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Abstract The general structure of F- and V-ATPases is quite
similar and they may share a common mechanism of action that
involves mechanochemical energy transduction. Both holoen-
zymes are composed of catalytic sectors, F; and V; respectively,
and membrane sectors, F, and V, respectively. Although we
assume that a similar mechanism underlies ATP-dependent
proton pumping by F- and V-ATPases in eukaryotic cells, the
latter cannot catalyze pmf-driven ATP synthesis. The loss of this
ability is probably due to a proton slip that is a consequence of
alterations in its membrane sector. The major events include gene
duplication of the proteolipids and the presence of three distinct
proteolipids in each complex. © 2001 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

V-ATPase and F-ATPase are evolutionarily and function-
ally related [1-3]. Both are complexes of more than 10 sub-
units assembled into two distinct sectors: A catalytic sector
involved in energy conversion and a membrane sector that
functions in proton transport across the membrane. In eu-
karyotic cells both enzymes exist, but the F-ATPase is con-
fined into semiautonomous organelles (mitochondria and
chloroplasts), whereas V-ATPase is present in most mem-
branes connected with the secretory pathway. Although the
activity of both enzymes is coupled to proton translocation
through the membrane in which the enzyme is located, their
location designates a different function to both complexes:
F-ATPase is mainly an ATP synthase, while the V-ATPase
only has an H"-ATPase function.

It was demonstrated that several types of mammalian cells
can survive without functional F-ATPase, whereas V-ATPase
is vital even in lower organisms [4-6]. To date, yeast cells are
the only eukaryotic ones capable of living without V-ATPase
[7,8]. Null V-ATPase mutants exhibit a low-pH-dependent
phenotype, thus yeast became instrumental in the V-ATPase
research. Yeast turned out to be an excellent model system to
identify essential V-ATPase subunits. With the exception of
VPHI and STV1 that encode homologous proteins [9,10], all
other genes encoding V-ATPase subunits are present as a
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single copy in the yeast genome [3]. Disruption of each of
the genes encoding essential V-ATPase subunits (except for
Vphlp and Stvlp, the analogues of the o subunit of F-ATP-
ase) resulted in an identical phenotype that is unable to grow
at a pH higher than 7, and sensitive to low and high calcium
concentrations in the medium [7].

Definite functions have been assigned to all but four of the
13 subunits that comprise the V-ATPase, the functional as-
signments being based primarily on homology to subunits in
the F-ATPase (V-A to F-B, V-B to F-a, V-G to F-b, and V-c
to F-c). It is assumed that the function of the homologous
subunits is similar in F- and V-ATPases. However, the B sub-
unit of F-ATPase is a typical F, subunit, whereas the G sub-
unit of V-ATPase was reported to be associated both with V,
and V, sectors [11-14]. The structure is most clearly conserved
between the V-A and Fi-B and between the V{-B and F;-a
subunits. Other subunits of the catalytic sector are less con-
served. The extreme is subunit D which is only analogous to
the y subunit of F1-ATPase, and the appearance of additional
subunits that are absent in the latter [15]. The same is true for
the membrane sector. In the yeast V-ATPase, the membrane
sector includes subunit ¢ (proteolipid) which has four trans-
membrane helices, and two additional proteolipids ¢’ and ¢”,
as well as Vphl and Stvl, two analogs of a subunit of
F1-ATPase [16-18]. Why is one proteolipid sufficient for
F-ATPases, whereas three of them are required for V-ATP-
ases? The likely mechanistic constraint that may have led to
the evolution of this deviation is the change in the coupling
efficiency of V-ATPases that is referred to as the ‘slip’ mech-
anism [1,19].

