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ABSTRACT: The macrolide antibiotic concanamycin is a potent and specific inhibitor of the vacuolar H+-
ATPase (V-ATPase), binding to the V0 membrane domain of this eukaryotic acid pump. Although binding
is known to involve the 16 kDa proteolipid subunit, contributions from other V0 subunits are possible
that could account for the apparently different inhibitor sensitivities of pump isoforms in vertebrate cells.
In this study, we used a fluorescence quenching assay to directly examine the roles of V0 subunits in
inhibitor binding. Pyrene-labeled V0 domains were affinity purified fromSaccharomycesvacuolar
membranes, and the 16 kDa proteolipid was subsequently extracted into chloroform and methanol and
purified by size exclusion chromatography. Fluorescence from the isolated proteins was strongly quenched
by nanomolar concentrations of both concanamycin and an indolyl pentadieneamide compound, indicating
high-affinity binding of both natural macrolide and synthetic inhibitors. Competition studies showed that
these inhibitors bind to overlapping sites on the proteolipid. Significantly, the 16 kDa proteolipid in isolation
was able to bind inhibitors as strongly as V0 did. In contrast, proteolipids carrying mutations that confer
resistance to both inhibitors showed no binding. We conclude that the extracted 16 kDa proteolipid retains
sufficient fold to form a high-affinity inhibitor binding site for both natural and synthetic V-ATPase
inhibitors and that the proteolipid contains the major proportion of the structural determinants for inhibitor
binding. The role of membrane domain subunit a in concanamycin binding and therefore in defining the
inhibitor binding properties of tissue-specific V-ATPases is critically re-assessed in light of these data.

The vacuolar H+-ATPase (V-ATPase)1 is a multisubunit
membrane protein found in virtually all eukaryotic cells,
where it couples the free energy of ATP hydrolysis to proton
pumping (1, 2). Ion translocation occurs in the V0 domain,
an∼240 kDa integral membrane complex of five different
subunits with a probable stoichiometry of a1d1c4c′1c′′1 (3).
In common with the F1F0-ATPase, the mechanism of the
V-ATPase involves generation of rotational motion in the
soluble, ATP-hydrolyzing V1 domain that is transmitted to
a multimeric subunit c/c′/c′′ “rotor” in V 0 via a central stalk
structure (4-6). A second, peripheral stalk fixes membrane
subunit a with respect to V1, allowing movement of the c/c′/
c′′ rotor subunits relative to subunit a. All of these membrane

subunits contain residues directly involved in proton trans-
location (7-9), and the dynamic interface between the c and
a subunits has been proposed as the site of proton translo-
cation (10-12).

Physiological roles of the V-ATPase include acidification
of endosomal and lysosomal compartments (2), and in some
cell types, the pump is responsible for proton extrusion across
the plasma membrane. This acid secretion function has led
to considerable interest in developing inhibitors as potential
therapeutics (13-16). Attempts to develop V-ATPase-
targeted drugs have focused on the naturally occurring
macrolide antibiotics concanamycin and bafilomycin, highly
specific inhibitors of the V-ATPase at nanomolar concentra-
tions (17, 18) reported to bind to the V0 membrane domain
of the pump. Derivatives of these macrolides (14, 18, 19)
and small molecules based on the presumptive pharmacoph-
ore (16, 20) are also potent V-ATPase inhibitors and exhibit
tissue selectivity (14, 16, 19, 20). In vertebrates, this
apparently selective inhibition of ATPases from particular
cell types has been correlated with the differential expression
of up to four isoforms of subunit a. In contrast, only one
form of subunit c appears to be expressed in vertebrate cells.
The proposition is therefore that V-ATPases incorporating
different subunit a isoforms exhibit different inhibitor binding
properties, resulting in different degrees of sensitivity and
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the apparent tissue selectivity. This has largely been the
premise on which the development of V-ATPase-targeted
drugs has been based. Early studies suggested that subunit a
is the macrolide inhibitor binding site (21, 22). However, a
number of other studies have indicated that subunit c is the
primary bafilomycin-binding component in V0 (23-25).
None of these studies was able to show whether the
bafilomycin binding site is exclusively located on subunit
c, and the question regarding the molecular basis for
differential sensitivity of cellular V-ATPase activities remains
unanswered. In this study, we have used a fluorescence
quenching assay to examine directly the binding of both
natural and synthetic V-ATPase inhibitors to purified subunit
c and V0 membrane domain fromSaccharomyces. These
studies show categorically that inhibitors can bind specifically
to the subunit c component with high affinity, and that this
binding can occur even in the absence of other subunits of
the V0 membrane domain. This study therefore raises
questions about the role of subunit a in defining the inhibitor
binding properties of the V-ATPase.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Mutagenesis, and Yeast Strains.
Preparation of plasmid constructs for wild-type, cysteine-
depleted, and single-cysteine mutant forms of theNephrops
16 kDa proteolipid and their subsequent expression have been
described previously (26). A cDNA encoding a form of the
Saccharomyces cereVisiae subunit a homologue Vph1p
without cysteine residues was constructed by QuikChange
mutagenesis (Promega) using wild-typeVPH1 modified to
encode an N-terminal hexahistidine tag [MRGS(H)6] with
pSK-Bluescript (Stratagene) as a template. The native
cysteine residues were replaced with amino acids that
multiple-sequence alignments suggest are most likely to be
tolerated substitutions at each location (see the Supporting
Information). Mutations were confirmed by DNA sequenc-
ing. Engineering and constitutive expression of Vma3p
polypeptides with C-terminal hemagglutinin (HA) epitope
and bafilomycin resistance-conferring mutations have been
described previously (27).

