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Summary

lon-translocating ATPases, such as theiFo-, ViVo- and  F1-ATPase, and the location of the coupling subunits
archaeal AlAo enzymes, are essential cellular energy within the stalk that provide the physical linkage between
converters which transduce the chemical energy of ATP the regions of ATP hydrolysis and ion transduction. This
hydrolysis into transmembrane ionic electrochemical review focuses on the structural homologies and diversities
potential differences. Based on subunit composition and of Ai-, F1- and Vi-ATPases, in particular on significant
primary structures of the subunits, these types of ATPases differences between the stalk regions of these families of
are related through evolution; however, they differ with  enzymes.
respect to function. Recent work has focused on the three-
dimensional structural relationships of the major, Key words: AAo-ATPase, archaea-type ATPaseFfATPase, H
nucleotide-binding subunits A and B of the A/Vi- translocating vacuolar-type ATPase;-XTPase, small-angle X-ray
ATPases and the corresponding and a subunits of the  scatteringEscherichia coliManduca sextaViethanosarcina mazei

Introduction

Adenosine 5triphosphate (ATP) synthesis by oxidative structural units, including domain and secondary structures,
phosphorylation or photophosphorylation is a multi-stepwhich also serve as functional units. Morphologically each of
membrane-located process that provides the bulk of celluldhese enzymes has three components: a membrane-bound
energy in eukaryotes and many prokaryotes. Most of the ATBector, A/Fo/Vo, Which contains the ion channel, a central
synthesis in these cells is catalyzed by the enzyakg;ATP  connecting stalk, and an approximately spherical assembly,
synthase, also callecif-ATPase (F-ATPase), which in its A1/F1/V1, which contains the catalytic sites (Schéfer et al.,
simplest, bacterial, form is composed of eight subunit4999; Leslie and Walker, 2000; Forgac, 2000). Side-view
(az:B3y:0:e:abpico—19). The archaeal #Ao-ATP synthase (A- projections of the fFo- (Wilkens and Capaldi, 1998) and
ATPase) has ten subunits £B3:C:D:E:F:G:H:l:Ky), the V1Vo-ATPases (Boekema et al.,, 1997) showeaondstalk
actual subunit stoichiometry being unknown. The term ATPasgstator) as a fourth distinct feature extending from therf/q
reflects the fact that the F- and A-enzymes are reversible apartion. In the case of thEscherichia coliF1 moiety the
can act as proton (or Nepumping complexes. The F- and the central stalk is composed okc and €ec, which are the
A-ATPases transform energy from a gradient of ions across treguivalent odm in mitochondrial kFo, and the stator is formed
membrane to synthesize ATP (Mitchell, 1961; Dimroth, 1997py thedecand b subunits (Pedersen et al., 2000). The bacterial
Muller et al., 1999). Conversely, the free energy of ATPJ subunit pec) bears homology to one of the mitochondrigl F
hydrolysis can be coupled to proton (orN@anslocation and subunits called OSCP (Table 1). The mitochondrial eF
generate an ion-motive forcéMF), as in the genetically subunit €m) has no counterpart in the bacteriaF§enzyme.
related vacuolar-type,*+translocating ATPases (V-ATPases). The central element of the; Eomplex, subunily, has been
The V-ATPases, consisting of at least twelve distinct subunitshown to move relative to thesBs complex during ATP
(A3:B3:C:D:E:F:G:Hza:d:e:g), generatdMFs that are used hydrolysis (Capaldi et al., 1996; Junge et al., 1997; Masaike et
for ligand trafficking, signaling, nutrient uptake and diverseal., 2000). This rearrangement is proposed to drive the motion
activities in endomembranes and plasma membranes of anin@dla ring of @-14subunits (Fillingame, 1996; Stock et al., 1999;
cells (Wieczorek et al., 1999). Seelert et al., 2000; Stahlberg et al., 2001) in theddmain

