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ATP synthase FoF1 (a3B3ydeabacio-14) couples an electrochemical
proton gradient and a chemical reaction through the rotation of its
subunit assembly. In this study, we engineered F,F; to examine the
rotation of the catalytic F1 8 or membrane sector F, a subunit when
the F,, ¢ subunit ring was immobilized; a biotin-tag was introduced
onto the B or a subunit, and a His-tag onto the c subunit ring.
Membrane fragments were obtained from Escherichia coli cells
carrying the recombinant plasmid for the engineered F,F; and were
immobilized on a glass surface. An actin filament connected to the
B or a subunit rotated counterclockwise on the addition of ATP,
and generated essentially the same torque as one connected to the
c ring of FoF1 immobilized through a His-tag linked to the « or 8
subunit. These results established that the yeci0-14 and a3B38ab,
complexes are mechanical units of the membrane-embedded en-
zyme involved in rotational catalysis.

TP is synthesized in mitochondria, chloroplasts, and bac-

teria by FoF; (ATP synthase) coupled with an electrochem-
ical proton gradient established through an electron transfer
chain (for reviews, see refs. 1-6). The minimal functional F,F,
as seen in Escherichia coli, consists of a catalytic F; sector
(a3B3yde) and a membrane proton pathway F, (aibxcio-14),
comprising five and three different subunits, respectively. The y
subunit occupies the central space of the catalytic az 33 hexamer
and plays essential roles in catalysis and energy coupling, as
shown by extensive genetic studies (2, 7-11). The binding change
mechanism predicts that the y subunit interacts alternately with
the three B subunits, and the active site in each B subunit
catalyzes ATP synthesis or hydrolysis successively (6). Combined
genetic and biochemical studies suggested that the <y subunit
amino- and carboxyl-terminal domains interact through long-
range conformational transmission (9-11). The vy subunit rota-
tion was indicated biochemically by the B/ cross-linking (12)
and movement of a probe covalently connected to the y subunit
(13), and confirmed finally by the continuous rotation of an actin
filament connected to the y subunit of the F; sector immobilized
on a glass surface (14, 15). As discussed (15), proton transport
through F, should drive vy rotation, leading to the B subunit
conformational change that releases the product ATP. Revers-
ibly, ATP hydrolysis should also drive vy rotation, which is
transmitted to the F, sector for proton translocation. Thus, the
close interaction between the <y subunit and the F, sector is
pertinent in energy coupling.

Early low-resolution structural analyses involving electron
(16) and atomic force microscopy (17, 18) of the F, sector
suggested that the ¢ subunits form a ring structure, and that other
subunits (ab,) are located outside this ring. A ¢ ring formed from
12 ¢ subunits was proposed on the basis of the solution structure
of a monomer (19, 20) and the function of fused multiple copies
of the ¢ subunits (21, 22). The yeast x-ray structure indicated that
the 10 ¢ monomers form a ring that is tightly associated with the
v subunit (23). A ring structure of different copies was observed
more recently on atomic force microscopy (24, 25). Consistent
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with the association of the y subunit and the ¢ ring, Sambongi et
al. (26) and Panke et al. (27) showed that the ¢ ring rotated
continuously together with the y subunit when F,F; was immo-
bilized on a glass surface through the « or 8 subunit. We showed
that the «3B; hexamer rotated as well when the ¢ ring was
immobilized (28), indicating that the eyci9-14 complex rotates
relative to the a3B; hexamer. A similar result was obtained by
another group (unpublished, but cited in ref. 29). These results
suggest that yeci9_14 and ab,a3B36 are an interchangeable rotor
and stator, respectively (30, 31). However, continuous rotation
of the c ring relative to the a subunit should be directly shown
to confirm the rotary mechanism. Furthermore, it would also be
desirable to show the rotation of F F; in membranes because its
original integrity is maintained.

In this study, we immobilized membrane fragments on a glass
surface through a His-tag introduced onto the ¢ ring and
examined the rotation of an actin filament connected to the
subunit. On the addition of ATP, we observed filament rotation,
indicating that the B subunit rotated relative to the ¢ ring in
membrane-bound F,F;. We further extended this approach to
the subunit rotation in the F, sector, connecting a filament to the
a subunit in a membrane immobilized through the ¢ ring. The a
subunit rotated continuously after ATP addition, indicating that
the ¢ and a subunits are parts of the interchangeable rotor and
stator, respectively.

