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Crystal Structure of the Rotor from V-ATPase Molecular

Motor

and plasma membranes of eukaryotic cells. ATP hydrolysis causes the rotation of the central rotor complex,

Vacuolar ATPase (V-ATPase) is an ion-translocating rotary motor found in the membranes of acidic organelles

which is composed of the central stalk subunits (D-, F-, and d-subunits) and a membrane-embedded c-ring. We
have determined the crystal structure of DF complex from Enterococcus hirae and assessed subunit—subunit interac-
tions between V,-ATPase subunits. The long coiled-coil motif of the D-subunit was similar to the motifs of other known
rotary complexes. The short B-hairpin region of the D-subunit seems to be preserved in V-ATPase and further involved

in the regulation of V-ATPases.

The ion-translocating rotary ATPases (V-, F-, and
A-ATPases) are considered to have evolved from a
common ancestor. V-ATPases function as ion pumps.
F-ATPases in mitochondria and A-ATPases in archaea
function as ATP synthases. Nevertheless, the structure
and subunit composition of A-ATPases appear closer to
those of V-ATPases than F-ATPases. These ATPases
share similar structures in common, which consist of a
hydrophilic catalytic part (V,-, F;-, or A;-ATPase) and a
membrane-embedded ion-transporting part (V,-, F,-, or
A,-ATPase) (Fig. 1). The core of the V, domain is com-
posed of a hexameric arrangement of alternating A- and
B-subunits (A;B;), responsible for the ATPase activity.
The V, and V, parts are connected through a central
stalk, which is composed of D-, F-, and d-subunits.
ATP hydrolysis induces the rotation of the central stalk
and the attached membrane c-ring, which causes ion
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Figure 1

pumping at the interface between the a-subunit and the
c-ring.

V-ATPase exists in the various membrane systems
of living cells from bacteria to mammals. Eukaryotic
V-ATPase is located in the membranes of acidic organ-
elles or plasma membranes, and transports H* to acidify
organelles or intercellular matrices. These acidifications
are involved in several diseases such as osteoporosis
and cancer metastasis. Therefore, unraveling the mo-
lecular mechanism of V-ATPase might help to elucidate
such diseases and eventually lead to drug discovery. V-
ATPase from Enterococcus hirae acts as a primary Na*
or Li* pump, instead of H" pump. This enzyme is com-
posed of nine subunits (A, B, d, D, E, F, G, a, c) that are
homologous to the corresponding subunits of eukaryotic
V-ATPases.

Schematic model of Enterococcus hirae V-ATPase. The DF complex is shown by the dotted line. Na"is transported by the pathway which

consists of the a-subunit and the c-ring, from cytoplasm to periplasm.
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Figure 2
Crystal structure of the DF complex of Enterococcus hirae V,-ATPase.

(A) Cartoon representation of the DF complex. D- and F-subunits are shown in green and dark red, respectively. (B) D-subunit is presented in
blue to red from the N to C terminus. The B-hairpin region is shown by the dotted box.

We have determined the crystal structure of the DF
complex from Enterococcus hirae at 2.0 A resolution [1].
The structure of D comprises a long pair of N- and C-
terminal helices (approximately 100 A), which are twist-
ed into a left-handed coiled-coil, with a short B-hairpin
region (residues 89-108) [Fig. 2 (A, B)]. The coiled-
coil structure seems to be conserved in A-ATPase and
eukaryotic V-ATPase from sequence alignment, and is
similar to both the y-subunit of bovine F;-ATPase and
FliJ (a component of the flagellar type Il protein export
apparatus) with low sequence similarity. Thus, the left-
handed coiled-coil structure seems to be conserved in
these rotary complexes, but the short B-hairpin region of
D is unique and seems to be important for specific func-
tions of V-ATPases. To evaluate this assumption, we
prepared a deletion mutant that lacked the B-hairpin re-
gion with F, and further tested the binding affinity of the
mutant DF to A;B;, and its effect on the ATPase activity.
As a result, it was found that the B-hairpin region is not
essential for ATPase activity, but it stimulates the activ-
ity by approximately two-fold. Additionally, we assessed
the subunit—subunit interactions between V,-ATPase
and the d-subunit by using the Biacore system (surface
plasmon resonance). The binding affinity (K= 82 nM) of
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d and DF was lower compared with other subunit—sub-
unit interactions (A;Bs-D, K; = 0.8 nM; A;B,D-F, K, = 3.2
nM). Previous studies on eukaryotic V-ATPases showed
that the enzyme was regulated by the reversible bind-
ing of V,-ATPase. The weak interaction between the DF
complex and the d-subunit might be responsible for the
regulation of V-ATPases.

In the present study, the p-hairpin region involved in
the regulation of V-ATPase was identified. This region
seems to be conserved also in eukaryotic V-ATPase.
Therefore, our results might help to elucidate the regula-
tion mechanism of V-ATPase.
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