2. Materials and methods

2.1. Strains, media, and reagents

The wild-type (WT) that was used is Saccharomyces cerevisiae
W303 (MATalee trpl ade2 his3 leu2 ura3). The other strains used in
this work are: vma3A (MATa ade2 trpl ura3 his3 VMA3::LEU2);
vmallA (MATa ade2 trpl ura3 his3 VMAII: :ura3); vmal6A (MATa
ade2 trpl his3 leu2 VMAIL6.::URA3); vphlAlstvIA (MATa ade2 trpl
ura3 his3 VPHI::LEU2 STV1::URA3). The cells were grown in a
YPD medium containing 1% yeast extract, 2% bactopeptone, and 2%
dextrose or galactose. The medium was buffered by 50 mM Mes and
50 mM Mops, and the pH was adjusted by NaOH [7,20]. Agar plates
were prepared by the addition of 2% agar to the YPD buffer medium
at the given pH. Yeast transformation was performed as previously
described [21,22], and the transformed cells were grown on minimal
plates containing a 0.67% yeast nitrogen base, 2% dextrose, 2% agar
and the appropriate nutritional requirements.

2.2. Preparation of yeast vacuoles
For preparation of vacuoles, cells were grown in YPD medium
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adjusted to pH 5.5 by HCI and harvested at a cell density of about
0.8 OD units at 600 nm. Vacuolar membranes were prepared accord-
ing to Uchida et al. [23], except that the 8% Ficoll gradient purifica-
tion step was omitted, the homogenization buffer contained no mag-
nesium and the vacuoles were washed only once with the EDTA
buffer. ATP-dependent proton uptake activity was assayed by follow-
ing the absorbance changes of acridine orange at 490-540 nm as
previously described [24]. The 1-ml reaction mixture contained
20 mM Mops-Tris (pH 7), 15 mM KCI, 135 mM NaCl and 15 uM
acridine orange. Isolated yeast vacuoles containing 10 to 30 pg were
added to the reaction mixture followed by 10 ul of 0.1 M MgATP.
The reaction was terminated by the addition of 1 pl of 1 mM carbonyl
cyanide p-(trifluoromethoxy)phenyl-hydrazone (FCCP).

2.3. Staining of vacuoles in yeast cells with LysoSensor Green
DND-189

All strains were grown at 30°C to an ODgy between 0.7 and 1. For
LysoSensor Green staining (Molecular Probes Inc.), cells were har-
vested and washed with uptake buffer (YPD containing 100 mM
HEPES, pH 7.6). The cell pellets were resuspended at 20 ODgp/ml
in uptake buffer and dye was added to a final concentration of 15—
30 uM from a stock solution of 1 mM in DMSO. Cells were then
incubated for 30 min at 30°C and washed once with the same buffer.
Cell pellets were resuspended in fresh YPD pH 7.6 at 10-15 ODggo/ml,
placed on standard slides and photographed within 1 h after staining.
The samples were viewed with a LSMS510 confocal laser scanning
microscope (Zeiss) equipped with an argon 458-nm laser, and a
C-Apochromat 63X water immersion objective. A LP505 filter was
used for LysoSensor Green DND-189 fluorescence. The images were
recorded, merged and processed using the Zeiss LSM Image browser.

2.4. Construction of chimeras

Random chimeras of VMA3 and VMAII were constructed using
the method of R. Reed by which chimeras of two homologous genes
are created in situ in transformed Escherichia coli cells with linear
plasmid [25]. A series of chimeras were obtained with a construct in
which VMA3 was followed by VMAII. Both genes’ reading frames
(Met to stop codon — 0.5-kb fragments) were amplified by PCR on
WT yeast genomic DNA using appropriate primers carrying unique
restriction sites at their ends. The sense primer of VMA3 carried the
Sacl site and its antisense carried an EcoRI site. For VMAII, the
sense primer carried an EcoRI site and the antisense carried a Xhol
site. In this way, both reading frames were ligated tail-to-head, with a
unique EcoRI site between them, into pYES2 (Invitrogen) plasmid
predigested with Sacl and Xhol. The EcoRlI-linearized plasmid was
used for transformation of competent E. coli cells. From the trans-
formed colonies plasmid DNA was prepared, and the ones containing
an insert of about 500 bp were chosen for further analysis. HindIll, a
unique site of VMA3, and BstXI, a unique site for VM A1, were used
for sequential digestions of the plasmid minipreps to ascertain the
approximate location of the chimera’s junction. Each chimera was
checked for complementation to both vma3A and vmallA on YP-ga-
lactose plates buffered at pH 7.5. The chimeras were sequenced to
ascertain restriction analysis and verify their in-frame configuration.
Using this method we have generated a series of chimeras in regions
of sequence conservation between VMA3 and VMAII.

