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Intra-molecular rotation of FoF; ATP synthase enables cooperative synthesis and hydrolysis of ATP. In this
study, using a small gold bead probe, we observed fast rotation close to the real rate that would be exhib-
ited without probes. Using this experimental system, we tested the rotation of FoF; with the & subunit
connected to a globular protein [cytochrome bsg, (e-Cyt) or flavodoxin reductase (e-FlavR)], which is
apparently larger than the space between the central and the peripheral stalks. The enzymes containing
€-Cyt and e-FlavR showed continual rotations with average rates of 185 and 148 rps, respectively, similar
to the wild type (172 rps). However, the enzymes with €-Cyt or e-FlavR showed a reduced proton trans-
port. These results indicate that the intra-molecular rotation is elastic but proton transport requires more
strict subunit/subunit interaction.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

ATP synthase (FoF;), ubiquitously found in membranes of bacte-
ria, mitochondria, and chloroplast thylakoids, synthesizes ATP
coupled with an electrochemical proton gradient generated by
the electron transport chain [1-3]. Bacteria have the simplest
version consisting of a peripheral sector F; (o3B3y8¢) with three
catalytic B subunits, and a membrane integral Fo (ab,ci9-15) with
the proton pathway formed from the a subunit and the multiple
¢ subunits (c-ring).

Catalysis and transport are coupled through the intra-molecular
rotations, consistent with the “binding change mechanism” [1].
The c-ring rotation powered by H* transport through two aqueous
half-channels and multiple Asp/Glu residues of the c-ring supports
the sequential conformational changes of catalytic site in each of
the three B to synthesize ATP [1-3].

Abbreviations: Cq,Eg, octaethylene glycol monododecyl ether; MES, 2-(N-mor-
pholino)ethanesulfonic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; Tricine,
N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine; Tris, tris(hydroxymethyl)ami-
nomethane; &-Cyt, € subunit connected with cytochrome bse,; €-FlavR, € subunit
connected with flavodoxin reductase.
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Single molecule observations of Escherichia coli FoF; indicated
clearly that the yec;o complex rotates against the oi3f38ab2 subunits
during ATP hydrolysis [4-7]. Experimentally, the FoF; was immobi-
lized on the glass surface through the o or f subunit and an actin
filament probe attached to the c subunit showed counterclockwise
rotation [4,6] (Fig. 1A). The probe attached to the B, o, or a subunit
also indicated the rotation of o3338ab2 complex against yec;o, when
the purified or membrane bound enzyme was immobilized through
the c-ring [6,7] (Fig. 1B). However, the rotation rates observed were
slow due to the large viscous drag on the actin filament. Experi-
ments using single molecule FRET analysis also showed the rotation
of membrane-bound FoF; during ATP synthesis/hydrolysis [8].

Although the detailed tertiary structure of FgF; is still unknown,
the structure of mammalian F; with its c-ring has been reported
[9]. The higher-ordered structure obtained by electron microscopy
[10] clearly showed the central and peripheral stalks connecting F;
and Fo, corresponding to the rotor and the stator assembly, respec-
tively. The central stalk was a part of the rotor yec;o, formed from
the v and the € subunits and loop regions of the ¢ subunits,
whereas peripheral stalk was formed from the subunits b and é.
The microscopic structure also indicated the presence of an open
space between the two stalks [10].

Detailed structures of the € subunit forming the central stalk
were extensively studied. The isolated € subunit showed two
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Fig. 1. Rotation observations of the FoF; using 60 nm bead probes. (A) Rotation
observation using the gold bead attached to the c-ring of FoF;. The FoF; was
immobilized on the Ni-coated glass via the histidine-tag at the amino termini of the
B subunits. The biotinylated gold bead was linked to the ¢ subunit through the
streptavidin (SA). Upon ATP hydrolysis, the bead revolution was observed. (B)
Rotation observation using the gold bead attached to the B subunit of FoF;. The FoF;
was immobilized through the c-ring, and the gold bead attached to the B subunit.
The space between the central and the peripheral stalks was estimated [10], and
indicated as a sphere space (diameter, ~30 A). The green and purple cuboids were
shown as the fused proteins cytochrome bsg; and flavodoxin reductase, respec-
tively. (C) Ribbon models of proteins that fused to the carboxyl termini of the &
subunits. Cytochrome bsg; (23 x 24 x 48 A) (Cyt, PDB ID: 256B) [27] and Flavodoxin
reductase (30 x 35 x 55 A) (FlavR, PDB ID: 1FDR) [28] are shown.

carboxyl-terminal helices folded near the amino terminal B-sand-
wich domain [11,12]. However, according to the recent crystal
structure of F; [13], two € subunit helices were extended along
the coiled-coil of the y subunit, and the second helix was pene-
trated between the rotor and the stator to prevent the y subunit
rotation. This structure seemed consistent with the inhibition of
F; ATPase with the € subunit [14]. Crosslink studies suggested that
the € subunit adopted both folded and extended conformations in
the FoF; [15,16].