A haploidS. cereVisiaestrain carrying disruptions in both
theVMA3andVPH1genes was constructed from a haploid
Vma3 strain (MATR, Vma3::LEU2, trp1, ura3, his3, ade2)
by transformation with a linearized cDNA construct com-
prising theVPH1 coding region disrupted by insertion of a
1156 bpHIS3gene cassette at anEcoRI site within theVPH1
cDNA. Integration of this construct at the chromosomal
VPH1 locus was confirmed by generation of a 1.63 kbHIS3
PCR product using a primer pair of V1 (5′-GCACAA-
CAATTAATTTCCGCG-3′)andV2(5′-TTAGCTTGAAGCG-
GAAGAGCC-3′). These primers anneal to sites withinVPH1
that flank theEcoRI site and which are separated by 480 bp
of sequence. Genomic DNA isolated from His+ transformants
was used as a template for the PCRs.

Simultaneous coexpression ofNephrops16 kDa proteo-
lipid and Vph1p mutants was achieved by subcloning cDNAs
for both into the yeast expression vector pESC-URA (Strat-
agene) that contains dual galactose-inducibleGAL1 and
GAL10 promoters and aURA3 selectable marker.VPH1
cDNAs were purified asHindIII-XbaI fragments and
subcloned between theHindIII and NheI sites downstream

from theGAL1 promoter.NotI and SacI restriction sites in
the multiple-cloning site downstream of theGAL10promoter
were modified by QuikChange mutagenesis to giveSacI and
XhoI sites, respectively, compatible with the restricted ends
of the Nephrops proteolipid cDNAs. The pESC-URA
constructs were used to transform a haploidS. cereVisiae
strain carrying disruptions in both theVMA3andVPH1genes
(MATR, Vma3::LEU2, Vph1::HIS3, trp1, ura3, ade2; see the
Supporting Information), using the lithium acetate procedure
(28). Transformants that were no longer auxotrophic for
uracil were screened for complementation of the conditional
lethal phenotype associated withVma mutations by testing
for growth on yeast extract-peptone medium buffered with
50 mM MOPS and 50 mM MES and titrated to pH 7.5 with
NaOH. Media were supplemented with 1% galactose and
1% raffinose. For mutants that were unable to support growth
at pH 7.5, cells were grown on synthetic minimal medium
[0.67% yeast nitrogen base, 30µg/mL tryptophan, 20µg/
mL adenine, and 50 mM MOPS/MES-NaOH (pH 5.5), with
1% galactose and 1% raffinose].

Membrane Isolation and Purification of Labeled Proteins.
Vacuolar membrane vesicles were prepared as described in
ref 29. ATPase activity was determined colorimetrically as
detailed in ref30. Concanamycin A (Fluka) and SB-242784
were added from stock solutions in DMSO such that the level
of solvent never exceded 0.5% of the total volume. Synthesis
of 5-(5,6-dichloro-2-indolyl)-2-methoxy-N-(1,2,2,6,6-pen-
tamethylpiperidin-4-yl)-2,4-pentadienamide (SB-242784) is
described in ref16. Labeling withN-(1-pyrenyl)maleimide
(PM) or N-(1-pyrenyl)cyclohexylcarbodiimide (PCD) was
performed as described in ref31. After solubilization in
n-dodecylâ-D-maltoside (DDM), V0 domains were affinity
purified as described in ref31. Extraction of subunit c
polypeptides into a chloroform/methanol mixture was per-
formed as described in ref26. Solvent was removed by
drying under vacuum, and the extracted polypeptides were
redissolved in 50 mM HEPES-NaOH and 0.1 mM EDTA
(pH 7.6) supplemented with 0.1% DDM. The solubilized
proteolipid was further purified by size exclusion chroma-
tography through a Superdex 200 HR column (Pharmacia
Biotech, Little Chalfont, U.K.) in the same buffer. Fractions
were screened for pyrene fluorescence, pooled, and analyzed
for the presence of the proteolipid by SDS-PAGE and
immunoblotting.

