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High throughput analysis of vacuolar acidification 
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A B S T R A C T   

Eukaryotic cells are compartmentalized into membrane-bound organelles, allowing each organelle to maintain 
the specialized conditions needed for their specific functions. One of the features that change between organelles 
is lumenal pH. In the endocytic and secretory pathways, lumenal pH is controlled by isoforms and concentration 
of the vacuolar-type H+-ATPase (V-ATPase). In the endolysosomal pathway, copies of complete V-ATPase 
complexes accumulate as membranes mature from early endosomes to late endosomes and lysosomes. Thus, each 
compartment becomes more acidic as maturation proceeds. Lysosome acidification is essential for the breakdown 
of macromolecules delivered from endosomes as well as cargo from different autophagic pathways, and dysre
gulation of this process is linked to various diseases. Thus, it is important to understand the regulation of the V- 
ATPase. Here we describe a high-throughput method for screening inhibitors/activators of V-ATPase activity 
using Acridine Orange (AO) as a fluorescent reporter for acidified yeast vacuolar lysosomes. Through this 
method, the acidification of purified vacuoles can be measured in real-time in half-volume 96-well plates or a 
larger 384-well format. This not only reduces the cost of expensive low abundance reagents, but it drastically 
reduces the time needed to measure individual conditions in large volume cuvettes.   

1. Introduction 

Eukaryotic cells are subdivided and organized into membrane-bound 
organelles that have distinct sets of enzymes and molecules to serve in 
organelle-specific roles [1,2]. Organelles communicate through the 
budding, trafficking, and fusion of transport vesicles containing lumenal 
or membrane integrated cargo. In the endolysosomal pathway, cargo is 
transferred from early endosomes to late endosomes and ultimately ly
sosomes. Upon delivery to lysosomes macromolecular cargo is broken 
down into building blocks by various digestive enzymes, which are 
activated by the acidification of the lysosomal lumen [2–6]. 

One of the major characteristics that distinguishes early endosomes 
from late endosomes and lysosomes is the gradual decrease of pH. As 
endosomes mature, the lumenal pH drops from 6.5 in early endosomes to 
5.5 in late endosomes, while lysosomal compartments acidify to a range 
between 4 and 5, depending on the organism [2,6–8]. Lumenal acidifica
tion is required in the activation of and function of lysosomal digestive 
enzymes to breakdown proteins, lipids, toxins as endosomal cargo, and 
entire organelles delivered to lysosomes through autophagy [2,6–9]. The 

principal source of vesicle acidification is vacuolar-type H+-ATPase 
(V-ATPase) that is composed of two protein sub-complexes. The VO 
sub-complex is imbedded in the membrane and contains the c-ring that 
binds and releases H+. As it rotates the c-ring encounters the two 
hemi-channels of the a-subunit that face the cytosol and vesicle lumen. The 
cytosolic hemi-channel loads the H+ on to the c-ring and the lumenal 
hemi-channel releases the H+ into the vesicle lumen. The energy used to 
transfer H+ through the VO against a concentration gradient comes from 
the cytoplasmic V1 complex containing the ATPase activity of the enzyme. 
When assembled, the V1-VO holocomplex uses ATP hydrolysis to turn the 
c-ring and pump H+ into the lysosomal lumen [2,10,11]. The importance 
of lysosomal acidification is broad. Not only can defective acidification 
lead to the accumulation of immature hydrolytic enzymes, but deficient 
V-ATPase activity has been linked to reduced autophagy, lysosomal storage 
disorders, Alzheimer’s Disease, Parkinson’s Disease, and more [8,10,12, 
13]. 