Considering the function and structure of the central stalk, it
was of interest to study the FoF; carrying the € subunits fused to
globular proteins at the carboxyl terminus [17]. The fused proteins
such as cytochrome bsg,, flavodoxin, and flavodoxin reductase
were large enough to affect the enzyme catalysis (Fig. 1C). As ex-
pected, the extra moieties caused significantly reduced ATP-driven
proton transport while ATPase activities were retained [17]. The
wild-type € subunit inhibited rotation and ATPase activity of F;
sector, whereas the &-Cyt (& subunit connected with cytochrome
bsez) showed no effect [18], indicating that &-Cyt lost normal
interaction of its carboxyl-terminal region with other subunits.
Thus, we concluded that the globular proteins fused to the &
subunits affected rotation, leading to lower proton transport. How-
ever, no studies were carried out to address the effect of e-Cyt on
rotational catalysis of FoF;.

In this study, we observed faster rotation of the FoF; with a gold
bead probe (60 nm) attached to the B subunit or the c-ring (Fig. 1A,
B). Since viscous drag on the revolving small bead was substan-
tially low, rotation rates observed were 30-50-fold higher than

that with actin probe, and close to the rate which would be exhib-
ited without a probe. This experimental system prompted us to
test the rotation of FoF; with the € subunit connected to the extra
globular proteins because they reduced energy coupling to
H*-pumping. Surprisingly, the beads attached to the p subunit of
the enzymes containing the e-Cyt and the &-FlavR showed rates
similar to that of the wild-type enzyme. Considering the dimen-
sions of the extra domains included into the yec;o complex, these
studies suggested that the FoF; has elasticity which permits
rotation of the large central stalk.

2. Materials and methods
2.1. Recombinant plasmids

FoF; operon containing the genes for histidine-tagged B subunit
and the ¢ subunit with ¢Glu2Cys substitution was previously de-
scribed [6]. Genes for the e-fusions were introduced into
pBUR13DX, a derivative of pBWU13 [4], carrying all FoF; subunit
genes with the sequences for the biotin- and the histidine-tags at
the amino termini of the B and the ¢ subunit genes, respectively
[19]. Using Sacl site in the B subunit gene and newly introduced
Xbal site 323 bp downstream of the termination codon of the &
subunit gene, the sequences for the e-Cyt and the e-FlavR (formerly
named as €-Red and e-Yellow, respectively) [17] were introduced.
Genes for the e-fusions with a linker sequence between the € and
the fusion proteins (e-L-Cyt and e-L-FlavR) [17] were also
introduced.

2.2. Preparation of FoF;

Recombinant plasmids were introduced into the E. coli strain
DK8 (AatpB-C) [20]. Membrane vesicles (containing about 40 mg
of proteins) prepared after disruption of the cells grown on glycerol
were suspended in 3.2 ml of Buffer A [40 mM MES-Tricine (pH7.0
at 25°C), 10 mM MgCl, and 20%(w/v) glycerol] then solubilized
by addition of 0.8 ml of 10%(w/v) Ci2Es (final concentration of
2%). The suspension was centrifuged at 125,000xg for 60 min,
and the supernatant was slowly applied to the Ni-nitrilotriacetic
acid agarose column (0.6 x 1.5 cm, Qiagen) equilibrated with Buf-
fer B [20 mM MES-Tricine (pH7.0 at 25 °C), 5 mM MgCl,, 10% glyc-
erol and 2% C,Eg]. The column was washed with 6 ml of Buffer C
[20 mM MES-Tricine (pH7.0 at 25 °C), 5 mM MgCl,, 10% glycerol,
0.1% Cq2Es, 0.03% (w/v) 1-a-phosphatidylcholine and 20 mM imid-
azole]. FoF; was eluted with the same buffer by increasing the
imidazole concentration up to 200 mM dialyzed against Buffer C
containing 25% glycerol. All procedures described above were car-
ried out at 4 °C. Purified enzyme was quickly frozen in liquid nitro-
gen and stored at —80 °C until use.