Fluorescence Spectroscopy.Measurement of fluorescence
from the labeled proteins in the presence of varying
concentrations of inhibitor (I) gave nonlinear plots ofF0/F
versus inhibitor concentration, whereF0 and F are the
fluorescence yield in the absence and presence of inhibitor,
respectively. Measurements were made in a Varian Cary
Eclipse fluorescence spectrometer at 20°C, with excitation
of pyrene fluorescence at 342 nm. Fluorescence emission
spectra were recorded in the range of 350-500 nm. Slit
widths were set at 5 nm. Dissociation constants (Kd) for each
inhibitor were determined by fitting curves to plots of (F0

- F)/F0 (% quenching) versus inhibitor concentration
according to the quadratic binding equations of Parikh et al.
(32):

% quenching) C1(S- xS2 - 4ITPT

2 ) - C2IT
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whereS ) IT + PT + Kd, where IT is the total inhibitor
concentration, andPT is the concentration of fluorescently
labeled protein.C1 and C2 are constants related to the
fluorescence components arising from the labeled protein,
free inhibitor, and bound inhibitor (32). Curve fitting using
the nonlinear fitting tool within Origin 7 (OriginLab,
Northampton, MA) was used to determine the parameters
C1, C2, andKd for an experimentally controlled value ofPT.
C2 is negligible because of the low fluorescence arising from
the inhibitor molecule.

The protein assay using the CBQCA [3-(4-carboxyben-
zyloyl)quinoline-2-carboxaldehyde] dye binding method was
performed as described in ref26. The concentration of pyrene
dye was determined from the absorbance at 340 nm assuming
an extinction coefficient at that wavelength of 40 000 M-1

cm-1. SDS-PAGE and immunoblotting were performed as
described in ref26.

RESULTS

Site-Directed Labeling of the 16 kDa Proteolipid.The 16
kDa proteolipid folds as a bundle of four transmembrane
helices, and mutations in helix 4 can confer resistance to
bafilomycin (33). This helix also has sites accessible from
the lipid phase of the membrane (31), which is the presumed
route by which lipophilic inhibitors access the V-ATPase.
We therefore selected residues in this region as targets for
labeling with thiol- and carboxyl-reactive fluorescent probes,
the aim being to provide sites that could report on inhibitor
binding, detected in the form of inhibitor-dependent changes
in fluorescence. The yeast Vma3p proteolipid is not amenable
to cysteine replacement mutagenesis, becoming nonfunctional
when its native cysteine residues are mutated (12). To
compensate for this problem, we used theNephropsproteo-
lipid as a Vma3p surrogate since it substitutes for Vma3p
(30) and supports full assembly and activity of the V-ATPase.
Phe138 on helix 4 of theNephropsproteolipid was targeted
for labeling with PM by introduction of a unique cysteine
residue at this site in a cysteine-less C54S mutant template,
giving the mutant n-F138C. To maximize specificity of PM
labeling, this proteolipid mutant was coexpressed in aVma3/

Vph1double knockout yeast strain with a cysteine-depleted
Vph1p polypeptide (v-Cys-) carrying an N-terminal six-His
tag. As a control for labeling specificity, the cysteine-depleted
Vph1p was also coexpressed with the cysteine-depleted, but
fully functional, C54S mutant form of the proteolipid (n-
C54S) (30). The carbodiimide reagent PCD also gives highly
specific labeling of the proteolipid via modification of the
protonated glutamate residue on helix 4 (31), which we
exploited to provide a second labeling site. For this labeling
strategy, His6-tagged wild-typeNephropsproteolipid was
expressed in a yeast strain disrupted for theVMA3 gene
encoding the native proteolipid, and labeled at Glu140. To
provide negative controls for inhibitor binding, we also
expressed bafilomycin-resistant mutant and wild-type forms
of the native yeast Vma3p proteolipid and labeled these with
PCD at the corresponding helix 4 glutamate (Glu137) before
purification.