Experimental Procedures

Plasmids, Bacterial Strain, and Growth Conditions. A plasmid
(pBWU13) carrying all E. coli FoF; genes (32) was engineered
for rotation of the a or B subunit. Glu-2 of the ¢ subunit was
replaced by His (CAT) to introduce an EcoT22I site (ATGCAT).
By using this site, the cassette for Hise-Leu-His was introduced
after Met-1 of the ¢ subunit gene. The transcarboxylase biotin-
binding domain (Lys-20-Leu-124) (PinPoint Xa-1, Promega)
was connected to the 8 or a subunit. The DNA segment for the
biotin-tag with Kpnl sites at both termini was introduced be-
tween Met-1 and Ala-2 codon of the B subunit gene (into the
introduced Kpnl site). Similarly, DNA fragment for the biotin-
tag with three Glus-Ser repeats at the amino terminus was
connected to the carboxyl terminus of the a subunit gene.
Recombinant plasmids were introduced into E. coli strain DK8
(Aunc) lacking the F,F; genes. The bacterium was grown in a
synthetic medium containing glycerol and 2 uM biotin (28).

Membrane Preparation. One gram of cells (late-logarithmic phase)
was suspended at 4°C in 10 ml of buffer A [S0 mM Tris-HCI (pH
8.0)/0.5 mM EDTA/2 mM MgCl,/1 mM DTT/10% (wt/vol)
glycerol] and disrupted by passage through a French press (1,200
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kg/cm?). The lysate was centrifuged at 20,000 X g for 10 min, and
the supernatant was centrifuged again under the same condi-
tions. The supernatant was carefully withdrawn and was centri-
fuged at 200,000 X g (average) for 80 min. The precipitate was
suspended in 7 ml of buffer A, and then the centrifugation was
repeated. The resulting precipitate was suspended in ~0.5 ml of
buffer A to give ~30 mg of protein per ml, rapidly frozen in
liquid nitrogen, and stored at —80°C until use. Cells were
disrupted under higher pressure and the membranes were
obtained under different centrifugation conditions from those
usually used for preparing everted vesicles: the pressure used for
previous studies was 400 kg/cm? (33).

Immobilization of Membranes and Observation of Rotation. A flow
cell (=0.1 mm deep; ~11 mm? volume) was constructed from
nitrocellulose-coated cover glass, filled with buffer B (10 mM
Hepes—-NaOH, pH 7.8 /25 mM KCl/6 mM MgCl,) containing 0.8
uM Ni?*-nitrilotriacetate—horseradish peroxidase conjugate
(Qiagen, Hilden, Germany) and incubated for 5 min (15). The
flow cell was washed with buffer B containing 10 mg/ml BSA,
and incubated for 5 min. Membranes were rapidly thawed in
37°C water bath, diluted 30- to 60-fold at 25°C in buffer B (final
protein concentration of 0.5-1 mg/ml) and introduced into the
flow cell. The following procedures were performed at 25°C.
After incubation for 10 min, 20 ul of 12 uM streptavidin in buffer
B containing BSA was introduced. After incubation for 5 min,
the flow cell was washed with 150 ul of the same buffer and then
50 mM Tris-HCI (pH 7.8) containing 12 nM fluorescent actin
filaments was introduced. Immediately after introduction of 50
wl of reaction mixture for rotation (without an ATP-
regenerating system) (15), a 1-mm? area was scanned under a
Zeiss Axiovert 135 with an intensified charge-coupled device
camera, and the rotating filaments were video-recorded and
analyzed as described (15, 26, 28, 34).

Other Procedures. ATPase activity and protein concentrations
were determined as described (32). Fluorescent biotinylated
actin filaments were prepared by the published procedure (15).
Membrane preparations were studied by electron microscopy as
described (35). Immunogold conjugate EM streptavidin was
from BB International (Cardiff, U.K.). All other materials used
were of the highest grade commercially available.