2.3. DCCD sensitivities of membrane and FoF; ATPase activities

Membranes (20 pg protein) or purified FoF; (4 pg of protein)
were treated in 100 pl of 50 mM Tris-HCl (pH8.0) buffer contain-
ing 40 pM DCCD (N,N'-dicyclohexylcarbodiimide), 2 mM MgCl,,
300 mM KCl for 15 min at 22 °C. ATPase activity of 50 pl aliquot
was assayed at 22 °C with coupled NADH oxidation in the presence
of ATP regeneration system [21].

2.4. Rotation observation of immobilized enzymes

Rotations of both FoF; molecules immobilized through the B
subunits and the c-ring were observed using essentially the same
procedures for F; rotations as described previously [18]. Briefly, a
flow cell was filled with Buffer D [10 mM MOPS-KOH, 50 mM
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KCl, 2mM MgCl,, 0.1% Ci3Es, 0.03% L-a-phosphatidylcholine,
pH7.0] containing 40-50 nM FgFy, and incubated for 10 min at
24 °C. After washing the flow cell, the same buffer containing
10 mg/ml bovine serum albumin (BSA), streptavidin and biotinyla-
ted gold beads were applied. Immediately after addition of the Buf-
fer D with 2 mM ATP and ATP regeneration system but without
detergent and phospholipids, images of the gold beads illuminated
by laser light were followed under a dark field microscope
(BX51WI-CDEVA-F, Olympus) and captured with an ICCD camera
(Photron Co.) at 2000 fps (frames per second). Mostly, the observa-
tions were finished within 20 min after ATP addition. The data was
analyzed using Image ] (National Institutes of Health) [22] and
‘DoAll’ kindly supplied by Dr. Bradley Steel, University of Oxford.
Rotation rate of FoF; was estimated as reciprocal for geometric
mean of the times that required for every 360-degree revolution
of the probe [21].

2.5. Other procedures

Western blot analysis was carried out using anti-E. coli ¢ anti-
bodies [23]. Protein concentrations were determined by the meth-
ods of Lowry et al. (for membranes) and Bradford (for FoF;) using
bovine serum albumin as a standard [24,25].

3. Results and discussion

3.1. Rotations of FoF; immobilized through the g subunits and the c-
ring

Previously, single molecule observations indicated clearly that
the yec;o complex rotated against the o3B3dab, subunits during
ATP hydrolysis [4-7]. However, the rotation rates observed were
much slower than those expected from ATPase activity due to
the large viscous drag on rotating actin probe. We tested
ATP-dependent revolutions of gold beads (60-100 nm diameter)
and a 100 nm bead-dimer attached to the c-ring to estimate FoF;
rotation (Fig. 1A). Time courses with 60 nm bead (Fig. 2A) clearly
indicated 30-50-fold faster rotation (217 rps) (Table 1) than that
of the actin filament probes (Fig. 2B, triangles). The 60, 80 and
100 nm beads showed essentially the same revolving speed,
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Fig. 2. Rotation rates estimated with the probes attached to the FoF; ¢ subunit. (A)
Time courses of the 60 nm gold bead revolutions attached to the c-ring. (B)
Rotation rates with various probes attached to the c-ring. Rotation rates were
estimated using 60, 80 and 100 nm beads and double beads (100-nm x 2) attached
to the c-ring. Approximated curve of rotation rates is shown by the formula below;
Rotation rate (rps)=1/(1/Viho-10ad + 27t¢[N) here, Vio.10ad iS rotation rate without
probes: ¢ is frictional drag of the probe: N is rotational torque generated with FoF;
[6,19]. Rates by using of small beads (pink circle) are shown together with those of
actin filaments previously reported (green triangle) [4,6]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Comparison of the rotation rates between FoF; and F;.

