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A B S T R A C T   

Ca2+ and pH homeostasis are closely intertwined and this interrelationship is crucial in the cells’ ability to adapt 
to varying environmental conditions. To further understand this Ca2+-pH link, cytosolic Ca2+ was monitored 
using the aequorin-based bioluminescent assay in parallel with fluorescence reporter-based assays to monitor 
plasma membrane potentials and intracellular (cytosolic and vacuolar) pH in yeast Saccharomyces cerevisiae. At 
external pH 5, starved yeast cells displayed depolarized membrane potentials and responded to glucose re- 
addition with small Ca2+ transients accompanied by cytosolic alkalinization and profound vacuolar acidifica
tion. In contrast, starved cells at external pH 7 were hyperpolarized and glucose re-addition induced large Ca2+

transients and vacuolar alkalinization. In external Ca2+-free medium, glucose-induced pH responses were not 
affected but Ca2+ transients were abolished, indicating that the intracellular [Ca2+] increase was not prerequisite 
for activation of the two primary proton pumps, being Pma1 at the plasma membrane and the vacuolar and Golgi 
localized V-ATPases. A reduction in Pma1 expression resulted in membrane depolarization and reduced Ca2+

transients, indicating that the membrane hyperpolarization generated by Pma1 activation governed the Ca2+

influx that is associated with glucose-induced Ca2+ transients. Loss of V-ATPase activity through concanamycin A 
inhibition did not alter glucose-induced cytosolic pH responses but affected vacuolar pH changes and Ca2+

transients, indicating that the V-ATPase established vacuolar proton gradient is substantial for organelle H+/ 
Ca2+ exchange. Finally, a systematic analysis of yeast deletion strains allowed us to reveal an essential role for 
both the vacuolar H+/Ca2+ exchanger Vcx1 and the Golgi exchanger Gdt1 in the dissipation of intracellular Ca2+.    

Abbreviations 
TECC, transient elevation of cytosolic calcium; 
[Ca2+]cyt, cytosolic calcium concentration; 
pHcyt, cytosolic pH; 
pHvac, vacuolar pH; 
D, synthetic dextrose; 
DiSC3(3), 3,3-Dipropylthiacarbocyanine iodide 

1. Introduction 

Cells have evolved a sophisticated sensing and signaling system to 
adapt to environmental changes, such as fluctuations in temperature, 
pH, osmotic pressure or nutrient availability. In eukaryotes, Ca2+ acts as 
an intracellular messenger regulating a myriad of biological processes, 
including exocytosis, cell proliferation, apoptosis, cell survival and 

muscle contraction [1–4]. Also yeast cells employ a complex Ca2+

signaling network to respond to diverse external stimuli. In the budding 
yeast Saccharomyces cerevisiae, intracellular Ca2+ responses have been 
observed upon exposure to mating pheromone [5–7], hypo- or hyper
osmotic stress [8, 9], alkaline stress [10], cold stress[11], toxic metal 
ions[12, 13]. In addition, the availability of the fermentable sugar 
glucose has been extensively studied ever since it was shown that 
refeeding of glucose to glucose-starved cells triggers a rapid, transient 
increase in Ca2+ influx [14, 15]. 

In S. cerevisiae cells, the cytosolic free Ca2+ concentration ([Ca2+]cyt) 
is normally maintained at very low levels (50–200 nM), which is 
102–104 times lower than the external [Ca2+] or the free [Ca2+] stored in 
intracellular organelles [16] (estimated at 300 μM, 10 μM and 30 μM in 
Golgi [17], endoplasmic reticulum (ER) [18] and vacuole [19], 
respectively). This steep Ca2+ gradient between cytosol and extracel
lular fluid and intracellular organelles allows the generation of rapid 
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changes in [Ca2+]cyt in response to stresses or stimuli, and this is 
dynamically regulated by a calcineurin-dependent feedback control 
system consisting of various Ca2+ transporters, Ca2+ binding proteins 
and regulators [7]. 

Re-addition of glucose to glucose-starved yeast cells results in a va
riety of effects including the aforementioned transient elevation of 
cytosolic Ca2+, which is known as the TECC response [14, 15, 20]. This 
TECC response mainly relies on Ca2+ influx from the external medium, 
followed by a rapid sequestration of the cytosolic Ca2+ in organelles. The 
Ca2+ influx is activated through the Glucose Induced Calcium (GIC) 
pathway that involves an as-yet unidentified transport system [21]. The 
subsequent sequestration of cytosolic Ca2+, has mainly been ascribed to 
the vacuole-localized Ca2+/H+ antiporter Vcx1, which rapidly restores 
the brief cytosolic Ca2+ burst to non-toxic levels [22–24]. This transient 
increase in [Ca2+]cyt further results in the activation of the calm
odulin/calcineurin signaling pathway, which provides the transcrip
tional feedback regulation for a number of genes, including PMC1 and 
PMR1 [25–27]. PMC1 encodes a vacuole-localized Ca2+ pump that is 
responsible for maintaining basal [Ca2+]cyt [28], while PMR1 encodes a 
Golgi-localized Ca2+ pump[29, 30], which together with the 
Golgi-resident Ca2+/H+ antiporter Gdt1 [31, 32] supplies the Golgi 
apparatus and ER with adequate levels of [Ca2+]. In addition, it has been 
shown that calcineurin effectively inhibits Vcx1 providing bi-stability in 
cytosolic Ca2+ levels [24, 27, 33]. 

In addition to the TECC responses, glucose refeeding to yeast cells 
also induces an initial cytosolic acidification, followed by a more pro
nounced and long-lasting alkalinization [14]. The initial acidification is 
apparently related to the release of protons (H+) during subsequent 
glucose phosphorylation steps [34], while the alkalinizing component is 
thought to be mainly caused by a glucose-induced activation of the 
plasma membrane H+-ATPase (Pma1) [35]. Pma1 is considered as a 
master regulator of pHcyt and plasma membrane potential [36]. Its 
glucose-induced activation was proposed to be based on Ca2+ and 
post-translational phosphorylation. The increase in [Ca2+]cyt upon 
re-addition of glucose activates the serine-protease Lpx1, which through 
degradation of acetylated tubulin bound to Pma1 would provide access 
for specific protein kinases (e.g. Ptk2) that phosphorylate and activate 
Pma1 [37, 38]. It has been shown that pma1 mutants exhibit Ca2+

sensitivity and decreased intracellular Ca2+ levels [39], suggesting that 
Pma1 is also indirectly involved in Ca2+ sequestration. Additionally, 
constitutive overexpression of calcineurin in yeast results in a pma1 
mutant phenotype, suggesting that calcineurin may negatively regulate 
Pma1. However, some data suggest that calcineurin may promote Pma1 
activation through the gene SIA1, encoding a Pma1 activator [40, 41]. 

