The Journal of Experimental Biology 206, 3227-3237 3227
© 2003 The Company of Biologists Ltd
doi:10.1242/jeb.00543

Biochemical support for the V-ATPase rotary mechanism: antibody against
HA-tagged Vma7p or Vmal6p but not VmalOp inhibits activity

Keren Aviezer-Hagai*, Vered Padler-Karavani* and Nathan Nélson
Department of Biochemistry, The George S. Wise Faculty of Life Sciences, Tel Aviv University, Tel Aviv 69978, Israe

*These authors contributed equally to this work
TAuthor for correspondence (e-mail: nelson@post.tau.ac.il)

Accepted 16 June 2003

Summary

V-ATPase null mutants in yeast have a distinct, VmalOp-HA containing enzyme. These results support the
conditionally lethal phenotype that can be obtained function of VmalOp as part of the stator, while the other
through disruption of any one of its subunits. This enables tagged subunits are part of the rotor apparatus. The HA-
supplementation of this mutant with the relevant subunit tag was attached to the N terminus of Vmal6p; thus the
tagged with an epitope against which an antibody is antibody inhibition points to its accessibility outside the
available. In this system, the effect of antibody on the vacuolar membrane. This assumption is supported by the
activity of the enzyme can be analyzed. Towards this end supplementation of the yeast mutant by the homologues of
we used HA to tag subunits Vma7p, VmalOp and Vmal6p isolated from Arabidopsis thalianaand lemon
Vmal6p, which are assumed to represent, respectively, the fruit c-DNA. Contrary to yeast, which has five predicted
shaft, stator and turbine of the enzyme, and used them to helices, the plant subunit Vmal6p has only four. Our
supplement the corresponding yeast V-ATPase null results confirm a recent report that only four of the yeast
mutants. The anti-HA epitope antibody inhibited both the  Vmal6p complexes are actually transmembrane helices.
ATP-dependent proton uptake and the ATPase activities
of the Vmal6p-HA and Vma7p-HA containing complexes,
in intact vacuoles and in the detergent-solubilized enzyme. Key words: V-ATPase, subunit, antibody, proton uptake, yeast,
Neither of these activities was inhibited by the antibody in lemon, ATPase.

Introduction

The eukaryotic V-ATPase is an ATP-driven proton pumpATPases, however, which contain a single type of proteolipid
responsible for the acidification of various intracellularc subunit (8 kDa), the V-ATPase in yeast contains three
compartments, which in turn is important for a variety ofdifferent proteolipid subunits designatect’ (16 kDa) anc:"”
cellular functions. Among these are secondary transport 21 kDa) (Vma3p, Vmallp and Vmal6p, respectively)
small molecules and ions, targeting of newly synthesize@elson and Nelson, 1989; Umemoto et al., 1990; Hirata et al.,
lysosomal enzymes and receptor-mediated endocytosi®97). It is suggested that a single copy of both Vmallp and
(Nelson and Harvey, 1999; Nishi and Forgac, 2002). V¥mal6p and multiple copies of the Vma3p proteolipid are
ATPases also play a critical role in the maintenance of vacuolaresent per complex (Powell et al., 2000), although other
homeostasis in plant cells and are involved in plants’ defens#udies have suggested that there may be two copies of
against environmental stress (Taiz, 1992; Dietz et al., 2001Ymal6p (Gibson et al., 2002).

The V-ATPase is composed of two functional domains The F-ATPase was directly shown to work by a rotary
interconnected by peripheral and central stalks. The 640 kDaechanism in which conformational changes in the catalytic
catalytic Vi domain contains eight different subunits sector cause a rotation of thesubunit within it, leading to a
designated A—H, and the 260 kDa membranogsd®main  counterclockwise turning of the membrane seatening
contains five different subunita,(c, ¢, ¢" andd) (Arata et al., against the membranous lamysubunit. The latter is held fixed
2002). It is believed that the hydrolysis of ATP by fdtates  relative to the headpiece by a peripheral stalk (Noji et al., 1997;
the central shaft (D subunit), which in turn causes the rotatio®mote et al., 1999; Sambongi et al., 1999; Panke et al., 2000).
of the membrane-ring against its stator (E, G and a subunits),A similar method was recently used to show the rotation
resulting in proton translocation into the vesicle (Nelson andnechanism of V-ATPase (Imamura et al., 2003; Yokoyama et
Harvey, 1999). The V-ATPase is closely related to bacteriadl., 2003; Hirata et al., 2003). In order to support the rotary
and mitochondrial F-ATPase, and they both share structuratechanism of the V-ATPase, and to elucidate the participating
and functional similarities (Nelson et al., 2002). Unlike the Frotating subunits, we used a biochemical approach involving
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specific antibodies. In contrast to single molecule studies thagspect to the proposed rotary mechanism, the effect of an anti-
frequently rely on a small fraction of the total molecules,HA antibody on V-ATPase containing a tagged subunit was
biochemical studies report on the total population and arested. We report that, in contrast to the HA-tagged Vmal0p,
able to quantify the proton uptake and ATPase activitieshe binding of anti-HA antibody to epitope-tagged Vma7p or
simultaneously. Vmal6p-containing complexes inhibited both ATP-dependent