A-, V- and F-ATPases consist of a mosaic of globulafSambongi et al., 1999; Péanke et al., 2000; Tsunoda et al.,
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Table 1.Listing of similar ATPase gene products in the A-, F- elucidating structural and functional relationships af\A-

and V-ATPases and R-ATPases.
M. mazeiGol M. sexta Bovine E. coli
A1ho ViVo FiFo FiFo Fi-ATPase: structure and subunit function
A A B B Structure description of theifeadpiece
CB: lé ? O_( Over the past decade, a tremendous amount of structural
_ D _ _ information about the #F-ATPase has been obtained using
D E y y electron microscopy (reviewed in Gogol, 1994; Boéttcher and
E - OSCP Sec Graber, 2000), macromolecular crystallography (Abrahams
E E dm Eec et al., 1994; Shirakihara et al.,, 1997; Bianchet et al., 1998;
- G - - Hausrath et al., 1999; Stock et al., 1999; Groth and Pohl, 2001)
- H - - and nuclear magnetic resonance (NMR) spectroscopy
- - €m - (Wilkens et al., 1995; Wilkens et al., 1997; Rastogi and Girvin,
' a atb atb 2000). Significant insights into the molecular mechanism of
K c ¢ ATP hydrolysis came from the X-ray structure of the bovine
i d B B heartasBay complex of the FATPase (Mk; Abrahams et al.,
; © ~ ~ 1994). The crystallographic model describes the three
G _ _ _ alternatinga and 3 subunits as being arranged hexagonally,
_ _ d _ surrounding a solvent-filled cavity which is traversed by a part
- - e - of they subunit. This coiled-coil structure of tlyesubunit is
- - f - asymmetrically located in the shaft relative to the axis of the
- - g - asBs complex and protrudes from it by about 30A into the
- - Fe - stalk region. A third shorti-helix of they subunit is inclined
- - IF1 - at a 45° angle to the coiled-coil domain at the bottom of the

F1 as it merges with the stalk that connects tharfé k parts.

2001), each containing two transmembrane helices (Rastogi key feature of the structural model is its asymmetry,
and Girvin, 1999). particularly in the nucleotide occupancy and conformations of

Based on their subunit composition and primary sequencethe catalytic subunits. One3 subunit, designate@rp, is
the A-type (archaeal) enzymes are more closely related througipated with MgAMP-PNP and linked to the sharhelix of
evolution to V-type than to F-type ATPases (Iwabe et al., 1983hey subunit via the C-terminal domain. A secdhgubunit,
Ihara et al., 1992; Miller et al., 1999). Three interdigitating3pp, has MgADP bound and the third catalytic site, is
copies of the nucleotide-binding subunits A and B of thdree of nucleotides and Mg The three non-catalytic
A1/V1-ATPases and subunif® and a of the R-ATPase, subunits are ligated with MgAMP-PNP and adopt similar
respectively, exhibit more than 25 % primary sequence identityonformations, although ore subunit, which contributes to
(Nelson, 1992). The minor subunits C, D, E, F, G and C, D3tp and is therefore denotedrp, displays a small rigid body
E, F, G, H of the Aand \-ATPases, respectively, form the rotation of the top domain relative to the other two domains
stalk and are proposed, by analogy to F-ATPases, to @&brahams et al., 1994).
involved, either directly or indirectly, in conversion of energy
into controlled motion (Miiller et al., 1999; Griiber et al., Arrangement of the stalk subunits
2000a). However, the minor stalk subunits af F and Wi- Neither the structural model of the bovine-ATPase
ATPases show much less similarity than the headpied@brahams et al., 1994) nor the subsequently determined
subunits, suggesting that there are differences between theucture of rat liver FATPase (Bianchet et al., 1998), which
three classes of enzyme (Mdller et al., 1999). One fundamentaicludes almost all of the residues of theand 3 subunits,
distinction is the reversible dissociation of thefkdm the \,  include either the small subunis andem, or approximately
complex as aim vivoregulatory mechanism for the control of half of they subunit residues. Subsequently, crystals containing
V-ATPase activity (Wieczorek et al., 2000). By contrast, theall five subunits of the Escherichia coli Fi-ATPase
A1/F1 and Ad/Fo sectors form stable associated complexes irfas:Bay:8ec€e and the azBaycec complex of the same
the cell. Moreover, A- and F-ATPases, unlike V-ATPasesprganism have been obtained and diffracted to a resolution of
share the ability to synthesize ATP. Nevertheless, lineage.4 A and 4.4 A, respectively (Griiber et al., 1997; Hausrath et
profiles based on primary sequence reveal that A- and \&l., 1999). Besides theeand3 subunits and the known part of
ATPases are more closely related to each other than to the coiled-coila-helices of the MErthe electron-density map
ATPases (Schafer et al., 1999). Despite the fact that Aat 4.4A extends 12 and 20 residues, respectively, thereby
ATPases display chimeric properties of V- and F-ATPases thedding 15A to the length of the N-termiredhelix and 23 A
structure/function relationships of these enzymes remain @ the C-terminal helix of thesubunit (Hausrath et al., 1999).
mystery. This review will focus on recent advances inThis structure reveals thaextends from thez3z hexagon far