In addition to Pma1, V-ATPases are also central players in cellular pH 
homeostasis. V-ATPases are mainly found in vacuolar (the Vph1- 
containing V-ATPase) and Golgi (the Stv1-containing V-ATPase) mem
branes. V-ATPases are structurally organized in two large sectors, V0 
and V1, that can rapidly disassemble or reassemble in response to 
external stressors [42]. During glucose starvation the vacuolar 
V-ATPase, but not the Golgi V-ATPase, disassembles and a fast reas
sembly is seen upon glucose re-addition [42]. The V-ATPase activity 
generates large electrochemical proton gradients and this is crucial for a 
number of secondary active transport systems, including the H+/Ca2+

exchange mediated by the vacuolar Vcx1 and the Golgi Gdt1 antiporters. 
Acute inhibition of V-ATPases by concanamycin A [43] or bafilomycin 
A1 [22] impairs Ca2+ recovery and confers sensitivity to extracellular 
pH and Ca2+ in yeast. It has been proposed that Pmc1 could compensate 
for the loss of the Vcx1 function in a vcx1Δ or a vma2Δ mutant, the latter 
lacking a functional V-ATPase [43, 44]. In addition, a 
calcineurin-mediated internalization of Pma1 has been observed in 
V-ATPase mutants [45]. Accordingly, calcineurin inhibition increases 
the pH and Ca2+ sensitivity of V-ATPase mutants [46]. Moreover, cal
cineurin mutant strains exhibited lower V-ATPase activity during 
glucose deprivation at elevated external pH, suggesting that under 
certain conditions calcineurin may also be involved in V-ATPase 

activation [47]. 
Clearly, studying the basic mechanisms underlying Ca2+ and pH 

changes in response to re-addition of glucose to starved yeast cells is key 
to the understanding of the crosstalk between Ca2+ and pH homeostasis. 
While most previous studies have focused either on cytosolic Ca2+ alone 
or on cytosolic pH, we opted to combine an aequorin-based biolumi
nescent assay for monitoring cytosolic Ca2+ with a fluorescence 
reporter-based assays to monitor the plasma membrane potentials and 
intracellular cytosolic and vacuolar pH. We show that the glucose- 
induced Ca2+ influx is not a prerequisite for Pma1 or V-ATPase activa
tion but instead demonstrate that membrane hyperpolarization gener
ated by Pma1 activation governs the Ca2+ influx associated with the 
TECC responses in S. cerevisiae. Additionally, changes in the environ
mental pH had markedly different effects on glucose-induced intracel
lular Ca2+ and pH responses. Our results further support that V-ATPases 
are the main H+ pumps for organellar acidification, while Pma1 mainly 
controls the cytosolic pH and the membrane potential. Finally, a sys
tematic analysis of yeast deletion strains allowed us to reveal an 
essential role for both Vcx1 and Gdt1 in the dissipation of intracellular 
Ca2+. 

2. Materials and methods 

2.1. Yeast Strains, plasmids, and cell growth conditions 

Yeast strains and oligonucleotides used in this study are listed in 
Table S1 and S2. All yeast strains were derived from the BY4741 strain 
(Table S1) and contained the same auxotrophic markers. The 
vcx1Δgdt1Δ strain was constructed using a modified CRISPR/Cas9 pro
tocol [48]. Briefly, the synthetic gRNA expression cassette flanked by 
ribozyme and BsaI restriction sites was modified to include a short DNA 
fragment containing two SapI restriction sites (gblockSAPI) and cloned 
into the pUDP002 plasmid (Addgene Plasmid #103872), generating the 
pUDP002-SapI plasmid. This plasmid was then used to generate a gRNA 
entry plasmid. The 20-bp cas9 gRNA target sequence, repair DNA 
fragment (vcx1repairFw and vcx1repairRv) and diagnostic primers 
(vcx1dgFw and vcx1dgRv) were designed using the Yeastriction toolkit 
(http://yeastriction.tnw.tudelft.nl). For integration into pUDP002-SapI, 
target sequences were flanked by 3 extra nucleotides ʻGTCʼ and ʻGTTʼ at 
5’ and 3’ ends, respectively (vcx1gRNAFw and vcx1gRNARv). These 
modified target sequences for VCX1 deletion were then annealed to 
generate double-strand DNA fragments with 3-bp overhangs and cloned 
into the SapI-digested pUDP002-SapI to generate pUDP002-Vcx1. To 
construct the vcx1Δgdt1Δ strain, the pUDP002-vcx1 and repair DNA 
fragment were co-transformed into gdt1Δ and further analysed by 
diagnostic primers. The avt3Δavt4Δ strain was constructed by crossing 
different mating type mutants [49]. In short, diploids generated by 
crossing BY4741 single-gene mutants of avt3Δ (MATa) and avt4Δ 
(MATα) were grown in YPD medium (2% peptone, 1% yeast extract and 
2% glucose). Cells were harvested in early stationary phase and sporu
lated on solid medium (1% potassium acetate, 1.5% agar, pH6) for 5-6 
days. Sporulated cells were resuspended in sterile water containing 
0.02 mg/ml lyticase and incubated for 10 min at room temperature. 
Tetrad dissection was carried out on a YPD plate using a micromanip
ulator (Singer instruments). After incubation for 3-5 days at 30◦C, ge
notypes of the germinated spores were analyzed. Non-transformed yeast 
cells were cultured and maintained in YPD medium. For Ca2+ mea
surements, the yeast strains used were transformed with the episomal 
plasmid pYX212-cytAEQ allowing for apoaequorin expression. For 
cytosolic pH measurements, the strains were transformed with the 
episomal plasmid pYES2-PACT1-pHluorin. For vacuolar pH and plasma 
membrane potential measurements, the strains were transformed with 
the empty plasmid pYX212. Since all plasmids allowed for expression of 
URA3, all strains displayed the same auxotrophies for the different 
measurements. The transformed yeast cells were selected, cultured and 
maintained in synthetic dextrose (SD) minimal medium lacking uracil 
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(0.19% yeast nitrogen base without amino acids, 0.5% ammonium sul
fate supplemented with synthetic drop-out amino acid/nucleobase 
mixture and 2% glucose). Glucose starvation was carried out according 
to Wilms, T. et al. 2017 [49]. Briefly, early log phase cells were washed 
twice and incubated in starvation medium (0.19% yeast nitrogen base 
without amino acids, folic acid and riboflavin (LoFlo, Formedium), 0.5% 
ammonium sulfate supplemented with synthetic drop-out amino 
acid/nucleobase mixture, without glucose) buffered at pH 7 or 5 for 1 hr. 
All cultures were shaken at 30◦C and 200 rpm. 

2.2. Cytosolic Ca2+ measurements 

Cytosolic Ca2+ levels ([Ca2+]cyt) were measured in yeast strains 
expressing the bioluminescent protein apoaequorin as previously 
described [50]. Briefly, using the lithium/polyethylene glycol method 
[51] strains were transformed with pYX212-cytAEQ harboring the 
apoaequorin gene under the control of TPI promoter (kind gift from E. 
Martegani, Department of Biotechnology and Biosciences, University of 
Milano-Bicocca, Milan, Italy) [52] and grown in SD minimal medium at 
pH 5. For cell immobilization, two OD600 units of cells harvested in the 
early log phase were plated on concanavalin A coated coverslips and 
incubated at 30◦C for 1 hr. For aequorin reconstitution, immobilized 
yeast cells were washed twice with starvation medium at pH 7 or 5 and 
incubated in the same medium supplemented with 5 mM wild-type 
coelenterazine (Promega) at 30◦C for 1 hr. After removing excess of 
coelenterazine by washing the coverslips with starvation medium pH 7 
or 5, coverslips with attached yeast cells were placed in a thermostated 
perfusion chamber of a single-tube luminometer (photomultiplier tube 
for photon detection (Type H3460- 04, Hamamatsu Photonics, Japan) 
positioned about 2 cm above the coverslip surface) and perfused with 
the required solutions at 30◦C. In Ca2+ and glucose pulse experiments, 
immobilized cells were initially perfused with 0.1 M 2-(N-morpholino) 
ethanesulfonic acid (MES)/Tris buffer (Sigma) at pH 7 or 5, followed by 
the same buffer supplemented with 10 mM CaCl2. After the Ca2+ pulse, 
cells were subsequently perfused with the same buffer supplemented 
with 110 mM glucose to induce a transient elevation of cytosolic calcium 
(referred to TECC response). In Ca2+-free experiments, the same pro
cedure was used except that 3 mM Ethylene glycol-bis(2-amino
ethylether)-N,N,N’,N’-tetraacetic acid (EGTA) (Sigma) was added to the 
buffer medium and the 10 mM CaCl2 pulse was omitted. In the V-ATPase 
inhibition experiments, cells were pretreated with 1 μM concanamycin A 
(CMA - Bioviotica) for 15 min and then washed twice with MES/Tris 
buffer prior to Ca2+ and glucose pulse experiments. CMA was dissolved 
in dimethyl sulfoxide (DMSO) and cells pretreated with vehicle (1%) 
alone served as control. At the end of all experiments, the residual 
reconstituted aequorin was completely discharged by perfusing the cells 
with a solution containing 10 mM CaCl2 and 0.5% Triton X-100. Light 
impulses originating from the entire yeast cell population were 
discriminated, pre-scaled and integrated (1 s time interval) with a 
PC-based 32-bit counter/timer board (PCI-6601, National Instruments 
Corporation, Austin, TX, United States). The emitted light was calibrated 
offline into cytosolic Ca2+ values using the following algorithm [Ca2+]in 
= ((L/Lmax)1/3+[KTR(L/Lmax)1/3-1)/(KR(L/Lmax)1/3]) with KTR and KR 
the constants for the Ca2+-unbound and Ca2+- bound state, respectively 
[53], L the luminescence intensity at any time point and Lmax the inte
grated luminescence [24, 53, 54]. Data presented for [Ca2+]cyt in this 
study are all averages of replicate traces (mean ± SEM with N the 
number of coverslips tested). 

