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Abstract
Fluorescence intensity of the pH-sensitive carboxyfluorescein derivative BCECF was monitored by
high throughput flow cytometry in living yeast cells. We measured fluorescence intensity of BCECF
trapped in yeast vacuoles, acidic compartments equivalent to lysosomes where V-ATPases are
abundant. Because V-ATPases maintain a low pH in the vacuolar lumen, V-ATPase inhibition by
concanamycin A alkalinized the vacuole and increased BCECF fluorescence. Likewise, V-ATPase
deficient mutant cells had greater fluorescence intensity than wild-type cells. Thus, we detected an
increase of fluorescence intensity after short-term and long-term inhibition of V-ATPase function.
We used yeast cells loaded with BCECF to screen a small chemical library of structurally diverse
compounds in order to identify V-ATPase inhibitors. One compound, disulfiram, enhanced BCECF
fluorescence intensity (although to a degree beyond anticipated for pH changes alone in the mutant
cells). Once confirmed by dose response assays (EC50=26 μM), we verified V-ATPase inhibition by
disulfiram in secondary assays which measured ATP hydrolysis in vacuolar membranes. The
inhibitory action of disulfiram against V-ATPase pumps revealed a novel effect previously unknown
for this compound. Because V-ATPases are highly conserved, new inhibitors identified could be
used as research and therapeutic tools in cancer, viral infections, and other diseases where V-ATPases
are involved.
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INTRODUCTION
V-ATPases5 are conserved proton pumps important for pH homeostasis [1,2]. Located at the
membrane of lysosomes, vacuoles and endosomes, V-ATPases sustain the acidic luminal pH
needed for protein sorting and degradation, and for entry of viruses and bacterial toxins into
host cells [1]. Cells specialized for active proton secretion such as kidney and bone, express
V-ATPases at the plasma membrane where they fine-tune, respectively, the systemic acid-base
balance and bone resorption [3,4]. Genetic mutations in V-ATPase subunit isoforms that are
preferentially expressed in bone, kidney, and internal ear cause osteoporosis, distal renal
tubular acidosis, and sensorineural deafness, respectively [6,7]. Each of these human conditions
is characterized by abnormal cellular and systemic pH homeostasis.

V-ATPases are now recognized as novel anti-cancer targets. V-ATPases sustain the abnormal
pH gradient that exists between the cytoplasm and the lumen of intracellular vesicles in
malignant tumors [8,9]. In addition, V-ATPases generate an acid microenvironment that
influences cancer progression, metastasis, and chemo-resistance [8–10]. Inhibition of V-
ATPase activity in cancer cells results in abnormal pH (lysosomal alkalinization and cytosolic
acidification), increased reactive oxygen species, and hypersensitivity to multiple drugs [11,
12]. Because V-ATPases are highly conserved pumps, lack of V-ATPase function triggers
similar responses in cancer and yeast cells [13], yeast being the preferred model organism for
the study of V-ATPases.

Most eukaryotes without functional V-ATPases die at early stages of development [14–16];
yet, complete lack of V-ATPase activity in yeast leads to a pH-dependent phenotype [13].
Yeast V-ATPase null mutants (vmaΔ, vacuolar membrane ATPase) cannot grow at neutral pH
and only grow at pH 5 [2]. Therefore, only yeast allows us to study the downstream
consequences of blocking V-ATPase function simply by culturing the cells under conditions
permissive for growth (medium adjusted to pH 5). Yeast vmaΔ mutants cannot redistribute
protons from the cytosol to the vacuole [17], the yeast compartment equivalent to mammalian
lysosomes. As a result, yeast vmaΔ mutants have greater vacuolar (pHvac=6.9) and lower
cytosolic (pHcyt=5.7) pH than wild-type cells (pHvac=5.6; pHcyt=6.7) [17].

We developed a high throughput flow cytometry assay utilizing the environmental sensitivity
of BCECF loaded into yeast vacuoles as a measurement tool. Because BCECF fluorescence
signals increase as the pH increases, we hypothesized that BCECF fluorescence intensity will
increase if yeast V-ATPases are inhibited because the vacuolar pH is alkalinized [17]. High
throughput screening of a small collection of bioactive, structurally diverse compounds (880
off patent drug compounds) was performed in this study. We identified one hit: disulfiram. We
confirmed its ability to increase the fluorescence intensity of yeast cells stained with BCECF
by dose response assays in vivo, and verified its inhibitory effect on V-ATPase function by
secondary assays conducted in vacuolar membrane fractions in vitro. This study is proof of
principle that the assay can be used to identify novel V-ATPase inhibitors. Because yeast and
mammalian V-ATPases have overlapping physiological roles [2,18], and share the same
overall structure, subunit composition, and mechanisms of catalysis [1,2,18,20], V-ATPase
inhibitors can be used as pharmacological tools to research the mechanisms controlling
VATPases and pH homoeostasis from yeast to human.