Antibodies have long been used as a powerful tool in thproton uptake and ATPase activity.
analysis of structure—function relationship in various enzymes
and enzyme complexes. The influence of antibody binding to
enzyme or enzyme complex on their activity can be positive,
negative or neutral. The extent of inhibition or enhancement of Strains, media and reagents
activity is a reflection of the nature and distribution of the The ‘wild type’ strain used was hapld®] cerevisia&dVv303
various antigenic determinants on the enzyme (Arnon, 1975[trpl ade2 his3 leu2 urg3The other haploid strains used in
Antibodies are hydrophilic macromolecules and as such canntitis work were: vmal@ (trpl ade2 his3 leu2 ura3
penetrate biological membranes; this makes them applicable WVIA10::URA3; vmal& (trpl ade2 his3 leu2 ura3
the study of the topology of membrane proteins as was donédMA16::HIS3 and vma? (trpl ade2 his3 leu2 ura3
for the F-ATPase subunit (Girvin et al., 1989) and for the V- VMA7::URA3; vmall (trpl ade2 his3 leu2 ura3
ATPasec” subunit (Vmal6p), where it was shown that the CVMA11::URA3. VMAS3 with the HA and six His residues
terminus of Vmal6p is cytoplasmic (Nishi et al., 2001). Ininserted before the last cysteine, was integrated into the
studies of the F-ATPase, monoclonal or polyclonal antibodiegenome by homologous recombination to YHdA3::URA3
against the various subunits were used. Polyclonal antibodiesutant strain, and verified by Southern blot. The cells were
against thec subunit ofE. coli, recognizing epitopes on the grown in YPD medium containing 1% yeast extract, 2%
cytoplasmic side (the loop region), prevented the binding of Fbactopeptone and 2% dextrose (YPD) or 2% galactose with
to Fo and blocked proton translocation through the open F0.2% fructose (YPGAL). The medium was buffered by
channel (Deckers-Hebestreit and Altendorf, 1992). It wa$0mmoll- MES or 50mmoll-1 MOPS, and the pH was
shown that subunit strongly binds thesubunit, and is located adjusted using NaOH (Noumi et al., 1991). Agar plates were
between the fand k portions of the enzyme (Fillingame, prepared by the addition of 2% agar to the YPD-buffered
1999; Tsunoda et al., 2001). Polyclonal @&dera caused near medium at the given pH. Yeast transformation was performed
complete inhibition of the F-ATPase activity (Smith andas previously described (Ito et al., 1983; Elble, 1992) and the
Sternweis, 1982). Tha subunit was subsequently shown totransformed cells were selected on minimal medium
be non-rotary by the use of a monoclonal antibody against itontaining 0.67% yeast nitrogen base, 2% dextrose, 2% agar
Binding of gradually increasing moieties to thesubunit by and the appropriate nutritional requirements. The growth
using the (Fab) complete antibody or a complete antibodyphenotype of the transformed yeast null mutants was checked
with increasing amounts of the secondary IgG did not changen YPD or YPGAL plates buffered at pH5 and pHb.5
the extent of inhibition, which was 50% at most; hence leadin@\elson and Nelson, 1990).
to the conclusion that rotational catalysis of that subunit is most
unlikely (Moradi-Ameli and Godinot, 1988). Plasmid constructs

When the effect of specific antibodies on V-ATPase was The coding region o0fMA7, VMA10andVMAl6genes was
tested, only the antibody raised against subunit F (Vma7@mplified from the yeast genomic DNA by polymerase chain
inhibited activity. In tobacco hornworm proton uptake as welreaction (PCR) with specific primers. The DNA fragments
as the ATPase activity could be inhibited to the same extemtere cloned into BFG-1 yeast shuttle vector, which is a high
(Gréaf et al., 1994). In the yeaSt cerevisiagit was reported copy number plasmid containing 2-micron (a yeast ori of
that the ATP-dependent proton uptake was inhibited by antreplications),LEU2 marker and a 3-phosphoglycerate kinase
HA epitope antibody added to vacuoles containing HA-tagge(PGK) promoter, followed by three copies of hemaglutinin
Vma7p V-ATPase (Nelson et al., 1994). Hence, the interactiofHG) epitope, a multiple cloning site and a PGK terminator.
of antibody with the V-ATPase subunits can be used to test tliehe yeast genes were cloned downstream to the HA epitope,
mobility of the various parts of the enzyme. into theXbd andEcaRl sites (excepVYMAl1lthat was cloned

Up to now, homologues of Vmal6p from plants have notnto EcaRrl andXhd sites), thus containing the tag in their N
been isolated (Sze et al., 1999). Here we report on the clonitgrminus. The cDNAs encoding Vmal6p frofmabidopsis
of plant cDNAs encoding Vmal6p and show that the subunihalianaand lemon fruit were cloned into pYES2 shuttle vector
lacks the first putative transmembrane span but neverthele@ontaining 2-micron antRA3 marker) under the inducible
supplements the yeast Vmal6p-null mutant. Implications oGAL promoter.
these results on the yeast subunit led to construction of the
N-terminal HA-tagged Vmal6p, which was used along Isolation of VMA16 cDNAs frorrabidopsis thalianand
with tagged VmalOp and Vma7p V-ATPase subunits in lemon fruit
our experiments. In order to learn more about the A search in theArabidopsis thalianadatabase revealed
structure—function relationship of the specific subunits, withwo clones encoding Vmal6ép homologue. The longest one

Materials and methods
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(At4g32530) was amplified by PCR with specific primers0.5mmoll-1 phenylmethylsulfonylfluoride (PMSF), and
from the Arabidopsis thalianacDNA library (ATCC). The recovered by centrifugation (Beckman Ti75, 200 g,
degenerative primers used for the isolation of the lemon fruBOmin). The pellet was suspended in 30®f solubilization
Vmal6p homologue were prepared according to the deducéaiffer containing 1@nmoll-1 Tris-HCI, pH7.5, 1mmoll-1
amino acid sequence of th&rabidopsis thalianaclone: EDTA, 2mmoll-1 DTT, 0.5mmoll~}, 0.5mmoll-1 PMSF
forward-AWGIYITG and reverse-NAFGVII. These primers and 4.5% glycerol. To this suspension the detergent ZW3-14
were used for PCR on the lemon fruit cDNA (Aviezer-Hagaiwas added at a final concentration of 0.5%, and after incubation
et al., 2000). The DNA fragment that was obtained @0 at 4°C for 15min (with gentle mixing every Bin) it was

was used to construct specific primers: forward-GAT GGQentrifuged at 2000g for 30min. 40Cul of the clear
ATATCC AGC TCT TAG and reverse-CAC CTC CAA GAA supernatant was recovered and layered on top of a 20%-50%
TCT CAT CAG TGT. These primers were used by PCR(v/V) glycerol density gradient containing frmoll-1 Tris-

