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Introduction: A Close Look at the Vacuolar ATPase

Gerhard Gruber?!

The vacuolar ATPases (V-type ATPases) are a family of ATP-dependent ion pumps and found in two
principal locations, in endomembranes and in plasma membranes. This family of ATPases is respon-
sible for acidification of intracellulare compartments and, in certain cases, ion transport across the
plasma membrane of eucaryotic cells. V-ATPases are composed of two distinct domains: a catalytic V
sector, in which ATP hydrolysis takes place, and the membrane-embedded sgatdricti functions

in ion conduction. In the past decade impressive progress has been made in elucidating the properties
structure, function and moleculare biology. These knowledge sheds light also on the evolution of
V-ATPases and their related families of A(A,-ATPase) and F-type (Fo-ATPases)ATPases.
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Hardly a day goes by without the importance of the issue), the V-ATPase generates both the acidic environ-
vacuolar type ATPase (V-ATPase;;V, ATPases) be-  mentrequired for degradation of macromolecules and the
ing brought to our attention. This enzyme complex be- driving force for various coupled processes. V-ATPases
longs to a family of ion pumps that couples the energy identified in the plasma membrane of certain cells are
of ATP hydrolysis to ion transport across intracellular involved in processes like renal acidification, bone re-
and plasma membranes of eukaryotic cells (Nelson andsorption, pH homeostasis, coupled transport, and tumor
Harvey, 1999; Nishi and Forgac, 2002). The V-ATPase metastasis (Kane and Parra, 2000; Nishi and Forgac, 2002;
resides in membranes of intracellular compartments, in- Wieczoreket al,, 1999). The relationship of V-ATPases to
cluding lysosomes, endosomes, clathrin-coated vesicles,other ion-motive ATPases like the F-type Hy ATPases)
Golgi-derived vesicles, secretory vesicles, and the centraland A-type ATPases (#A\g ATPases) has become clearer
vacuoles of fungi and plants. V-ATPases play a variety through the increasing number of genetic, biochemical,
of roles crucial for the function of these subcellular or- and structural studies (@béret al, 2002; Hilario and
ganelles. For example, acidification of endosomes is re- Gogarten, 1998; Lolkemat al,, this issue; Miller and
quired for ligand—receptor dissociation and receptor re- Griiber, 2003; Nelson, 1992).
cycling following receptor-mediated endocytosis, as well A fundamental feature of V-ATPases is the reversible
as for the formation of endosomal carrier vesicles that dissociation of \{ from the \, complex as a way of
transfer ligands from early to late endosomes. Certain in vivo regulation, as shown in insect cells (Sumner
viruses and toxins enter cells via acidic endosomal com- et al, 1995) and yeast (Kane, 1995). In both insects and
partments. Acidification of intracellular compartments is yeast, disassembly of Mesults in the decrease of Mg-
also involved in targeting of newly synthesized lysoso- ATPase-activity and proton pumping at the membrane and
mal enzymes from the Golgi to lysosomes. In secretory reassembly restores these activities. Notably, neither dis-
vesicles, such as synaptic vesicles, V-ATPases provide theassembly nor reassembly requires new protein synthesis
driving force for uptake of neurotransmitters that are pack- but an intact microtubular network (Hollidat al., 2000;
aged in these compartments. Within lysosomes and theVitavskaet al,, 2003; Wieczorelet al, this issue; Xu and
central vacuoles of fungi and plants (Kluge al, this Forgac, 2001). In addition, such reassembly is proposed

to be promoted by a complex termed RAVE (regulator
LUniversitit des Saarlandes, Fachrichtung 2.5-Biophysik, Univer- of HT-ATPase of Vacuolla't and endosomal membra_neS;
sitatsbau 76, D-66421 Homburg, Germany; e-mail: ggrueber@med-rz. (Kane and Smardon, this issue)). The recovery of disas-
uni-saarland.de. sembled \ particles from the cytoplasm made structural

277

0145-479X/03/0800-0277/0 2003 Plenum Publishing Corporation



278 Gruber

2000; Radermachet al,, 2001; Wilkenset al,, 1999). At
the bottom side of the /B3 domain the stalk protrudes
with an angle of approximately Tith the vertical axis of
the cavity. The only component of the \ATPase solved
at atomic resolution (3.8) is subunit H (Grahanet al,,
thisissue; Sagermamtal., 2001). This elongated subunit
is characterized by a large, primarityhelical N-terminal
domain, forming a shallow groove, and a C-terminal do-
main, both connected by a four-residue loop.