3. Results and discussion

3.1. Dissociation of the catalytic sector under physiological
conditions

Very few enzymes are inactivated by cold treatment,
F-ATPase holoenzyme being no exception to the rule. The
discovery by Racker and his colleagues of cold sensitivity of
the catalytic sector (F;) of F-ATPase, was pivotal for the
pioneering studies of the enzyme [26]. The isolated F; part
of the complex dissociates to its subunits upon its incubation
on ice and its ATPase activity is abolished. This cold inacti-
vation can be protected by including ATP in the incubation
medium or by binding it back onto the membrane sector. We
were therefore surprised to discover that V-ATPase complex
(V1-V,) of chromaffin granules was cold-sensitive [27]. More-
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Fig. 1. Addition of 0.8 M NaCl in the growth medium results in re-
duced V-ATPase activity. A: Yeast vacuoles were isolated as de-
scribed under Section 2 and adjusted to protein concentration of
3 mg/ml. Vacuoles containing 50 ug protein were assayed in each
sample. ATP-dependent proton uptake was measured by absorption
changes at 490-540 nm due to acridine orange accumulation. Where
indicated, 10 ul 0.1 Mg-ATP or 1 pl 1 mM FCCP were added.
(1) Cells grown on YPD. (2) Cells grown on YPD containing 0.8 M
NaCl. B: Western blot of vacuolar membranes decorated with anti-
bodies against V-ATPase subunits. The preparations of yeast vacu-
oles (10 pg protein) applied to 10% SDS-PAGE, and immunoblot-
ted with the indicated antibodies. (1) Cells grown on YPD. (2) Cells
grown on YPD containing 0.8 M NaCl. C: Yeast cells labeled with
the pH indicator LysoSensor Green DND-189. Cells grown on
YPD (pH 5.5) with or without addition of 0.8 M NaCl at 30°C
were transferred to uptake buffer (YPD containing 100 mM HEPES
buffered at pH 7.5) and stained with the dye (20 uM final concen-
tration). Vacuolar acidification was monitored by accumulation of
the fluorescent dye LysoSsensor Green DND-189 on the vacuolar
membrane. Dye uptake was monitored by confocal laser scanning
microscope (see Section 2). (1) Cells grown on YPD. (2) Cells
grown on YPD containing 0.8 M NaCl. (3) The double mutant
stvl AlvphlA was grown on YPD.
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over, Mg-ATP is required for its cold inactivation and inclu-
sion of EDTA in the medium protects against this sensitivity.
In addition treatment by NEM that binds at the ATP-binding
site of the enzyme had a protective effect as well. Similar
effects were observed with yeast vacuoles and membranes con-
taining V-ATPase from other sources, including Golgi and
lysosomes [28,29]. Sedimentation of the membranes and anal-
ysis of the supernatants of those cold-inactivated preparations
revealed that V1, the catalytic sector, dissociated from the
membranes upon the cold treatment. This V1 has no ATPase
activity, and when H™ leakage of cold-treated vacuoles was
checked, no such leakage was observed. This demonstrates
that the membrane sector of V-ATPases, contrary to the F,
of F-ATPases, is by itself not capable of proton translocation
[30]. If the V, were to keep its proton conductivity intact after
the V; dissociation, the organism would be doomed under
cold and other stress conditions. The cold inactivation of
V-ATPase is reversible. It was shown that the V,—V, reassem-
bly is pH-dependent and it was proposed that the E188 of ¢” is
the pH sensor for the complex [31,32].