2.3. Cytosolic and vacuolar pH measurements 

Cytosolic pH (pHcyt) was measured in strains transformed with 
pYES2-PACT1-pHluorin encoding the pH-sensitive green fluorescent 
ratiometric protein pHluorin (kind gift from Dr. Gertien J. Smits, 
Swammerdam Institute for Life Sciences (SILS), University of Amster
dam, The Netherlands) [55]. The transformed strains were grown in the 

SD minimal medium, buffered at pH 5. For glucose starvation experi
ments, cells were harvested in the early log phase, washed twice with the 
starvation medium buffered to pH 5 or 7 and incubated at 30◦C for 1hr. 
Glucose-starved cells were then washed twice and resuspended with 0.1 
M MES/Tris buffer at pH 5 or 7, and subsequently transferred to 
F-bottom black 96-well microplate (Greiner Bio-One). The fluorescence 
intensity at excitation wavelengths 389 and 485 nm was measured at an 
emission wavelength of 511 nm using a Fluoroskan Ascent FL Microplate 
Fluorometer and Luminometer (Thermo Scientific). In a series of ex
periments the glucose-starvation time was prolonged to 2 hrs (data not 
shown). Statistical analysis using two-way Anova revealed that there 
were no statistically significant pHcyt differences between the 1 hr and 
the 2 hrs glucose-starved samples of wild-type and mutant strains 
(p-value range between 0.069 and 0.7628). 

Vacuolar pH (pHvac) was measured using the cell permeant ratio
metric pH indicator BCECF-AM (Calbiochem). Strains grown to early log 
phase in SD minimal medium were loaded with 50 μM BCECF-AM and 
incubated at 30◦C for 30 min. BCECF-loaded cells were then starved in 
starvation medium and washed with MES/Tris buffer using the same 
approach as for cytosolic pH measurements. The fluorescence emission 
was recorded at 538 nm using 440 nm and 485 nm excitation. 

All pH measurements were performed at 30◦C with orbital shaking at 
240rpm. pH values were calibrated offline using a calibration mixture 
described previously [49, 55]. To avoid ammonium effects on pH 
(Fig. S1), all pH measurements were performed in MES/Tris buffer at pH 
7 or 5. For pH measurements, the same procedures were used as for 
cytosolic Ca2+ measurements cells. Data presented for pH in this study 
are all averages of replicate traces (mean ± SEM with N the number of 
cultures tested). 

2.4. Estimations of plasma membrane potential 

Optical estimation of the plasma membrane potential with the 
fluorescent dye 3,3-Dipropylthiacarbocyanine iodide (DiSC3(3)) 
(Sigma) was done using a similar protocol as described before [56] with 
some modifications. Yeast cells were grown in SD minimal medium 
buffered at pH 5, harvested in the early log phase, washed twice with 
starvation medium buffered at pH 7 or 5, and then incubated at 30◦C for 
1hr. Before recording, cells were washed twice with MES/Tris buffer at 
pH 7 or 5 and transferred into 96-well black microplates at OD600 of 
1.5. DiSC3(3) was added at a final concentration of 0.2 μM, and 10 μM 
BaCl2 was added to avoid dye surface binding [57]. After 20 min incu
bation at 30◦C, fluorescence was followed in a BioTek Synergy H1 
microplate reader at 30◦C. Excitation and emission fluorescence were 
531 and 549− 589 nm, respectively. The 580/560 ratio was used to es
timate membrane potential changes. Where specified, glucose was 
re-added to a final concentration of 110 mM. 

2.5. Fluorescence microscopy 

The V-ATPase assembly was analysed in yeast strains expressing 
GFP-tagged Vma2 (RD67) and grown to early log phase in SD minimal 
medium. Vacuolar membranes were stained with FM4-64 (Thermo 
Fisher) (8 μM FM4-64 for 30 min at 30◦C). For glucose starvation, cells 
were washed twice with starvation medium buffered at pH 7 or 5, and 
then incubated at 30◦C for 1hr. Before imaging, cells were washed twice 
with MES/Tris buffer at pH 7 or 5. Fluorescence was visualized with a 
Leica DM4000B or DMi8 microscope. Images were deconvolved with 
Huygens Essential (v18.04, Scientific Volume Imaging) and further 
processed with Fiji (v1.53c) [58]. CaCl2 or glucose were added where 
indicated to a final concentration of 10 mM and 110 mM, respectively. 
Co-localization of Vma2-GFP with vacuolar FM4-64 was quantified 
using the ImageJ plugin Just Another Colocalization (JACoP) [59] to 
calculate the Pearson’s coefficient (denoted as mean ± SEM with N the 
number of cells tested). 
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2.6. Cell growth determination 

In yeast cells undergoing acute glucose starvation growth was 
assessed by monitoring the optical density (OD) at 595 nm (96-well plate 
reader Multiskan Go, Thermo Scientific). Absorbance data were aver
aged for each condition and plotted as a function of time. Fig. S2 A 
shows that at pHout 5 and 7 wild-type yeast cells have limited growth 
under glucose starvation. The doubling time for wild-type and mutant 
cells growing in the presence of glucose or under glucose-starvation 
conditions is provided in Fig. S2 B. Under glucose-starvation condi
tions at pHout 5 and 7, no significant differences were observed between 
wild-type and mutant strains. 

2.7. Glucose uptake quantification 

Glucose uptake into yeast cells was quantified using the fluorescent 
glucose derivative 2-NBDG (2-(N-(7-nitrobenz-2-oxa-1,3- diazol-4-yl)- 
amino)-2-deoxyglucose) as previously described [60]. Briefly, yeast 
cells were incubated with 60 μM of 2-NBDG at 30◦C for 30 min. The 
uptake reaction was stopped by washing the cells three times with 
MES/Tris buffer at pHout 5 or 7. Live cells were visualized with a Leica 
DM4000B or DMi8 microscope using GFP filter. The quantification of 
2-NBDG fluorescence was calculated using Fiji (v1.53c) software. At 
least 150 cells were analysed for each yeast strain. Normalized 2-NBDG 
fluorescence (the fluorescence of 2-NBDG from wild-type cells at pHout 5 
was set to 1.0) was plotted with data showing averages ± SEM (Fig. S3). 

2.8. Statistical analysis 

Results are expressed as mean ± standard error of mean (SEM). 
Unpaired Student’s t-test was used to determine statistical significance 
between two datasets. The two-way analysis of variance (ANOVA) test 
was used to check for significant differences in pHcyt between 1 hr and 2 
hrs glucose-starved cells. 