Results and Discussion

Preparation of Membranes with Engineered F.F1. Recombinant plas-
mids for two types of engineered F,F; were constructed after
introducing a His-tag onto the ¢ subunit: (Fig. 1a) a biotin-tag on
the B subunit; and (Fig. 1b) a biotin-tag together with a linker
on the a subunit. They were introduced into E. coli DKS cells
lacking the genes for ATP synthase. The strain harboring either
plasmid could grow on succinate by oxidative phosphorylation
slightly slower than that with the control plasmid (pBWU13)
encoding the wild-type nonengineered F,F;. The ATPase activ-
ities of membranes with engineered F,F; were 15-20% of those
with the wild-type nonengineered F,F;. These results were
possibly due to the low specific activities and reduced amounts
of the engineered enzymes, because Western blotting with
anti-B-subunit antibodies gave less dense bands for membranes
with an engineered F,F; (Fig. 2, lanes 1-3). In this regard, the
lower ATPase activity of the purified F.F; with a His-tag
connected to the ¢ ring and a biotin-tag connected to the
subunit was shown previously (28). It should be noted that the
engineered membrane enzyme was sensitive to dicyclohexylcar-
bodiimide (DCCD), similar to the wild type (Table 1).
Membranes with a biotin-tag on the 8 and a subunits gave
single bands on gel electrophoresis as judged when Western
blotting was performed with streptavidin (Fig. 2, lanes 4-0).
These bands correspond to increased molecular weights (60,000
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Fig. 1. Experimental systems for observing the rotation of filaments con-
nected to the g or a subunitin membrane-embedded F,F1. His- and biotin-tags
were introduced onto the ¢ and B (a) or a (b) subunits, respectively. Mem-
branes were immobilized on a glass surface through a His-tag, and an actin
filament was connected to the B or a subunit through a biotin-tag and
streptavidin. Ni-NTA-HRP, Ni2*-nitrilotriacetate—horseradish peroxidase.

and 43,000, respectively) because of the connection of the 105-aa
biotin-tag. On the other hand, the control membranes (wild type
with nonengineered F,F;) did not give any band (Fig. 2, lane 6),
indicating that no protein reactive with streptavidin was present.
Thus, only the subunits with a biotin-tag could bind to strepta-
vidin and the actin filament for rotation observation described
below.
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Fig.2. Gel electrophoresis of membranes with engineered FoF1. Membranes
(10 pg of protein) with engineered F.F; were subjected to 12.5% polyacryl-
amide gel electrophoresis in the presence of SDS, and then subjected to
Western blotting (WB) with anti-B-subunit antibodies; lane 1, cHis-tag/B
biotin-tag; lane 2, cHis-tag/a biotin-tag; lane 3, nonengineered wild-type. The
nitrocellulose membrane was also blotted with streptavidin-alkaline phos-
phatase conjugate (SA-AP): lane 4, cHis-tag/p biotin-tag enzyme; lane 5,
cHis-tag/a biotin-tag enzyme; lane 6, nonengineered wild-type. Purified non-
engineered FoF1 was applied and stained with Coomassie brilliant blue as
markers (lane 7).
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Table 1. Properties of membranes with FoF1 engineered
for rotation

Membranes with Growth on Membrane ATPase, DCCD
FoF1 succinate units/mg protein  inhibition, %
Nonengineered +++ 14.0 80
cHis-tag/p biotin-tag ++ 3.7 70
cHis-tag/a biotin-tag ++ 2.2 72

Growth by oxidative phosphorylation was estimated: cells were grown at
37°Conasuccinate plate for 2 days. Membranes (10 g of protein per ml) were
incubated in 0.05 M Tris:HCI, pH 8.0, at 25°C for 10 min in the absence and
presence of various concentrations of DCCD and then their ATPase activities
were determined. Inhibition with 50 uM DCCD is shown.

Properties of Membranes Exhibiting Subunit Rotation. We previously
purified F,F; with a His-tag on the ¢ ring and a biotin-tag on the
a or B subunit (28), which were immobilized and connected with
an actin filament. On the addition of ATP, the filaments rotated
continuously and generated essentially the same frictional
torque as those connected to the c ring of the purified F,F; (26).
Because the His- and biotin-tags faced the periplasm and
cytoplasm, respectively, the planar plasma membrane fragments
could be immobilized on a glass surface, and used for analyzing
the rotation. On the other hand, we expected that everted
membrane vesicles could not bind to the glass surface because
the His-tag was located inside. Right-side-out vesicles could be
immobilized from the His-tag outside. However, they could not
bind actin filaments because the biotin-tag is located inside the
vesicles. Thus, only the planar membrane fragment could be
immobilized on the glass surface and bind actin filament (Fig. 1).

From these considerations, we decided to test membranes
prepared by differential centrifugation after disrupting cells by
French press. This procedure has been used for preparation of
everted vesicles (33, 36-37). However, presence of planar mem-
branes in the preparation could be expected from the low rate
of oxidative phosphorylation (P/O ratio) of membranes pre-
pared by disrupting cells even by using low pressure (37). We
obtained a better membrane preparation for rotation by passing
cells through a French press with slight modification of the
procedure used for everted vesicle preparation (32).