5Abbreviations used: V-ATPase, vacuolar proton translocating ATPase; vmaΔ, yeast vacuolar membrane ATPase null mutant strain;
BCECF-AM, 2-,7-Bis(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester; DMSO, dimethyl sulfoxide.
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MATERIALS AND METHODS
Reagents

2-,7-Bis(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM)
was purchased from Invitrogen. Concanamycin A was purchased from Wako Biochemicals.
Other chemicals were purchased from Sigma. BCECF, concanamycin A, and test compounds
were stored as DMSO stocks. All reagents were diluted in aqueous buffer (or synthetic
complete yeast medium, SD). The final concentration of DMSO in the assay was 0.5%.

Strains and Cell Growth
The wild-type strain BY4741 (MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0; Open Biosystems) and
the congenic vma2Δ::kanMX and vma3Δ::kanMX mutants were used throughout. Strains were
a generous gift from Dr. Patricia Kane (SUNY Upstate Medical University, Syracuse, NY).
Yeast cultures were grown overnight at 30° C to mid-log phase (0.5 Abs600/ml) in YEPD
medium (1% yeast extract, 1% bacto-peptone, 2% glucose) buffered to pH 5 with 50 mM
sodium phosphate, 50 mM sodium succinate.

Flow Cytometry Sampling
Cells were resuspended in SD (synthetic complete) medium which consists of 0.67% yeast
nitrogen base, supplemented with all required nutrients and amino acids and 2% glucose. A
cell density of 0.1 – 0.3 Abs600/ml was used in flow cytometry samples. This density was
optimal in the 384-well format for 30 μl volumes (3–9 × 104 cells/well). We found greater cell
density (0.5 –0.7 Abs600/ml) slowed sampling through the cytometer. Best flow cytometry
sampling and analysis results were obtained with uniform suspensions. Microplates were
placed on an end-over-end rotator to maintain uniform suspensions during the incubations.
Automated reading at the cytometer was done at room temperature. Each sample consisted of
2 μl taken from either a 30 μl well volume in the 384-wells format, or a 120 μl volume in the
96-well format. HyperCyt® sampling of a 384-well plate was completed in 10 min [21,22].

BCECF-AM Staining
Overnight cell cultures (0.5 Abs600/ml) were harvested and washed once in SD medium. Cells
were resuspended in SD (0.5 Abs600/ml) treated with 50 μM (or 18 μM when indicated)
BCECF-AM and incubated at 30 °C rocking for 30 min. Cells were harvested, excess BCECF-
AM washed three times by centrifugation at 3,750 rpm for 10 min (Beckman GRP centrifuge)
and resuspended in 20 ml SD medium. Labeling of cells with 18 μM and 50 μM BCECF-AM
produced comparable signals. BCECF-AM was used at 50 μM for high throughput screen in
order to ensure maximal assay sensitivity.

Concanamycin A Dose Response Flow Cytometry Assays
Wild-type cells were grown to mid-log phase, labeled with 18 μM BCECF-AM, washed, and
resuspended in SD (1.0 Abs600/ml), as described before. Cells were treated with 0, 1 μM, 2
μM, 3 μM, 5 μM, 10 μM, and 20 μM concanamycin A in the presence of 0.5% DMSO and
incubated for 30 min at 30° C with rocking. For autofluorescence controls, unstained cells were
resuspended in 0.5% DMSO alone or 0.5% DMSO containing 20 μM concanamycin A. Cells
were harvested, and resuspended in SD containing the corresponding concentrations of
concanamycin A, and distributed into 96-well plates, then diluted in SD (0.25 Abs600/ml), and
incubated at 30° C. For each concentration of concanamycin A tested, 6–8 replicates were
measured. After excitation at 488 nm, fluorescent emissions were collected on a CYAN ADP
(Beckman-Coulter) flow cytometer using a 530/40 nm filter set. Data files were processed
using IDLQuery/HyperView software programs as describe below.
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Dose Response Flow Cytometry Assays
Wild-type and vma2Δ cells were grown to mid-log phase and stained with 50 μM BCECF-AM
as described above. Aliquots of 5 μl (0.5 Abs600/ml) were distributed into 384-well plates
containing an equal volume of 1:3 serial dilutions of test compounds (0.0015 – 2 mg/ml). Plates
were incubated for 90 min at 30 °C. Flow cytometry (Excitation 488nm / Emissions 530/40
nm) was conducted as described above and data files processed using IDLQuery/HyperView
software programs.