Vacuolar membranes were isolated from yeast strains
transformed with each expression construct and reacted with
the appropriate pyrenyl probe. Fluorescently labeled V0

domains were then isolated by Ni2+-NTA affinity chroma-
tography. In the case of V0 labeled at Glu140 with PCD,
purification was mediated via a C-terminal six-His tag on
the Nephropsproteolipid (34). Membrane domains incor-
porating coexpressed Vph1p and proteolipid were isolated
via the six-His tag at the N-terminus of Vph1p. In either
case, fractions highly enriched in V0 were recovered (Figure
1A). The affinity-purified V0 fraction contains polypeptides
migrating with apparent masses of 20, 42, and 110 kDa
corresponding to the proteolipid, Vma6p, and Vph1p sub-
units, respectively. A band migrating at approximately 26
kDa could be the Vma16p (subunit c′′) polypeptide or the
anomalously migrating dimer of theNephropsproteolipid.
A polypeptide migrating with an approximate mass of 80
kDa is a degradation product of Vph1p that is also recognized
by monoclonal antibodies to that subunit (data not shown).
Isolated V0 complexes were fluorescent irrespective of the
site of fluorophore attachment, although PCD modification
of Glu140 was more efficient than PM labeling (Figure 1B).
Relatively low levels of PCD labeling were detected for V0

FIGURE 1: Purification of V0 complexes and 16 kDa proteolipids. (A) V0 complexes incorporating His6-tagged subunits were affinity
purified on Ni2+-NTA agarose after solubilization of vacuolar membranes with DDM and analyzed by SDS-PAGE and silver staining.
The example shown is for His6-taggedNephropsproteolipid copurified with wild-type Vph1p. (B) Specificity of pyrene labeling in V0.
Fluorescence emission from affinity-purified V0 containing the specified combinations of Vph1p and proteolipid is expressed as a function
of protein concentration. Values are means ((standard deviation) of three determinations. (C) SDS-PAGE of His6-tagged wild-type (WT)
and C54S/F138C double mutant (F138C)Nephropsproteolipids. The polypeptides were extracted from affinity-purified V0 complexes with
a chloroform/methanol mixture, and further purified by size exclusion chromatography after recovery into detergent solution. The gel was
stained with silver.
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containing a control Glu140 f Gly Nephropsproteolipid
mutant (E140G, Figure 1B), with the residual fluorescence
due possibly to labeling of the subunit c′ and subunit c′′
proteolipids. V0 complexes containing the cysteine-depleted
forms of proteolipid and Vph1p exhibited little fluorescence
after reaction with PM (Figure 1B). Proteolipids were
subsequently purified by extracting the V0 preparations with
chloroform/methanol. After the solvent had been removed
and the proteolipids had been redissolved in buffer containing
DDM, they were further separated by size exclusion chro-
matography, the fluorescent protein eluting as a single species
with an apparent mass of 65 kDa (data not shown). Analysis
by SDS-PAGE showed the extracted proteins to be highly
purified (Figure 1C). The stoichiometry of pyrene labeling,
estimated from the proteolipid concentration and the pyrene
absorbance at 340 nm, was found to be 0.22 and 0.16 pyrene/
proteolipid for the PCD-labeled wild-type and PM-labeled
n-F138C polypeptides, respectively. The n-C54S proteolipid
was completely nonfluorescent. We are therefore able to
conclude that, for both pyrene probes, reasonable levels of
labeling have been achieved with a high degree of specificity
for the target residue. Similar levels of purification and
fluorescence yield were obtained for wild-type and bafilo-
mycin-resistant mutant forms of the native yeast Vma3p
proteolipid, labeled with PCD (data not shown).

Direct Quenching of Fluorescence from Site-Specific
Pyrene Labels by Concanamycin A.Fluorescence from
pyrene conjugated to V0 proteins showed significant non-
linear quenching when titrated with sub-micromolar con-
centrations of concanamycin (Figure 2). For V0 complexes,
this quenching was partly dependent on the location of the
pyrene adduct, occurring with greater efficiency when the

fluorophore was attached to Glu140 of the proteolipid than
when attached to the cysteine of the F138C mutant (Figure
2A). However, for each labeling site, similar levels of
quenching were obtained with purified proteolipids or V0

domains (Figure 2A), indicating that concanamycin can bind
to the homogeneous polypeptide or to the multiprotein
membrane domain with equal efficiency. The nonlinear
character of the plots ofF0/F versus concanamycin concen-
tration is consistent with high-affinity binding of the quench-
ing species to the fluorescent protein and precludes simple
collisional quenching. Furthermore, it is inconsistent with
any significant contribution from static quenching at higher
inhibitor concentrations, since this would tend to give
upward-curving plots (see ref35 for a discussion of this
topic). In control experiments, fluorescence from free pyrene
dye in detergent solution was unaffected by addition of
inhibitor (data not shown). From these data, we conclude
that the isolated proteolipid in detergent solution can bind
concanamycin and that this binding directly results in
fluorescence quenching from the pyrene adducts attached to
the protein.