with the lemon fruit cDNA N and C set of primers (see HCI, pH7.5, immolI=1EDTA, 2mmolI-1DTT, 0.5mmol -1
construction of specific primers; Aviezer-Hagai et al., 2000) t&®MSF and 0.005% (w/v) ZW3-14. The gradient was separated
obtain overlapping fragments containing theBd 3 ends of by centrifugation in Beckman SW-60 4380¢g, for 5h. 12

the lemon cDNA. For cloning into the pYES2 plasmid, thefractions of 0.35nl each were collected from the bottom of the
coding region of the lemon fruit Vmal6p homologue wagube. Bafilomycin A-sensitive ATP hydrolysis was tested by
obtained by PCR with primers containing the initiatormeasuring the production of inorganic phosphate, using a

methionine or the stop codon. modified McCusker et al. (1987) assay. ATP hydrolysis was
_ assayed in 0.5l reaction mixture at a final concentration of
Western analysis 25mmol I-1 MOPS-Tris, pH7, 3¢mmol |- KCI, 50 mmol -1

Western blots were performed as described by Nelson et &laCl, 5mmoll-1 MgClz and 5mmoll~1 NaATP. Briefly,
(1994). The nitrocellulose filters were subjected to the ECI50 ul of gradient fractions were preincubated in 200eaction
amplification procedure (Perkin Elmer Life Sciences, Bostonmixture without Mg-ATP for 10min at room temperature in
USA) and exposed to Kodak X-Omat LS film for Imf. The the presence and absence qfrdol I-1 (final concentration)
antibodies used in this study were: monoclonal antibodieBafilomycin Ai.. They were then preincubated for anothér 1
against the HA-tag (BabCO, 12CA5 mouse cell line) accordingt room temperature in the presence and absence |df &0
to Nelson et al. (1994) and Vphlp (10D7-A7-B2; Molecular1:1000 anti-HA monoclonal antibody (BabCO, 12CA5 mouse
Probes, Inc.), both at a dilution of 1:1000 (v/v) and polyclonatell line). Next, 1Qul of sonicated asolectin f&gml-1) was
antibodies against Vmab5p and Vmalp from guinea pigdded. The reaction was initiated by addition of RB0O
at a dilution of 1:5000 and 1:1000 (v/v) (Supek et al..5mmoll~ MgCl, and 5mmoll-l NaATP, allowed to
1994), respectively. Secondary antibodies were horseradigitoceed for 19nin at 30°C and stopped by addition of thb
peroxidase (HRP)-conjugated sheep anti-mouse Ig (Amershatombined stop—colorimetric development reagent consisting of
International, Uppsala, Sweden), which also served as %% FeSQs, 1% ammonium molybdate andviol I-1 H2SQu.
primary antibody where indicated, and HRP-conjugated rabbi€olor development was allowed to proceed foniib at room
anti-guinea pig antibody (Sigma, St Louis, USA) at a dilutiontemperature and was monitored at 880 The same mixture
of 1:5000 (v/v). but without the stop solution was used for the glycerol gradient

fractionation in order to separate the unbound anti-HA
Preparation of yeast vacuoles antibody and demonstrate the anti-HA-V-ATPase complex.

Yeast vacuoles were prepared according to the method of
Uchida et al. (1985) with the required modifications described ATP-dependent proton-uptake assay
by Perzov et al. (2002). For yeast strains transformed with Proton uptake activity was measured following the
plasmid, the cells were grown overnight ifitér of minimal  absorption changes at 490-5#f of Acridine Orange as
medium lacking the appropriate amino acid to stationary phaspreviously described by Perzov et al. (2002), with the
they were next diluted to Oxsabsorbance at 60t in Sliters  appropriate modifications. Various amounts of purified
YPD, pH5.5, and grown for 4-B. Then the cells were vacuoles were added to the reaction mixturesnfil|-1
harvested and vacuolar membranes were isolated as previousWDPS-Tris, pH7, 15mmoll~1 KCI, 135mmoll-1 NaCl) to
described (Supek et al., 1994). Specific activity of eaclachieve similar proton pumping activity. From the wild type
preparation was established, and to assess the effect (/T) strain, 6ug of protein were used; from VmalOp-HA,
antibody on ATPase or proton uptake activity assays, 8ug; from Vma7p-HA, 4Qug and from Vmal6p-HA, 1fg
comparable amount was taken to give similar basal activitiewere used for this assay. B0n preincubation at room

in all strains tested. temperature followed in the presence and absence qillef5
1:1 diluted anti-HA monoclonal antibody (BabCO, 12CA5
ATPase assay mouse cell line). Next, Acridine Orange to j3®ol -1 final
Vacuolar membrane vesicles containing up to mgs concentration were added followed by (ilOof 0.1mol -1
protein were washed in Al of 10mmoll-1 Tris-HCI, MgATP. The reaction was terminated by the addition pf 1

pH 7.5, 1mmoll-1 EDTA, 2mmolI-1 dithiothreitol (DTT), of 1 mmoll-1 carbonyl cyanidep-(trifluoromethoxy) phenyl-
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hydrazone (FCCP). To analyze the extent of antibody bindingesicles were solubilized by incubation with 0.5% ZW3-14
to the holoenzyme, the same vacuolar preparation was used {awiterionic detergent), on ice for 1hin, and fractionated for
glycerol gradient fractionation and the anti-HA antibody assay{t3h (to provide the same conditions as in the ATPase assay;

was performed (see below). see below), 435009 on a glycerol density gradient as detailed
_ _ o above. Anti-HA binding to solubilized and fractionated
Anti-HA antibody binding assay vacuoles was tested following the ATPase assay procedure, but

The anti-HA binding to the intact vacuoles was tested in thevithout the addition of the stop solution. The reaction mixture
following way: 200yl of vacuoles (~2ug pl-1) were diluted in ~ was then fractionated on a 20%-50% glycerol density gradient
2ml of the proton uptake assay buffer (see above) an(hs detailed above) for 18at 505500g.
incubated at room temperature withj@Gnti-HA monoclonal
antibody (BabCO, 12CA5 mouse cell line) for rBh. The
vacuoles were washed twice (Ti75, 1B8®g, 30min) and Results
suspended in 200 of the same buffer. Next, the vacuolar ~ Vmal6p from plants complements the yeast null mutant