Since the process of endosome maturation and endocytosis is 
evolutionarily conserved in eukaryotic cells, it is advantageous to study 
the lysosomal fusion pathway and V-ATPase function in the budding 
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yeast Saccharomyces cerevisiae. One of the advantages of using 
S. cerevisiae vacuolar lysosomes is the ease of their isolation at high 
concentrations. Vacuoles isolated from 1 L of medium can yield upwards 
of 1 mg of vacuoles by protein. Importantly, these organelles contain all 
the essential proteins and lipids for in vitro analysis of fusion, fission, 
Ca2+ transport, actin polymerization and V-ATPase activity [11,14–18]. 
Furthermore, the relative ease and low cost of yeast genetics makes it 
easy to introduce gene deletions, mutations, truncations, and chimeras 
to further probe cellular functions including vacuole acidification [19, 
20]. A common method to quantify yeast vacuole acidification 
uses the fluorescein derivative BCECF-AM (2′,7′ –bis-(Carboxyeth 
yl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester), a pH-sensitive 
fluorescent probe that labels mammalian cytosol and accumulates in 
yeast vacuoles. BCECF fluoresces at two excitation wavelengths. While 
excitation at 440 nm is not affected by pH, it does affect excitation at 
490 nm. Ratios of emission at 535 nm are taken with each excitation 
point to calculate the pH of vacuole lumen [21–24]. Other dyes, 
including Oregon Green, fluorescein derivatives, and HPTS (8-hydrox
ypyrene-1,2,3-trisulfonic acid), pHrodo, as well as the pH sensitive GFP 
derivative pHlourin have been used in fluorescently labeling lysosomes 
of mammalian cells [25–33]. These assays, however, measures the 
lysosome pH in vivo, which is not ideal for high-throughput studies of 
V-ATPase function. This is due to the need to feed cells dextran conju
gates of pH sensitive dyes or genetic expression of pHlouorin. For our 
high-throughput in vitro assay we used the fluorescent dye Acridine 
Orange (AO) which readily accumulates in acidified isolated vacuoles in 
vitro [34–36]. 

AO has two dominant absorption peaks at 460 nm and 540 nm and 
the difference in absorbance has been used as a measure of vacuole 
acidification [34,37]. Using this difference in absorbance, others have 
used AO to measure in vitro yeast vacuole acidification in single read 
reactions using large volume cuvettes, which can be laborious and can 
limit the number of variables tested per vacuole preparation. Instead of 
relying on a difference in absorbance, we take advantage of changes in 
fluorescence intensity in a microtiter plate format. 

AO fluoresces with a peak emission at 520 nm when excited at 488 
nm [38,39] and stains double-stranded DNA with the expected green 
color, but stains single-stranded DNA and RNA with red color [40–43]. 
The reason for the two AO emission wavelengths is because of its 
metachromatic shift. When AO is accumulated, the increase of local 
concentration of AO pushes monomers to dimerize through base stack
ing, and the dimerization leads to a shift in dominant emission peak 
from 520 nm to 680 nm [39,40,44,45]. When AO is used to stain acidic 
compartments in vivo, AO monomers pass through membranes and 
become trapped in acidic compartments upon protonation to fluo
rescently label them [43,44]. 

Here we present a high-throughput in vitro assay using AO fluores
cence and half-volume 96 well plates (i.e., 192 well plate equivalent) 
that can be scaled to a 384-well format. Upon the addition of ATP, the V- 
ATPase transports H+ from the reaction buffer system to the vacuole 
lumen and changes in fluorescence are measured with an excitation of 
485 nm and emission at 520 nm. As V-ATPase complexes hydrolyze ATP 
to pump H+ into the vacuole lumen, AO accumulates in the acidic 
vacuoles, which causes to a shift in emission wavelength from 520 nm to 
680 nm due to AO dimerization [38,39,44], therefore a gradual decrease 
of fluorescence signals at emission wavelength of 520 nm is observed. 
Thus, a larger decrease of AO fluorescence indicates greater vacuolar 
acidification. 

2. Experimental 

2.1. Chemicals/reagents 

Soluble reagents were dissolved in PIPES-Sorbitol (PS) buffer (20 
mM PIPES-KOH, pH 6.8, 200 mM sorbitol) with 125 mM KCl unless 
indicated otherwise. ATP was purchased from RPI (Mount Prospect, IL). 

Bafilomycin A1 and Concanamycin A were from Cayman Chemical (Ann 
Arbor, MI) and dissolved in DMSO. Acridine orange, Coenzyme A (CoA), 
Creatine kinase, and FCCP (Carbonyl cyanide-4-(trifluoromethoxy) 
phenylhydrazone) were purchased from Sigma (St. Louis, MO). Crea
tine phosphate was from Abcam (Waltham, MA). Pbi2 (Proteinase B 
inhibitor 2) was prepared as described and dialyzed against PS buffer 
with 125 mM KCl [46]. IgG preparations of anti-Sec17 were made as 
described and dialyzed against PS buffer with 125 mM KCl [47]. The PH 
domain of FAPP1 was expressed as an MBP fusion and dialyzed against 
PS buffer with 125 mM KCl as described [48]. 