Molecule Subunit probe attached Rotation (rps)
FoF1 C 217
FoF: B 172
Fi Y 381
Fi (+€) Y 197

The molecules used were immobilized through the histidine-tags in the c or the B
subunit. Average rotation rates were estimated by 60 nm beads that attached to the
indicated subunits. The rotation rates of the y subunit in F; with (+ €) or without the
€ subunit were cited from reference [18] and unpublished result (M. Nakanishi-
Matsui), respectively.

indicating that their rates were close to the yec;o rotation that
would be expected without viscous drag (Fig. 2B). The rate with
the 100 nm bead-dimer was significantly slower (~120 rps). The
bead attached to the B subunit of FoF; (Fig. 1B) showed slightly
slower but similar rotation rate as that attached to the c-ring
(Table 1), confirming that the actin probe used in two different
modes gave essentially the same speed [6].

It was noteworthy that the rotation rates (~200 rps) of FoF;
were consistent with that of the F; with € [18] which was about
1/2 of the rate of F; without € subunit (~400 rps) (Table 1). The
rotation of FoF; frequently paused for several tens of milliseconds
(Fig. 2A), similar to the observation of the F; vy rotation with € sub-
unit [18]. Since increasing pauses in the presence of the € subunit
reduced the F; rotation rate, the FoF; having endogenous € was
suggested to rotate with pausing as an intrinsic property.

3.2. Properties of the strains carrying e-Cyt and e-FlavR in the
histidine- and biotin-tagged FoF;

Since the rotation rate of FoF; determined using the 60 nm bead
was close to what would be expected without the probe, this sys-
tem could be used to analyze the rotations of the mutant enzymes,
especially those with altered interaction between F; and Fo. We
addressed the rotational properties of the enzymes carrying e-
Cyt and e-FlavR, which may provide evidence of the roles of the
central stalk during rotation.

We constructed strains harboring the recombinant plasmids
coding for entire FoF; genes with the &-Cyt and the &-FlavR. As
shown previously [17], the strain with the &-Cyt could grow by oxi-
dative phosphorylation essentially the same as the wild type,
whereas the strain with the e-FlavR could not, suggesting that
the FoF; with €-FlavR was defective in ATP synthesis, but that en-
zyme with €-Cyt may be similar to wild type. The membrane frac-
tions from strains carrying both of the ¢-fusion genes contained
similar amounts of € subunit as the wild type (data not shown).

Table 2
ATPase activities and rotation rates of the FoF; having wild-type €, e-Cyt and &-FlavR
subunits.

€ subunits ATPase activity Molecular observation
Single rotation time Rotation rate
(pmoles/mg-min) (ms) (rps)
Wild type 6.9 5.82 172*
e-Cyt 7.2 5.41 185
e-FlavR 3.2 6.77 148

The FoF; holoenzymes containing wild-type €, e-Cyt and e-FlavR were ATPase
assayed at 25 °C. The revolutions of 60 nm beads attached to the B subunit of
immobilized FoF; were observed. Geometric means of the time required for a single
rotation were estimated, and the rotation rates were also determined (*cited from
Table 1).
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The membranes prepared from the cells having the &-Cyt
showed 1.5-fold higher ATPase activity than those from the wild
type, although ATP-driven proton transport was reduced to about
69% (Table S1). Membranes having the larger fusion protein,
¢-FlavR, also reduced H*-pumping to about 26% of that of the wild
type although their ATPase activities were similar (Table S1). The
membrane ATPase activities with the wild-type &, &-Cyt, and
e-FlavR were reduced by DCCD treatment by 71%, 59% and 40%,
respectively (Table S1). These results were consistent with those
previously reported for the enzymes not engineered for rotation
observation [17], confirming that the globular proteins fused with
the € subunit affected energy coupling between ATP synthesis/
hydrolysis and H*-translocation.

3.3. Purification of holoenzymes containing the ¢ with fusion proteins

The FoF; holoenzymes having e-Cyt and e-FlavR were solubilized
from the membranes, and purified with the Ni-NTA-agarose col-
umn. All enzymes showed essentially the same subunit composi-
tion except that the & subunits with fusion proteins showed
increased molecular weight (Fig. S1A, arrow heads). No degradation
of e-Cyt or e-FlavR was detectable with anti-¢ antibodies (Fig. S1B),
with or without the linker between € and fused protein. The ¢ sub-
units were hardly visible in these preparations since amount of FoF;
was too low to detect all subunits. The presence of the ¢ subunit was
supported by purification procedure used, and confirmed by immo-
bilization to Ni-coated glass similar to the wild-type enzyme. The
specific activity of each enzyme was observed at 25 °C (Table 2).