3. Results 

3.1. Ca2+ signaling and pH regulation following glucose re-addition to 
glucose-starved yeast cells 

To study the crosstalk between pH and Ca2+ homeostasis in yeast 
cells, we monitored in parallel the cytosolic pH (pHcyt) and vacuolar pH 
(pHvac) as well as cytosolic Ca2+ concentrations ([Ca2+]cyt) when first 
Ca2+ and then glucose were supplemented to glucose-starved yeast cells. 
The panels in Fig. 1 show the changes in [Ca2+]cyt and accompanying 
pH changes in wild-type BY4741 cells at an external pH (pHout) of 5 and 
7. The [Ca2+]cyt baseline levels under starvation conditions were not 
significant different between pHout 5 and 7, while pHcyt was 5.84±0.04 
(N = 3) and 5.65±0.04 (N = 3) (p<0.005), and pHvac was 6.05±0.04 (N 
= 3) and 5.89±0.03 (N = 4) (p<0.005) at pHout 5 and 7, respectively. 
Addition of external CaCl2 induced a rapid small [Ca2+]cyt increase, 
which was more pronounced at pHout 7, but no distinct pH changes were 
observed. Glucose re-addition generated the characteristic TECC 
response as previously reported [14, 15, 21]. At pHout 7, the TECC 
response showed a relatively fast onset with a high peak amplitude 
(3.73±0.31 μM, N = 5) that was reached at 262 s after the glucose pulse 
(Fig. 1 B), whereas at pHout 5, the TECC response displayed a significant 
lower amplitude (0.82±0.05 μM, N = 4), which reached a maximum at 
373 s after the glucose pulse (Fig. 1 D). The large TECC response 
observed at pHout 7 was accompanied by an initial and small cytosolic 
acidification followed by a large and prolonged cytosolic alkalinization 
(pHcyt 6.89±0.06, N = 3) while the vacuolar pH increased (pHvac 
6.14±0.07, N = 4) (Fig. 1 A). This resulted in a vacuolar pH gradient of 
0.75 pH units. The small TECC response at pHout 5 was again accom
panied by an initial slight pHcyt decrease followed by a progressive but 
more modest cytosolic alkalinization (pHcyt 6.20±0.02, N = 3) (Fig. 1 

C). However, at pHout 5, glucose re-addition caused a strong acidifica
tion of the vacuole (pHvac 4.46±0.08, N = 3), thereby creating a large 
vacuolar H+ gradient of 1.74 pH units. Notably, the failure to acidify the 
vacuole upon glucose re-addition at pHout 7 was previously reported 
before in a study that also demonstrated hampered V-ATPase disas
sembly in response to glucose deprivation at pHout 7 [47]. 

3.2. The contribution of Pma1 

The initial cytosolic acidification observed upon glucose re-addition 
is likely related to the release of H+ during subsequent glucose phos
phorylation steps [34], while the alkalinizing cytosolic phase might 
reflect the glucose-induced activation of Pma1, the plasma membrane 
H+-ATPase [35]. It has previously been proposed that the 
glucose-induced activation of Pma1 involves Ca2+ signaling since 
deprivation of extracellular Ca2+ partly inhibits its glucose-induced ac
tivity [61]. To assess whether TECC responses contribute to 
glucose-induced Pma1 activation, we recorded TECC and pH responses 
in external Ca2+-free medium supplemented with EGTA (3 mM). As 
expected, the TECC responses, which mainly rely on Ca2+ influx from 
the external medium [21], where fully suppressed under these condi
tions (Fig. 2, A and D). Surprisingly, however, the accompanying pHcyt 
changes were not affected both at pHout 5 and 7 (Fig. 2, B and E). 
Similarly, pHvac was not affected at pHout 7 and only a moderate 
decrease in pHvac was observed at pHout 5 (Fig. 2, C and F). As expected, 
when glucose re-addition was omitted the TECC responses and pH 
changes were both eliminated (Fig. 2). Combined, these findings thus 
clearly indicate that the observed pH changes are solely 
glucose-dependent and that cytosolic alkalinization is not triggered by 
the TECC response, the latter suggesting that Pma1 activation in the 
present experimental conditions is not Ca2+-dependent. 

To further investigate the contribution of Pma1, complementary 
experiments were performed using the pma1-007 mutant strain (Fig. 3). 
This strain has a small deletion in the PMA1 promoter region that re
duces the expression by about 50%. In consequence, the pma1-007 
mutant strain displays an impaired capacity to pump protons out of the 
cell [62]. At pHout 7, the [Ca2+]cyt and pH baseline levels (pHcyt 
5.83±0.02, N = 6; pHvac 5.95±0.04, N = 6) under starvation conditions 
were remarkably similar in pma1-007 mutant cells and wild-type 

Fig. 1. Cytosolic [Ca2þ] and pH changes in glucose-starved wild-type 
BY4741 yeast cells. (A and C) Averaged pH (cytosol (cyt) - black traces; 
vacuole (vac) – red traces) and (B and D) corresponding averaged cytosolic 
Ca2+ transient in response to a 10 mM external CaCl2 pulse (Ca2+ - first dotted 
arrow) followed by re-addition of glucose to a final concentration of 110 mM 
(Glu - second arrow – TECC response) in BY4741 yeast cells kept at pHout 7 (A 
and B) or 5 (C and D). Shaded areas either side of the [Ca2+] or pH data points 
reflect SEM. 
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BY4741 cells (Fig. 3, A–C). However, following glucose re-addition, the 
cytosolic alkalinization was significantly slower and smaller, while the 
vacuolar alkalinization was more pronounced, resulting in a reduced 
vacuolar H+ gradient of 0.28 pH units (pHcyt 6.73±0.09, N = 6; pHvac 
6.45±0.05, N = 6) in the pma1-007 mutant (Fig. 3, B and C). At pHout 5, 
we noticed that the baseline pHvac under starvation conditions was 
significantly lower in the pma1-007 mutant as compared to the wild-type 
strain (pma1-007: pHvac 5.32±0.08, N = 6; wild-type: pHvac 5.99±0.06, 
N = 6) (Fig. 3 F). This vacuolar hyperacidification likely reflects 
compensatory effects in the pma1-007 mutant strain to maintain varia
tions in the pHcyt within limits. Remarkably, the addition of external 
CaCl2 to the pma1-007 mutant allowed a larger [Ca2+]cyt increase as that 
normally seen in the wild-type at pHout 5 (Fig. 3 D), suggesting that this 
increase may be related to the baseline hyperacidification of the 
vacuole. 

Upon re-supplementation of glucose, almost no additional [Ca2+]cyt 
increase was observed in the pma1-007 mutant at pHout 5, while the 
TECC response at pHout 7 was strongly reduced in comparison to the 
wild-type strain (Fig. 3, A and D). A TECC response reflects the delicate 
balance between Ca2+ influx, organellar sequestration and release. 
Based on the current data, we propose that the decreased TECC re
sponses in the pma1-007 mutant are primarily due to a reduced Ca2+

influx. As a result of its electrogenic transport of protons, Pma1 gener
ates hyperpolarizing current over the plasma membrane when activated 
and therefore Pma1 activity may promote Ca2+ entry by increasing the 
electrochemical driving force for Ca2+ ions. 

To test whether changes in membrane potential could explain the 
reduced TECC responses in pma1-007 mutants, we monitored the 
membrane potentials using the fluorescent voltage-sensitive probe DiS- 
C3(3) . To limit that Ca2+ influx would counterbalance or mask Pma1- 
related membrane potential changes, the experiments were conducted 

Fig. 2. Effect of external Ca2þ and glucose on cytosolic [Ca2þ] and pH 
changes in glucose-starved wild-type BY4741 yeast cells. (A and D), cyto
solic pH (B and E) and vacuolar pH (C and F) in glucose-starved BY4741 yeast 
cells at pHout 7 (A, B and C) or 5 (D, E and F). Black traces indicate averaged 
[Ca2+] or pH in response to a 10 mM external CaCl2 pulse (first dotted arrow) 
followed by re-addition of glucose to a final concentration of 110 mM (second 
arrow – TECC response). TECC responses and fast pH changes were completely 
abolished when glucose was not re-administered (red traces and labels). In 
yeast cells kept in Ca2+-free medium supplemented with EGTA (3 mM), cyto
solic [Ca2+] changes were completely abolished but pH changes in response to 
glucose re-addition were not profoundly affected (blue traces and labels). 
Shaded areas either side of the [Ca2+] and pH data points reflect SEM. Note that 
the pH range for cytosol and vacuole are different but the same scaling factor 
was used, allowing comparison of pH changes. 