High Throughput Screen
Wild-type cells were grown to mid-log phase and labeled with 50 μM BCECF-AM. Aliquots
of 15 μl volume (0.5 Abs600/ml) were transferred to 384-well plates using liquid handling robots
to which an equal volume of media containing 100 nl of 2 mg/ml test compounds (final
concentration of ~6 ug/ml) was added. The final volume was 30 μl per well and the final
concentration of DMSO was 0.5% in the screen. Microplates were configured with thirty-two
control wells: column 1 containing wild-type cells treated with DMSO alone (negative control);
and column 2 containing vma2Δ cells treated with DMSO alone (positive control). Thirty-two
wash wells: columns 23 and 24 containing a diluted solution of detergent (0.015% Pluronic®
F-68in SD medium). Test compounds were added to the remaining three hundred and twenty
wells (columns 3 through 22). After addition of the test compounds, plates were incubated at
30 °C for 90 min and flow cytometry sampling started. Flow cytometry was conducted as
described above and data files processed using IDLQuery/HyperView software programs.

Automated Data Analysis
Immediately after data acquisition by the flow cytometer, the IDLQuery/HyperView software
program was used to analyze the data file. The program automatically detected the time-
resolved data clusters (wells) and analyzed each to determine the median fluorescence intensity
with excitation at 488 nm and emission collected using a 530/40 filter set [22]. Data were
automatically exported to a Microsoft Excel spreadsheet that calculated the assay Z' factor
[23]. This statistical parameter is used in high throughput screening for evaluating the quality
of the assay and is calculated by using the equation:

where STD is the standard deviation and the denominator is the absolute difference between
the different controls. An assay with Z' value greater than 0.5 is acceptable for screening, i.e.,
consistent, significant difference between the controls are observed.

Secondary Assays
Vacuolar membranes were purified by flotation in one Ficoll gradient [24,25]. Briefly, three
liters of wild-type yeast cells were grown overnight to 1–2 A600/ml in YEPD pH 5 medium.
Cells were harvested by centrifugation at 5,000 rpm in a GSA rotor, washed twice in 2%
glucose, resuspended in 10 mM Tris·HCl, pH 7.5, containing 1.2 M sorbitol, and converted to
spheroplasts by the addition of zymolase 100T (0.1 units/Abs600). Spheroplasts were washed
in YEPD pH 5 containing 1.2 M sorbitol and pellets subjected to osmotic lysis. Lysis was
conducted by Dounce homogenization in lysis buffer (10 mM MES-Tris, pH 6.9, 0.1 mM
MgCl2, 12% Ficoll). The vacuolar fraction was floated by a 12% Ficoll gradient, converted to
vacuolar membrane vesicles by dilution in 15 mM MES, pH 7, 4.8% glycerol buffer, and stored
at −80 °C.

ATP hydrolysis was measured spectrophotometrically using an enzymatic assay coupled to
oxidation of NADH [26] in the presence and absence of concanamycin A [27] and disulfiram.

Johnson et al. Page 4

Anal Biochem. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Membranes (7 – 10 μg protein) were incubated with either disulfiram (0.91 – 167 μM) in the
presence of 0.1% DMSO, concanamycin A (100 nM or 5 μM) in the presence of 0.1% DMSO,
or 0.1% DMSO alone. After 10 min (or 5 min when indicated) on ice, samples were diluted
10-fold in ATPase reaction mixture (25 mM Tris.Acetate, pH 6.9, 25 mM KCl, 5 mM
MgCl2, 2mM ATP, 0.5 mM NADH, 2 mM phosphoenolpyruvate, 30 U/ml L-lactic
dehydrogenase, 30 U/ml pyruvate kinase). ATP hydrolysis was measured
spectrophotometrically at 340 nm [26]. Addition of an equal volume of DMSO (0.1% – 1%)
and disulfiram (67 μM – 168 μM) directly into the ATPase reaction mixture had no effect on
ATP hydrolysis. Protein concentration was measured as described by Lowry [28].

Confocal Microscopy
Yeast cells were grown to mid-log phase and labeled with BCECF as described above. Briefly,
cells were treated with 18 μM BCECF-AM for 30 min at 30 °C, washed three times by
centrifugation, and observed with a Zeiss LSM 510 Confocal Microscope at 63×DIC.

RESULTS
BCECF-AM is Trapped in Yeast Vacuoles

The fluorescent dye BCECF-AM is a pH indicator that serves as a vacuolar marker in living
yeast cells because vacuoles are compartments rich in esterases where the acetoxymethyl ester
group is hydrolyzed and BCECF trapped [17,29,30]. In order to verify its vacuolar localization,
we visualized cells labeled with BCECF by fluorescence microscopy. Wild-type yeast cells
(Fig. 1, A–B) were compared to two V-ATPase null mutants, vma2Δ (Fig. 1, C–D) and
vma3Δ (not shown). Both mutants lack all V-ATPase activity, but the vma2Δ mutation deletes
a subunit of the peripheral domain of the enzyme (subunit B), whereas the vma3Δ mutation
deletes a proteolipid subunit of the membrane domain (subunit c) [2].