Because the biotin-tag was introduced into the 8 subunit, we
could label membranes with streptavidin-conjugated gold par-
ticles similar to labeling them with an actin filament for rotation.
The membrane preparation contained a significant number of
planar fragments; electron microscopy after the negative stain-
ing showed that about 80% of the total population attaching the
gold particles was the fragments (apparently not vesicles) (Fig.
3a). The rest of the population was vesicles surrounded by
bilayers. They were everted vesicles because their F; could bind
gold particles and could not be immobilized on a glass surface,
as discussed above. Membranes without biotin-tag in the 3
subunit bound much fewer particles (=3% of those with the tag),
indicating the specific binding to the tag. We also immobilized
membranes on the glass surface under the conditions for rota-
tion experiments, fixed them, and embedded them into the resin.
Electron microscopy of the sections showed that gold particles
were attached mostly to the membrane fragment (Fig. 3b). These
results suggest that membrane preparation contains planar
membranes that could attach gold particles.

Rotation of an Actin Filament Connected to the B Subunit in Mem-
branes. Membranes were immobilized on a glass surface and the
actin filament was connected by using essentially the same
procedure as for the purified engineered F,F;. Actin filament
connected to the B subunit in membrane rotated counterclock-
wise after the addition of ATP (Fig. 4a). Ten to 16 rotating
filaments were observed when we scanned a 2.0-mm? area. No
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Fig. 3. Engineered membranes used for testing rotation. (a) Electron mi-
croscopy of negatively stained membranes. Membranes with cHis-tag/B bi-
otin-tag enzyme in buffer A (14 mg of protein per ml) were applied to a copper
grid coated with polyvinyl formal, incubated with streptavidin gold (1.7 x 10"
particles per ml) in PBS containing 0.5% BSA, and washed extensively with 0.1
M cacodylate buffer (pH 7.4). They were fixed with 2.5% glutaraldehyde and
stained with 0.3% uranyl acetate. Membranes observed are filled arrowhead,
fragment with gold particle; open arrowhead, vesicle. (Scale bar, 100 nm.) We
counted the number of gold particles attached to membrane fragments and
vesicles, and found 865 and 259, respectively, in a 360-um? area. The gold
particles bound to membranes without biotin-tag were ~3% of those with
the tag. (b) Electron microscopy of membranes immobilized for rotation
experiments. Membranes with cHis-tag/gB biotin-tag enzyme were immobi-
lized on the glass surface and reacted with streptavidin gold particles under
essentially the same conditions for rotational assay. They were fixed with 2.5%
glutaraldehyde and subsequently 1% OsO4 and were embedded in Epon.
After careful removal of the glass, the embedded sample was sectioned (0.5°
to the original glass surface), and sections were observed under an electron
microscope after staining with 2% uranyl acetate followed by Reynold’s lead
citrate. Essentially the same results were obtained for membranes with cHis-
tag/a biotin-tag enzyme. Examples of membrane fragment with gold parti-
cles are shown by filled arrowheads. (Scale bar, 100 nm.)

rotating filaments were observed in the following controls with
F; or membranes: (i) purified F; with a biotin-tag on the
subunit (no His-tag on the y subunit); (i) the same F; mixed with
a mutant (DK8) membrane lacking F,Fy; (iii) membranes with
biotin-tag to the B subunit but without His-tag. These controls
apparently could not attach to the glass surface because F; is not
associated with membranes, or membranes lacked a His-tag.
Thus, contaminating Fj, if any, was not responsible for the
rotation observed. These results suggest that an experimental
system was established for observing the subunit rotation of F,F;
in membranes.
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0.5 sec

Fig.4. Rotation of an actin filament connected to the a or 8 subunit of FoFy
embedded in membranes. (a) Time courses of rotation of actin filaments
connected to the B or a subunit. Rotating filaments (1-1.5 um) were video-
recorded and the resulting images were analyzed (26). The filaments rotated
continuously counterclockwise, as viewed from the F; side. (b) Expanded time
courses of rotating actin filaments. The boxed areasin a (for 1.2-um filaments)
are expanded as examples for estimating rotational rates (light blue straight
lines).