enough to traverse the full length of the central <
in agreement with the refined crystal structur
2.4 A resolution of theectgec complex fromE. coli
(Rodgers and Wilce, 2000) and the complete bc
F1-ATPase (Fig. 1; Gibbons et al., 2000). In tf
structural models thg subunit is arranged in six-
helices and five3-strandedf-sheets (Rodgers a
Wilce, 2000; Gibbons et al., 2000). The bottony
is in contact with the external loops ofsubunit:
(Watts et al., 1995; Watts et al., 1996); the ent
subunit makes up a coupling domain, which cot
ATP hydrolysis with ion pumping (Capaldi et

1996; Junge et al., 1997). Adjacent to the ‘botl
part of subunity an additional density has be
observed in the map obtained from crystals of
03Baydecio subcomplex of yeast mitochondrial A
synthase at a 3.9 A resolution (Stock et al., 1999
the bovine k (Gibbons et al.,, 2000). In the
densities the structure of tlaec subunit (Wilkens ¢
al., 1995; Uhlin et al., 1997), the counterpart of
yeast dye; Giraud and Velours, 1994) and bovid
subunit (Fig. 10m), has been modeled. Like subt
€ec the subunitdye and dm are composed of a
terminal helix-loop—helix structure and an

terminal 10-strande@sandwich structure. Howew:
the modeling of theec subunit indicates that the
terminus of the polypeptide is turned away from
bottom domain of the catalyti@ subunit. Thi
domain is believed to be involved in the couplini
catalytic-site events (Capaldi et al., 1996; Gribel
Capaldi, 1996) along withtandeec acting as a rotc
(reviewed in Junge et al., 1997; Masaike et al., Z
Tsunoda et al., 2001). This structural feature

conflict with the model of theeceec Subcomple:
(Rodgers and Wilce, 2000), in which thegc is
located in close proximity tf via its C-terminal-
helix and with itsB-sandwich barrel turned towe
the bottom ofy. As shown by cryo-electrc
microscopy (Gogol, 1994) and biochemical stu
(Mendel-Hartwig and Capaldi, 1991; Wilkens
Capaldi, 1998), theec subunit can exist in differe
states in the complex depending upon whether .
MgATP or MgADP is bound to the enzyme (Men(
Hartwig and Capaldi, 1991; Wilkens and Cap:
1998). Using E. coli F1 mutants with cysteir
substitutions in the C termini of the, B and €ec
subunits it has been shown that in the A
conformation, when theandeec subunits are linke
to a subunits, the high-affinity site is complet
closed with nucleotide unable to get in or out
contrast, in the ADP-conformation, when the si
subunits are linked tB subunits, there is nucleoti
exchange in and out from the high catalytic