Images confirmed BCECF exclusive labeling of the vacuole (Fig. 1 B and D), which appeared
as a depression under differential interference contrast microscopy (Fig. 1, A and C). Staining
yeast cells with 18 μM and 50 μM BCECF-AM yielded comparable results indicating that at
18 μM BCECF-AM and above saturation was reached.

Flow Cytometry Measured BCECF Signals
Yeast cells impaired for V-ATPase activity have greater vacuolar pH than wild-type cells
[17]. Because BCECF fluorescence intensity increases as the pH increases from 5 to 8 [31],
we asked if BCECF trapped in yeast vacuoles could detect the more alkaline pH that exist in
the vacuolar lumen of vma null mutants. The fluorescence of vma2Δ, vma3Δ, and an isogenic
wild-type strain each stained with the vacuolar fluorophore was measured to determine if
BCECF signals could be distinguished from background autofluorescence and whether
mutants emitted brighter signals than wild-type cells (Fig. 2). Overnight cultures of each strain
were harvested, resuspended in SD medium, and divided into two aliquots. One aliquot was
incubated with 50 μM BCECF-AM in the presence of 0.5% DMSO, the other with an equal
volume of 0.5% DMSO without BCECF-AM to serve as baseline or autofluorescence control.
An additional autofluorescence control for wild-type cells was included, which had cells in SD
without DMSO.

For wild-type cells (Fig. 2A), aliquots consisting of 30 μl were distributed into a 384-well plate
(48 replicate wells) and read in a flow cytometer. After excitation at 488 nm, fluorescent
emissions were collected using a 530/40 nm filter set. The median fluorescence intensity was
calculated with IDLQuery/HyperView software and used for subsequent analysis.
Fluorescence intensity of wild-type cells stained with BCECF was about 14-fold greater than
unstained cells, indicating that the assay has a large signal-to-background ratio.

Johnson et al. Page 5

Anal Biochem. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In addition, no change of fluorescence intensity was detected before and after addition of 0.5%
DMSO to either un-stained or BCECF-stained cells. Therefore, DMSO, which is the solvent
used to resuspend BCECF and other compounds throughout this study, neither emitted
florescence nor interfered with BCECF fluorescence signals.

The fluorescence response exhibited a larger signal-to-background ratio of about 42-fold in V-
ATPase null mutant cells. For vma2Δ and vma3Δ mutants, samples were taken separately six
times from an Eppendorf tube (Fig. 2 B–C). Independent experiments showed BCECF
fluorescence intensity three to five times brighter in vma2Δ and vma3Δ than wild-type cells.
Because the vacuolar pH of vma2Δ and vma3Δ is ~1.3 units greater than wild-type cells [17],
these results indicated that the assay detected the more alkaline pH that exists in vacuoles of
cells impaired for V-ATPase proton transport.

As anticipated, vma2Δ and vma3Δ generated comparable results. Either vma2Δ or vma3Δ
stained with BCECF can serve equally well as reference values of the maximum fluorescence
intensity measured as yeast cells experience V-ATPase inactivation. Thus, either one of these
two strains could be used as positive control in high throughput screens of chemical libraries
when we search for inhibitors of V-ATPase pumps; we elected to use vma2Δ.

The results shown in Fig. 2B were extended to high throughput formats using 384-well plates
(30μl/well). We analyzed wild-type and vma2Δ cells simultaneously. Wild-type and vma2Δ
were compared after exposure to four different treatments: i) cells stained with BCECF
resuspended in 0.5% DMSO, ii) cells stained with BCECF resuspended in SD medium, iii)
cells unstained resuspended in 0.5% DMSO, and iv) cells unstained resuspended in SD
medium. Three columns (48 replicates) were analyzed and pairs of treatments compared (Table
1). These experiments also revealed large signal-to-background ratios in wild-type and
vma2Δ cells. Again, vma2Δ exhibited about three times larger BCECF fluorescence intensity
than wild-type cells; and the assay was not sensitive to 0.5% DMSO, which did not interfere
with BCECF fluorescence.

Next, we compared the fluorescence intensity of stained wild-type cells to vma2Δ cells each
resuspended in 0.5% DMSO, because vma2Δ will be used as positive control in high throughput
screens. By comparing the minimum (wild-type) and the maximum (vma2Δ) BCECF
fluorescence intensities we calculated the Z' value for the dynamic range of the high throughput
screening at 0.72. As judged by this statistical parameter, these experiments consistently
demonstrated a tight data distribution reproducible from experiment-to-experiment and
between plates.

