of the helix was also replaced
(Fig. 1B right). Similar to γLeu219Pro, γLeu214Pro and γLeu218Pro
mutants grew slowly under oxidative phosphorylation with ≤20% of
the wild-type growth yield (Fig. S1), whereas γArg220Pro exhibited
wild-type growth. The mutant membranes contained essentially the
same amount of F1 as those from the wild type grown at 37 °C, except
that the F1 content of γLeu219Pro was slightly reduced (~70% of wild
type) (Fig. S2A). Thus, the γ subunit carrying Leu214Pro or Leu218Pro
could not support growth even though assembly of the mutant FOF1 was
essentially the same as the wild type. These results suggested that the
Pro residue at position γ214 or γ218 impaired energy coupled ATP
synthesis in vivo.

We tested membranes of the mutant strains cultured at 25 °C, which
contained essentially the same amount of F1 as the wild type cultured at
the same temperature (Fig. S2B). ATPase activities of the wild type
membranes were 2.4 and 5.3 μmol/mg·min when the cells were grown
at 25 °C and 37 °C, respectively (Table I). Immunoblotting also showed
the amount of F1 subunit increased with temperature (Fig. S2C), con-
sistent with the elevated ATPase activity at 37 °C. These results were
probably due to an increased copy number of the plasmid harboring the
FOF1 genes at 37 °C since plasmid replication is temperature dependent
given the lack of the rop gene [27,28].

Interestingly, the membranes from γLeu214Pro, γLeu215Pro, and
γLeu218Pro mutants grown at 37 °C exhibited about 2-fold higher ATP
hydrolysis than those of the wild type, although their ATP-driven H+

transport was 60%–80% (Table I). Typically, γLeu218Pro membranes
containing essentially the same amount of F1 as the wild type had 2-fold
higher ATPase activity, while H+ transport was ~60%. Similar results
were obtained with the membranes from cells cultured at 25 °C: the
Leu218Pro membranes failed to pump enough H+ corresponding to the
ATPase activity (Table I; 1.3-fold ATPase compared to the wild type but
~50% H+ transport). Thus, ATP hydrolysis of these mutant enzymes
was partially uncoupled to H+ transport. These findings prompted us to
study γLeu218Pro FOF1 in membranes.

The membrane ATPases of γLeu218Pro mutant and the wild type
were inhibited with N,N′-dicyclohexylcarbodiimide (DCCD), which
binds to the Asp61 residue of the FO c subunit [29]. Despite the pre-
sence of the same amount of F1 in the wild-type and γLeu218Pro
membranes, residual ATPase activities of 20 μM DCCD treatments were
19 ± 5% (n=4) and 35 ± 7% (n=3), respectively. Thus,
γLeu218Pro mutation may evoke defective coupling between the H+-
pathway and catalytic sites in FOF1.

As expected, the ATP synthesis rate of the γLeu218Pro membranes
was about 36% of that of the wild type when an electrochemical H+

gradient was generated with NADH (Table I). ATP synthesis by other
mutants, except for γArg220Pro, was also reduced (71%–78% of wild
type), whereas NADH oxidation rates of all mutants were essentially the
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same as that of the wild type (1.4–1.8 μmol/mg·min). Thus, the
γLeu218Pro mutation significantly reduced energy coupling between
the electrochemical H+ gradient and ATP synthesis, leading to slow
growth dependent on oxidative phosphorylation (Fig. S1). These results
suggested that γLeu218 is involved in energy coupling with the residues
in its vicinity.

3.3. Effects of LDAO on ATPase activities of Leu-to-Pro mutants

The detergent lauryldimethylamine N-oxide (LDAO) stimulates
ATPase activity by relieving the inhibitory effects of the ε subunit and
ADP [21,30]. The membrane ATPase activities of wild type and
γArg220Pro mutant increased> 2.5-fold with 3mM LDAO (Fig. 2A).
However, activities of mutants with Leu-to-Pro replacements (Leu-to-
Pro mutants) increased< 2-fold (Fig. 2A).