To exclude the possibility that quenching results from a
simple, nonspecific association between lipophilic inhibitor
compound and the hydrophobic 16 kDa proteolipid, we used
the fluorescence quenching assay to test binding to forms
of the native yeast Vma3p proteolipid carrying mutations
that confer resistance to both bafilomycin and indolyl
pentadieneamide inhibitors (27). Purified Vma3p proteolipids
carrying Tyr142 f His or Tyr142 f His/Phe135 f Leu
mutations, labeled with PCD at the conserved helix 4
glutamate residue (Glu137) and purified as in Figure 1, showed
no quenching with concanamycin (Figure 2B). In contrast,
fluorescence from the wild-type Vma3p labeled with PCD
was strongly quenched by the macrolide (Figure 2B). These
data clearly indicate that concanamycin is unable to bind to
the mutant Vma3p polypeptides, but that the isolated wild-
type yeast polypeptide retains a high-affinity concanamycin
binding site.

Concanamycin has a weaker overall effect on the fluo-
rescence from samples containing the F138C mutant pro-
teolipid than it does on the wild-type protein (Figure 2A),
reflected as lowerF0/F values for the mutant at any given
inhibitor concentration. Sequence alignments indicate that
residue Phe138 of the Nephropsproteolipid is equivalent to
Phe135 of Vma3p, a site at which changes in amino acid side
chains can have profound effects on inhibitor binding,
manifested in vivo as resistance (25). It might therefore be
expected that addition of a pyrene group to this site would
also prevent inhibitor binding. This would have the effect
of decreasing the overall quenching effect of concanamycin,
consistent with the data in Figure 2A. However, fluorescence
from the pyrene attached to the mutant proteolipid is still
quenched by the inhibitor, clearly indicating that the fluo-
rescent group attached to the F138C site does still report
inhibitor binding. We can interpret this quenching in either
of two ways. (1) The pyrene group attached to the F138C
mutant proteolipid does not prevent inhibitor binding, but
F0/F ratios are lower because the quenching photochemistry
is less efficient than it is for the couple formed between
inhibitor and PCD-labeled wild-type protein. This is as much
a function of the relative geometry of the fluorophore and
quencher as it is a simple indicator of differences in their

FIGURE 2: Concanamycin-dependent quenching of fluorescence
from pyrene-labeled 16 kDa proteolipids. (A) Variable fluorescence
F was measured for affinity-purified, pyrene labeled V0 complexes
(15 µg/mL) (O and4) and isolatedNephropsproteolipid (12-15
µg/mL) (b and 2) in the presence of varying concentrations of
concanamycin. V0 and proteolipids were isolated from cells
coexpressing His6-tagged wild-typeNephropsproteolipid/wild-type
Vph1p (labeled with PCD, circles) and n-F138C proteolipid/v-Cys-

Vph1p (labeled with PM, triangles). Fluorescence emission at 390
nm is expressed as a proportion of the fluorescence yield in the
absence of inhibitor (F0). (B) Concanamycin-dependent fluorescence
quenching measured as in panel A for HA-tagged Vma3p proteo-
lipids (12-14 µg/mL) labeled at Glu137 with PCD: wild type (O)
and mutants Y142H (b) and Y142H/F135L (4). All data points
are the means of three individual experiments.
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distance apart. (2) Alternatively, even though a labeled
F138C proteolipid might not itself be capable of binding an
inhibitor molecule, quenching could still occur if it was
associated with an unlabeled polypeptide that was able to
bind an inhibitor. However, this second explanation requires
that the purified proteolipid used in this study be to some
degree multimeric, and although size exclusion chromatog-
raphy does suggest a mass of the isolated proteolipid of 65
kDa, this will also include a DDM micelle that could
contribute as much as 50 kDa to the overall mass (36). The
inherent inaccuracy of the chromatographic mass determi-
nation therefore makes it impossible to discriminate with any
confidence between the monomer and dimer, and further
work is needed to resolve this issue.

SB-242784 Is a Potent Inhibitor of the Saccharomyces
V-ATPase.The chemical moieties that confer the activity of
the macrolide V-ATPase inhibitors are reported to include
the hemiketyl group, and hydroxy and vinylic methoxy
groups optimally spaced by the dienic system of the
macrolide ring (37). Indolyl pentadieneamide compounds
such as SB-242784 mimic this arrangement (Figure 3A), with
the molecule carrying functional groups analogous to those
found in the macrolides, spaced according to the same basic
geometry (16). Since these compounds are also reported to
be specific and potent inhibitors of mammalian V-ATPases
(16, 20), SB-242784 can be considered to represent a form
of minimal inhibitor unit. By establishing whether this small
molecule inhibitor can also bind directly to the V-ATPase
membrane domain components, we can indirectly examine
the contributions to binding made by specific structural
elements contained within the macrolide molecules. SB-
242784 also contains an indolyl group that has spectral
properties that make it particularly suitable for forming
energy transfer couples with pyrene fluorophores. Conse-
quently, quenching of fluorescence from the proteolipid-

linked pyrene can provide a direct assay of binding of SB-
242784 to the V-ATPase. However, we first needed to
establish that SB-242784 is also a potent inhibitor of the
SaccharomycesV-ATPase. The effect of SB-242784 on the
activity of the isolated yeast enzyme was determined from
the concentration-dependent inhibition of release of inorganic
phosphate from MgATP (Figure 3B). SB-242784 inhibited
the fungal enzyme with an apparent IC50 of 3.5 ( 1 nM
(Figure 3B), lower than the value of 80 nM reported for its
inhibition of the chicken osteoclast V-ATPase (16).