Concanamycin A Modulates BCECF-AM Fluorescence
Yeast cells subjected to high throughput screens will experience a sudden loss of V-ATPase
activity when incubated with pharmacological inhibitors of V-ATPase proton transport. In
order to test the responsiveness of the assay to short-term inhibition of V-ATPase activity, we
treated cells with a highly potent V-ATPase inhibitor, concanamycin A [27,32] and we
monitored apparent pH-dependent fluorescence intensity changes.

Wild-type cells stained with BCECF were incubated with varied concentrations of the V-
ATPase inhibitor at 30 °C for 30 min (Fig. 3A). Dose-response assays showed that at 1 μM
concanamycin A and above, fluorescence intensity increased gradually indicating that
concanamycin A inhibited the pump in a dose-dependent manner and the apparent vacuolar
pH increased. Concanamycin A dose-dependent changes in fluorescence intensity were
reproducible. The EC50 was estimated at 2.10 – 2.27 μM concanamycin A by three independent
experiments. This is consistent with previous studies showing that at least 1 μM is necessary
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to inhibit yeast V-ATPase activity in vivo [33–35]; although nanomolar concentrations of
conacanmycin A are sufficient to inhibit V-ATPase in membrane fractions [27,32].

These results suggest that inhibition of V-ATPase by compounds that mimic the effects of
concanamycin A will generate sufficiently ample changes in fluorescent signals to be detected
in this assay. We consistently measured a large increase of fluorescence intensity after treating
wild-type cells with 5 μM concanamycin A (Fig. 3B). At 5 μM concanamycin A the
fluorescence intensity increased by about 3-fold (Z'=0.85 – 0.95), resembling vma2Δ and
vma3Δ mutants. Time-course response experiments revealed stable BCECF fluorescence
signals before and after treatment of wild-type cells with concanamycin A (Fig. 3C). We
concluded that this assay can detect the apparently more alkaline vacuolar pH generated by
pharmacological inhibition of V-ATPase pumps.

High Throughput Screen
In order to validate the assay for high throughput screen, we conducted a pilot screen using the
Prestwick Chemical Library, which is a small collection of structurally diverse, bioactive
compounds (880 off-patent drug compounds). Microplates were configured as shown in Fig.
4A. Controls involved wild-type (negative control) and vma2Δ (positive control) cells stained
with BCECF. These controls defined, respectively, the lowest and highest fluorescence
intensity measured in a V-ATPase dependent manner during the screening, and constituted the
dynamic range of the assay.

Screening of the 880 compounds yielded Z' factors of 0.56 – 0.64 from plate-to-plate. Because
the Z' factor is sensitive to the data variability as well as the signal dynamic range, these results
further support the assay's suitability for high throughput screening. A representative result is
shown in Fig. 4B. The dynamic range of the fluorescence intensity signal in the screen was
between ~100 (negative control) to ~350 (positive control) hundred thousand fluorescein
equivalents. Calculations of percent response were set to 100% at the positive control level
and 0% at the negative control. Cutoffs were set at three times the standard deviation of the
negative control (i.e., DMSO in Fig. 4A) which corresponded to a percent response of 43%.
We identified 25 compounds that enhanced BCECF fluorescence intensity above this cutoff.
Potential hit compounds were re-tested by confirmatory assays. Confirmatory assays included
wild-type cells (unstained and stained) and vma2Δ cells (stained) to which incremental doses
of the test compounds were added in parallel. Fourteen of these potential hits were classified
as false positives because they failed to increase BCECF fluorescence intensity in the
confirmatory dose response experiments. Ten of the remaining compounds enhanced
fluorescence intensity of both wild-type and vma2Δ cells in a concentration dependent manner,
indicating that mechanisms independent of V-ATPase function were likely responsible for their
effect.

One compound, disulfiram (tetraethylthiuram disulfide), displayed V-ATPase dependent
effects (Fig. 5). Disulfiram did not increase the fluorescence intensity of vma2Δ control cells
within a broad range of concentrations tested in the confirmatory dose response experiments.
The observation that 67 μM disulfiram increased fluorescence signals in vma2Δ by about 2.5-
fold, suggests that disulfiram at very high concentrations could elevate BCECF fluorescence
intensity via mechanisms that do not require V-ATPase function in living yeast cells. However,
the magnitude of the increment of BCECF fluorescence intensity in vma2Δ was larger than
expected based on the anticipated pH changes alone. Even so, a greater effect was observed in
wild-type cells. Disulfiram increased the fluorescence intensity of wild-type cells up to 10-
fold. Following treatment with disulfiram, wild-type cells reached signals comparable to
vma2Δ cells (positive control) suggesting that the V-ATPase was inhibited and the apparent
vacuolar pH increased. We calculated the EC50 to be 26 μM in two independent dose response
experiments.
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Finally, the inhibitory effect of this compound was validated by conducting secondary assays.
We measured ATP hydrolysis directly in vacuolar membrane fractions treated with
disulfiram (Fig. 6). Inhibition of ATPase activity was dose dependent with EC50=24.75 (+/−
1.9) μM (Fig. 6A). Thus, the EC50 of disulfiram was about 104-fold greater than the EC50 of
concanamycin A measured on membrane fractions [27]. As anticipated, greater concentrations
of disulfiram than concanamycin A were necessary to inhibit V-ATPase activity (Fig. 6B).
Nevertheless, the effect of disulfiram on ATP hydrolysis was V-ATPase specific. Pre-
incubation with concanamycin A prior to addition of inhibitory concentrations of disulfiram
to vacuolar membranes did not generate any additional inhibition of ATP hydrolysis, indicating
that disulfiram acted by inhibiting V-ATPase pumps. We concluded that disulfiram
discriminated between V-type ATPases (concanamycin A-sensitive) and other ATPases that
co-exist at the yeast vacuolar membranes.