LDAO increased the F1-ATPase activities of wild type and the
γArg220Pro mutant about 3.5-fold but had essentially no effect on the
Leu-to-Pro mutants (Fig. 2B). These results suggested that the inhibition
by the ε subunit was reduced in the Pro mutations. Thus, the Pro mu-
tations, including γLeu218Pro, possibly affected the conformation of
the ε carboxyl-terminal domain, which is involved in ATPase inhibition,
perhaps by reducing its interaction with the β or γ subunits. Therefore,
it became of interest to study the conformation and interactions of the ε
subunit in the Pro mutant enzymes.

3.4. Detection of ε subunit extended conformation in the wild-type and the
γLeu218Pro enzymes

We selected the γLeu218Pro mutation, which exhibited the most
defective energy coupling among the four Leu-to-Pro mutants studied.
As Table I shows, the calculated H+-transport/hydrolysis and ATP
synthesis/hydrolysis ratios (H+/Hyd and Syn/Hyd, respectively) of the
mutant were ~30% of the wild type. We studied the conformations of
the ε subunit, focusing on two pairs of γ and ε residues located closely
or distantly (γ260/ε134 and γ99/ε118; 6.2 Å and 28.3 Å Cα-Cα dis-
tances, respectively), by replacing them with Cys residues (Fig. 3). In F1
with a highly-extended ε subunit, the γ260/ε134 pair is in close
proximity, whereas the γ99/ε118 pair is distant. Growth by oxidative
phosphorylation was scarcely affected by the Cys substitutions in the
strain having the wild-type γ subunit (γLeu218) or the mutant γ subunit
(γPro218). Thus, they could be used to probe the interaction of γ/ε
subunits.

Cross-linking of the γ/ε pairs were conducted by oxidizing the Cys
residues in membrane-bound FOF1 with CuSO4 at 15 °C. Cross-linking of
γCys260/εCys134 was detected in the wild-type (γLeu218) membranes
by western blotting using antibodies against the γ or ε subunit and
identifying the γ-ε dimer of about 45 kDa (Fig. 4A). This result sug-
gested that the distance between γ260 and ε134 in membrane-bound
FOF1 is very close as shown in the crystal structure [8]. Although

Table I
Activities of membranes from γ subunit mutants with Pro substitutions.

Strain Hydrolysis H+ transport Synthesis H+/Hyd Syn/Hyd

37°C 25°C 37°C 25°C 25°C 25°C 25°C

μmol/mg·min % nmol/mg·min Relative value

(n=8) (n= 3) (n=4) (n= 3) (n=3)

Wild type 5.3 ± 0.4 2.4 ± 0.1 100 100 4.5 ± 0.7 1 1
γLeu214Pro 9.5 ± 0.4 3.4 ± 0.2 84 ± 6 76 ± 3 3.4 ± 0.2 0.53 0.52
γLeu215Pro 9.4 ± 0.5 2.9 ± 0.4 82 ± 7 80 ± 6 3.5 ± 0.4 0.66 0.64
γLeu218Pro 11 ± 0.5 3.1 ± 0.2 57 ± 8 52 ± 3 1.6 ± 0.1 0.39 0.27
γLeu219Pro 4.6 ± 0.4 2.2 ± 0.3 25 ± 6 69 ± 6 3.2 ± 0.5 0.75 0.79
γArg220Pro 5.0 ± 0.6 1.9 ± 0.4 96 ± 4 84 ± 10 4.6 ± 1.0 1.1 1.3

Inverted membranes from the wild-type and the mutant strains of ATP synthase γ subunit were prepared using E. coli cells cultured at 37 °C or 25 °C in minimal media
containing 0.5% glycerol or 0.4% glucose as the sole carbon source, respectively. ATP hydrolysis, ATP-dependent H+ transport, and NADH-dependent ATP synthesis
of the membranes were exhibited with standard error. H+-transport is shown as the relative amount of final extent of the fluorescence quenching at the same time
after addition of ATP. H+ transport/ATP hydrolysis (H+/Hyd) and ATP synthesis/ATP hydrolysis (Syn/Hyd) efficiencies were calculated by comparing each ratio of
mutant/wild-type activity. At lower culture temperature, the amounts of FOF1 decreased (Fig. S2) because of reduced plasmid copy number [27,28].