Fig. 3. Cytosolic [Ca2þ] and pH changes in glucose-starved pma1-007 
mutant yeast cells. (A and D) Averaged cytosolic Ca2+ transient (blue traces) 
in response to a 10 mM external CaCl2 pulse (Ca2+ - first dotted arrow) followed 
by re-addition of glucose to a final concentration of 110 mM (Glu - second 
arrow) in pma1-007 mutant yeast cells kept at pHout 7 (A) or 5 (D). For com
parison, black traces show averaged cytosolic Ca2+ transient in control wild- 
type BY4741 cells (WT). Shaded areas either side of the Ca2+ transient trajec
tories reflect SEM. (B-C and E-F) Corresponding averaged cytosolic (B and E) 
and vacuolar (C and F) pH changes (blue traces in pma1-007 mutant yeast cells 
kept at pHout 7 (B and C) or 5 (E and F). For comparison, black traces show 
averaged cytosolic and vacuolar pH changes in control BY4741 cells (WT). 
Shaded areas either side of the pH data points reflect SEM. Note that the pH 
range for cytosol and vacuole are different but the same scaling factor was used, 
allowing comparison of pH changes. 

Fig. 4. Effect of membrane potential on TECC responses. Measurement of 
relative membrane potential of yeast cells using the I580 / I560 fluorescence 
emission ratio of diS-C3(3). (A) I580/I560 emission ratio in control wild-type 
BY4741 (WT - black bars) and pma1-007 mutant cells (grey bars) in the 
absence (-) or presence (+) of 110 mM glucose at pHout 7 and 5 as indicated. 
Ratios are mean ± SEM (N = 4) and ** denotes p < 0.01, *** p< 0.001, **** 
p<0.0001. (B) Correlation between mean I580/I560 emission ratio and mean 
peak [Ca2+] of TECC responses. Peak TECC was defined as the difference be
tween the TECC amplitude and the [Ca2+]cyt before glucose re-addition. Solid 
line: linear fit with slope 0.58 (R2 = 0.92). 
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in Ca2+-free medium supplemented with EGTA. As shown in Fig. 4 A, 
both at pHout 7 and pHout 5, the I580/I560 emission ratios of DiS-C3(3) 
were consistently lower in pma1-007 cells as compared to wild-type 
cells, indicative for a relative membrane depolarization in the mutant 
(at pHout 7: pma1-007: 3.70±0.05, N = 3; wild-type: 4.19±0.05, N = 3, 
p<0.001, at pHout 5: pma1-007: 2.43±0.01, N = 3; wild-type: 
2.79±0.02, N = 3, p<0.0001). The re-addition of glucose caused a 
marked increase in the emission ratios (at pHout 7: pma1-007: 
3.98±0.09, N = 4, p<0.01; wild-type: 4.42±0.05, N = 4, p<0.01; at 
pHout 5: pma1-007: 2.62±0.02, N = 4, p<0.0001; wild-type: 2.96±0.03, 
N = 4, p<0.01), indicative that hyperpolarization of the membrane 
potential still occurred in both strains as reported previously [15, 63]. 
Note, however, that the emission ratios at pHout 5 were consistently 
lower than those obtained at pHout 7, indicating that cells become 
depolarized at pHout 5. Next, we plotted the I580/I560 ratio obtained 
after glucose re-addition versus the peak TECC response for the 
pma1-007 and wild-type strains. As shown in Fig. 4 B, these correlated 
well, thereby confirming that the glucose-induced Ca2+ influx is indeed 
mainly controlled by the plasma membrane potential, which is to a large 
extent generated by the Pma1 activity. 

3.3. The contribution of the V-ATPase 

In addition to Pma1, vacuolar and Golgi V-ATPases are also central 
players in cellular pH homeostasis. The glucose-induced strong vacuolar 
acidification observed at pHout 5 is consistent with a fast reassembly and 
activation of the vacuolar V-ATPase [64] while the vacuolar acidifica
tion defect observed at pHout 7 is in line with the small glucose-induced 
pHvac increase reported previously [47]. To elaborate on this, we 
examined the V-ATPase assembly status by pulse–chase imaging moni
toring the co-localization of GFP-tagged Vma2 and FM4-64 labelled 
vacuolar membranes in function of Ca2+ and glucose availability. This 
revealed that the vacuolar V-ATPase assembly status is solely dependent 
on glucose availability and that a similar enhanced assembly is observed 
at pHout 5 and pHout 7 (Fig. S4). This excludes that the vacuolar acidi
fication defect at pHout 7 would be linked to a lower V-ATPase assembly. 
In addition, the glucose-induced vacuolar alkalinization at pHout 7 was 
not prevented in deletion strains lacking proton-coupled transporters, 
including vcx1Δ, nhx1Δ, vnx1Δ and avt3Δavt4Δ (Fig. S5), thereby con
firming again previous reported data [47] and eliminating the possi
bility that the vacuolar acidification defect at pHout 7 would reflect an 
altered H+ exchange transport activity. 

To further address the role of the V-ATPases, yeast cells were treated 
with the V-ATPase inhibitor concanamycin A (CMA). In wild-type 
BY4741 cells pretreated with 1 μM CMA for 15 min, the steady-state 
pHvac values attained following glucose re-addition were significantly 
increased at pHout 5 and 7, as compared to DMSO-treated control cells 
(at pHout 5: pHvac 5.69±0.06, N = 4, p < 0.001; at pHout 7: 6.46±0.11, 
N=6, p < 0.001), while pHcyt values were not significantly affected 
(Fig. 5, B and C). The latter finding suggests that the V-ATPases 
contribute little to cytosolic pH regulation in response to glucose re- 
addition. The TECC responses at pHout 5 and 7 were significantly 
enhanced in CMA-treated cells (Fig. 5, A and D). Notably, dimethyl 
sulfoxide (DMSO – 1%) as the solvent for CMA had no significant effects 
on pH (data not shown) and only a minor effect on cytosolic [Ca2+] 
(Fig. S6). Since the vacuolar and Golgi pH gradients that drive the up
take of Ca2+ via the Ca2+/H+ antiporters Vcx1 and Gdt1 are strongly 
reduced in CMA-treated cells, it is likely that the increased TECC re
sponses in CMA-treated cells mainly reflect lower Vcx1- or Gdt1- 
mediated Ca2+ sequestration. 

3.4. The contribution of the vacuolar and Golgi Ca2+/H+ antiporters 
Vcx1 and Gdt1 

To validate the involvement of Vcx1 and Gdt1 in mediating the TECC 
responses, we analysed [Ca2+]cyt, pHcyt and pHvac in the vcx1Δ, gdt1Δ 

and vcx1Δgdt1Δ strains. As shown in Fig. 6, pHcyt and pHvac responses at 
both pHout 7 and 5 were not affected in the vcx1Δ strain (Fig. 6, B and 
D), indicating that H+ flux via Vcx1 neither affects cytosolic or vacuolar 
pH homeostasis. The TECC response at pHout 7 was clearly enhanced in 
the vcx1Δ mutant (peak amplitude: 7.55±0.27 μM) as compared to the 
wild-type strain (peak amplitude: 3.73±0.31 μM) (Fig. 6, A and C). 
Moreover, the [Ca2+]cyt in the vcx1Δ mutant remained high in the 
subsequent phase measured at 3 min after glucose addition (vcx1Δ: 
1.83±0.13 μM; N = 3, WT: 0.69±0.04 μM; N = 5), indicating that Vcx1 
plays indeed a crucial role in the rapid dissipation of Ca2+, which is in 
agreement with previous reports [22]. Surprisingly, at pHout 5 the vcx1Δ 
strain showed a similar TECC response as the wild-type strain (Fig. 6 C). 
This is in sharp contrast to the enhanced TECC response observed in 
CMA-treated cells at pHout 5 (Fig. 5 D). The findings that the organellar 
H+ gradient at pHout 5 is well preserved in vcx1Δ cells but greatly 
reduced in CMA-treated cells, raise the possibility that when the cyto
solic Ca2+ load is limited other H+/Ca2+ transporters, notably the 
Golgi-localized Gdt1, may compensate for the loss of Vcx1-mediated 
Ca2+ sequestration in the vcx1Δ strain. 