The yeast Vma3p and Vmallp subunits contain four trans-
A ° membrane segments (TMs) while Vmal6p was predicted to
< contain five TMs, according to the hydropathy plot analysis
§ (Hirata et al., 1997). It is accepted that both the N terminus and
< C terminus of Vma3p and Vmallp face the vacuolar lumen,
© while Vmal6p C terminus was shown to face the cytoplasmic
S'v side (Nishi et al., 2001); hence its N terminus was supposed to
S ES face the lumen. The plant V-ATPase is believed to have a
similar subunit composition to the yeast enzyme. In order to
m examine this, we used a previously constructed cDNA library
from the lemon fruit and isolated from it several subunits that
complemented the yeast null V-ATPase mutants (Aviezer-
-URA _ Hagai et al., 2000). Here we report the cloning of the plant
VMAL16 from lemon fruit and fromArabidopsis thalianaTo
this end, we searched tieabidopsis thaliangull genome
m database and found two clones possessing significant
homology with yeast Vmal6p (At2g25610 and At4g32530;
Sze et al., 2002). Primers were designed according to the
nucleotide sequence of the longegMA16 clone from
Arabidopsis thaliana,and were used to obtain the cDNA

YPGalpH 7.5

YPDpH75

B
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encoding the predicted full-length protein from the Only if the epitopes are exposed and accessible will the
Arabidopsis thalianaATCC). Degenerate primers according antibodies bind to them. Alternatively, when the HA-tag is on
to the Arabidopsis thalianagene were used for PCR of the the lumenal side, detergents are used, and a prerequisite to anti-
lemon fruit cDNA library (Aviezer-Hagai et al., 2000) to HA binding is that the HA-tag will be intact and not degraded
isolate the gene from lemon (see Materials and methods). Thg vacuolar proteases. This problem presented itself when the
genes were subcloned into the yeast shuttle vector pYESZma3p-HA and Vmallp-HA were tested. Although the total
under the GAL promoter and complementation ofutmal@  vacuolar preparation displayed a positive signal with the anti-
yeast null mutant was tested. Yeast lacking any of the VHA antibody, the glycerol gradient fractionation showed that
ATPase genes (except Vphlp or Stvlp) displayAVana the HA containing fractions were not active, and the active
conditional lethal phenotype, characterized by sensitivity t@afilomycin Ai-sensitive ATPase fractions were devoid of
elevated pH, thereby unable to grow at pH (Nelson and HA-tag (results not shown). It was previously demonstrated
Nelson, 1990). FiglA shows that the plant cDNAs, expressed(Hirata et al., 1997) that the tag on Vmallp-HA remained
under inducible GAL promoter, are able to complement théntact only inpep4A cells. However the question remains as to
corresponding yeast null mutant, although their growth omvhy the other inactive fractions maintain their HA-tag.

YPGal buffered at pH.5 was slower than yeast cells carrying

the endogenous gene under the same promoteﬂm:ignows Blndlng of anti-HA antibody to tagged subunits in intact
sequence analysis of Vmal6p from various sources. The vacuoles

overall identity of the lemon fruit Vmal6p to the protein from In order to test the accessibility of the epitope tags to the
human (Nishigori et al., 1998), mouse (Nishi et al., 20Q1), antibody, intact vacuoles containing the tagged subunits were
elegans(Oka et al., 1997), yeast (Apperson et al., 1990) angreincubated for 3fhin with anti-HA antibody. Next, the

A. thaliana(present work) was 58%, 59%, 53%, 56% and 90%unbound antibody was washed twice, and the membranes
respectively. Comparison of the amino acid sequence betweerere detergent-solubilized and immediately fractionated on a
species revealed that the predicted transmembrane regioglgcerol density gradient. The distribution pattern of bound
TM2-TM5 are highly conserved. By contrast, the putativeantibody and the various subunit-containing fractions along the
TML1 is less conserved amongst the species and is missingdrnadient were analyzed by western blot. Anti-Vma5p and
plants. Taken together with the fact that the plant Vmal6p wagmalp antibodies were used as markers for the catalytic
able to complement themal6yeast null mutant, this may sector of V-ATPase, anti-Vphl antibody as a marker for the
suggest that the N-terminal first hydrophobic helix of the yeashembrane sector, anti-HA antibody as a marker for HA-tagged
Vmal6p is not a transmembrane domain, but rather subunits, and HRP-conjugated sheep anti-mouse Ig to trace the
cytoplasmic segment. This was the rationale for binding of thbound anti-HA antibody. The heavy fractions positive in all
anti-HA antibody to N-terminal HA-tagged Vmal6p and a testintibodies indicated the presence of the antibody-holoenzyme

of its influence on the activity of the holoenzyme. complex. As shown in Fi@B—Da, in the tagged Vma7pHA,
Vmal6pHA and VmalOpHA, bound anti-HA antibody is
Antibody interaction as a tool for structure-function detected by anti-mouse Ig in heavier fractions (1-4). It
implications coincides with the distribution of all V-ATPase subunit signals

The use of monoclonal antibodies against tagged V-ATPag€&ig. 2B-D), including the HA. A small amount of non-
subunits in order to test their effect on the enzyme activity magpecifically bound anti-HA-antibody is traced by the anti-
advance our knowledge of the proposed rotary mechanism ofouse Ig antibody in the WT (FigAa, fractions 6,7); this
the enzyme and the structure—function relationship of itenay be due to insufficient washing of the anti-HA prior to the
specific subunits. Binding of a large moiety such as an antibodpplication of the samples on the gradient.