2.2. Yeast strains 

Vacuoles from BJ3505 genetic backgrounds were used for H+ transport 
assays. VPH1 was deleted by homologous recombination 
using PCR products amplified from the pAG32 plasmid with 
primers 5′-VPH1-KO (5’ – GCTTAGAGGGCTACCTGTGTGTATTTGCA 
TGGGTAAAAAGCCTGAACTCACC – 3′) and 3′-VPH1-KO (5’ – AGTCCT
CAAAATTTAGCTTGAAGCGGTTATT CCTTTGCCCTCGGACGAGTG – 3) 
with homology flanking the VPH1 coding sequence. The PCR product was 
transformed into chemically competent yeast by standard lithium acetate 
methods and plated on YPD containing Hygromycin (200 μg/ml) to 
generate BJ3505 vph1::hphMX4. 

2.3. Vacuole isolation and vacuole acidification 

Vacuoles were isolated as described [49]. The proton pumping ac
tivity of isolated vacuoles was performed as described by others with 
modifications [50,51]. In vitro H+ transport reactions (60 μl) contained 
20 μg vacuoles from BJ3505 backgrounds, reaction buffer (20 mM 
PIPES-KOH pH 6.8, 200 mM sorbitol, 125 mM KCl, 5 mM MgCl2), ATP 
regenerating system (1 mM ATP, 0.1 mg/ml creatine kinase, 29 mM 
creatine phosphate), 10 μM CoA, 283 nM Pbi2, and 15 μM of the fluo
rescent dye AO. Reaction mixtures were loaded into a black, half-volume 
96-well flat-bottom plate with nonbinding surface (Corning). ATP 
regenerating system or buffer was added, and reactions were incubated 
at 27 ◦C while AO fluorescence was monitored. Samples were analyzed 
in a fluorescence plate reader (POLARstar Omega, BMG Labtech) with 
the excitation filter at 485 nm and emission filter at 520 nm. Reactions 
were initiated with the addition of ATP regenerating system 20 s after 
the initial measurement. After the fluorescence drop plateaus were 
reached, we added 30 μM FCCP to collapse the proton gradient and 
restore acridine orange fluorescence. 

2.4. Statistical analysis 

Results are expressed as the mean ± S.E.M. Experimental replicates 
(n) is defined as the number of separate experiments. Significant dif
ferences were calculated using One-Way ANOVA for multiple compari
sons using Prism 9 (GraphPad, San Diego, CA). P values ≤ 0.05 were 
considered significant. 

3. Results and discussion 

To develop a high-throughput assay for V-ATPase function we first 
set parameters to detect vacuole acidification in an ATP-dependent 
manner in the absence of cytosol. For this we isolated vacuoles from 
exponentially growing yeast and used conditions that favor vacuole 
fusion [34,51]. Upon addition of ATP regenerating system, a rapid drop 
in AO fluorescence was measured that plateaued after 600 s (Fig. 1A). In 
contrast, the reaction lacking ATP did not change in fluorescence in
tensity, indicating that the observed signal was ATP-dependent. After 
600 s had elapsed, 30 μM FCCP was added to each reaction to equilibrate 
H+ levels across the vacuole membrane and restore starting fluorescence 
at 520 nm [52]. This shows that the fluorescence decrease at the 
beginning of the assay is due to accumulation of AO into lysosomes 

C. Zhang et al.                                                                                                                                                                                                                                   



Analytical Biochemistry 658 (2022) 114927

3

followed by its dimerization. 
Next, we verified whether the decrease in AO fluorescence was 

dependent on V-ATPase function. To determine this, we used vacuoles 
isolated from yeast where the VO subunit VPH1 had been deleted. Others 
have shown that the Vph1 isoform Stv1 (from the secretory path V- 
ATPase) can replace Vph1 in the endolysosomal population of the V- 
ATPase. However, Stv1 does not support vacuolar acidification unless it 
is overexpressed [53]. This is likely due to the differential regulation of 
Stv1 and Vph1 by the lipids phosphatidylinositol 4-phosphate (PI4P) 
and PI(3,5)P2, respectively [54,55]. Here we see that vph1Δ vacuoles 
were unable to acidify in the presence or absence of ATP, indicating that 
the drop in AO fluorescence was due to V-ATPase function (Fig. 1B). 