SB-242784 Quenching of Pyrene Fluorescence Indicates
Direct Binding to the 16 kDa Proteolipid.SB-242784 was
also an efficient quencher of fluorescence from pyrene
adducts on the 16 kDa proteolipid (Figure 4). As with
concanamycin, the nonlinear plots ofF0/F as a function of
SB-242784 concentration indicate binding of the quencher
species to the fluorescent protein. The efficiency of quench-
ing by SB-242784 was not dependent on the site of pyrene
labeling (Figure 4A), and was not significantly different when
measured with preparations of V0 (Figure 4A) or isolated
16 kDa proteolipid (Figure 4B). From this, we conclude that
the small molecule inhibitor can bind directly to the
proteolipid component of the V-ATPase membrane domain
and that this binding can occur even in the absence of other
V-ATPase subunits. Furthermore, SB-242784 and concana-
mycin A appear to compete for the same binding site on the
proteolipid, since preincubation with the macrolide abolished
the ability of SB-242784 to quench pyrene fluorescence from
either isolated V0 (Figure 4A) or purified proteolipid (Figure
4B). Concanamycin and SB-242784 binding sites must

FIGURE 3: SB-242784 is a potent inhibitor of theSaccharomyces
V-ATPase. (A) The spacing and geometry of critical functional
groups in the macrolide ring of concanamycin A are mimicked by
those of SB-242784. (B) V-ATPase was isolated from wild-type
yeast cells by glycerol gradient centrifugation after solubilization
of vacuolar membranes in DDM. Rates of release of inorganic
phosphate from MgATP are expressed relative to the maximal rate
in the absence of inhibitor [2.3µmol of phosphate (mg of protein)-1

min-1].

FIGURE 4: Quenching of fluorescence from purified V0 and 16 kDa
proteolipids indicates SB-242784 binding. (A) Variable fluorescence
was measured for affinity-purified, pyrene-labeled V0 complexes
(15µg/mL) in the presence of varying concentrations of SB-242784.
V0 was isolated from cells coexpressing His6-tagged wild-type
Nephropsproteolipid with wild-type Vph1p (PCD-labeled, circles),
and from cells coexpressing the n-F138C proteolipid with the
v-Cys- cysteine-less Vph1p (PM-labeled, squares). Fluorescence
emission (F) at 390 nm is expressed as a proportion of the
fluorescence yield in the absence of SB-242784 (F0). The purified
proteins were preincubated with (filled symbols) or without (empty
symbols) 100 nM concanamycin. (B) Fluorescence quenching
measured as in panel A, with isolated PCD-labeled wild-type
(circles) and PM-labeled n-F138C (squares)Nephrops16 kDa
proteolipids (12-15 µg/mL). Data points are the means of three
individual experiments.
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overlap structurally to some extent, and the potency of SB-
242784 as a V-ATPase inhibitor therefore stems from its
ability to bind at this shared site. Experiments with PCD-
labeled NtpK, the 16 kDa proteolipid of the Na+-translocating
V-ATPase from Enterococcus, revealed no fluorescence
quenching by inhibitors (data not shown). This prokaryotic
V-ATPase is reported to be insensitive to the macrolide
antibiotics (38).

Treatment of the fluorescence quenching data according
to the quadratic binding equations in ref32allows estimation
of the dissociation constantKd without direct determination
of the concentration of the protein-inhibitor complex (Table
1). Apparent dissociation constants for SB-242784 were in
the range from 4.6( 2.3 to 8.5( 4.2 nM, values consistent
with the observed IC50 for the compound in ATPase assays
(Figure 3B). Similar estimations ofKd for concanamycin
binding gave values in the range of 13.7-24.3 nM (Table
1). These values are 1-2 orders of magnitude higher than
published IC50 values (17, 18). Possible reasons for this
discrepancy are discussed below. For each inhibitor, com-
parison of the estimatedKd values for binding to V0 with
those for binding to purified 16 kDa proteolipids revealed
no significant difference (Table 1).