(Gruber and Capaldi, 1996). Therefore, the que
arises as to whether the arrangement of the equi
to the bacteriad subunit in the yeast and boving.
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Fig. 1. The crystal structure of the bovingATPase (Gibbons et al., 2000)
superimposed on an envelope of the hydrd&edoli Fi-ATPase @3f3yde),
derived from X-ray small-angle scattering (shown in grey; Svergun et al.,
1998b). The crystallographic cordinates were taken from the Brookhaven
Protein Data Bank (Bernstein et al., 1977), entry 1E79. View A was rotated
counterclockwise by 90 ° around thexis and view B around theaxis.
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complexes reflects a trapped state during its nucleotidéveadpiece approximately 145A in diameter and a stalk
dependent movement. approximately 110A in length (Fig.5). Second, image
A model-independent approach, based upon the multipolgrocessing of electron micrographs of negatively stained V-
expansion method using spherical harmonics (Stuhrman&TPases fronClostridium fervidugBoekema et al., 1998) and
1970), has been developed to complement crystallographi¢;-ATPase fromM. sexta(Radermacher et al., 1999) yielded
studies of the quaternary structure of macromolecules such ago-dimensional structures at a resolution of 18 A and 24 A,
the R-ATPase fromE. coli from solution X-ray scattering respectively. A comparison of the independently identified
data. Application of this approach has led to a low-resolutiostructures (Boekema et al., 1998; Svergun et al., 1998b;
(32A) structure of the Fcomplex under nearly physiological Radermacher et al., 1999) revealed that the headpiece consists
and saturating nucleotide conditions (Svergun et al., 1998af a pseudo-hexagonal arrangement of six masses, surrounding
Svergun et al.,, 1998b). The hydrated-ATPase (Fig. 1, a seventh mass. These six masses, which are assumed to
Fig.5) is a compact molecule with a headpiece oftonsist of the major subunits A and B, are arranged in an
approximately 108 A from top to bottom and 110A wide.alternating manner (Boekema et al., 1998; Svergun et al.,
However, the overall structure is asymmetric due to the stert®98b). The first three-dimensional reconstruction of the V
(stalk) that is approximately 42 A in length and 53 A in crossomplex was determined at 32 A resolution from negatively
section (Svergun et al., 1998b; Griber, 2000). Thesstained preparations of thkl. sexta Vi-ATPase (Fig. 2)
dimensions are consistent with recent data regarding the cent(@riber et al., 2000a). A striking feature of the reconstruction
stalk in the 2.4 A resolution structure of the bovinedfPase is the presence of six elongated lobes, approximately 20 A in
(a3Baydmem) with a length of 47 A and 514 41A in cross  diameter and 90 A in length, which are parallel to the threefold
section (Gibbons et al., 2000), showing the regions of,the  axis (Fig. 2B). These lobes, which represent the alternating
andem subunits are exposed at the foot of the stalk, and thereliiree copies each of subunits A and B, can be traced for most
in close contact with §&~subunits, which will consequently of the length of the YATPase. The hexagonal barrel of
facilitate the mechanistic linkage of ATP hydrolysis to ionsubunits A and B encloses a core of approximately 40A. In
pumping (Fig. 1). this model the Y complex is barrel-shaped, being
approximately 110 A high and 135 A wide. At both ends of the
_ hexagonal barrel extensions can be observed. The extensions
Structure and mechanism of the \-ATPase on one side (Fig. 2A) are consistent with published two-
Structural aspects of ther\¥omplex dimensional average images of the/-ATPase from bovine
The idea that molecules now known to be V-ATPases malrain clathrin-coated vesicles, where elongated features
structurally resemble F-ATPases was suggested by earfiFig. 2F—H; as, ce) can be seen at the very top of tliwmain
micrographs of insect plasma membranes (Gupta and Berridg®Vilkens et al., 1999). The extensions on the opposite side can
1966; Anderson and Harvey, 1966), which showed repeatinde attributed to traces of the stalk, e.g. the extension visible in
spike-like units supporting globular structures. The spike-withFig. 2B,C. The correspondence of dimensions of the hexagonal
globule structures are widely distributed on transportinglomain as determined by SAXS (see above) and electron
plasma membranes and were designated ‘portasomes’ (Harveycroscopy indicate that the stalk is not completely resolved
et al., 1981). Meanwhile, negatively stained membranes froiim the three-dimensional reconstruction, presumably due to
bovine chromaffin granules (Schmidt et al., 1982) and thabsorption and drying of thei\particle on the carbon film.
vacuolar membranes ®eurospora crassgBowman et al., However, a striking fact is that the shape and interdigitation of
1989) were shown to contain similar structures, andhe AsBs subunits, located around the periphery of the barrel,
sequencing of the genomic DNAs encoding V-ATPasere in agreement with the three-dimensional model of the
subunits (Bowman et al., 1988) demonstrated beyond doubtlated k-ATPase, derived from two- (Capaldi et al., 1992;
that the particles areMATPases. The regulatory mechanism Gogol, 1994) and three-dimensional crystals of this complex
of reversible disassembly of the;\and \, complex, first (Abrahams et al., 1994; Bianchet et al., 1998; Hausrath et al.,
shown in theManduca sextanidgut (Sumner et al., 1995) and 1999), in which the alternating subunitsand 8 interdigitate
also later in yeast (Kane, 1995), suggested that a study of tfa the full length surrounding thesubunit.
dissociated Y complex could provide valuable information
about the structural features of this enzyme. The recovery of Topology and conformational rearrangements of the V