The conditions used here are favorable for vacuole homotypic fusion, 
meaning that there is an abundance of ATP through the use of an ATP 
regenerating system and physiological K+ levels. Cytosol is not required 
and Pbi2 is used as a protease inhibitor. Thus, vacuoles in Fig. 1A are 
undergoing the early stages of fusion, whereas vph1Δ vacuoles are fusion 
incompetent [34]. To show that the change in AO fluorescence is not due 
to blocked fusion, we used antibody against the SNARE co-chaperone 
Sec17 (mammalian α/β/γ-SNAP) [56]. The AAA + Sec18 (mammalian 
NSF) hydrolyses ATP to disassemble inactive SNARE bundles using 
Sec17 as a molecular crowbar [57–59]. Blocking Sec17 stops SNARE 
activation to stop vacuole fusion [60–63]. Here we show that adding 
anti-Sec17 IgG to AO fluorescence assays had no effect on vacuole 
acidification (Fig. 1C). This indicates that the loss of fluorescence was 
not due to vacuole fusion. 

To further show that fusion is not the cause of changes in AO fluo
rescence we used the plekstrin homology (PH) lipid binding domain 
from FAPP1 [64]. The FAPP1-PH binds to PI4P to block HOPS function 
and vacuole fusion [48,65,66]. Importantly, PI4P is required for Golgi 
localized V-ATPase where Stv1 takes the place of Vph1. Stv1 binds PI4P 
whereas Vph1 binds PI(3,5)P2 [54,55]. Here we used MBP-FAPP1-PH at 
levels that block vacuole fusion, yet we observed no change in AO 
fluorescence (Fig. 1D). This indicated that vacuole was acidified while 
fusion was inhibited. 

While the deletion of VPH1 does inhibit V-ATPase activity, it is also 

possible that there are secondary effects that could indirectly affect 
vacuole acidification. To show that V-ATPase function was directly 
responsible for the ATP-dependent drop in AO signal, we used two well- 
characterized inhibitors of the holocomplex. Using wild type vacuoles 
we tested the effects of Bafilomycin A1 and Concanamycin A that block 
H+ translocation by binding to the c-ring of the VO complex [67,68]. 
Because both inhibitors are dissolved in DMSO we also tested the solvent 
to see if any observed effects were due to DMSO and not the solutes. In 
Fig. 2 we show that both Bafilomycin A1 and Concanamycin A fully 
blocked the drop in AO fluorescence, while DMSO had no effect. These 
results, along with the data from the vph1Δ vacuoles show that the 
V-ATPase was indeed the reason for the drop in AO fluorescence due to 
vacuole acidification. 

Fig. 1. ATP dependent in vitro vacuole acidifica
tion. Vacuoles were isolated from wild type (A, C, D) 
and vph1Δ (B) yeast and used for proton pumping 
activity measured by the loss of AO fluorescence at 
520 nm. (C) Wild type vacuoles were incubated with 
or without 20 μg/ml anti-Sec17 IgG to block SNARE 
activation. (D) Wild type vacuoles were incubated 
with 1 μM FAPP1-PH to block PI4P and vacuole 
fusion. Reactions were incubated with or without ATP 
regenerating system added at 30 s and the reactions 
were incubated for 600 s. After ~600 s reactions were 
supplemented with 30 μM FCCP was added to 
collapse the proton gradient and restore AO 
fluorescence.   

Fig. 2. Bafilomycin A1 and Concanamycin prevent vacuole acidification, 
Vacuoles were isolated from wild type yeast and used for proton pumping ac
tivity measured by the loss of AO as described in Fig. 1. Reactions were incu
bated with or without ATP. Reactions containing ATP were treated with PS 
buffer, 100 nM Bafilomycin, 100 nM Concanamycin or an equivalent of solvent 
(DMSO). Reactions were incubated for 250 s before adding FCCP. Readings 
continued for 400 s. 
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Next, we tested if lowering the pH of the vacuole lumen, in the 
presence of a functioning V-ATPase, would block AO from shifting in 
fluorescence. To do this we used the weak base chloroquine, which ac
cumulates in acidic compartments as it is protonated [69,70]. As a 
result, the lumenal pH increases, which would result in a decrease in AO 
protonation and trapping in the lysosome. This would in turn fail to raise 
the local concentration of AO in the lysosomes to promote its dimer
ization and subsequent emission shift. Here we show that AO fluores
cence increased as chloroquine concentrations were raised (Fig. 3). This 
also shows that AO fluorescence can gradually decrease in a dose 
dependent manner. 