DISCUSSION

The key finding of this work is that the purified 16 kDa
proteolipid can bind either complex or “mimimal” V-ATPase
inhibitors with high affinity at sites that structurally overlap.
Crucially, fluorimetrically determinedKd values for each
inhibitor were not significantly different irrespective of
whether they were measured with complete V0 or with
purified proteolipid. Binding of either inhibitor can therefore
occur in the absence of any other V0 subunit, and the
proteolipid component of the membrane domain must
therefore contain a major proportion of the structural
determinants of the inhibitor binding site in the V-ATPase.
Since an unfolded protein is highly unlikely to be competent
for ligand binding, we also conclude that the 16 -kDa
proteolipid must retain secondary or tertiary structure even
after extraction into chloroform/methanol/water mixtures and
recovery into detergent solution. Such a situation does exist
with the related 8 kDa subunit c proteolipid from F1F0-
ATPase that retains its helical hairpin fold in organic solvent
as determined by solution state NMR (39).

For the synthetic inhibitor SB-242784, the fluorimetrically
estimatedKd values (4.6-8.5 nM) are broadly consistent with

the enzymologically determined IC50 (3.5 nM), suggesting
that binding to either purified proteolipid or V0 occurs with
the same affinity as to the active enzyme. It is much less
certain that this is also true of concanamycin, given the
discrepancy between the estimatedKd and published IC50

values. There are several possible explanations for this
discrepancy. Binding of concanamycin with an affinity
comparable to the reported IC50 values might require a
specific structural component (either polypeptide or lipid)
or conformation that has been lost during purification of the
V0 complex. It is certainly the case that V0 dissociated from
V1 is impermeable to protons (21, 22), implying some change
in conformation to a “closed” state after removal of the
soluble domain. However, the most straightforward explana-
tion for the anomalously highKd for concanamycin is that
the macrolide has undergone significant decomposition
during the course of the experiments. Both concanamycin
and bafilomycin are reported to be extremely labile (40),
whereas SB-242784 is relatively stable. Whatever the
explanation for this discrepancy, it is important to stress that
none of them relates to binding of the minimal synthetic
inhibitor SB-242784 since the estimatedKd for binding to
isolated proteolipid or to V0 is essentially the same as the
IC50 of the compound. Furthermore, the close similarity
betweenKds for binding to either proteolipid or V0 implies
that the additional subunits found in the membrane domain
have no influence on inhibitor binding.

Our data can therefore be interpreted as meaning that
subunit a does not contribute to the inhibitor binding site,
placing a question mark against its proposed role in defining
the relative selectivity of V-ATPase inhibitors. However,
several factors mitigate against the exclusion of a role for
subunit a. First, we do not see any binding of inhibitors to
the isolated Vma3p polypeptides carrying mutations confer-
ring resistance to bafilomycin even though binding with low
micromolar affinity does still occur in vivo (25, 33), implying
that an additional component found in the intact V-ATPase
also contributes to binding. Second, the fluorometrically
determinedKd value for binding to the V0 domain is actually
the average value for what are likely to be multiple binding
sites on each individual protein complex. Because of the
limitations in the precision of the experimental method, an
interaction between subunit a and any one of these multiple
binding sites in V0 could influence inhibitor binding to some
extent without being detected as a difference in the overall
Kd compared to that determined for the proteolipid alone.
Finally, and related to the point about subunit conformation
in V0 discussed above, our experimental method does not
allow us to eliminate the possibility that conformational
changes occurring as a result of V0 isolation alter or destroy
a binding site to which subunit a contributes in the native
enzyme.

A counter to this argument is that comprehensive screening
has failed to identify any bafilomycin resistance mutations
in the fungal subunit a homologue, providing indirect
evidence that this V0 subunit does not contribute to the
inhibitor binding site (25). If subunit a is not directly involved
in inhibitor binding, what factors might explain the apparent
selectivity of inhibitors for different V-ATPase isoforms in
vertebrates? One possibility is that natural variations in
membrane lipid composition, and therefore in the physical
properties of the membrane, influence partitioning of inhibi-

Table 1: Fluorometrically Determined Dissociation Constants for
Binding of the Inhibitor to V0 and Proteolipida

SB-242784 concanamycin

labeled protein Kd (nM) ø2/DoF R2 Kd (nM) ø2/DoF R2

n-WT-His6 proteolipid 7.7( 2.3 0.35 0.99 17.8( 2.5 0.81 0.99
n-F138C proteolipid 8.5( 4.2 0.82 0.99 13.7( 13.0 3.89 0.97
V0 (n-WT-His6) 4.6( 2.2 5.74 0.98 24.3( 9.0 5.31 0.98
V0 (n-F138C/v-Cys-) 6.2( 3.0 1.18 0.98 15.7( 13.3 1.19 0.99

a Parameters were derived by fitting curves to the fluorescence
quenching data according to the binding equation described in
Experimental Procedures.Kd values are expressed( the standard error
of the mean (n ) 3). The reducedø2 (ø2/DoF) and correlation coefficient
(R2) provide a measure of the quality of the fit of the experimental
data to the binding model. The n-F138C proteolipid is the C54S/F138C
double mutant polypeptide containing only a single engineered cysteine
residue, and v-Cys- is the cysteine-less Vph1p polypeptide.
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tors into the bilayer. Variations in partitioning effects between
specific membranes could be reflected as differences in
apparent IC50 values for a particular inhibitor. Although this
may not wholly account for the up to 25-fold variations in
IC50 measured for V-ATPases in different cells with the same
inhibitor (14, 16, 20), it is consistent with the observation
that apparent IC50 values for V-ATPase inhibitors vary with
the concentration of membranes included in the assay (17).