Dissociation of V| from the membrane sector was demon-
strated in situ in plant and yeast cells following glucose dep-
rivation and during the molting period of insects [33-35]. We
recently observed that elevated NaCl concentrations in the
growth medium of yeast cells have a similar effect as glucose
deprivation. As shown in Fig. 1, the proton uptake activity of
isolated vacuoles of cells grown overnight in YPD containing
0.8 M NaCl was diminished as compared to the control in
YPD alone (Fig. 1A). The reduction of proton-pumping ac-
tivity under those conditions reflects a lower amount of as-
sembled holoenzyme in the vacuolar membrane (Fig. 1B). In
parallel, intact cells were analyzed for vacuolar acidification in
vivo by the pH-sensitive fluorescent dye LysoSensor Green
(Molecular Probes). This is a hydrophobic indicator that is
absorbed into membranes of acidic compartments in the cell.
The salt-treated cells show much lower fluorescence intensity
(Fig. 1C). The controls of this experiment are V-ATPase null
mutant and WT cells grown in YPD and incubated in YPD
containing 0.8 M NaCl prior to their labeling with the dye.
The controls demonstrate that there is no dye accumulation in
the vacuolar membrane without V-ATPase activity, and that
NacCl by itself does not interfere with the dye penetration and
its accumulation in the membranes in short time periods.

V-ATPase responds to physiological stresses not only by
the above-mentioned dissociation, but also by modulation of
its biosynthesis, degradation, assembly and change in distri-
bution patterns [2,36]. The latter differentiates the V-ATPase
from its related enzyme, F-ATPase. Moreover, the bioener-
getics of F-ATPase does not permit a dissociation event, as
the proton leakage of its membrane sector or the ATPase
activity of its catalytic sector will be deleterious to the func-
tionality of the organelles it functions in namely mitochondria
and chloroplasts. This constraint requires coordinated assem-
bly of the catalytic and membrane sectors so that at no time
during the biogenesis process will either catalytic or mem-
brane sectors of F-ATPase be in excessive amounts. In con-
trast, the lack of ATPase activity of V| of V-ATPase or pro-
ton conductivity of its V,, allows their independent
accumulation in the cytoplasm or membranes respectively.
Indeed the biogenesis of V-ATPase takes advantage of this
feature. An assembled complex of V; can be detected in the
cytoplasm of eukaryotic cells, and we observe the presence of
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an excess V, in almost every membrane containing V-ATPase
[37-39].

Consequently it is possible to utilize the separate V| and V,
parts for different metabolic and cellular processes which en-
able the flexible modes of modulation necessary for an enzyme
that is involved in a wide variety of interactions with other
complexes. Very recently, a V, participation in membrane
fusion processes was demonstrated, as well as the formation
of a complex between V| and the RAVE complex that was
proposed to be involved in regulation of V-ATPase assembly
[40,41].

3.2. The unique properties of the membrane sector (V,)
of V-ATPase

As mentioned above, both F and V-ATPases contain mem-
brane sector which functions in proton translocation across
their membranes [42,43]. Tt is likely that a similar mechanism
of an ATP-dependent proton translocation operates in both
enzymes; nevertheless the subunit composition and structure
of their respective membrane sectors is remarkably different
[3]. From all the subunits, only the proteolipids are homolo-
gous. However the V-ATPase proteolipid is double the size of
its counterpart in F-ATPase [44]. Moreover, three different
proteolipids comprise the central V, core, whereas only one
gene product comprises the parallel core in F-ATPase [18,45].
In the F-ATPase, subunit c (proteolipid) is an 8-kDa protein
containing about 80 amino acids. It is highly hydrophobic and
soluble in a chloroform/methanol solution. The E. coli pro-
teolipid has two transmembrane helices with a hairpin turn
facing the catalytic sector in the cytoplasm [46]. In the middle
of the second helix there is a glutamyl or aspartyl residue that
provides the binding site for N,N’-dicyclohexylcarbodiimide
(DCCD). DCCD binding blocks proton conductance across
the membrane and therefore inactivates the enzyme. In
V-ATPases, subunit ¢ (proteolipid) is also a highly hydropho-
bic protein that binds DCCD, but it contains about 160 ami-
no acids and has a relative molecular mass of 16 kDa [16,44].
DCCD binding inactivates the proton pumping and ATPase
activities of the enzyme [43]. The sequences revealed that the
proteolipid might have evolved by gene duplication and fusion
of an 8-kDa encoding ancestral gene homologous to that
present in F-ATPases [1]. The sequence data also revealed
four potential transmembrane helices with a single buried
carboxyl group in helix IV that is thought to be the DCCD-
binding site. The proteolipid is thought to be the principal
subunit involved in proton translocation across the mem-
brane. The yeast genome contains three genes encoding pro-
teolipids of V-ATPase: VMA3 (the principal proteolipid),
VMAII and VMAL16 [18]. The yeast V-ATPase contains sev-
eral copies of subunit ¢ and one copy of subunits ¢’ and ¢”
each essential for the activity of the enzyme [45]. Substitution
of the active glutamyl residue (to Ala or Gly) in each of the
proteolipids inactivated the V-ATPase but same substitution
in subunits ¢’ and ¢” produced a fully assembled enzyme that
reached the vacuolar membrane [18,45]. Recently, the genes
encoding subunits ¢’ and ¢” were cloned from Caenorhabditis
elegans [47]. Plant and mammalian expressed sequence tags
(est) encoding subunit ¢” are present in the GenBank and it
is likely that subunits ¢’ and c¢” will also be constituents of
other V-ATPases.

