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Visualization of a peripheral stalk in V-type ATPase: Evidence for
the stator structure essential to rotational catalysis
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ABSTRACT F- and V-type ATPases are central enzymes
in energy metabolism that couple synthesis or hydrolysis of
ATP to the translocation of H* or Na* across biological
membranes. They consist of a soluble headpiece that contains
the catalytic sites and an integral membrane-bound part that
conducts the ion flow. Energy coupling is thought to occur
through the physical rotation of a stalk that connects the two
parts of the enzyme complex. This mechanism implies that a
stator-like structure prevents the rotation of the headpiece
relative to the membrane-bound part. Such a structure has not
been observed to date. Here, we report the projected structure
of the V-type Na*-ATPase of Clostridium fervidus as deter-
mined by electron microscopy. Besides the central stalk, a
second stalk of 130 A in length is observed that connects the
headpiece and membrane-bound part in the periphery of the
complex. This additional stalk is likely to be the stator.

In oxidative phosphorylation, F-type ATPases synthesize ATP
at the expense of the proton gradient across the membrane,
and in fermentative bacteria F- and V-type ATPases generate
a proton or sodium ion motive force upon ATP hydrolysis.
F-type and V-type ATPases, operating in either the ATP
synthesis or hydrolysis mode, have similar architectures, and it
is generally accepted that the catalytic mechanism is the same
(1). The enzymes consist of a soluble headpiece, F; or Vy, that
contains the ATP binding sites and an integral membrane part,
Fy or V,, that translocates H* or Na*. The two parts are
connected by a central stalk. Detailed structural information
is available on the F-type ATPases (2). The 2.8-A atomic
resolution structure of bovine heart mitochondrial F; shows
alternating « and B subunits arranged as the segments of an
orange (asf3). The central cavity is occupied with two long
a-helices of the vy subunit, which is the major stalk subunit (2).
In the rotary catalysis mechanism, the three nucleotide (ATP/
ADP) binding sites on the 8 subunits cycle alternately through
the open, loose, and tight states according to the binding
change mechanism (3). Concomitant changes in the confor-
mation of the B subunits drive the physical rotation of the
central y subunit (ATP hydrolysis mode). In support of the
model, ATP-driven rotation of vy relative to a3f; was recently
demonstrated experimentally (4, 5). In turn, the rotating vy
subunit is thought to drive H* translocation in Fy by an
unknown mechanism. However, efficient transduction of the
torque exerted by the rotating stalk on Fy in pumping activity
requires that a stator-like structure is present that prevents
dissipation of energy in a rotation of F; relative to Fy (6, 7).
Here, we report for the first time the visual demonstration of
the stator by electron microscopy.
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FiG. 1. A gallery of electron microscopy images of the V-ATPase
of C. fervidus.

METHODS

Sample Preparation. The V-ATPase of Clostridium fervidus
was purified by anion exchange chromatography (MonoQ),
followed by size exclusion chromatography (Superose 6) as
described (8). The protein complex was purified in a buffer
containing 50 mM N-2-morpholine propanesulfonic acid
(MOPS), pH 7.0, 150 mM KCI, 5 mM MgCl, 5% glycerol,
0.1% Triton X-100, 2 mM DTT, and 0.1 mg/ml phospholipids
(phosphatidylethanolamine and phosphatidylcholine at a ratio
of 3:1). A sample was dialyzed at room temperature for 2 hr
against buffer without detergent and glycerol and prepared for
electron microscopy (Philips CM10) using the droplet method
with uranyl acetate as negative stain.

Image Analysis. A total of 829 membrane-incorporated and
44 nonincorporated V{V, projections were analyzed using
IMAGIC software (9). Band pass-filtered images were subjected
to multireference alignment, multivariate statistical analysis,
and classification (10, 11). In the data set of the membrane-
incorporated V;V,, a first classification was focused on the
area occupied by the V; headpiece plus stalk region. It
revealed a class of 240 V; projections that was characterized by
a symmetrical projected density with high densities in the
center and at the sides of the headpiece (trilobed view). This
suggests that these molecules were oriented in one and the
same orientation toward the carbon grid. This data set was
subjected again to the classification procedure, but this time a
mask was used that was focused on the stalk area. The best
separation was obtained by decomposition into six classes.
After this procedure, the normalized images belonging to these
classes were summed without the band-pass filter imposed.
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RESULTS AND DISCUSSION