3.4. Elastic rotation of the FoF; molecules

It became of interest to know whether the FgF;’s with fused
globular proteins could rotate similar to the wild type because they
had high ATPase activities, or if they rotated slower than the wild
type because their energy coupling to proton transport was low.
For observing rotation, the FoF; with the &-Cyt or the &-FlavR
was immobilized on the glass surface through the ¢ subunits, and
the 60 nm bead was attached to the B subunit (Fig. 1B).

Upon ATP addition, the FoF; with e-Cyt and e-FlavR rotated fol-
lowing the similar time courses to the wild type (Fig. 3A-C). We
analyzed the single rotation time, a time required for 360° of probe
revolution, for these enzymes (Fig. 3D-F), and rotation rates were
calculated from the geometric means of them [21]. The rates for
the FoF; with e-Cyt and e-FlavR were 185 and 148 rps, respectively
(Table 2). It was surprising that these rates were similar to that of
the wild type (172 rps).

The revolutions of the beads attached to FoF; with &-Cyt or
e-FlavR were reproducibly observed, and their frequencies were
essentially the same as those attached to the wild-type enzyme.
Degradation of e-Cyt or €-FlavR in FoF; was not detected even after
prolonged incubation (2 h at room temperature) (Fig. S1, and data
not shown). Furthermore, by enzyme reconstitution from the
isolated subunits [26] and the mutants lacking € subunit [23], it
was shown that the € subunit is essential for binding of the F,
sector to the Fq. Thus, it is difficult to assume that we observed
rotations of the FgF; from which modified € was released.

Crystal structures of the cytochrome bsg, and the flavodoxin
reductase have been determined, revealing molecular dimensions
of 23x24x48A and 30x35x55A, respectively [27,28]
(Fig. 1C). Although the precise space size between the two stalks
connecting F; and Fy has not been defined, we estimated the
spherical space with a diameter of about 30 A from the electron
cryo-microscopy of mitochondrial FoF; [10] (Fig. 1B, shown by a
red circle). Thus, the cytochrome bsg, could barely pass through
the space during rotation. However, it should be difficult or impos-
sible for e-FlavR to rotate through the space without distorting the
stator and the rotor of the enzyme. Despite these structural limita-
tions, FoF; with €-Cyt and e-FlavR rotated at essentially the same
rate as that with the wild-type €.

These results suggested that the FoF; had intrinsic elasticity to
accommodate flexibility of rotation. The elasticity of the central
stalk had been suggested from the measurement of torsional flex-
ibility [29,30]. The elastic rotation was thought to be important for
functional coupling between the Fg and the F; [29]. However, the
rotations of the FoF; with &-Cyt and &-FlavR were partially uncou-
pled to ion pumping, their DCCD sensitivities were substantially

Wild type e-Cyt e-FlavR
100 —
c A B Cc
Q 7
©
5 50r - -
14 Y ,
= ) i s ~ -
0 01 02 03 04050 01 02 03 04 050 01 02 03 04 05
Time (s)
25
20 D L E L F
£ 15 - -
Q
© 101 i i
* sl ] l
0 I |||||III||I||| . il I ]I."Ha 1 L L I ||.||I|| $ass L
0 10 20 300 10 20 30< 0 10 20 30<

Single rotation time (ms)

Fig. 3. Single molecular rotations of the FoF; with wild-type €, e-Cyt and &-FlavR. (A-C) Time courses of FoF; with wild-type €, e-Cyt and e-FlavR. Purified FoF; with wild-type
€ (A), e-Cyt (B) and &-FlavR (C) were immobilized and followed rotations as Fig. 1B. Images of the beads were observed by the dark-field microscopy and captured during 0.5 s
in 2000 fps (frame rate). Time courses of beads used for calculating rotation rates are shown. (D-F) Single rotation time of FoF; with wild-type €, e-Cyt and e-FlavR.
Histograms of single rotation times required for 360° revolution obtained for ten randomly selected beads attached to the FoF; with wild-type € (D), e-Cyt (E) and &-FlavR (F)
[21]. The total rotations analyzed were 598, 798 and 561 for the FoF; with wild-type €, e-Cyt and &-FlavR, respectively.
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reduced (Table S1). We conclude that the intra-molecular rotation
of FoF; is elastic but proton transport requires more precise inter-
action between subunit a and c-ring. Thus, large structural pertur-
bation of the central or the peripheral stalk due to passage of the
fused protein reduced coupling of rotation to proton transport, as
shown for rotation of FoF; with &-Cyt and &-FlavR.
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