Bafilomycin A1 and concanamycin A have dimensions
of approximately 17 and 24 Å, respectively, along their long
axes, with some 12 Å spacing between the hydroxyl and
hemiketyl groups. In yeast, bafilomycin resistance mutations
span a 13-residue region equivalent to a vertical distance of
approximately 20 Å (33). A macrolide antibiotic molecule
can therefore overlap these positions only if it is fully
extended and oriented with its major axis parallel to that of
the transmembrane helix. Mutations at positions 135 and 142
in helix 4 of the Vma3p proteolipid also confer resistance
to SB-242784 (27), and this molecule can span the≈10.5 Å
between these residues if it adopts the same orientation as
the macrolide when bound. From this, we conclude that the
mechanism of action of both natural and synthetic inhibitors
requires them to bind to helix 4 of the proteolipid, and when
bound, their long axes must be oriented parallel to that of
the helix. Furthermore, our data suggest that the region of
the macrolide ring mimicked by SB-242784 is the key
structure that facilitates binding of concanamycin to this helix
of the proteolipid.

Recent work on characterization of fungal mutants exhibit-
ing resistance to bafilomycin and concanamycin found the
resistance-conferring mutations to be clustered primarily on
helices 2 and 4 of the proteolipid (25, 33). According to the
recently published structure of the NtpK rotor complex (41),
the 16 kDa proteolipid complex is a decameric ring of four
helix bundles, with alternating helix 1-helix 3 units forming
an inner ring and alternating helix 2-helix 4 units forming
an outer ring that interfaces with the lipid phase. By
homology, bafilomycin resistance mutations within the
eukaryotic proteolipid will be clustered at the intermolecular
helix 2-helix 4 interface (33) and the binding site for the
macrolide antibiotics may therefore require structural con-
tributions from both partners in a dimeric proteolipid unit.
However, as discussed above, in this study we have not been
able to unambiguously resolve the aggregation state of the
purified proteolipid, and the organization of the inhibitor
binding site associated with this purified protein remains
uncertain.

Why does binding of the inhibitor to the 16 kDa proteo-
lipid result in inhibition of the V-ATPase? Bowman and co-
workers have proposed that intercalation of the inhibitor
between transmembrane helices in the proteolipid complex
could physically obstruct its rotation relative to subunit a
(33). According to current functional models, this rotationally
driven but transient interaction between proteolipid and
subunit a is a crucial part of the proton translocation
mechanism (2, 10-12). For this mechanism to work,
inhibitor binding would need to resist the relatively large
mechanical force generated by the rotational mechanism of
the V-ATPase [≈40 pN for a rotor with a radius of 1 nm
(42)], which is plausible. The corollary of this proposed
mechanism is that occupation of only a single inhibitor
binding site on the rotating proteolipid ring structure should

ultimately be sufficient to bring about complete inhibition,
occurring when the inhibitor-bound proteolipid rotates into
a position adjacent to subunit a. This is supported by the
observation that bafilomycin at a molar ratio of 1:1 with
isolated V0 is sufficient to completely inhibit acid-induced
passive proton flow through the membrane complex (22).
Intercalation of the inhibitor between transmembrane helices
could also disrupt packing within the membrane domain, or
prevent conformational changes from occurring that could
be part of the protonation-deprotonation mechanism (43).
Analysis by ESR of the interaction between V-ATPase
inhibitors and theNephrops16 kDa proteolipid has shown
that inhibitor binding occurs at the protein-lipid interface
and that binding causes increased immobilization of lipid
molecules at the protein-membrane boundary (44). Im-
mobilized lipid would also be expected to interfere with the
rotational mechanics of the V-ATPase.

Although the data presented in this study cast doubt on
the involvement of subunit a in binding the bafilomycin
family of inhibitors to the V-ATPase, this issue ultimately
remains unresolved. As a consequence, questions about the
structural basis for tissue selectivity of V-ATPase inhibitors
are also still open. However, the fluorimetric assay described
in this study represents a powerful and sensitive tool with
which we can start to address these questions, with applica-
tions not only in inhibitor design but also in the elucidation
of their mechanism of action.
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