disassembled Mparticles from the cytoplasm in high yield and ATPase
purity (Graf et al.,, 1996) made the structural description Further insights into the topology of the-¥XTPase fromiM.
possible. sextawere obtained by tryptic digestion (Gruber et al., 2000a).

Two major advances have been made toward elucidating tiroteolytic digestion revealed that the nucleotide-binding
guaternary structure of\Muring the past two years. First, the subunit B was cleaved rapidly, yielding two fragments with
gross structure of thévl. sexta midgut Vi-ATPase was apparent molecular masses of 25 and 34 kDa, whereas trypsin
investigated by SAXS (Svergun et al., 1998b). The enzyme isad no obvious effect on the major catalytic subunit A. Among
highly elongated with a maximal length of about 220 A. Thethe stalk subunits, C—H, subunit D was cleaved most rapidly
solution scattering data define a hydrated complex with By trypsin, followed by subunits F, G, C and H, with subunit
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.

Fig. 2. Surface representation of the three-dimensional reconstruction ofith€Pdse fromManduca sextaletermined from negatively

stained specimens (Griber et al., 2000a). An asymmetric (as), and a more centrally located (ce) extension can be sagrualb\B-a s
interface. ec, protuberance. Bar, 100 A.

E being modified most slowly. The rapid and slow cleavage aflata imply that one region of subunit E is shielded by the
subunits D and E, respectively, is an important finding sincemaller subunits F and G (Fig. 3). In addition, the disulfide
both have been proposed as structural and functionéonding of the catalytic A subunits with subunit E in the
homologues of theg subunit of F-ATPases (Bowman et al., presence of CaADP indicates that these subunits are near
1995; Nelson et al.,, 1995; Xu and Forgac, 2000). Thaeighbors. The close proximity of subunit E to subunits A, F
observation that the D subunit is cleaved immediately int@and G would allow stalk subunit E to couple events in catalytic
small peptides by trypsin is surprising; it implies that thissubunit A via stalk subunits F and G (Gruber et al., 2000a) in
polypeptide is exposed in the enzyme and does not support itee Vi portion of the {V,-ATPase to events in the ion-

putative role as § homologue (Grtber et al., 2000a). translocating ¥ portion (Fig. 3; Tomashek et al., 1997).
Copper chloride-mediated disulfide formation vyielded . _
further insight into the proximity of thel. sextaV1 subunits Redox modulation as a regulation of V-ATPases