Site-directed mutagenesis of the principle yeast V-ATPase
proteolipid (Vma3p) revealed unusual sensitivity for changes
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Fig. 2. Schematic presentation of VMA3 and VMAII genes and
their chimeras. A: The positions of restriction site of HindIIl in
VMA3 (gray) and BstX1 in VMAII (black). The last four amino
acids of VMA3 are indicated. B: Six of the chimeras are schemati-
cally represented along with the complementation to both vma3A
and vmallA on YP-galactose pH 7.5 plates.

in the amino acid composition [20]. Very subtle substitutions,
especially near the glutamyl residue in transmembrane helix
IV which may be involved in proton conductance, inactivated
the enzyme [20]. Moreover, very subtle changes in different
transmembrane helices could suppress the inactivation and
render the enzyme fully active [24]. These observations suggest
that the proteolipids are tightly packed in V, and small alter-
ations in this packing inactivate the enzyme. Recent studies
with mutations introduced into the hydrophobic core of the
chymotrypsin inhibitor and interactions of a-helices in the
model system demonstrated that subtle changes in the size
of the amino acid residues in the interface of two helices
can cause significant destabilization [48]. Our studies of site-
directed mutagenesis and suppressor mutations are in line
with these studies as is the suggested model for intermolecular
interaction between helices II and IV in an isolated proteo-
lipid fraction from Nephrops norvegicus as well [49].

Since the three different proteolipids that comprise the c-
ring in V-ATPases are quite homologous, we initiated a study
with chimeric proteolipids. An in vivo method was used to
generate a series of chimeric proteolipids between VMA3 and
VMAII (Fig. 2). Out of 200 plasmids obtained, 33 showed
monomer-sized chimeras which were further checked by re-
striction analysis using a unique HindIII for VM A3 and BstXI
for VMAII (see Section 2). All chimeras were subjected to
complementation analysis to both vma3A and vmallA. Only
one of the chimeras has regained the ability to grow on YP-
galactose plates buffered to pH 7.5. Only chimera #1 was able
to complement vmallA but not vma3A. Sequence analysis of
this chimera showed that the 11 N’ amino acids of VMAII
were replaced by the 7 N’ amino acids of VMA3, the rest of
the sequence being that of VMAII. Sequencing of other chi-
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meras revealed that even when all four transmembrane helices
of VMA3 were present and only the C’ was replaced by
VMAILI, the chimera did not complement vma3A. To inves-
tigate which residue is critical for activity we created a mutant
of VMA3 in which the last three amino acids VVC were
deleted. This change rendered the proteolipid inactive, mean-
ing it could not complement vma3A. We next replaced the last
Cys to Ala, and this change alone also rendered the proteo-
lipid completely inactive.