(approximately 15&Da) to the rotating subunits should cause These results indicate that the HA-epitope on the tagged
a steric interference, which might decrease the rate of rotaticubunits in the V-ATPase complex is exposed and accessible
and hence inhibit activity. We tested the antibody effect on Vto the anti-HA antibody, that did indeed bind to it. Specifically,
ATPase-containing tagged Vmal6p or Vma7p representing thbese results support our previous assumption regarding the
proteolipid-ring and shaft subunits (respectively), which areaumber of TMs in Vmal6p (four) and the topology of its N
proposed to rotate against the stator subunits of the enzynterminus (cytoplasmic). While this manuscript was in
represented by the tagged Vmal0p. For that purpose, we clongeeparation, Nishi et al. (2003) reported that the deletion of the
the yeastVMAl1§ VMA7 and VMA10 in-frame into BFG first 41 amino acids from the Vmal6p N terminus resulted in
plasmid with the three HA epitopes at their N termini. Thean active V-ATPase. They also used cysteine labeling to
resulting plasmids were used to complement the correspondimgnclude that the first presumed helix is located on the
yeast null mutants. Vacuoles containing the tagged V-ATPasgy/toplasmic side of the vacuolar membrane (Nishi et al., 2003).
complexes were isolated, and the binding of anti-HA antibody

was tested. In general the activity of tagged strains was Effect of bound antibody on ATP-dependent proton uptake
somewhat lower than the WT; however, for the various strains into vacuoles

variable amounts of the vacuoles were used to give a similar Once the binding of the anti-HA antibody was established,
basal activity in all the assays (see Materials and methods). we investigated its influence on ATP-dependent proton uptake



3232 K. Aviezer-Hagai, V. Padler-Karavani and N. Nelson
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Fig. 2. Detection of bound anti-HA antibody to tagged subunits in intact vacuoles. (A) Wild type (WT), (B) Vma7p-HA, (C) Vmal@p-HA,
Vmal6p-HA. Approx. 40Qug of vacuoles were diluted and incubated fom8A at room temperature with %0 of monoclonal anti-HA
antibody. After two washes with the dilution buffer to remove the unbound anti-HA antibody, the vacuoles were solubilizechéyt,de
loaded on top of a 20%-50% glycerol density gradient and centrifuged 80@853or 13h. 12 fractions were collected from the bottom of the
gradient. Protein samples from all fractions were analyzed by western blot. Lanes a were decorated with HRP-conjugatiansiusepl@n
antibody; lanes b, anti-HA antibody, lanes c, anti-Vma5p antibody, lanes d, anti-Vmalp antibody and lanes e, anti-Vphyp(seaibod
Materials and methods).

activity into intact vacuoles expressing the tagged subunits. Tthe anti-HA antibody, similar to the results obtained by others
that end, vacuoles were preincubated with anti-HA antibodywhen non-specific antibody was used (Gréaf et al., 1994). These
and proton uptake activity was then tested by following theesults show that the anti-HA antibody effect on the V-ATPase
change in absorbency of Acridine Orange. As mentionedctivity is genuine and specific to the tagged subunits.
above, it was previously shown that anti-HA antibody could

inhibit the proton uptake activity of V-ATPase Containing Effect of bound antibody on ATPase activity of the solubilized
Vma7p with a single HA-tag at its C terminus (Nelson et al., enzyme

1994). As shown in Fig3, the monoclonal antibody strongly  In order to test the influence of the anti-HA antibody on
inhibited the proton uptake into vacuoles expressing V-ATPasthe ATPase activity of the V-ATPase containing tagged
containing Vma7p-HA with three HA tags at its N terminus.subunits, we first solubilized the isolated vacuoles in order to
Similarly, the antibody inhibited V-ATPase containing allow maximal ATPase activity and to avoid unnecessary
Vmal6p-HA. The inhibition observed for both taggedbackground activity. The detergent-solubilized vacuoles were
complexes was dose-dependent, although the antibody hadractionated on a glycerol density gradient fér Gee Materials
more detrimental effect on the Vma7p-tagged complex, wherand methods). 12 fractions were collected from the bottom and
2 pl of antibody almost completely abolished the proton uptakassayed for their Bafilomycin ifsensitive ATPase activity.

by Vma7p-tagged complex, whereagl3vere needed for the The most active fraction was further tested for the influence of
Vmal6p-tagged complex. In contrast, the anti-HA antibodyanti-HA antibody on the ATPase activity. The samples were
did not inhibit the V-ATPase containing Vmal0p-HA, evenpreincubated for h at room temperature with an excess of anti-
though the HA-epitope was retained on this subunit in thélA monoclonal antibody in the ATPase reaction mixture
active enzyme and the anti-HA binds to it, as shown imwithout ATP. Next, MgATP was added and the enzyme was
Fig.2Cb. Actually, the proton uptake activity of WT cells allowed to work for 10nin at 30°C. The same treatment was
(diluted twice before the reaction) was slightly accelerated bperformed for the control but without the antibody. Finally, the
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Fig. 3. The effect of the anti-HA antibody on ATP-dependent proton uptake activity in yeast expressing the HA-tagged subuteswéaeuo
isolated from the various yeast strains and preincubated fonir8@t room temperature inml of the proton-uptake reaction mixture (see
Materials and methods) in the presence or absence of 1,18 of 5:1 diluted monoclonal anti-HA antibodgflA). The ATP-dependent proton
uptake activity was measured by following the decrease in absorption difference at 499-&4Acridine Orange. Where indicatedthol of
MgATP or 1nmol of carbonyl cyanidp-(trifluoromethoxy) phenylhydrazone (FCCP) was added to the reaction mixture. WT, wild type.