to each other and into their functional relationships. When the There is abundant evidence that V-ATPase activity is
enzyme was incubated with 2 mmdlICaADP on ice before modulated by disulfide-bond formation (Feng and Forgac,
Cu2* treatment, two bands with apparent molecular masses @092; Forgac, 2000). A mechanism of reversible disulfide-
120 and 110kDa, consisting of the subunits A,E,F and B,Hypond formation between cysteine residues f{€ysand
respectively, were obtained. A B,H product did not occur whel€yss32) of the catalytic A subunit was proposed to regulate
cross-linking was conducted in 2mmdlICaATP on ice to the V-ATPasdn vivo (Oluwatosin and Kane, 1995; Forgac,
slow down ATP hydrolysis, implying that subunit H moves2000). A mechanism was proposed in which disulfide bond
away from B to the A,B interface (Fig. 3). This interpretationformation is quickly followed by dissociation of the ¥nd
is consistent with the model of the yeastATPase, in which Vo complexes (Dschida and Bowman, 1995), implying that
subunit H was located at an interface of the nucleotide-bindingucleotide-binding and hydrolysis in the A subunit of the V
subunits A and B (Tomashek et al., 1997). Moreover, in thdomain have to be linked by the stalk region to ion
presence of CaATP, two new bands with apparent molecularanslocation in the membrane-bound domain. Recently
masses of 42 and 44 kDa, and composed of the subunits ESAXS experiments showed that reducing theATPase of
and E,F, respectively, were observed. A homologous cros$. sextdeads to significant changes in the overall dimensions
linked product consisting of subunits E and G was also beesf the complex. The radius of gyration of the oxidized and
generated using dimethyl sulfoxide (Thomashek et al., 1997pduced enzyme are 62+6A and 58+6A, respectively,
and disuccinimidyl glutarate (Xu et al., 1999) as cross-linkingvhereas the maximum dimension of both complexes remains
reagents. constant at 220+10 A (Griiber et al., 2000b). The shapes of
Taken together, the trypsin cleavage and the cross-linkingoth complexes (Fig. 4) were determinatd initio at a
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the subunits A and B to the related F-ATPase sub@ratsd

a, respectively (Nelson, 1992), whose N termini forng-a
barrel domain in a crown-like fashion (Bakhtiari et al., 1999),
the conformational changes at the top of theATPase are
presumably due to rearrangements in the N termini of the A
and B subunits. As shown more recently by three-dimensional
reconstructions of the relatedMs-ATPase fromE. coli, a
crown-like shape, which is missing in the absence of the
nucleotide (Bottcher et al., 2000), evolves upon binding of the
non-cleavable nucleotide analogue AMP-PNP into the

i

g=os

i ;1 catalytic @ subunit. The appearance of the crown has been
IV attributed to rearrangements in the N-terminal domains of the
i a and 3 subunits, located at the very top of. Moreover,

t

when AMP-PNP or ADP are bound to the catalytic site,
Fig. 3. Model of the subunit arrangement in theATPase fromM.  gybunit B assumes itslosed conformation, in which the
sexta and its nucleotide-dependent rearrangement, based on ”él‘?jenine-binding pocket moves into close proximity with the
combination of the solution-scattering X-ray data, the three- hosphate-binding domain, the P-loop; it moves away when

dimensional reconstruction (dark grey) and biochemical studie%e binding-site is emptyopenconformation), as shown b
(Grlber et al., 2000a). Subunits C—H are placed within the envelop 9 pho ’ y