DISCUSSION
We used high throughput flow cytometry to monitor changes in BCECF fluorescence intensity
in living yeast cells. By using the HyperCyt® platform technology, this approach interfaced a
flow cytometer and autosampler for accurate quantitative measurements [21,22]. The main
advantage of the HyperCyt® platform is the simplification of the technical effort associated
with preparation of reagents for high throughput screening to a single step, loading yeast cells
with a pH-sensitive fluorophore, while allowing us to monitor BCECF fluorescence changes
in a manner dependent on V-ATPase activity.

High throughput screening of the Prestwick Chemical Library identified twenty five
compounds which enhanced vacuolar BCECF fluorescence intensity by mechanisms
potentially associated with V-ATPase activity. Potential hits were re-tested in dose response
experiments. Because we added test compounds to wild-type and vma2Δ cells in parallel,
confirmatory assays allowed us to discriminate compounds that acted by V-ATPase dependent
and independent mechanisms. Ten compounds showed dose-dependent response in both wild-
type cells and control vma2Δ cells suggesting that their stimulation of BCECF fluorescence
intensity did not require V-ATPase activity. Fourteen compounds were classified as false
positives because they failed to increase BCECF fluorescence intensity in the confirmatory
assays.

One hit was confirmed, disulfiram, a drug used to treat alcoholism [36]. Disulfiram is a cysteine
modifying compound [36] and our results indicated that this compound inhibited V-ATPase
proton transport (Fig 5) as well as concanamycin A-sensitive ATP hydrolysis (Fig. 6). Although
further studies will be required to establish its mechanism of action, disulfiram could act by
inhibiting ATP hydrolysis at the catalytic domain of the enzyme. ATP hydrolysis by VATPases
is blocked by disulfide bond formation between cysteine residues near the catalytic site [37,
38]. It is possible that disulfiram acts by modifying the cysteine in the P-loop of the catalytic
subunit (subunit A), which is also the site of inhibition by N-N-Ethylmaleimide (NEM) [37,
38], another thiol reactive compound. Independent lines of evidence further support the notion
that disulfiram can inhibit V-ATPase function. Disulfiram has been shown to inhibit ATP
hydrolysis by ABC transporters [39], another family of ATPases. In addition, disulfiram
prevented trafficking of the multi-drug resistance protein P-gp to the plasma membrane [40]
suggesting that the endosomal pH (controlled primarily by V-ATPases) could be altered in
cells treated with disulfiram.

The extent of the fluorescence intensity signal detected after addition of 67 μM disulfiram to
vma2Δ cells was greater than anticipated on the basis of pH changes only (Fig. 5) because
vma2Δ has a vacuolar pH of about 6.9 [17]. A 2.5-fold increase of BCECF fluorescence
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intensity would require the pH of the vacuole to start 0.5 pH units lower (pHvac ~ 6.4) and end
up at pH 8 in the presence of disulfiram.

Vacuoles of V-ATPase null mutants are completely depleted of polyphosphates, which are
normally stored in this compartment and buffer the pH [41,42]. Thus, an initial vacuolar pH
lower than expected during the experiment is conceivable because the buffering power of the
vacuole is lost in vma2Δ cells. Yeast vacuolar and cytosolic pH homeostasis are altered in
vma2Δ [17]. The vacuolar pH of vma2Δ changes in response to the extracellular pH and
metabolic state of the cells. For example, the vacuolar pH oscillates between 6.5 and 7.1 if
vma2Δ cells are exposed to medium buffered at pH 5, or pH 7.5 and if extracellular glucose is
available or not [17]. In the present study, cells stained with BCECF were resuspended in SD
medium (not buffered). Under these conditions, changes at the extracellular medium such as
a lower glucose content and pH due to glycolytic activity could produce a drop of the vacuolar
pH. It is possible that BCECF itself contributed to reducing the initial pH of the vacuole as
well. BCECF was loaded by permeation and hydrolysis of the acetoxymethyl ester group.
Products of the deesterification reaction (acetate, formaldehyde, and protons) accumulate and
have been shown to lower the pH of the cells over time [43]. In addition, vacuolar BCECF
could respond differently to pH changes in wild-type and vma2Δ because the pKa of BCECF
can be remodeled by the ionic strength of its environment [31].