Finally, we used the high-throughput AO assay to screen for novel 
inhibitors of V-ATPase function. Previously we found that 100 μM Cu2+

potently inhibited vacuole acidification, whereas other divalent cations 
tested had no effect [51]. Here we tested various metals simultaneously 
to show how the assay can accommodate numerous conditions in a 
single reading. We tested the lanthanide cations La3+ and Gd3+ as well 
as the divalent cation Ni2+. When we added LaCl3 and GdCl3 to the 
acidification assay there was a pronounced increase in AO fluorescence 
in a dose-dependent manner. This was not due to vacuole lysis as fluo
rescence was restored to baseline when H+ was equilibrated across the 
vacuole membrane with the protonophore FCCP (Fig. 4A–D). In contrast 
to the lanthanides, divalent Ni2+ inhibited vacuole acidification in a 
manner similar to what was seen with Cu2+ (Fig. 4E and F). This was also 
consistent with a study showing that Ni2+ reduced proton pumping by 
isolated rat liver lysosomes containing endocytosed fluorescein dextran 
[71]. 

The increase in AO fluorescence due to La3+ and Gd3+ was unex
pected. A block in acidification typically manifests in a lack in AO 
fluorescence decrease at 520 nm as we saw with Ni2+ treated reactions. 
What would cause AO to increase in fluorescence? We hypothesize that 
this could be linked to the effects of lanthanides on Ca2+-ATPases and 
Ca2+ channels. Yeast vacuoles take in Ca2+ using the Ca-ATPase Pmc1 
and the Ca2+/H+ antiporter [72,73]. Ca2+ is released from vacuoles 
through the TRP (Transient Receptor Potential) homolog Ca2+ channel 
Yvc1 [74]. Yvc1 releases Ca2+ from the vacuole lumen during osmotic 
shock, when surface exposed Cys are modified with glutathione by Gtt1, 
which is likely to disrupt Yvc1 dimers and promote Ca2+ release [15, 
74–76]. Therefore, Yvc1 is unlikely involved here because it is not active 
under the isotonic conditions of the assay. Another unidentified Ca2+

release mechanism has been detected that operates under isotonic 
conditions in a SNARE dependent manner and in the absence of Yvc1 
[15,61]. 

Lanthanides can have effects on surface charge, dipole potential, and 

transmembrane potential that can affect different types of Ca2+ trans
porters [77]. For instance, Gd3+ has been shown to interact with phos
phatidylserine and augment dipole potential resulting in increased 
membrane tension due to enhanced packing of lipids. This can subse
quently inhibit the function of mechanosensitive channels including the 
mucolipin Ca2+ channel TRPML [78]. In addition, La3+ and Gd3+ can 
activate or potentiate the function of other TRP family members 
including TRPV1 [79]. Importantly, plasma membrane Ca-ATPase 
(PMC) family members as well as some TRP families can be inhibited 
by lanthanides [79–81]. The effects of La3+ and Gd3+ seen here are 
unlikely to be dependent on the release of Ca2+ by Yvc1 for the reasons 
listed above. 

Regarding the connection between Ca2+ transport and vesicle acid
ification, we and others have shown that a Ca2+ gradient is needed for 
vacuole/lysosome acidification to occur normally [82,83]. Based on the 
need for a Ca2+ gradient for vacuole acidification to occur, any effects of 
La3+ and Gd3+ on acidification through Ca2+ would have to target up
take mechanisms [83]. Notably, in addition to channels, lanthanides can 
also block Ca2+-ATPase pumps [80,84]. In this scenario a block in 
acidification would depend on the build-up of Ca2+ outside of the vac
uole lumen. Importantly, adding exogenous excess Ca2+ does block 
vacuole acidification [82]. 

As mentioned, lanthanides can affect Ca-ATPase pumps at the plasma 
membrane as well as the endoplasmic reticulum. Both Gd3+ and La3+

induce conformational changes in SERCA to block Ca2+ transport [85]. 
Thus, it is likely that Pmc1 function is altered by lanthanides in a similar 
manner. If La3+ and Gd3+ inhibited Pmc1, the extralumenal Ca2+ would 

Fig. 3. Chloroquine prevents the loss of AO fluorescence. Vacuoles were 
isolated from wild type yeast and used for proton pumping activity measured by 
the loss of AO as described in Fig. 1. Reactions were incubated with or without 
ATP. Reactions containing ATP were treated with PS buffer or chloroquine at 
the indicated concentrations. Reactions were incubated for 600 s before adding 
FCCP. Readings continued for 1000 s. 