To summarize, the results support the notion that VMA3 is
very sensitive even to mild changes, although it does not rule
out the possibility of creating chimeras between VMA3 and
VMAII, since in all the above chimeras the last Cys was
missing. The fact that omitting the last Cys in the ¢ subunit
of yeast completely inactivated the V-ATPase suggests a key
role of that Cys, either in enabling close interactions between
adjacent proteolipids or neighboring phospholipids. This was
quite unexpected since there is no proteolipid in any other
known organism that has a cysteine before the stop codon
[50]. Heterologous expression of N. norvegicus and lemon fruit
proteolipids partially complemented the vma3A yeast mutant,
so the requirement of the cysteine is an intrinsic property of
the yeast protein.

3.3. Factors to be considered for the proton slip in V-ATPases

Why is one proteolipid sufficient for F-ATPases, whereas
three of them are required for V-ATPases? The c-ring of F-
ATPase is a very tight structure containing variable number
of proteolipid molecules. Mitochondrial c-ring contains 10,
some bacteria contain 11 and chloroplasts contain 14 mole-
cules per complex [51-53]. These variable numbers already
show that theoretical stoichiometry of ATP hydrolysis and
proton pumping in various F-ATPases is not uniform and
this stoichiometry is not an integer. The likely mechanistic
constraint that may have led to the gene duplication and
evolution of two other proteolipids in V-ATPase, led to the
change in the coupling efficiency of V-ATPases that is referred
to as the ‘slip” mechanism [19,54]. The physiological expres-
sion of a mechanistic proton slip is manifested in limited pro-
duction of proton motive force (pmf) produced by energy of
ATP hydrolysis that cannot reach a thermodynamic equilib-
rium. A likely explanation of this phenomenon is depicted in
Fig. 3, which proposes drastic changes in the stoichiometry of

PROTON PUMP CONTROLLED BY A SLIP

ATP ADP+Pi ATP ADP+Pi

Ht

+ Auy+=0 Auy+=120 mv

Fig. 3. pmf-induced proton slippage in V-ATPase. At pmf (Aug+)
of 0 mV, the ATPase activity results in net proton uptake of about
two protons per ATP. The buildup of pmf results in an increase
proton slippage such that at about 120 mV there is no net proton
uptake. The pmf in which this equilibrium is reached is dependent
on the quality of the membrane.
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Fig. 4. Possible organization of the proteolipids in the membrane
sector of V-ATPase. The various transmembrane segments are num-
bered and colored accordingly. The negatively charged residues
within the transmembrane segments are marked and the possible lo-
cation of Vphlp or Stvlp is indicated.

ATP hydrolysis to proton pumping, when the pmf reaches a
value of about 120 mV. This value is about half way to the
maximal pmf value generated at a thermodynamic equilibrium
(about 250 mV were recorded in insect midgut and calculated
for lemon fruit). Fig. 4 shows a proposed model for the struc-
ture of the c-ring in various V-ATPases. It is based on the
assumptions that similar mechanisms underlie ATP-dependent
proton pumping by F and V-ATPases even though the latter
has three different proteolipids in its V, sector. It is apparent
that the c-ring of V-ATPase is an asymmetric structure and
the distribution of the negative charges facing the phospho-
lipids is not homogeneous. Moreover, the distance between
two negative charges is double the distance in the c-ring of
F-ATPase. We propose that this distribution of negative
charges is the main culprit in the generation of proton slip
during the catalytic activity of the enzyme. The long distance
between those negative charges that bind protons in a hydro-
phobic environment provides a higher probability for the pro-
tons to slip back into the cytoplasmic face of the membrane
especially when positive potential is building up in the lumen
of the organelle. The lipid environment around the c-ring may
influence the extent of proton slippage. The analysis of phos-
pholipid composition of lemon fruit and lemon seedling mem-
branes demonstrated that a different phospholipid composi-
tion affected the degree of coupling of ATP-dependent proton
pumping [55]. However we expect that subtle changes in the
amino acid sequences of one or more of the three proteolipids
present in V, will also be a determining factor.

Acknowledgements.: This project has been funded by the BMBF and
supported by BMBF’s International Bureau at the DLR.

References

[1] Nelson, N. (1992) Biochim. Biophys. Acta 1100, 109-124.

[2] Stevens, T.H. and Forgac, M. (1997) Annu. Rev. Dev. Biol. 13,
779-808.