Fig. 2. Effects of LDAO on the ATPase activities of membranes and partially purified F1. ATPase activities of the membranes (A) and the partially purified F1 (B) from
the wild type and the mutants were assayed at 37 °C in the presence or absence of 3mM LDAO. ATPase stimulation by LDAO was shown with standard error (n=3).
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γCys99 and εCys118 were cross-linked, a significant amount of the γ
and ε subunits remained unconjugated, suggesting that γ99/ε118 is
more distant than γ260/ε134 but occasionally come close enough to-
gether to be cross-linked (Fig. 4A). At a higher temperature (25 °C), the
γ99/ε118 cross-linking increased significantly (Fig. 4B, WT), suggesting
that the carboxyl-terminal εHelix2/εHook (εVal112–εIle125/

εAla126–εMet138) of the ε subunit containing ε118 and ε134 is not
strictly fixed and is susceptible to thermal fluctuations. Cross-linked
γ260/ε134 and γ99/ε118 were also detected in γPro218 mutant
membranes with no significant difference from the wild type (Fig. 4B,
Mutant). Thus, the γLeu218Pro mutation does not prevent the ε subunit
from forming the highly-extended conformation.

3.5. Effects of nucleotides on the extended conformation of the ε subunit

It became of interest to know whether γ260/ε134 cross-linking is
affected by ADP and ATP because the γLeu218Pro mutant exhibited
elevated ATPase activity (Table I). About 97% and 92% of γCys260 of
the wild-type and mutant FOF1 were cross-linked with εCys134, re-
spectively, when membranes were treated in the presence of ADP
(Fig. 5A, purple and green bars are indicating wild type (γLeu218) and
mutant (γPro218), respectively).

Cross-linking of the wild type decreased to ~80% with adenosine 5′-
(β,γ-imido)triphosphate (AMP-PNP; a non-hydrolyzable ATP analog) or
ATP (with regeneration system, ref. 7) (Fig. 5A, purple bar). It should
be noted that the CuSO4 concentration (10 μM) was nearly saturating
for γ260/ε134 cross-linking in the presence of ATP (Fig. S3). Fig. 5A
also shows that the γPro218 mutation decreased cross-linking to a
greater extent (decreased to 72% and 63% with AMP-PNP and ATP,
respectively; in Fig. 5A, green bar) suggesting that the conformation of
the ε subunit is affected by the γPro218 mutation depending on the
presence of ATP. However, we do not currently know the location of the
ε carboxyl-terminal domain when it is not highly extended.

Fig. 3. Conformation of the ε subunit and the sites of Cys replacement in the ε
and γ subunits. The region indicated by a square on F1 (left) is enlarged (right).
The residues indicated by spheres in light-green (γLeu99 and γLeu260) and red
(εSer118 and εThr134) were substituted with Cys in combinations of γ99/ε118
(open triangles) and γ260/ε134 (closed triangles) for γ-ε subunit cross-linking.
The distances between the Cα of the amino acid pairs of γLeu260-εThe134 and
γLeu99-εSer118 are about 6.2 Å and 28.3 Å, respectively.

Fig. 4. Cross-linking between Cys residues introduced
into the γ and ε subunits of the wild type (γLeu218) and
the mutant (γPro218). Cross-link formation between the
two sets of Cys residues introduced at γLeu99/εSer118
and γLeu260/εThr134 is shown. A, Inverted membranes
(200 μg protein) of the wild type having γLeu218 were
incubated with 100 μM CuSO4 or 5mM DTT at 15 °C. The
reaction with stopped with 1mM EDTA, and aliquots
(20 μg) were subjected to 15% acrylamide gel electro-
phoresis containing 0.1% SDS. Immunoblotting using
antisera against γ and ε subunits was carried out. B, Two
Cys pairs of the wild-type (γLeu218) and the mutant
(γPro218) membranes were cross-linked at 25 °C for
5 min, as described for A. Cross-link formation was de-
tected with anti-γ subunit antiserum. D, with DTT; C,
with CuSO4.
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We also examined whether γ99/ε118 cross-linking (Fig. 4A) is af-
fected by nucleotides. About 40% of the γ subunits of the wild-type and
mutant FOF1 were cross-linked in the absence of nucleotides at 15 °C
(Fig. 5B); however, this rose to 91% at 25 °C, as estimated from Fig. 4B,
suggesting that the distance between γCys99 and εCys118 changes with
thermal fluctuations of the ε subunit carboxyl-terminal structure. Cross-
linking decreased to about 10% with the addition of ADP (Fig. 5B),
suggesting that the two Cys residues became more distant in the pre-
sence of ADP. However, AMP-PNP did not substantially affect cross-
linking, 40 ± 11% and 29 ± 10% in the wild-type and mutant en-
zymes, respectively (Fig. 5B).