of the stalk of \{ from M. sextaas determined by SAXS data tﬁe crystgllograph?c model of tieyBsy subcomplex of bovine
(Svergun et al., 1998b). heart mitochondrial FATPase (Abrahams et al., 1994).
There is a striking similarity between the crown structure of
the E. coli FiFo-ATPase (Bottcher et al., 2000) that evolves
resolution of 27 A by a simulated annealing procedure, baseafter binding of AMP-PNP dlosed conformation) and the
on a representation of the structure in terms of dummy atonesown-like feature that is observed in the oxidizegATPase
(Svergun, 1999). Both low-resolution structures have &Griber et al., 2000b). In this state, the catalytic A subunit is
characteristic mushroom-like shape with a central stalk ofroposed to be in elosedconformation (Forgac, 2000), and
significant length, similar to the identified structures of thealters into a wedge-like shape after reduction af W
V1-ATPase fronClostridium fervidugBoekema et al., 1998) summary, the structural changes in the headpiece, upon
and M. sexta (Svergun et al.,, 1998), using electron reduction of the enzyme, correspond with alterations of the
microscopy and SAXS, respectively. Comparison of theprotuberance of the stalk into a wedge-like feature, which
oxidized and reduced models indicates that the maignables the enzyme to transmit the activating movements that
conformational changes upon reduction take place in both tigke place in the ¥Yheadpiece to the s¢complex.
crown-like region at the very top of the globular headpiece,
where the major subunits A and B are located, and in the
elongated stalk. Both regions evolve into an arrow-like shape The archaeal A-ATPase
after reduction (Gruber et al., 2000b). Based on homology of Like F1 and i complexes of F- and V-ATPases, the A
complex of archaeal ATPases possesses a pseudo-hexagonal
arrangement of the major subunits A and B, as proposed from
two-dimensional images of the thermoacidophilic archaea
Sulfolobus acidocaldariusnd Methanosarcina mazeG61l
(Lubben et al., 1988; Wilms et al., 1996). However, in contrast
to the related + and \Vi-ATPases described above, little is
known about the overall structure of the enzyme. This
information gap is largely due to the instability of the isolated
complexes (Wilms et al., 1996; V. Muller, unpublished). A
new avenue of research was opened by the cloning and
sequencing of the #Mo.-ATPase encoding genes from
methanogenic archaea. M. mazeiGo1l, the genes encoding
the ATPase are clustered on the chromosome and comprise an
operon. A fragment containirahag ahaC ahaF, ahaB ahaA
and ahaG was cloned in an overexpression vector and
|z_ transformed into the {Fo-ATPase negative mutari. coli
30AX DK8, which produced an AATPase upon induction of gene
expression. This Acomplex is made up of the five different
Fig. 4. Low-resolution models of the oxidized (left) and reduced V subunits A, B, C, D and F, with apparent molecular masses of
ATPase (right) fronM. sexta(Gruber et al., 2000b). 64, 51, 41, 24 and 11kDa, respectively, as estimated from the

y
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absent in the presence of MgADR{B. Coskun, J. Godovac-
Zimmermann, T. Lemker, V. Miller and G. Griber,
unpublished data). The disulfide bond that forms between
catalytic subunit A and subunit D in the presence of MgATP
indicates that these subunits are near neighbors. Furthermore,
the absence of an A-D product, when MgADPa&f bound,

also indicates a rearrangement of these subunits due to
nucleotide binding. Taken together, the shielding psébunit

D from trypsin and the nucleotide-dependent cross-linking of
A to D are reminiscent of the shielding of the Subunit E

Fig. 5. Comparison of the low-resolution envelopes (shown in greyérom the protease and the substrate-dependent proximity of E
of E. coli F1- (A), M. mazeiGo1 A- (B) andM. sextaVi-ATPase (0 the catalytic A subunits (Griber et al., 2000a), which
(C) (Griiber et al., 2001). In the structure of thay subcomplex of ~ Suggests in turn thatisubunit D and Y subunit E may have
related E. coli F1-ATPase (entry 1D8D) is superimposed on thesimilar functional roles.

envelope AB3CDF complex of the AATPase fromM. mazei

(Gruber et al., 2001).