[3] Nelson, N. and Harvey, W.R. (1999) Phys. Rev. 79, 361-385.

[4] King, M.P. and Attardi, G. (1989) Science 246, 500-503.

[5] Dow, J.A.T., Davies, S.A., Guo, Y., Graham, S., Finbow, M.
and Kaiser, K. (1997) J. Exp. Biol. 200, 237-245.

[6] Bowman, E.J., Kendle, R. and Bowman, B.J. (2000) J. Biol.
Chem. 275, 167-176.

227

[7] Nelson, H. and Nelson, N. (1990) Proc. Natl. Acad. Sci. USA 87,
3503-3507.

[8] Munn, A.L. and Riezman, H. (1994) J. Cell Biol. 127, 373-386.

[9] Manolson, M.F., Proteau, D., Preston, R.A., Stenbit, A., Rob-
erts, T., Hoyt, M., Andrew, Preuss, D., Mulholland, J., Botstein,
D. and Jones, E-W. (1992) J. Biol. Chem. 267, 14294-14303.

[10] Manolson, M.F., Wu, B., Proteau, D., Taillon, B.E., Roberts,
B.T., Hoyt, M.A. and Jones, E.W. (1994) J. Biol. Chem. 269,
14064-14074.

[11] Crider, B.P., Andersen, P., White, A.E., Zhou, Z., Li, X., Matts-
son, J.P., Lundberg, L., Keeling, D.J., Xie, X.S., Stone, D.K. and
Peng, S.B. (1997) J. Biol. Chem. 272, 10721-10728.

[12] Lepier, A., Graf, R., Azuma, M., Merzendorfer, H., Harvey,
W.R. and Wieczorek, H. (1996) J. Biol. Chem. 271, 8502-
8508.

[13] Supekova, L., Supek, F. and Nelson, N. (1995) J. Biol. Chem.
270, 13726-13732.

[14] Supekova, L., Sbia, M., Supek, F., Ma, Y. and Nelson, N. (1996)
J. Exp. Biol. 199, 1147-1156.

[15] Nelson, H., Mandiyan, S. and Nelson, N. (1995) Proc. Natl.
Acad. Sci. USA 92, 497-501.

[16] Nelson, H. and Nelson, N. (1989) FEBS Lett. 247, 147-153.

[17] Umemoto, N., Ohya, Y. and Anraku, Y. (1991) J. Biol. Chem.
266, 24526-24532.

[18] Hirata, R., Graham, L.A., Takatsuki, A., Stevens, T.H. and An-
raku, Y. (1997) J. Biol. Chem. 272, 4795-4803.

[19] Moriyama, Y. and Nelson, N. (1988) The vacuolar H"-ATPase,
a proton pump controlled by a slip, in: The Ion Pumps, Struc-
ture, Function and Regulation (Stein, W.D. Ed.), pp. 387-394,
Alan R. Liss, New York.

[20] Noumi, T., Beltran, C., Nelson, H. and Nelson, N. (1991) Proc.
Natl. Acad. Sci. USA 88, 1938-1942.

[21] Ito, H., Fukuda, Y., Murata, K. and Kimura, A. (1983) J. Bac-
teriol. 153, 163-168.

[22] Elble, R. (1992) Biotechniques 13, 18-20.

[23] Uchida, E., Ohsumi, Y. and Anraku, Y. (1988) J. Biol. Chem.
263, 45-51.

[24] Supek, F., Supekova, L. and Nelson, N. (1994) J. Biol. Chem.
269, 26479-26485.

[25] Buck, K.J. and Amara, S.G. (1994) Proc. Natl. Acad. Sci. USA
91, 12584-12588.

[26] Pullman, M.E., Penefsky, H.S., Datta, A. and Racker, E. (1960)
J. Biol. Chem. 235, 3322-3329.

[27] Moriyama, Y. and Nelson, N. (1989) J. Biol. Chem. 264, 3577—
3582.

[28] Moriyama, Y. and Nelson, N. (1989) J. Biol. Chem. 264, 18445—
18450.