Rotation of an Actin Filament Connected to the a Subunit in Mem-
branes. The observation of 8 subunit rotation in membranes
prompted us to analyze the relative rotation of the a and ¢
subunits. An actin filament connected to the a subunit in the
membrane F F; rotated counterclockwise after ATP addition
(Fig. 4a). The rotating filaments found amounted to 10-20% of
those connected to the B subunit. The a subunit rotation was less
smooth than that of the B8 subunit, possibly because the probe
connected to the a subunit may be closer to the membrane
surface than that connected to the 8 subunit. Consistent with this
interpretation, a biotin-tag attached directly to the a subunit
carboxyl terminus could not bind to an actin filament, indicating
that the spacer in front of the biotin-tag is essential for obtaining
membrane F,F; capable of rotation. We could not observe
rotation with the membrane F,F; having a biotin-tag on the a
subunit but lacking a His-tag on the c ring, indicating that the ¢
ring should be anchored to the glass surface by a His-tag. These
results clearly show that the a subunit can rotate in membranes
relative to the c ring.

Properties of the Rotation of Membrane F,F.. Actin filaments
connected to membrane F,F; rotated less smoothly than ones
attached to the purified F; (15) or F,F; (26, 28) (Fig. 4a). This
tendency was more apparent for the a than the  rotation. We
expanded the time scale, and found a higher frequency of
pausing in the membrane subunit rotation (Fig. 4a). These
results suggest that the actin filament rotation may be affected
by other proteins localized in the same membranes. We thus
calculated rotational rates after expanding the time scale (Fig.
4b) and plotted the results against viscous drag. As shown in Fig.
5, the a and B subunit rotation generated essentially the same
frictional torque (=40 pN-nm) as that observed for the purified
F,F, or F;.

The rotation of an actin filament connected to the ¢ ring was
sensitive to venturicidin when the purified F,F; was immobilized
on a glass surface through a His-tag on the « or B subunit (26,
28). On the other hand, the rotation and ATPase activity of the
purified F,F; (cHis-tag/B biotin-tag) were not inhibited by
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Fig.5. Frictional torque generated by membrane FoF; rotation. The rates of
rotation of actin filaments connected to the 8 (O) and a (®) subunits were
obtained asshown in Fig. 4b, and are plotted against viscous drag. Calculation
of the drag was performed as described (34). The dotted line represents the
calculated rate, assuming a constant torque of 40 pN-nm.

venturicidin (28), suggesting that the introduction of a His-tag
onto the ¢ subunit affects the inhibitor binding. As expected from
these previous observations, the rotation in a membrane with a
cHis-tag were not sensitive to venturicidin (data not shown).
Because F,F; showed low sensitivity to DCCD in the buffer
used for rotation (28), its effect on the rotational filament was
not easy to study. The difficulties in testing this inhibitor have
been extensively discussed (28, 30). It should be remembered
that DCCD is not effective right after its addition to the reaction
mixture, and it does not cause complete inhibition of F,F; or
membrane ATPase (for example, see ref. 28). Therefore, we
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Fig. 6. Effects of DCCD on rotation of filaments connected to the g subunit.
Membranes (1 mg/ml) were treated with 100 M DCCD at 25°C for 10 min in
10 mM Hepes-NaOH, pH 7.8, containing 25 mM KCl and 6 mM MgCl, and
immobilized on a glass surface, and then actin filaments were connected and
their rotation was examined. After the addition of ATP, a 2-mm? area was
rapidly scanned to find rotating filaments. The numbers of rotating filaments
are shown with the standard deviations. Open bars, control without DCCD
treatment; filled bars, with DCCD.
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could not examine the inhibition by directly adding DCCD to the
rotating filaments under the microscope. Considering these
limitations, we incubated membranes with DCCD at pH 7.8 in
the presence of MgCl, (Fig. 6, legend) and then examined them
for filament rotation. This condition is for DCCD binding to the
¢ subunit, not to the B subunit of the F; sector (38). The filaments
rotating in DCCD-treated membranes amounted to about 1/10
of those nontreated (Fig. 6). On the other hand, no effect of
DCCD was observed on the rotation of a filament connected to
the y subunit of F;. These results indicate that rotation of F,F;
in membranes is sensitive to DCCD.

As described above, we observed a or  subunit rotation
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relative to the ¢ ring in membrane F,F;. By combining the
present results and those obtained with purified F.F; (26-28),
we could establish that a3B38ab, and yeci9-14 are an interchange-
able stator and rotor, respectively. Furthermore, it should be
emphasized that the present results were obtained with mem-
brane-embedded F,F;. Thus, our results are free from any
effects on F,F; during solubilization and purification with
detergent(s).
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