reaction was stopped and monitored. The Bafilomycin A antibody as a primary antibody, while the pre-bound antibody
sensitive ATPase activity of the solubilized vacuolarwas detected using an HRP-conjugated sheep anti-mouse Ig in
preparation of each strain (without the antibody) served asthe western analysis. Colocalization of the anti-HA and the
control (100% activity) to the same strain’s preparation treatednti-mouse Ig antibodies indicated successful antibody binding
with antibody. As shown in Figl, the anti-HA monoclonal to the tag in the V-ATPase complex. In all tagged subunits, the
antibody had no effect on the VmalOp-HA containing V-anti-HA antibody and the anti-mouse Ig showed a common
ATPase complex and even slightly increased the activitypeak in heavier fractions, in addition to the peak of the non-
similar to the WT yeast cells. However, there was nearly 80%pecific or unbound anti-mouse Ig that was also present in the
inhibition of the activity of Vmal6p-HA containing V-ATPase, WT (results not shown).
and about 70% of the enzyme expressing the HA-tagged In summary, the monoclonal antibody was able to bind to
Vma7p, each in comparison with their respective controls. the HA-tagged subunits in intact vacuoles as well as in the
Duplicate samples of the activity assays, without stogsolubilized enzyme. In the case of the HA-tagged Vmal6p and
solution, were utilized to test the anti-HA binding to its specificvma7p, binding of the antibody inhibited both the ATP-
tag in the solubilized V-ATPase. These samples were loadatependent proton uptake into vacuoles and the ATPase activity
directly on top of a glycerol density gradient and fractionateaf the V-ATPase enzyme, yet it did not interfere with either
for 13h, to allow a better separation of the unbound from thactivity in the VmalOp-HA containing V-ATPase.
bound antibody as the excess of the unbound antibody was not
washed out. 12 fractions were collected from the bottom and The suggested model for the antibody inhibition
analyzed by western blot. The distribution of the HA-tagged The fact that binding of the antibody to Vmal0pHA did not
subunits was detected by the use of the native anti-HAffect the activity of the enzyme, yet it inhibited the complexes
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with the other HA-tagged subunits, supports the suggesteslibunits in the membrane sector are important. Therefore the
rotation mechanism of action in V-ATPase. By thismouse subunit cannot supplement the yeast corresponding
assumption, Vmal6ép and Vma7p are part of the rotor anchutant while the plant Vmal6p can, due to less interference
shaft, respectively, whereas VmalOp is implicated in thd&y ‘cross-talk’ between the various proteolipids of the yeast
peripheral complex, serving as a stator that fixes theevtor V.
to thea subunit against which thering is rotating. Vmal6p has two negatively charged glutamyl residues in the
Fig. 5 is a schematic representation of the subunits involveftansmembrane parts, but only the one in TM2 (previously
in the rotation within the ATPase enzyme and the alpha helireferred to as TM3), the analog of that in TM4 of Vma3p and
packing of thec-ring. In it, the putative TM1 and the C Vmallp, is necessary for V-ATPase activity (Hirata et al.,
terminus of Vmal6p are located on the cytoplasmic face of thE997). These features rendered tteng an asymmetric
membrane. The interference by the antibody bound to the Hstructure, in contrast to the potentially symmetric structure of
epitopes is likely to be due to its collision with one of the othethe corresponding part in F-ATPase (Fillingame et al., 2002).
subunits that are attached to the membrane: for examplErom our results of antibody binding and those of others (Nishi
subunita, which results in inhibition of rotation, hence the et al., 2001, 2003), the asymmetry of theng in V-ATPase
activity inhibition. We suggest that the binding of the antibodyis twofold: one is the different subunit composition and the
to Vma7p-HA inhibited activity by a similar mechanism. On other is the opposite membrane orientation of subunit Vmal6p
the other hand, although accessible as are the above suburéis,compared to Vma3p and Vmallp. This puts the important
VmalOp is static during the catalysis; therefore the bound anttatalytic glutamyl residue of Vmal6p in an nonparallel helix.
HA has no effect on its V-ATPase activity. It was proposed that the special arrangement of the V-ATPase
c-ring subunits is also the key to understanding the inability of
the enzyme to reach thermodynamic equilibrium (Nelson et al.,
Discussion 2002; Moriyama and Nelson, 1988). The lemon fruit is a rare
A major difference between V-ATPase and F-ATPase is thexample having very low pH (pH2) in the vacuole, where the
presence of three different proteolipid subumits' and c”
(Vma3p, Vmallp and Vmal6p, respectively) within the V
sector of V-ATPase compared with a single subariit Fo. 120+
All three proteolipids are required for functional yeast V-
ATPase (Hirata et al., 1997). Vma3p and Vmallp ar 1004
predicted to contain four putative transmembrane segmen
(Mandel et al., 1988; Hirata et al., 1997). By contrast, Vmal6
was predicted to have five transmembrane segments (Hirata
al., 1997). Expression of epitope-tagged forms of the V
ATPase subunit and ¢" suggested that the C terminus of
subunitc is lumenal, whereas the C terminus of subdhiis
cytoplasmic; hence the N terminus was assumed to face tl
lumenal side of the vacuole (Nishi et al., 2001). Interestingly
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up to now, homologues of subult have not been isolated 23
from plants (Sze et al.,, 1999). In tgabidopsis thaliana 20

database, five isoforms of genes encoding subunit Vma3p a

two isoforms of Vmal6p were identified (Sze et al., 2002) o

When we analyzed the cDNAs encoding the Vmal6p subun
from Arabidopsis thalianaand from the lemon fruit it was
apparent that the first helix is missing in those subunits, Y¢rig. 4. The effect of anti-HA antibody on the ATPase activity in
nevertheless they complemented the yeast null mutaat@  yeast expressing the HA-tagged subunits. Bafilomycirséhsitive
(Fig.1). All plant subunitc isoforms cloned so far are ATPase activity was measured for solubilized and fractionated
homologues of the yeastMA3 gene. However, although a vacuolar membranes with or without anti-HA antibody. Relative
functional similarity exists between the yeast and p|ant;activity is given for each strain as compared to its specific ATPase
vacuoles (Taiz et al., 1992), there are few examples c@ctivity Withgut the antibody (190% activity). For each assa}aISO
complementation of yeast null mutants with proteolipids frorr(~2 pg protein) of th(_e fractlor_1 with most active ATPase (fraction no.
heterologous sources (Ikeda et al., 2001; Aviezer-Hagai et 35 out of the 4-6 active fractions for Vmal6p-HA and VmalOp-HA,;

. . . . _fraction no. 4 out of the 4-7 fractions for Vma7p-HA; and fraction
2000). Recently, it was reported that despite the relatively h'gno. 7 out of the 5-8 active fractions for wild type, WT), was

similarity between the mouse and yeast Vmal6p SUb"_mit’ trpreincubated in the presence and absence pf 60 1:1000 (w/v)
mouse homologue, which possesses the extra first helix, albgjjyted anti-HA monoclonal antibody. moll-t MgATP was
not conserved, did_ not Compbmem the growth defect &.pH added, and following 1Min incubation at 30°C, the reaction was
of theVMA16deletion strain (Nishi et al., 2001). These resultsstopped and absorbance at ®® monitored. Each value represents
imply that the strong interactions between the diffeceritg  a one single experiment out of three.