[29] Moriyama, Y. and Nelson, N. (1989) Biochim. Biophys. Acta
980, 241-247.

[30] Beltran, C. and Nelson, N. (1992) Acta. Physiol. Scand. 146, 41—
47.

[31] Parra, K.J. and Kane, P.M. (1996) J. Biol. Chem. 271, 19592—
19598.

[32] Jones, P.C. (2001) J. Bacteriol. 183, 1524-1530.

[33] Kane, P.M. (1995) J. Biol. Cnem. 270, 17025-17032.

[34] Sumner, J.P., Dow, J.A., Earley, F.G., Klein, U., Jager, D. and
Wieczorek, H. (1995) J. Biol. Chem. 270, 5649-5653.

[35] Sikora, A., Hillmer, S. and Robinson, D.G. (1998) J. Plant Phys-
iol. 152, 207-212.

[36] Golldack, D. and Dietz, K.J. (2001) Plant Physiol. 125, 1643—
1654.

[37] Tomashek, J.J., Sonnenburg, J.L., Artimovich, J.M. and Klion-
sky, D.J. (1996) J. Biol Chem. 271, 10397-10404.

[38] Tomashek, J.J., Garrison, B.S. and Klionsky, D.J. (1997) J. Biol.
Chem. 272, 16618-16623.

[39] Tomashek, J.J., Graham, L.A., Hutchins, M.U., Stevens, T.H.
and Klionsky, D.J. (1997) J. Biol. Chem. 272, 26787-26793.

[40] Peters, C., Bayer, M.J., Buhler, S., Andersen, J.S., Mann, M. and
Mayer, A. (2001) Nature 409, 581-588.

[41] Seol, J.H., Shevchenko, A., Shevchenko, A. and Deshaies, R.J.
(2001) Nat. Cell Biol. 3, 384-391.

[42] Junge, W., Lill, H. and Engelbrecht, S. (1997) Trends Biochem.
Sci. 22, 420-423.

[43] Arai, H., Berne, M. and Forgac, M. (1987) J. Biol. Chem. 262,
11006-11011.



228

[44] Mandel, M., Moriyama, Y., Hulmes, J.D., Pan, Y.-C.E., Nelson,
H. and Nelson, N. (1988) Proc. Natl. Acad. Sci. USA 85, 5521-
5524.

[45] Powell, B., Graham, L.A. and Stevens, T.H. (2000) J. Biol.
Chem. 275, 23654-23660.

[46] Girvin, M.E., Rastogi, V.K., Abildgaard, F., Markley, J.L. and
Fillingame, R.H. (1998) Biochemistry 37, 8817-8824.

[47] Oka, T., Yamamoto, R. and Futai, M.. (1997) J. Biol. Chem.
272, 24387-24392.

[48] Lemmon, M.A., Flanagan, J.M., Treutlein, H.R., Zhang, J. and
Engelman, D.M. (1992) Biochemistry 31, 12719-12725.

[49] Jones, P.C., Harrison, M.A., Kim, Y.-I., Finbow, M.E. and
Findlay, J.B.C. (1994) Biochem. Soc. Trans. 22, 247-255.

N. Perzov et al.IFEBS Letters 504 (2001) 223-228

[50] Holzenburg, A., Jones, P.C., Franklin, T., Heimburg, T., Marsh,
D., Findlay, J.B. and Finbow, M.E. (1993) Eur. J. Biochem. 213,
21-30.

[51] Stock, D., Leslie, A.G. and Walker, J.E. (1999) Science 286,
1687-1688.

[52] Stahlberg, H., Muller, D.J., Suda, K., Fotiadis, D., Engel, A.,
Meier, T., Matthey, U. and Dimroth, P. (2001) EMBO Rep. 2,
229-233.

[53] Seelert, H., Poetsch, A., Dencher, N.A., Engel, A., Stahlberg, H.
and Muller, D.J. (2000) Nature 405, 418-419.

[54] Jones, P.C. (2001) J. Bacteriol. 183, 1524-1530.

[55] Muller, M.L., Jensen, M. and Taiz, L. (1999) J. Biol. Chem. 274,
10706-10716.