4. Discussion

A series of studies have indicated that the γ subunit regulates energy
coupling between ATP hydrolysis/synthesis and H+ transport through
the rotation of the ε/γ and c subunit ring [12–15]. However, the de-
tailed mechanism of this process is still unknown. In this study, we have
investigated roles of the γ subunit helical domain by introducing Pro
mutations such as γLeu218Pro (Fig. 1). As expected, the γ subunit
carboxyl-terminal helix, which includes γLeu218, is involved in energy
coupling through the ε carboxyl-terminal domain.

Pro residues function as “helix breakers,” since they are usually
found at the termini or in the kinks of α-helices [31,32]. Consistent
with probable structural alterations, the Leu-to-Pro mutant γ subunits
migrated slightly slower than the wild-type γ during acrylamide gel
electrophoresis (Fig. S2A, arrow). Simulation of γ subunit structure
with the γPro218 mutation based on the E. coli F1 crystal structure [8]
predicts a random loop between γLeu214 and γThr217 instead of the
wild-type helix (not shown). Since other Pro mutations also affected
ATP-dependent H+ pumping and ATP synthesis (Fig. 1, Table I), the
carboxyl-terminal helix of the γ subunit, especially the region closest to
the ε subunit amino-terminal domain and c-ring, should play significant
roles in coupled rotational catalysis.

According to the crystal structure of E. coli F1, the γ subunit is as-
sembled with the highly-extended ε subunit in the center of α3β3-ring
[8]. Only one nucleotide (ADP) binds to β1, which is regarded as the
equivalent of the ADP-binding βDP subunit of mitochondrial F1 [16].
Although two other β subunits do not bind nucleotides, β2 and β3, are
similar to the mitochondrial βE (empty of a nucleotide) and βTP (ATP-
binding) subunits [16], respectively, judging from their conformations
and interactions with an asymmetric γ subunit [8]. The ε subunit is
inserted between the β and γ subunits with its carboxyl-terminal seg-
ments (εLoop2/εHelix2/εHook) (Fig. 1A left) [8].

As a schematic model of Fig. 6A shows, based on the crystal struc-
ture, the εHook and the εHelix2/εLoop2 segments interact with β3 and
β1 subunits, respectively (Fig. 6A, upper and lower dotted circles). The
cysteines at γ260 (in γ carboxyl-terminal helix) and ε134 (in εHook)
were readily cross-linked in the membrane FOF1 without addition of
ATP or ADP (Fig. 4B), consistent with the spatial arrangement of
γLeu260 and εAla134 in the crystal structure (Figs. 3 and 6A, closed
arrow-heads). Fixing the ε subunit in the highly-extended form by
γ260/ε134 cross-linking reduced ATPase activity (Fig. S3, solid line),
which may be due to rotation inhibition caused by stabilized interac-
tions between stator (β) and rotor (ε/γ). Consistent with this finding,
the inhibitory interaction between βGlu381 (in β1) and εSer108 (in
εLoop2) was demonstrated previously [11] (Fig. 6A, lower dotted
circle).

Although the γ99/ε118 is distant in the crystal structure (Fig. 3,
open arrow-heads), the introduced cysteines were cross-linked in the
wild-type enzyme, which increased in a temperature-dependent manner
(Fig. 4). Thus, the εHelix2 (containing ε118) conformationally fluc-
tuates together with the εHook (containing ε134) to allow cross-linking
with the γ globular domain (γ99) (Fig. 6B, open arrow-heads).

In the presence of millimolar concentrations of ATP, at least two
nucleotides bind to the catalytic sites of two β subunits, as previously
demonstrated [33], though the β3 subunit in the F1 crystal structure
have no bound ATP but rather interacts with the εHook (Fig. 6A, upper
dotted circle). Thus, ATP binding to the β3 should change its con-
formation and lower the interaction between β3 and εHook. It became
of interest to study the effects of nucleotides on the ε subunit con-
formation by using γ/ε subunit cross-linking of the membrane FOF1.