Consequently, we analysed glucose-induced TECC responses and pH 
changes in gdt1Δ strains (Fig. 7). At pHout 7, pHcyt and pHvac responses 
were not significantly affected in the gdt1Δ strain (Fig. 7, B and C), 
while at pHout 5, the glucose-induced cytosolic alkalinization was faster 
and more pronounced resulting in a larger vacuolar H+ gradient (Fig. 7, 
E and F). At pHout 7, the peak amplitude of the TECC response in gdt1Δ 
strains was clearly enhanced but in the subsequent phase it relaxed to 
the same [Ca2+]cyt as in the control wild-type cells, while at pHout 5 the 

Fig. 5. Effect of the V-ATPase inhibitor Concanamycin A (CMA) on cyto
solic [Ca2þ] and pH changes in glucose-starved wild-type BY4741 yeast 
cells. (A and D) Averaged cytosolic Ca2+ transient in response to a 10 mM 
external CaCl2 pulse (Ca2+ - first dotted arrow) followed by re-addition of 
glucose to a final concentration of 110 mM (Glu - second arrow) in vehicle- 
treated control wild-type cells (black traces) and wild-type cells pretreated 
with 1 μM CMA for 15 min (CMA; blue traces) and kept at external pH 7 (A) or 5 
(D). Shaded areas either side of the Ca2+ transient trajectories reflect SEM. (B-C 
and E-F) Corresponding averaged pH (cytosol (cyt) – B and E; vacuole (vac) – C 
and F; shaded area either side of the pH data points reflects SEM) in vehicle- 
treated control (black traces) and cells pretreated with 1 μM CMA for 15 min 
(CMA; blue traces) and kept at external pH 7 (B-C) or 5 (E- F). Shaded areas 
either side of the pH data points reflect SEM. 
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TECC response was not significantly affected (Fig. 7, A and D). When 
the VCX1 deletion was introduced in the gdt1Δ deletion strain 
(vcx1Δgdt1Δ - Fig. 7 A), the TECC response at pHout 7 reached similar 
levels as those obtained in the single vcx1Δ mutant and pH changes were 
not affected. Compared to gdt1Δ, vcx1Δ or wild-type cells, the TECC 
response at pHout 5 in the vcx1Δgdt1Δ strain was clearly enhanced while 
the glucose-induced cytosolic alkalinization remained more pronounced 
(Fig. 7 D). These results therefore suggest that at pHout 7, when cells are 
hyperpolarized and hence the glucose-induced cytosolic Ca2+ load is 
large, Ca2+ sequestration predominantly depends on Vcx1. However, at 
pHout 5, when cells are depolarized and hence the glucose-induced 
cytosolic Ca2+ load is limited, both Vcx1 and Gdt1 equally contribute 
to Ca2+ sequestration. In this situation, loss of Vcx1 may be compensated 
by Gdt1, and vice versa. Finally, the effect of V-ATPase inhibition by 
CMA on the TECC response was tested in the vcx1Δ, gdt1Δ and 
vcx1Δgdt1Δ strains (Fig. 8 - see also Fig. S6). First, at pHout 7 (Fig. 8 
upper panel), the peak TECC response was nearly doubled in vehicle- 
treated vcx1∆ and vcx1∆gdt1∆ cells in comparison to vehicle-treated 
wild-type cells while in vehicle-treated gdt1∆ cells the increase in 
peak TECC response was clearly less pronounced. In the presence of 
CMA, the peak TECC response significantly increased in wild-type and 
gdt1∆ cells but no further increase was observed for the vcx1∆ and 
vcx1∆gdt1∆ cells. Notably, in the presence of CMA the time course of 
recovery of the TECC response was significantly slowed in all strains. 
Together, these results support the idea that vacuolar Ca2+ reuptake 
through Vcx1 is the main Ca2+ sequestration mechanism in yeast cells 

Fig. 6. Cytosolic [Ca2þ] and pH changes in glucose-starved vcx1Δ yeast 
cells. (A and C) Averaged cytosolic Ca2+ transient (blue traces) in response to a 
10 mM external CaCl2 pulse (Ca2+ - first dotted arrow) followed by re-addition 
of glucose to a final concentration of 110 mM (Glu - second arrow) in vcx1Δ 
yeast cells kept at pHout 7 (A) or 5 (C). For comparison, black traces show 
averaged cytosolic Ca2+ transient in control wild-type BY4741 cells (WT). 
Shaded areas either side of the Ca2+ transient trajectories reflect SEM. (B and D) 
Corresponding averaged cytosolic (blue traces labelled cyt) and vacuolar (blue 
traces labelled vac) pH in vcx1Δ yeast cells kept at pHout 7 (B) or 5 (D). For 
comparison, overlayed black traces show averaged cytosolic and vacuolar pH 
changes in control wild-type BY4741 cells. Shaded areas either side of the pH 
data points reflect SEM. 

Fig. 7. Cytosolic [Ca2þ] and pH changes in glucose-starved gdt1Δ and 
vcx1Δgdt1Δ yeast cells. (A and D) Averaged cytosolic Ca2+ transient in 
response to a 10 mM external CaCl2 pulse (Ca2+ - first dotted arrow) followed 
by re-addition of glucose to a final concentration of 110 mM (Glu - second 
arrow) in gdt1Δ (red traces) and vcx1Δgdt1Δ (blue traces) yeast cells kept at 
pHout 7 (A) or 5 (D). For comparison, black and green dotted traces show 
averaged cytosolic Ca2+ transient in control wild-type BY4741 (WT) and vcx1Δ 
cells, respectively. Shaded areas either side of the Ca2+ transient trajectories 
reflect SEM. Corresponding averaged cytosolic (B and E) and vacuolar (C and F) 
pH changes in gdt1Δ (red traces) and vcx1Δgdt1Δ (blue traces) yeast cells kept at 
pHout 7 (B and C) or 5 (E and F). For comparison, overlayed black and green 
dotted traces show averaged cytosolic and vacuolar pH changes in control 
BY4741 and vcx1Δ cells, respectively. Shaded areas either side of the pH data 
points reflect SEM. 