Fig. 4. Effect of metals on AO fluorescence. Vacuoles were isolated from 
wild type yeast and used for proton pumping activity measured by the loss of 
AO as described in Fig. 1. Reactions were incubated with or without ATP. Re
actions containing ATP were treated with PS buffer or LaCl3 (A–B), GdCl3 (C–D) 
or NiSO4 (E–F) at the indicated concentrations. Reactions were incubated for 
600 s before adding FCCP. Readings continued for 1000 s. All conditions (A, C, 
E) were run in the same plate each of the three repeats and shared the same 0 
μM control. Error bars are S.E.M. (n = 3). **p < 0.01, ***p < 0.001, ****p <
0.0001 (One way ANOVA for multiple comparisons). 
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enter through the low affinity Ca2+/H+ antiporter Vcx1 [73]. Uptake 
through Vcx1 would result in the release of H+ from the vacuole lumen. 
Alternatively, La3+ and Gd3+ could block both Pmc1 and Vcx1 leading to 
the lack of Ca2+ gradient that could in turn inhibit V-ATPase function. In 
either case, H+ would not accumulate in the vacuole lumen. The ionic 
strength of La3+ and Gd3+ could keep AO from entering the vacuole, 
which could lead to AO protonation (AOH) while outside the vacuole. 
Protonation of AO would prevent its entry into the vacuole lumen where 
it would normally dimerize ([AOH]2) and fluoresce at 680 nm. Instead, 
the increased extralumenal AOH would shift to the monomeric form 
leading to the observed increased fluorescence at 530 nm. Clearly, these 
results are only the beginning of a new set of experiments that are 
beyond the scope of a methods paper. Thus, the hypothesis is only a 
discussion point at this time. 

4. Conclusion 

Here we show the adaptation of a large volume single sample assay 
of vacuole acidification to a high-throughput microtiter plate format. 
Classically, acidification was show by shifts in absorbance of AO or 
fluorescence quenching of ACMA (9-amino-6-chloro-2-methox
yacridine) in cuvettes holding as much as 3 ml per reaction [34,52, 
86–88]. Cuvette based assays limit the amounts of conditions that can be 
tested with a single organelle preparation. For example, if each reaction 
were run for 10 min, the researcher would be limited to six reactions in 
an hour. Meanwhile, we routinely run 30–40 reactions at the same time. 
Not only does this save time but reading reactions in parallel also en
sures that you are comparing apples to apples. Purified organelles have a 
limited lifetime and can only be used for 1–2 h before they stop func
tioning well. Even comparing vacuoles an hour apart can change the 
kinetics in a functional assay. Taking this into consideration, the 
investigator using back-to-back cuvette readings will be looking at 
different vacuoles between the first reaction and the sixth. Using this 
limitation as an impetus, we scaled this assay down to 30 or 60 μl to fit in 
384-well or 96 half-volume microtiter plates, respectively. This format 
allows for the screening of numerous reagents and conditions in a single 
round, which is of particular importance if testing low abundance and 
expensive reagents such antibodies. This also allows for the side-by-side 
comparison of genetic mutations and their wild-type parent. 

Like most assays, there are limitations to what can be tested with this 
format. For instance, there is a maximum amount of DMSO and other 
organic solvents that can be used without damaging the vacuoles. As 
such, we have been unable to test specific small molecule inhibitors due 
to solvent effects. Other limitations can come from interfering with the 
reporter itself. Some small molecule inhibitors quench AO fluorescence 
in the absence of vacuoles. Thus, it is important to make sure that the 
reagents being tested do not indirectly interfere with membrane integ
rity or the reporter system. Finally, there is the matter of quantitation. 
AO fluorescence is not a specific measure of pH in each organelle. This is 
meant a qualitative measure of acidification. More specific readings of 
pH would require fluorophores that can be calibrated with a pH curve 
including FITC and pHluorin. Naturally, this has its limitations as well, 
as it cannot be easily converted to a rapid high throughput format. 