Regardless of the mechanism by which a high concentration of disulfiram can increase
fluorescence in V-ATPase deficient cells, this study showed the feasibility of loading yeast
vacuoles with BCECF to identify inhibitors of V-ATPase pumps by high throughput screening
of chemical libraries. Monitoring of fluorescence intensity changes associated with V-ATPase
function is an attractive approach for high throughput screening because of its simplicity and
possible outcome. Because pH influences most aspects of cell physiology, V-ATPases are
involved in a broad array of cellular processes. The list of human conditions associated with
V-ATPase function is growing rapidly [1,3,6–9,12,16] and V-ATPases are emerging as new
attractive therapeutic targets [32,44].

Only a small number of specific V-ATPase inhibitors are known [32,44]. They have been used
as research tools for the characterization of transport processes in tissues, cells, and purified
proteins. These V-ATPase inhibitors are natural products that include three families:
concanamycins and bafilomycins, salicylihalamides and lobatamides, and chondropsins [32,
44]. Unfortunately, the supply of these compounds in natural collections is almost exhausted
and only few laboratories have developed procedures to synthesize them in vitro. For these
reasons, most V-ATPase inhibitors are not readily accessible. Only bafilomycin and
concanamycin, the most widely used inhibitors, are commercially available.

Future studies will address potential new applications of disulfiram as an inhibitor of V-
ATPases in yeast and human cell lines that are known to rely on V-ATPase proton transport
(kidney, bone, and cancer). We will use this approach for high throughput screening of
chemical libraries of small compounds. Screens could lead to the discovery of novel and more
accessible V-ATPase inhibitors. Because V-ATPases are highly conserved [1,2], V-ATPase
inhibitors can be used as research and therapeutic tools to help define the cellular and molecular
mechanisms regulating V-ATPase function and pH homeostasis in yeast and human cells.
Novel V-ATPase inhibitors could then be applied towards uncovering the mechanisms
controlling human pH homeostasis in cancer, osteoporosis, viral infection, and many other
diseases where V-ATPases are involved.
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Figure 1. Vacuolar Localization of BCECF in Yeast Cells
Yeast cells were grown overnight to mid-log phase and stained with 18 μM BCECF-AM for
30 min at 30 °C as described under Materials and Methods. Excess BCECF-AM was washed
away and cells were resuspended in SD medium (0.5 A600/ml). Photomicroscopy was
performed by using a Zeiss LSM 510 confocal microscope with a 63× objective. A and C:
Cells observed by differential interference contrast. B and D: Cells were excited at 488 nm and
emission read with a 505 nm long pass filter. The same fields were viewed in A – B; and C –
D. Shown are wild-type (A, B) and vma2Δ (C, D) strains. Scaling bars represent 10 μm.