Fig. 8. Effect of the V-ATPase inhibitor Concanamycin A (CMA) on TECC 
responses. Effect of the inhibitor of vacuolar ATPase (V-ATPase) Con
canamycin A (CMA) on cytosolic [Ca2+] changes during glucose re-addition to 
glucose-starved yeast cells kept at external pH 7 (upper panel) or 5 (lower 
panel). Averaged cytosolic Ca2+ transient in response to a 10 mM external 
CaCl2 pulse (Ca2+ - first dotted arrow) followed by re-addition of glucose to a 
final concentration of 110 mM (Glu - second arrow) in wild-type (WT - black 
solid trace), vcx1Δ (green solid trace), gdt1Δ (blue solid trace) and vcx1Δgdt1Δ 
(red solid trace) yeast cells pretreated with 1 μM CMA for 15 min. Overlayed 
dotted traces show averaged cytosolic Ca2+ transients in corresponding vehicle- 
treated control strains. Shaded areas either side of the Ca2+ transient trajec
tories reflect SEM. 
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and implicate the importance of V-ATPases in creating the pH gradient 
required for full Vcx1 (and Gdt1) activation [43, 65]. Additionally, at 
pHout 7 the [Ca2+]cyt increase associated with the addition of external 
Ca2+ was also clearly enhanced in the CMA-treated deletion strains. This 
finding indicates that this [Ca2+]cyt increase is also largely controlled by 
the H+ gradient across the vacuolar and Golgi membrane and may thus 
reflect hampered organellar Ca2+ sequestration by Vcx1 and Gdt1 in 
CMA-treated cells. Second, at pHout 5 (Fig. 8 lower panel), the 
appearance of small TECC responses was the result of membrane de
polarization (Fig. 4) and hence limited glucose-induced Ca2+ influx. 
However, while at pHout 7 the largest effects were observed in the 
deletion strains lacking Vcx1 (the vcx1∆ and vcx1∆gdt1∆ strains), at 
pHout 5 the largest effects were associated with the deletion strains 
lacking Gdt1 (the gdt1∆ and vcx1∆gdt1∆ stains). This finding suggests 
that when the Ca2+ influx or cytosolic Ca2+ load is limited, Gdt1 plays a 
major role in Ca2+ sequestration. The finding that CMA further 
enhanced the peak TECC response in the vcx1Δgdt1Δ deletion strain at 
pHout 5 suggests that imbalances caused by the combined deletion of 
VCX1 and GDT1 may be partly compensated by an increased or 
decreased expression or activity of other transports and regulatory 
proteins, but further experiments are required to test this possibility. 

Finally, we also tested whether altered glucose uptake capacity in 
mutant strains would affect pH homeostasis. Based on the 2-NBDG 
fluorescence assay the uptake of glucose was estimated in the wild- 
type and mutant yeast strains at pHout 5 and 7 (Fig. S 3). As compared 
with wild-type cells, we found no defects but rather an increase in 
glucose uptake in the mutant strains, which was especially pronounced 
in the vcx1Δ strain at pHout 5. However, the finding that pH values 
recorded in vcx1Δ cells matched those obtained in wild-type cells 
(Fig. 6), strongly suggests that the observed increases in glucose uptake 
in the mutant strains do not directly govern pH homeostasis. 

4. Discussion 

Re-addition of glucose to glucose-starved yeast cells results in a va
riety of effects including a Transient Elevation of Cytosolic Ca2+ (TECC 
response) [12, 14, 15] and cytosolic/organelle pH change [34]. 
Although evidence exists for crosstalk between pH and Ca2+ homeo
stasis in eukaryotic cells including yeast [14, 39, 43, 45, 61, 66, 67], 
most studies have focused either on cytosolic Ca2+ alone or on cytosolic 
pH and our understanding of how these two are integrated is rather 
fragmented or based on circumstantial evidence. In this study, we 
optimized the aequorin-based bioluminescent assay for monitoring 
cytosolic Ca2+ changes in parallel with fluorescence reporter-based as
says to monitor intracellular pH (cytosol and vacuole) and relative 
membrane potential changes to gain a better understanding of the links 
between pH, Ca2+ and membrane potential in S. cerevisiae. 

The overall results show that glucose re-addition to glucose-starved 
yeast cells causes an increase in cytosolic Ca2+ ([Ca2+]cyt; TECC 
response), clear changes in cytosolic (pHcyt) and vacuolar (pHvac) pH, 
and membrane hyperpolarization. At pHout 7, large TECC responses 
(peak [Ca2+] of about 6 μM) were associated with alkalinization of about 
1.5 and 0.5 pH units for cytosol and vacuole, respectively. At pHout 5, 
yeast cells were more depolarized and glucose re-addition induced small 
TECC responses (peak [Ca2+] of about 0.5 μM) associated with a cyto
solic alkalinization of about 0.5 pH units and a strong vacuolar acidifi
cation of about 2 pH units. Both at pHout 7 and 5, the glucose-induced 
cytosolic alkalinization was preceded with a small dip in pH of about 
0.05 pH units. This initial cytosolic acidification has been attributed to 
the release of H+ during subsequent glucose phosphorylation steps [34], 
while the subsequent cytosolic alkalinizing phase is thought to be 
mainly caused by a glucose-induced activation of the plasma membrane 
H+-ATPase (Pma1) [35]. 

Pma1 is considered to be the master determinant of cytosolic pH and 
plasma membrane potential [36], as a result of its electrogenic transport 
of H+. It was previously shown that in glucose-starved yeast cells Pma1 

forms an inactive complex with acetylated tubulin [68, 69]. Ca2+ influx 
associated with glucose re-addition promotes activation of the 
Ca2+-dependent protease Lpx1, which then degrades the tubulin com
plex, making the pump accessible for phosphorylation and full activa
tion [14, 66, 67]. However, in a first series of experiments we found that 
chelating extracellular Ca2+ greatly suppressed TECC responses at 
external pH 7 and 5 but not the accompanying pH changes. Additionally, 
when intracellular Ca2+ was chelated the TECC responses, but not the 
accompanying pH changes, were completely abolished. These findings 
indicate that in agreement with previous reports the TECC responses 
mainly rely on Ca2+ influx. However, the results also indicate that 
glucose-induced pH changes and hence glucose-induced Pma1 activa
tion are not strictly Ca2+-dependent mechanisms. It should be noted that 
in the present work yeast cells were not pre-incubated with Ca2+

chelating solutions. Therefore, it is plausible that in the present exper
imental conditions the background activity of Lpx1 during starvation 
causes hydrolysis and dissociation of acetylated tubulin from Pma1, 
thereby rendering the pump immediately accessible for phosphorylation 
and full activation upon glucose re-addition. 

To further investigate the contribution of Pma1, complementary 
experiments were performed in pma1-007 mutant strain. The pma1-007 
mutant has a mutant promoter region that reduces its plasma membrane 
expression by about 50% and consequently this mutant displays an 
impaired capacity to pump H+ out of the cell [62]. Accordingly, glucose 
re-addition induced a slower and less pronounced cytosolic alkaliniza
tion in the pma1-007 mutant at pHout 7. At pHout 5, the cytosolic alka
linization displayed a slower onset but the steady-state pH level was 
similar to control cells. These cytosolic pH changes were accompanied 
by a further alkalinization shift in pHvac at pHout 7 and a marked basal 
and glucose-induced acidification at pHout 5. The vacuolar acidification 
defect observed in both wild-type and pma1-007 cells at pHout 7 suggests 
a marked deficiency in vacuolar V-ATPase activity. Vacuolar acidifica
tion defects at elevated pHout have been previously reported and the 
possibility of V-ATPase disassembly defects at alkaline extracellular pH 
was proposed [47]. However, co-localization analysis of Vma2-GFP, 
representing a peripheral subunit of the V-ATPase [70], and the vacu
olar membrane dye FM4-64 revealed similar Pearson’s colocalization 
coefficient values at pHout 5 and 7. Moreover, the increase in colocali
zation coefficient value following glucose re-addition was in the same 
order of magnitude at pHout 5 and 7. These findings therefore indicate 
that V-ATPase (re-)assembly was not impaired at pHout 7. Since the 
glucose-induced vacuolar alkalinization at pHout 7 was similar in 
different proton-coupled transporter deletion strains, which besides 
vcx1Δ included strains lacking the Na+/H+ and K+/H+ exchanger Nhx1, 
the endoplasmic Ca2+/H+ antiporter Vnx1 or the vacuolar amino acid 
exchangers Avt3 and Avt4, we can also rule out the possibility that the 
vacuolar acidification defect at pHout 7 is related to altered H+ exchange 
activity. Since ergosterol has been found to be critical for the V-ATPase 
function [71] and the expression of several genes involved in ergosterol 
biosynthesis is suppressed at more alkaline pHout [72], the 
glucose-induced alkalinized pHvac at pHout 7 may be related to reduced 
ergosterol biosynthesis. However, whether ergosterol levels were 
significantly reduced at pHout 7 was not assessed in the present study 
and remains therefore to be investigated. 