Structures of the Y ATPase from Calorama-
tor fervidus (Boekemaet al, 1998) and M. sexta
(Radermacheet al, 2001; Sverguret al, 1998) iden-
tified recently revealed a molecule with a single compact
stalk, but no peripheral stalk. Side view projections of
negatively stained W, ATPases fronC. fervidusshow a
peripheral stalk, proposed to be formed by thgpdrtion
and to function as a stator (Boekermtaal., 1998). More
recently, a second peripheral stalk in the\A§ ATPase
has been described from negatively stained images (Dom-
gall et al, 2002; Wilkenset al, 1999). Based on these
structural data, the question arose whether the subunits
building this putative second stator and the &dmplex
might become more compact following dissociation, with
Fig. 1. The 18A structure of the ¥ ATPase without subunit C from the peripheral stalk collapsing into a single stalk in the

M. sexta(modified from Radermachet al, 2001). free V, ATPase. o _ _
The Vy domain is composed of at least five subunits

a, d, ¢, ¢/, andc”. Subunita is a two-domain protein. The
determinations of this complex possible (N&r and large N-terminal hydrophilic domain interacts with both
Gruber, 2003; Radermacheral., 2001). subunit H and A (Landolt-Marticorenet al., 2000) and

The V; domain comprises the catalytic subunit A therefore most likely is part of the peripheral stalk. The
and the nucleotide-binding subunit B in a stoichiome- C-terminal domain of subuni is very hydrophobic and
try of A3:B3 and the so-called stalk subunits C-H in a predicted to span the membrane nine times. Mutagenesis

proposed stoichiometry of D1 :E;:F1:G,:H; (Xu et al, studies have identified several membrane-buried residues
1999). A comparison of independently identifiedafruc- important for function, but only one Arg residue (Arg-735
tures (Boekemat al, 1998; Radermacheat al, 1999; of Saccharomyces cerevisjagas shown to be essential

Svergunet al, 1998; Wilkens, 2001) reveals that the A for ion transport (Kawasaki-Nislgt al., 2001). A feature
and B subunits are arranged hexagonally and that they al-very unique to the V-ATPase is the presence of three hy-
ternate around a central cavity in which a seventh mass isdrophobic subunitsc( ¢/, andc”) that form a hexameric
located (Radermachet al,, 1999, 2001). Arecent three- (Grahamet al, this issue; Harrisoet al., 2003) or hep-
dimensional structure of the,VATPase fromManduca tameric (Murataet al, 2003) proteolipid ring. Subunits
sextaat 18A resolution (Fig. 1) shows that the seventh c, ¢/, andc” are similar to each other and to other prote-
mass is not located in the center of the cavity of the olipids from A- and F-ATPases. Subunésndc’, which
A3B3 hexamer, but slightly offset to one side, thereby are twice the size of the 8-kDa proteolipids from bacteria,
strengthening the interaction between two nonneighbor- probably arose by duplication and fusion of an ancestral
ing A subunits (Radermachet al,, 2001). This featureis  proteolipid gene giving rise to a 16-kDa protein with four
comparable to the asymmetric location of the rotating  transmembrane (TM) helices (Hiragtal,, 1997; Mandel
subunit in thexzB3 subcomplex of the related F-ATPase et al, 1988). Subunit” is even bigger and has five pre-
(Abrahamst al, 1994), indicating significant movements dicted transmembrane helices, with the active carboxylate
of the central mass in V-ATPases during catalysis. In conserved only in TM3. Previous studies clearly demon-
the side view, the structure shows three protuberances aistrated that each g/domain contains at least one copy
the top of the AB3 headpiece, which might belong to the of ¢, ¢/, andc” (Hirataet al, 1997), and it is assumed
N-termini of subunit A (Domgalktal., 2002; Griberet al,, that the number of transmembrane helices in A-, F-, or
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V-ATPases is similar (about 24 transmembrane helices, viewpoints. | hope that these publications will stimulate
see above). Therefore, the number of proton translocatingfurther experiments on V-ATPases as well as summarize
residues in ¥ is only half of that in k. the present position to those outside the immediate
Subunitd is a completely hydrophilic, cytoplasmic  field.

protein but copurifies with the ycomplex and therefore
is regarded as ag/subunit. Its function is unknown, but
it could be involved in regulation of ion conductance
through . Recently, a sixth subunitel of the Vg, _

- . Abrahams, J. P., Leslie, A. G. W., Lutter, R., and Walker J. E. (1994).
domain has been described for the V-ATPase of the "™ "\ re370 621-628.
M. sextamidgut (Merzendorfeet al, 1999) and bovine  Boekema, E. J., Ubbink-Kok, T., Lolkema, J. S., Brisson, A., and
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