Johnson et al. Page 13

Anal Biochem. Author manuscript; available in PMC 2011 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Median Channel Fluorescence of Wild-type and V-ATPase Deficient (vma2Δ and
vma3Δ) Yeast Cells
Cells were grown overnight to mid-log phase, resuspended in SD media, and treated with 50
μM BCECF-AM in the presence of 1% DMSO or with 1% DMSO alone. Cells were incubated
at 30 °C. After 30 min, excess BCECF-AM was washed away and the cells resuspended in SD
at a density of 0.25 Abs600/ml for flow cytometry measurements. Cells were sampled with a
HyperCyt® autosampler and 2 μl volumes taken and interrogated for BCECF fluorescence
using a CYAN ADP (Beckman-Coulter) flow cytometer. After excitation at 488 nm,
fluorescence emission was collected using a 530/40 nm filter set. (A) For wild-type cells
aliquots of 30μl were distributed into a 384-well plate (48 replicates). The histogram obtained
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for an additional population of unlabeled wild-type cells, which received no treatment (SD
medium), was superimposed with the histogram of cells treated with DMSO alone. For
vma2Δ (B) and vma3Δ (C) mutants, cells were separately sampled six times from an Eppendorf
tube.
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Figure 3. Pharmacological Inhibition of V-ATPase Activity Enhanced BCECF Signals
Concanamycin A dose-response. (A) Yeast cells stained with BCECF-AM were incubated with
varied concentrations of concanamycin A in the presence of 0.5% DMSO for 30 min at 30 °
C. After incubation, cells were harvested, resuspended in an equal concentration of
concanamycin A and distributed into 96-well plates (125 μl/well). Cells were sampled with a
HyperCyt® autosampler and 2 μl volumes taken and interrogated for BCECF fluorescence as
described in the legend to Fig. 2. Shown are the median channel fluorescence (MCF) of the
histogram (i.e., the fluorescence intensity) and Z' values at the indicated concentrations of
concanamycin A. No additional increment of fluorescence was measured at 20 μM
concanamycin A (MCF20μM=143.9 +/− 2.58; Z'=0.86). Each data point represents the average
(+/− STD) of eight replicate wells. (B) Histograms of unstained and BCECF stained cells before
and after treatment with 5 μM concanamycin A. Concanamycin A time-course. (C) BCECF
labeled cells (0.25 A600/ml) were treated with the indicated concentrations of concanamycin
A containing 0.5% DMSO; or with 0.5 % DMSO alone. Cells were distributed into a 96-well
plate and flow cytometry sampling started (t=0). BCECF emission data were collected at 30
min, 90 min, and 150 min incubation at 30 °C on an end-over-end rotator. Each data point
represents the average (+/− STD) of four replicate wells (3 μM and 5 μM concanamycin A),
and eight replicate wells (0.5% DMSO). The standard deviation between replica measurements
was below 5%; these values are mostly contained within the figure symbols. Shown are Z'
values at 5 μM and 3 μM concanamycin A. CCA= concanamycin A.
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Figure 4. High Throughput Screen of the Prestwick Chemical Library of Small Compounds
(A) Configuration of cells in the microplates during high throughput screening. For three 384-
well microplates we configured each with 32 control wells (columns 1 and 2) and 32 wash
wells (columns 23 and 24), leaving 320 wells (columns 3 – 22) to which test compounds were
added. Controls included vma2Δ cells (positive control) and wild-type cells (negative control)
each stained with 50 μM BCECF-AM. After addition of test compounds, microplates were
incubated at 30 °C for 90 min in an end-over-end rotator. Potential hit compounds were
identified as fluorescence signals that mimic vma2Δ cell signals. (B) High Throughput
Screen. BCECF stained wild-type and vma2Δ mutant cells were automatically plated into there
384-well plates (15 μl volumes) to which an additional 15 μl of either 0.5% DMSO alone or
test compounds were added to a final concentration of 2 mg/ml containing 0.5% DMSO. Shown
is one plate high throughput screened for inhibitors of yeast V-ATPase pumps (compounds
that enhance fluorescence signals). The X axis displays each well: time bins were automatically
drawn around the clusters by using IDLQuery/HyperView software programs, each cluster
corresponded to one well. The Y axis displays the amount of fluorescence (FL1 Median
Channel Fluorescence).
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Figure 5. Confirmatory Dose Response Assay
Cells grown to mid-log phase were stained with 50 μM BCECF-AM and 5 μl aliquots
distributed into 384-well plates containing varied amounts of the hit compound disulfiram.
Plates (0.25 OD600 cells /μl) were incubated for 90 min at 30 °C. After excitation at 488 nm,
fluorescence was collected using a 530/40 nm filter set and a CYAN ADP (Beckman-Coulter)
flow cytometer. Data files were processed using IDLQuery/HyperView software programs.
The Y axis displays the amount of fluorescence (FL1 Median Channel Fluorescence).
WT=wild-type, vma2Δ=V-ATPase null mutant cells.
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Figure 6. Inhibition of ATP Hydrolysis in Vacuolar Membranes
Vacuolar membranes were purified from wild-type yeast cells by ficoll density gradient
centrifugation as described under Materials and Methods [24,25]. (A) Membranes (7 –10 μg
protein) were incubated with varied concentrations of disulfiram containing 0.1% DMSO.
After 10 min incubation on ice, ATP hydrolysis was measured spectrophotometrically at 37 °
C using an assay coupled to NADH oxidation at 340 mm [26]. The results from two independent
experiments using different vacuolar membrane preparations are shown. (B) Black Bars:
Vacuolar membranes (7 – 10 μg protein) were treated as follows: with concanamycin A (0.1
μM, 5 μM) containing 0.1% DMSO; with disulfiram (22 μM, 67 μM, 168 μM) containing 0.1%
DMSO; with 0.1% DMSO alone; or no treatment (None). Except for the treatments with 5
μM concanamycin A and 168 μM disulfiram, which involved for 5 min incubations, all other
incubations were conducted for 10 min on ice. White Bar: Vacuolar membranes (10 μg of
protein) were treated with 5 μM concanamycin A for 5 min on ice, after which 168 μM
disulfiram was added and membranes incubated on ice for an additional 5 min. The final
concentration of DMSO in the mixture was 0.1%. ATP hydrolysis was measured as described
under Materials and Methods.
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