Can this AO assay be used using whole cells? The short answer is yes, 
but there will be a need for additional controls and considerations. With 
yeast, the dye would have to travel through the cell wall and plasma 
membrane before gaining access to the vacuole. This would add time to 
when fluorescence changes are expected. As for controls, we must 
remember that AO also binds DNA and RNA with different emissions. 
This signal would have to be subtracted from signal originating from 
acidified compartments. One way to do this is to run a control sample 
that uses Bafilomycin or some other compound to prevent lysosome/ 
vacuole acidification. AO would still be able to label DNA and RNA to 
give a subtractable signal. This being said, we have not adapted the 
assay to use whole cells and doing so would require a new methods 
study. 

Finally, it is important to consider anion flux when examining V- 
ATPase mediated acidification. Producing a pH gradient by V-ATPase 
creates an electrical current that requires a counterion. In the endoly
sosomal pathway, Cl− ions are transported into vesicles through the CLC 
family some of which act as channels while other function as antiporters 
that exchange 1H+ for 2Cl− [89]. Vesicle pH can also be affected by 
other antiporters from the Na+(K+)/H+ exchangers family including 
NHE6 in mammalian cells and Nhx1 in yeast [23,90,91]. Thus, when 
screening for regulators of V-ATPase function, it is important to consider 
other proteins that could be the true target of a discovered molecule. 
Lastly, one must be aware of the effects of different anions on main
taining a H+ gradient. For instance, H+ gradients can be altered by some 
anions without affecting V-ATPase activity. At physiological concen
trations of K+ (150 mM), the counterion Cl− can lead to a faster loss of a 
H+ gradient compared to the effects of SO4- [92]. 
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[58] T. Söllner, M.K. Bennett, S.W. Whiteheart, R.H. Scheller, J.E. Rothman, A protein 
assembly-disassembly pathway in vitro that may correspond to sequential steps of 
synaptic vesicle docking, activation, and fusion, Cell 75 (1993) 409–418, https:// 
doi.org/10.1016/0092-8674(93)90376-2. 

[59] M. Zhao, S. Wu, Q. Zhou, S. Vivona, D.J. Cipriano, Y. Cheng, A.T. Brunger, 
Mechanistic insights into the recycling machine of the SNARE complex, Nature 518 
(2015) 61–67, https://doi.org/10.1038/nature14148. 

[60] A. Haas, W. Wickner, Homotypic vacuole fusion requires Sec17p (yeast alpha- 
SNAP) and Sec18p (yeast NSF), EMBO J. 15 (1996) 3296–3305. 

[61] A.J. Merz, W.T. Wickner, Trans-SNARE interactions elicit Ca2+ efflux from the 
yeast vacuole lumen, J. Cell Biol. 164 (2004) 195–206, https://doi.org/10.1083/ 
jcb.200310105. 

[62] N. Thorngren, K.M. Collins, R.A. Fratti, W. Wickner, A.J. Merz, A soluble SNARE 
drives rapid docking, bypassing ATP and Sec17/18p for vacuole fusion, EMBO J. 
23 (2004) 2765–2776, https://doi.org/10.1038/sj.emboj.7600286. 

[63] R.A. Fratti, K.M. Collins, C.M. Hickey, W. Wickner, Stringent 3Q.1R composition of 
the SNARE 0-layer can be bypassed for fusion by compensatory SNARE mutation or 
by lipid bilayer modification, J. Biol. Chem. 282 (2007) 14861–14867, https://doi. 
org/10.1074/jbc.M700971200. 

[64] K.M. Weixel, A. Blumental-Perry, S.C. Watkins, M. Aridor, O.A. Weisz, Distinct 
Golgi populations of phosphatidylinositol 4-phosphate regulated by 
phosphatidylinositol 4-kinases, J. Biol. Chem. 280 (2005) 10501–10508, https:// 
doi.org/10.1074/jbc.M414304200. 

C. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1186/s40035-020-00196-0
https://doi.org/10.1146/annurev-cellbio-100109-104131
https://doi.org/10.1146/annurev-cellbio-100109-104131
https://doi.org/10.1111/tra.12736
https://doi.org/10.1371/journal.pone.0271199
https://doi.org/10.1074/jbc.M704117200
https://doi.org/10.1074/jbc.M704117200
https://doi.org/10.1016/j.bbabio.2015.06.010
https://doi.org/10.1016/j.bbabio.2015.06.010
https://doi.org/10.1007/s00294-018-0887-8
https://doi.org/10.1007/s00294-018-0887-8
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref20
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref20
https://doi.org/10.1074/jbc.274.52.37270
https://doi.org/10.1074/jbc.M307446200
https://doi.org/10.1091/mbc.e04-11-0999
https://doi.org/10.3791/50261
https://doi.org/10.1016/bs.mcb.2014.10.021
https://doi.org/10.1016/bs.mcb.2014.10.021
https://doi.org/10.1074/jbc.M809161200
https://doi.org/10.1074/jbc.M809161200
https://doi.org/10.1083/jcb.200911083
https://doi.org/10.1038/28190
https://doi.org/10.3791/54587
https://doi.org/10.1073/pnas.92.8.3156
https://doi.org/10.1016/s0005-2736(96)00163-0
https://doi.org/10.1016/s0005-2736(96)00163-0
https://doi.org/10.1073/pnas.80.11.3334
https://doi.org/10.1016/j.jim.2008.11.019
https://doi.org/10.1016/j.jim.2008.11.019
https://doi.org/10.1083/jcb.200212004
https://doi.org/10.1073/pnas.84.20.6980
https://doi.org/10.1093/oxfordjournals.jbchem.a134053
https://doi.org/10.1093/oxfordjournals.jbchem.a134053
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref37
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref37
https://doi.org/10.1529/biophysj.106.102673
https://doi.org/10.1242/jcs.195057
https://doi.org/10.1242/jcs.195057
https://doi.org/10.1016/j.acthis.2019.03.010
https://doi.org/10.1016/j.acthis.2019.03.010
https://doi.org/10.1073/pnas.74.11.4835
https://doi.org/10.1073/pnas.74.11.4835
https://doi.org/10.1269/jrr.27.339
https://doi.org/10.1269/jrr.27.339
https://doi.org/10.3389/fonc.2019.00925
https://doi.org/10.1002/cyto.a.22495
https://doi.org/10.1002/cyto.a.22495
https://doi.org/10.1063/1.4941415
https://doi.org/10.1073/pnas.94.11.5582
https://doi.org/10.1101/pdb.prot4283
https://doi.org/10.1111/tra.12064
https://doi.org/10.1083/jcb.126.1.87
https://doi.org/10.1083/jcb.126.1.87
https://doi.org/10.1242/jcs.00328
https://doi.org/10.1242/jcs.00328
https://doi.org/10.1111/tra.12683
https://doi.org/10.1111/tra.12683
https://doi.org/10.1242/jeb.205.9.1209
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref53
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref53
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref53
https://doi.org/10.1074/jbc.RA119.008552
https://doi.org/10.1074/jbc.RA119.008552
https://doi.org/10.1091/mbc.E17-05-0316
https://doi.org/10.1016/s0092-8674(00)81084-3
https://doi.org/10.1126/science.aaa5267
https://doi.org/10.1126/science.aaa5267
https://doi.org/10.1016/0092-8674(93)90376-2
https://doi.org/10.1016/0092-8674(93)90376-2
https://doi.org/10.1038/nature14148
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref60
http://refhub.elsevier.com/S0003-2697(22)00387-6/sref60
https://doi.org/10.1083/jcb.200310105
https://doi.org/10.1083/jcb.200310105
https://doi.org/10.1038/sj.emboj.7600286
https://doi.org/10.1074/jbc.M700971200
https://doi.org/10.1074/jbc.M700971200
https://doi.org/10.1074/jbc.M414304200
https://doi.org/10.1074/jbc.M414304200


Analytical Biochemistry 658 (2022) 114927

7

[65] C. Stroupe, K.M. Collins, R.A. Fratti, W. Wickner, Purification of active HOPS 
complex reveals its affinities for phosphoinositides and the SNARE Vam7p, EMBO 
J. 25 (2006) 1579–1589, https://doi.org/10.1038/sj.emboj.7601051. 

[66] R.A. Fratti, W. Wickner, Distinct targeting and fusion functions of the PX and 
SNARE domains of yeast vacuolar Vam7p, J. Biol. Chem. 282 (2007) 
13133–13138, https://doi.org/10.1074/jbc.M700584200. 

[67] M. Huss, G. Ingenhorst, S. König, M. Gassel, S. Dröse, A. Zeeck, K. Altendorf, 
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