As expected, the γ260/ε134 cross-linking was reduced to ~80% in
the presence of ATP (plus Mg2+ with a regenerating system) or AMP-
PNP (Fig. 5A). This result suggested that the binding of ATP to a β
subunit (probably β3) decreased the interaction between β3 and εHook,
so that the ε134 became located distantly away from the γ260 by al-
tering the ε conformation (Fig. 6C). As described above, the

Fig. 5. Effects of nucleotides on γ/ε subunit cross-linking of the wild-type
(γLeu218) and mutant (γPro218) membranes. A, Inverted membranes (200 μg
protein) of the wild type (WT, purple) and the mutant (yellowish-green) con-
taining Cys residues at γ260/ε134 were incubated with or without 1 mM nu-
cleotides for 2min at 25 °C, before addition of 10 μM CuSO4 or 0.5 mM DTT.
After 5min incubation at the same temperature, EDTA was added to 0.1 mM.
Aliquots (15 μg protein) were subjected to 12% acrylamide gel electrophoresis
and immunoblotting. The ratio of cross-linking was estimated by densities of
the γ-ε subunit bands. An average of three experiments is shown with standard
error. B, Wild-type (WT) and mutant membranes with Cys residues at γ99/ε118
were tested for cross-linking. Experimental conditions were modified: 2mM
nucleotides, 100 μM CuSO4 or 5mM DTT, and 1mM EDTA. Incubation tem-
perature was 15 °C instead of 25 °C. Aliquots (15 μg protein) were subjected to
15% acrylamide gel electrophoresis and immunoblotting.
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γLeu218Pro mutation decreased γ260/ε134 cross-linking to 63% and
72% upon addition of ATP and AMP-PNP, respectively, suggesting that
ATP binding to the mutant enzyme significantly affects the interaction
between β3 and ε. Thus, the altered interaction between the β subunit
and the γ/ε rotor in the γPro218 mutant led to defective energy cou-
pling. In fact, the mutant ATPase activity was ~2-fold higher but had
60% of the wild-type H+ transport ability (Table I). It is still unknown
where the εHelix2/εHook region is located in F1 when the ε subunit was
not highly extended. One possibility is that the region interacts with
εHelix1 to form the compact conformation (Fig. 1A right) [34]. How-
ever, the γ260/ε134 cross-linking still significant in the presence of ATP
or AMP-PNP (Fig. 5A), suggesting that the compact conformation is not
maintained for several minutes upon CuCl2 treatment. Thus, ATP
binding probably reduces stability of the extended form of the ε subunit
and induces its transient forms including the compact one (Fig. 1C).

ADP did not decrease the cross-linking of γ260/ε134 in the wild
type or mutant FOF1 (Fig. 5A) possibly because the conformation of β3
in the enzyme does not change to release the εHook. Thus, the highly-
extended ε subunit along with the γ subunit's helix is stable when ADP
is bound to F1, regardless of wild-type or mutants. It has been pre-
viously reported that the ε subunit does not readily dissociate from E.
coli F1 when Mg·ADP plus phosphate are bound [35]. ADP clearly de-
creased the cross-linking of γ99/ε118 in the wild type and mutant FOF1
(Fig. 5B). Since the conformational fluctuation of the ε subunit is re-
duced in the presence of ADP, ε118 and γ99 are located distantly apart,
as shown in Fig. 3.

The γLeu218Pro mutant exhibited low ATP synthesis and ATP-de-
pendent H+ transport but almost 2-fold increased ATPase activity,
suggesting that the mutation affects rotor properties. Similar results
were obtained with the cross-linking of Cys residues introduced into
γTyr207 and cGln42 located near the start of the γ subunit's carboxyl-
terminal helix (γPro211–γVal286) and the c subunit loops between two
trans-membrane helices, respectively [36]. Mutations in the c subunit
loop also affect energy coupling [37]. Thus, the region connecting be-
tween the γ subunit and c-ring is important in energy coupling. These
results also suggested that the rotor (γεc10) has flexibility and elasticity
in ATP-dependent rotation [7].
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