WT VmalOpHA VmarpHA Vmal6pHA
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V-ATPase might be operating close to its thermodynami@TPases, the F- and V-ATPase, is so similar that a rotary
equilibrium (Muller et al., 1999, 2002). In summary, evenmechanism of action is the suggested mechanism.

though there are differences in subunit composition, in Very recently, several reports have directly demonstrated the
catalysis and in coupling, the general structure of the tweotational catalysis of single molecules of V-ATPase. In the
thermophilic eubacteriunThermus thermophilugn ATP-
dependent, counterclockwise rotation of beads attached to the
D (Vma8p) or F (Vma7p) subunits was demonstrated when the
A subunit (Vmalp) of the ¥sector was immobilized onto a
glass surface (Imamura et al., 2003). In the same manner of
immobilization of the whole complex, an ATP-dependent
rotation of a bead attached to a proteolipid subunitoivels
obtained (Yokoyama et al.,, 2003). In tlgaccharomyces
cerevisiaeV-ATPase, counterclockwise rotation of an actin
filament attached to the G (VmalOp) subunit was observed
when the enzyme was immobilized on a glass surface through
the c subunit (Hirata et al., 2003). In this report we usénan
situ biochemical approach to support the rotary mechanism.
We report results of the effect of monoclonal anti-HA antibody
on the ATP-dependent proton uptake activity of the tagged V-
ATPase population embedded in the vacuolar membrane, and
on the Bafilomycin A-sensitive ATPase activity of those
membranes.

According to the suggested rotary mechanism, the most
significant effect of antibody inhibition on a V-ATPase
subunit carrying an HA-tag will be exhibited in the
proteolipid subunits in the §/sector and in the shaft
subunits of \{. The inhibition of the Vma7p-HA carrying
enzyme has previously been demonstrated (Graf et al.,
1994; Nelson et al., 1994) and we used it as a control in
our experiments. When we tried to tag the membrane
subunits Vma3p and Vmallp with the HA-tag, we
discovered that although the HA signal in total vacuolar
preparations was present, the ATPase active fractions did
not contain this epitope on them. As the N- and C-

Fig.5. Schematic representation of the effect of bound antibody taderminal segments of Vma3p and Vmallp are assumed to

Vmal6p-HA on V-ATPase activity. The V-ATPase is composed of twoface the lumen, the HA-tag was probably degraded by

functional domains: the catalytic 1V(A and. B supunits) and the proteolytic activity in the vacuole (Hirata et al., 1997).

membranous ¥(@&cc,c" and_d subunits), which are mterconne_cted by Therefore the only subunit remaining from the membrane

) 2, cntal (0,30 7 stbl) S Sector for use i our assay was VmaLep. The act ha the
X Blant Vmal6p lacking the first-helix supplemented the

central shaft (D and F subunits), which in turn causes the rotation of th | hat th
membranec-ring against its stator (E, G and-&lsubunits), resulting in phenotype of the yeast mutant, led us to assume that the

proton translocation into the vesicle (Nelson et al., 2002; Nishi andirst a-helix of the yeast Vmal6p might be outside the
Forgac, 2002). It is now clear that, similar ¢oand ¢ (Vma3p and Vacuole (as was later demonstrated by Nishi et al., 2003)
Vmallp, respectively), the’ subunit (Vmal6p) contains four TMs, and would be suitable for HA-tagging. Indeed, the tag on
although in an opposite arrangement in the membrane with bathd\C this subunit was retained in the active complex fractions
pointing to the cytoplasm as shown above. The Vmal6p (red) was taggethd, as expected, the enzyme was inhibited by the anti-
with three HA-epitopes at its N terminus. When the resulting tagged VHA antibody. These results show for the first time that,
ATPase was incubated with anti-HA antibody, an inhibition of activity by binding an antibody to tagged Vmal6p-HA, we can

was observed. This suggests that the binding of antibody (green) to ”?ﬁhibit the activity of the holoenzyme, in the presence of
HA-tags interfered with the rotation of tlrering and shaft subunits (all

presumed rotating subunits are framed with a thick line). This interference . ° . L
is probably due to a collision with the static subunits, and primarily with Subunit G (Vmal0Op) exhibits structural homology to

subunit a, against which the rotor is turning. A similar effect was subunitb of F'ATP_ase (Supekova et al, 1_995)’ Wh_'Ch
observed when antibodies were allowed to bind to the Vma7p-HA (HOrms a stator (peripheral stalk) together with subapit
subunit)-containing complex. This is in contrast to the effect of antibodyand prevents thesBs catalytic head from rotating when
on the VmalOp-HA (G subunit)-containing V-ATPase. Abs, bound anti-the c-ring and the shaft (subunitsand €) are rotating
HA antibodies. (Tsunoda et al., 2001). The main homology is in the N-
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terminal half of these subunits, a major difference being theharsky, C. M., Schumann, N. J. and Kane, P. M(2000). Mutational
lack of a transmembrane domain in subunit G (Supekova et a|_,analysis of subunit G (Vmal0p) of the yeast vacuofaAfPase.J. Biol.

. . Chem 275, 37232-37239.
1996)' Further anaIyS|s showed that the N terminus of the @urtis, K. K. and Kane, P. M. (2002). Novel vacuolar HATPase complexes

subunit might fold into an helix in which one face has highly  resulting from overexpression of Vma5p and VmaiBBiol. Chem277,
conserved residues in both the & and kb b subunits (Hunt ~_ 2716-2724.