Conclusions and future perspectives

amino acid sequences (Wilms et al., 1996); subunit E was not Phylogenetic studies show that A- and V-ATPases evolved
produced inE. coli (T. Lemker and V. Miller, unpublished). from a common ancestor (Iwabe et al., 1989; lhara et al., 1992).
Based on SAXS data, the 3BsCDF-complex (Fig.5) The evolutionary relationship of both enzymes, and their
comprises a headpiece approximately 94 A long and 92 A wideslationship to F-ATP synthases, were confirmed by comparing
(Gruber et al.,, 2001). Superposition of the low-resolutiorthe low-resolution structure of theiAFi- and W-ATPases,
structure of the Acomplex with the atomic model of tkkeBsy ~ which revealed that a knob-and-stalk-like shape is common to
complex of the relatediFATPase fronE. coli(Hausrath et al., all three complexes. The stalk domains of the more closely
1999) reveals a striking similarity, especially with respect taelated A and Vi are remarkably similar in shape and
the disposition of the nucleotide binding subunitandf, the  dimensions, and are different in these respects from the F
homologs of subunits B and A, respectively (Fig. 5B; GrubeATPase. Despite the differences in structuregddfand RFo

et al., 2001). This structural similarity lends support to the vievenzymes function as ATP synthases in cells whereasitie V
that A- and F-ATPases share a common catalytic mechanisAlTPase works as an ATP-driven ion pump. The elucidation of
for ATP synthesis. The overall structure of the hydratedhe structural basis for this functional difference is a challenge
particle is asymmetric because of the stalk, which idor future studies.

approximately 84 A long and 60 A in diameter. The shape and Further evidence for a closer relationship between A- and
length of the stalk strongly resemble those in the stalk domai-ATPases than either has to F-ATPase is found by comparing
of the related V-ATPase fromM. sexta(see Fig. 5) (Svergun A, and \b to Ry domains. Unlike the J~domain (see above)
etal., 1998b; Gruber et al., 2000b). A comparison of the overathe V, and A domains contain only two membrane integral
structures of the A and V-ATPases (Svergun et al., 1998b; subunits, a (I in AiA.-ATPases) andc (the so called
Gruber et al., 2001) with the low resolution (Svergun et al.proteolipid). There is a surprising variation in the number of
1998a; Svergun et al., 1998b) and atomic models dEtleeli  proteolipid subunits: two additional proteolipid suburitgnd

(see Fig. 5; Hausrath et al., 1999) and bovine haafiTiPase c¢", both of which have homology to subuni{Stevens and
(Gibbons et al., 2000) identified major differences betweerorgac, 1997) are found in some V-ATPases, the F-ATPase
these molecules. In particular, the &ATPase differs in shape from the bacteriunAcetobacterium wooddontains two 8-kDa
from the other two enzymes and has a significantly shortgroteolipid subunits,cc and c3, and the A-ATPase from
stalk, being approximately 40-45A long and 50-53 A widethe archaeonArcheoglobus fulgiduscontains two 8kDa
(Gibbons et al., 2000; Griber, 2000). These differences apgoteolipids (Mdller et al., 1999; Miiller et al., 2001).
consistent with the proposed evolutionary linkage of #d  Moreover, there is an astonishing variability in the size of the
V1-ATPases, which are thought to have evolved from commoproteolipids in archaeal A-ATPases with two, four or six
ancestral genes (lwabe et al., 1989; lhara et al., 1992). Tryptimnsmembrane helices and a variable number of conserved
digestion studies of the 3B3CDF complex have shown that ionizable groups per monomer (Muller et al.,, 1999). A
the subunits C and F are exposed in the complex, wherepsoteolipid with four transmembrane helices but only one
subunit D is well protected from the effect of trypsin (Gruberionizable group has recently been described in the bacterial
et al., 2001). The shielding of subunit D from trypsin is anFiFo-ATPase fromA. woodii(Aufurth et al., 2000). Regarding
important finding since this subunit has been proposed as tigese remarkably complex machines there still remains the
structural and functional homolog of thesubunit of F- question of how the energy coupling between the proposed ion-
ATPases (Muller et al., 1999; Griber et al., 2001). Ingradient-driven motion within the /Aand Vo domains is
experiments where Cuflvas added after preincubation of coupled by their stalks to the reversal of the ATP-driven
MgATP, the cross-linked product A-D was formed, which wasmotion in A and Vi domains.
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