C. fervidus is a thermophilic organism that relies completely on
Na* as the energy coupling ion (12). The Na* ion gradient
across the cytoplasmic membrane is generated by an ATPase
that is one out of three V-type ATPases described in the
bacterial kingdom to date (8). Recently, the ATPase complex
was purified to homogeneity and functionally reconstituted in
liposomes (8). Electron micrographs of the solubilized enzyme
purified in the presence of phospholipids showed that most of
the ATPase molecules were incorporated in small liposome-
like structures of variable size. The side view projections show
V; attached to the membrane via a stalk region (Fig. 1). Single
particle averaging techniques revealed that a large fraction of
the particles was oriented in the same way on the grid.
Statistical analysis of this group of particles (see Materials and
Methods) revealed six classes in all of which the central stalk
was clearly visible (Fig. 2). The stalk has a length of about 60
A, which is significantly longer than the stalk of F-type
ATPases (13-15). The stalk is substantially thicker (about 50
A) at the base just above the membrane, another characteristic
that seems to be specific for V-type ATPases (16, 17). Re-
markably, in two of the six classes a second stalk that connects
the V; head and V(, membrane part in the periphery is clearly
visible (Fig. 2). The main difference between the two classes
is that this structure appears at either the left or right side of
the central stalk, which corresponds to views of the molecules
from opposite sites. The peripheral stalk has a length of about
130 A and runs up almost to the top of the V; headpiece. The
thickness is about 10-15 A, and at a similar position, as
observed in the central stalk, it widens to approximately 30 A.

Additional structural information was obtained from the
analysis of V;V, molecules, which were strongly reduced in
attached lipid and detergent molecules and not incorporated
in liposome-like structures. These V;V, molecules were
present at a lower frequency in the electron micrographs.
Single particle averaging of 44 side views followed by classi-
fication revealed one class consisting of 12 particles in which
the central and peripheral stalks were clearly visible (Fig. 3).
The exact dimensions of Vj cannot be determined precisely
from this view because the negative stain outlines protein plus
attached lipid and detergent molecules. Nevertheless, the
image indicates that Vj is not a symmetrical structure with
respect to the central stalk; Vy is wider at the side of the
peripheral stalk.

An interesting new feature observed in the averaged side
views of both the V;V, particle incorporated in the vesicles
(Fig. 2) and the free particle (Fig. 3) is an accumulation of stain
just below the central stalk. This feature can be explained as
originating from the ring-shaped multimeric complex of the
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F1G. 3. Side view projection of nonincorporated VVy-ATPase.
One class representing 12 particles out of a total of 44 particles is
shown in which a peripheral stalk and the asymmetry of Vo with respect
to the central stalk are clearly visible.

proteolipid subunit of the membrane-bound part (subunit cin
Fo). Other studies have revealed a central dimple in the
isolated V-type multimer that had a radius of about 75 A (18
19). The similar dimple-like structure observed in our side view
projections suggests that, in agreement with other topological
studies on F;Fy (19, 20), the proteolipid multimer is situated
symmetrically under the central stalk and that the other
integral membrane subunits (a and b in F;) are outside of the
ring. This suggestion is in agreement with the asymmetry
observed in the image of V, (Fig. 3) and is most strongly
supported by the peripheral stalk observed in this study. The
most likely candidate for the peripheral stalk is the b subunit,
with a mass between 13 and 17 kDa in V- and F-ATPases (21).
It has a hydrophlhc amino acid extension, predicted to be
a-helical, that is long enough to fit the 130-A-long peripheral
stalk observed in our images. In prokaryotic F-ATPases, two
copies of subunit b are present that may interact (1, 22). In
V-ATPases, the exact subunit stoichiometry remains to be
established. The wide spacing between the central and periph-
eral stalks (65 A), together with the diameter of the Vo
proteolipid multimer (75 A; ref. 18) or Fy subunit ¢ multimer
(62 A; ref. 23), suggests that subunit a is between b and ¢, in
contrast to other EM data (20).

The structures of Fy/V, are not precisely understood, but
the projection maps of the V-type Na*-ATPase of C. fervidus
favor the models that place the a and b subunits outside the

FiG. 2. Side view projections of the V-ATPase of C. fervidus incorporated in liposomes. Shown are two out of six classes of a subgroup of 240
side view projections of the V-type ATPase of C. fervidus incorporated in liposomes. They show Vi in a trilobed view and, besides a central stalk,
a peripheral second stalk in two positions. For the left and right images, 39 and 42 images were summed, respectively. The diameter of the area

shown is 320 A.
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multimeric ring of ¢ subunits (15, 19, 20) and strongly suggest
that the b subunit forms a peripheral stalk that prevents
rotations of the headpiece relative to the membrane part. The
position of the peripheral stalk closely matches some hypo-
thetical models (6, 24, 25). Fig. 4 presents a model of the
molecular V-type ATPase motor as is suggested by the present
studies. In the hydrolysis mode, hydrolysis of ATP drives the
physical rotation of the central stalk via chemomechanic
coupling. The central stalk transmits the rotation to the rotor
in the Vj part that rotates against the stator structure that is
fixed to the V; engine. The rotation results in the pumping of
Na* ions at the interface via an osmomechanic coupling
mechanism. In the ATP synthesis mode, the events happen in
the reversed direction.

ATP / ADP binding sites
V, headpiece

Vistatk — [ o
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FiG6. 4. Model of the molecular V-ATPase motor. ATP hydrolysis
in the V; headpiece drives rotation of the central stalk. The stalk
transmits the rotation to the V rotor. Rotation of the rotor against the
stator structure results in the pumping of Na™ ions across the
membrane at the interface. Hatched parts are static, and open parts
are rotating.

V, stator
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