. Deckers-Hebestreit, G. and Altendorf, K.(1992). Influence of subunit-
and Bowman, 1997)' Because of this structural resemblance,i pecific antibodies on the activity of the ¢omplex of the ATP synthase

was suggested that subunit G, together with subunit E, act likeof Escherichia coli Il. Effects of subunit c-specific polyclonal antibodies.

a ‘hook’ or a ‘stator’ similar td in F-ATPase (Nelson and ‘Ji BE'-JChTemzﬁ 1N237}8‘1237é‘- . T sn S s Haris G
. . . lietz, K. J., lavakoll, N., uge, C., Mimura, I., arma, S. S., narris, G.
Harvey, 1999; Arata et al., 2002). Mutational analysis of th C., Chardonnens, A. N. and Golldack, D(2001). Significance of the V-

conserved face of the G subuaithelix revealed that several type ATPase for the adaptation to stressful growth conditions and its
mutations were tolerated and even stabilized the complex,régulation on the molecular and biochemical led:eExp. Bot52, 1969-1980.

. ble, R. (1992). A simple and efficient procedure for transformation of
while others rendered the complex unstable (Charsky et aF,yeastsBiotechniqueia 18-20.

2000). Therefore it was interesting to test the effect of antibodyilingame, R. H. (1999). Molecular rotary motor§cience286, 1687-1688.
binding to HA-tagged Vmal0p. This binding does take placéilingame, R. H., Angevine, C. M. and Dmitriev, O. Y.(2002). Coupling

. . . - . _ proton movements to c-ring rotation inif(0) ATP synthase: aqueous
(FIg.Z), which means that subunit G is eXposed in the V access channels and helix rotations at the a-c inteffa@ehim. Biophys.

ATPase complex, which supports previous results obtained Acta1555 29-36.
from studies on accessibility to trypsin cleavage (Gruber et alGibson, L. C., Cadwallader, G. and Finbow, M. E(2002). Evidence that

. . s R there are two copies of subunit i Vo complexes in the vacuolartH
2000). The bound antibody did not inhibit the activities of the 757 = 0. W 1366, 911-919.

VmalOp-HA-containing V-ATPase (Fig 4) which is in  Giwin, M. E., Hermolin, J., Pottorf, R. and Filingame, R. H. (1989).
agreement with VmalOp being a part of the stator, and notOrganization of the #sector ofEscherichia colH*-ATPase: the polar loop

. : : : region of subunit ¢ extends from the cytoplasmic face of the membrane.
participating in the rotor apparatus, as previously suggestedBiochemistrvz& 43404343,

(Nelson and Harvey, 1999; Charsky et al., 2000; Arata et algraf, R., Lepier, A., Harvey, W. R. and Wieczorek, H(1994). A novel 14-
2002). It appears that the G subunit is present at 2—3 copies peffDa V-ATPase subunit in the tobacco hornworm midgutBiol. Chem

. 269 3767-3774.
complex (SuDekova et al,, 1995; Hunt and Bowman, 1997Eruber, G., Radermacher, M., Ruiz, T., Godovac-Zimmermann, J.,

The large mass of the anti-HA antibody attached to the G canas, B., Kleine-Kohlbrecher, D., Huss, M., Harvey, W. R. and
subunits does not interfere with the enzyme’s activity becauseWieczorek, H. (2000). Three-dimensional structure and subunit topology
it binds to the static part of the complex. On the other hand, of the V(1) ATPase fronManduca sextanidgut. Biochemistry39, 8609-
the fact that the anti-HA antibody, while bound to VmMa7p-irata, R., Graham, L. A., Takatsuki, A., Stevens, T. H. and Anraku, Y.
HA and Vmal6pHA, inhibited both ATP-dependent proton (1997). VMA11l and VMA16 encode second and third proteolipid subunits

Wit ; of the Saccharomyces cerevisiaacuolar membrane *HATPase.J. Biol.
uptake and ATPase activities (Figs4), suggests that the two Chem 272, 4795-4803,

subunits are located in the rotating segment of the V-ATPasgjrata, T., Iwamoto-Kihara, A., Sun-Wada, G. H., Okajima, T., Wada,
With this in mind we suggest the model shown in Bighat Y. and Futai, M. (2003). Subunit rotation of vacuolar-type proton pumping

depicts this steric interference of the antibody with the rotary g?P 135_62:3?%""“"3 rotation of the G as to ¢ subuhitBiol. Chem 278

movement me_ChaniSm of the V-ATPase complex. _Hunt, I. E. and Bowman, B. J.(1997). The intriguing evolution of the ‘b’
It would be interesting to test the other V-ATPase subunits and ‘G’ subunits in F-type and V-type ATPases: isolation of the vma-10
by the same method. Not all the HA—tagged or overexpresse\-dge”e fromNeurospora crassal. Bioenerg. Biomembg9, 533-540.
I

. . . keda, M., Hinohara, M., Umami, K., Taguro, Y., Okada, Y., Wada, Y.,
V-ATPase subunits complement their corresponding nu Nakanishi, Y. and Maeshima, M.(2001). Expression of the V-ATPase

mutants, either because of problems of overexpression (Curtisproteolipid subunit ofcetabularia acetabulurin a VMA3-deficient strain
and Kane, 2002)’ or proteolytic degradation of the tag. of Saccharomyces cerevisiand study of its complementatioBur. J.
. . . Biochem 268 6097-6104.
Nevertheless we intend to exploit the same method for analysj§amura, H.. Nakano, M., Noji, H., Muneyuki, E., Ohkuma, S., Yoshida,
of other V-ATPase subunits. M. and Yokoyama, K. (2003). Evidence for rotation of{MATPase.Proc.
Natl. Acad. Sci. USA0Q, 2312-2315.
. . Itp, H., Fukuda, Y., Murata, K. and Kimura, A. (1983). Transformation of
This project has been funded by the BMBF and supported et yeast cells treated with alkali catiodsBacteriol 153 163-168.
by the BMBF's International Bureau at the DLR. Mandel, M., Moriyama, Y., Hulmes, J. D., Pan, Y. C., Nelson, H. and
Nelson, N.(1988). cDNA sequence encoding the 16-kDa proteolipid of
chromaffin granules implies gene duplication in the evolution &f H
ATPasesProc. Natl. Acad. Sci. US85, 5521-5524.
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