In contrast to the data obtained at pHout7, the pma1-007 mutant 
displayed a prominent basal and glucose-induced hyperacidification at 
pHout 5. The glucose-induced vacuolar hyperacidification likely reflects 
increased V-ATPase activity in the pma1-007 mutant to limit the cyto
solic acidification arising from loss of Pma1 activity. Consistent with 
these findings, vacuolar acidification was fully restored in aging mother 
yeast cells expressing the mutant pma1-105 allele [73], suggesting that 
lower Pma1 activity leads to more cytosolic protons and higher 
V-ATPase activity. However, since vacuolar V-ATPases efficiently 
disassemble in response to glucose deprivation [42], the basal hyper
acidification is difficult to reconcile with enhanced V-ATPase activity. In 
addition, CMA-treated pma1-007 cells showed a similar basal 
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hyperacidification (data not shown). This suggests that apart from the 
V-ATPase other direct H+ transport mechanisms may operate at low 
extracellular pH [74]. The larger [Ca2+]cyt increase upon addition of 
external Ca2+ pulse at pHout 5 in the pma1-007 mutant was also 
particularly remarkable. The underlying mechanism is not clear, but one 
possibility to consider is that the basal vacuolar hyperacidification may 
impact on vacuolar Ca2+ homeostasis by stimulating Yvc1-mediated 
vacuolar Ca2+ release. 

Another intriguing observation of the present study is that TECC 
responses were greatly suppressed at external pH 5. As TECC responses 
reflect the delicate balances between Ca2+ fluxes, this effect could be 
attributed to reduced Ca2+ influx or release, or enhanced Ca2+ uptake. 
The findings that glucose re-addition generated a H+ gradient across the 
vacuolar membrane, which is about 2-3 fold larger at pHout 5 (H+

gradient of 1.74 and 0.75 pH units at pHout 7 and 5, respectively), raises 
the possibility that vacuolar Ca2+ reuptake via Vcx1 is systematically 
enhanced at pHout 5, thereby causing reduced TECC responses. In Vcx1 
deletion strains, vacuolar H+ gradients were preserved both at pHout 7 
and 5, indicating that Vcx1 activity contributes little to pH homeostasis. 
The finding that in vcx1Δ cells the TECC response displayed a higher 
peak and a subsequent elevated plateau at pHout 7, is compatible with 
the idea that Vcx1 plays indeed a crucial role in Ca2+ dissipation [22]. At 
pHout 5, TECC responses in the vcx1Δ deletion strain, however, remained 
small. This is not the result that would be expected if intracellular Ca2+

levels are tightly controlled by Vcx1. The magnitude of the TECC 
response depends not only on Ca2+ reuptake but also on the size of the 
Ca2+ influx. Since Pma1 generates hyperpolarizing current when acti
vated, the pump activity may promote Ca2+ entry by increasing the 
electrochemical driving force for Ca2+ ions. The finding that TECC re
sponses at external pH 7 were also strongly reduced in pma1-007 mu
tants suggests that membrane potential may indeed determine Ca2+

influx and hence the amplitude of the TECC response. This was 
consecutively confirmed by a lower I580/I560 fluorescence ratio in 
pma1-007 cells corresponding to partial depolarization of pma1-007 
cells. Further, we found that cells displayed significant higher I580/I560 
ratios of DiS-C3 at more alkaline external pH and glucose re-addition 
consistently induced a I580/I560 ratio increase. Therefore, we pro
pose that TECC responses mainly rely on Ca2+ influx from the external 
medium through an as-yet unidentified transport system, which was 
previously referred to as ‘GIC’ (Glucose Induced Calcium) [21] and is 
under direct control of the plasma membrane potential, which is pri
marily set by the Pma1 activity. Since glucose-induced activation of 
Pma1 also results in cytoplasmic alkalinization and since pH interferes 
with protein function, we cannot exclude the possibility that cytosolic 
pH also influences GIC-related Ca2+ entry (with lower cytosolic pH 
associated with decreased Ca2+ influx). 

In yeast the plasma membrane potential is mainly controlled by 
fluxes of H+ and K+ [75–77]. An increased cation influx, a decreased 
cation efflux or decreased Pma1 pump activity could explain why yeast 
cells at pHout 5 are more depolarized than at pHout 7. It has previously 
been shown that Pma1 stability sharply decreases at  pHout below 5.5 
[78]. In addition, in our studies the membrane potentials were measured 
in yeast cells kept in a cation-free MES buffer solution, making it highly 
unlikely that increased cation influx governs membrane depolarization. 
This suggests that decreased Pma1 pump activity may underlie mem
brane depolarization at pHout 5, similar to the depolarizing shift 
observed in pma1-007 mutant cells. The observation that glucose 
re-addition induced a slower and smaller cytosolic alkalinization at 
pHout 5 as compared to pHout 7 supports this hypothesis. Alternatively, 
differential expression or activity of K+ leaks may be responsible. In 
yeast, several transporters have been identified that may contribute to 
K+ efflux under K+-limiting conditions, including Na+/K+ ATPase Ena1 
[79, 80], Na+/H+ or K+/H+ antiporter Nha1 [81], and K+ channel Tok1 
[82]. Ena1 has been found to be strongly activated under alkaline 
external pH [72]. Therefore, at more acidic pHout decreased K+ efflux via 
Ena1 during glucose starvation may result in substantial plasma 

membrane depolarization. 
The observations that despite the more favourable vacuolar H+

gradient VCX1 gene deletion had no impact on the small TECC responses 
at pHout 5, while enhancing the large TECC responses at pHout 7, further 
indicate that Vcx1 is very efficient to cope with large cytosolic Ca2+

transients (at pHout 7). However, at lower cytosolic [Ca2+] other Ca2+

transporters, including the vacuolar Ca2+-ATPase Pmc1, may dominate 
[43]. Furthermore, it has been shown that loss of Vcx1 function may 
partly be compensated by overexpression of Pmc1[44]. In comparison, 
inhibiting V-ATPases with CMA dissipated the vacuolar H+ gradient by 
0.5 and 1.5 pH units at pHout 7 and 5, respectively, thereby altering 
overall H+/Ca2+ exchange-mediated Ca2+ sequestration. In support of 
the crucial role of Vcx1, TECC responses at pHout 7 in CMA treated cells 
were enhanced. Surprisingly, CMA also clearly enhanced TECC re
sponses at pHout 5. Further analysis of CMA effects in vcx1Δ, gdt1Δ and 
vcx1Δgdt1Δ strains at pHout 5 enabled us to identify the mechanisms of 
Ca2+ sequestration. The findings that TECC responses were slightly 
enhanced in both CMA-treated vcx1Δ and gdt1Δ strains and the observed 
additive effect in the CMA-treated vcx1Δgdt1Δ strain are consistent with 
perturbation of H+/Ca2+ exchange as a consequence of H+ gradient 
dissipation, and indicate that particularly at pHout 5, the Golgi-localized 
H+/Ca2+ transporter Gdt1 promotes Ca2+ dissipation following glucose 
re-addition. Notably, the CMA effect was more pronounced in gdt1Δ as 
compared to vcx1Δ. This difference may be attributed to overexpression 
of Pmc1 as a unique compensatory mechanism in vcx1Δ strains [43]. 
Furthermore, the TECC responses at pHout 5 in CMA-treated vcx1Δgdt1Δ 
strain displayed increased [Ca2+]cyt compared to CMA-treated wild-type 
cells. However, it is obvious that in contrast to CMA-treated vcx1Δgdt1Δ 
cells, some Vcx1 and Gdt1 activity may remain in CMA-treated wild-
type cells, thereby lowering cytosolic [Ca2+]. Finally, the 
glucose-induced cytosolic alkalization at both pHout 5 and 7 in 
CMA-treated wild-type cells displayed slightly slower kinetics, suggest
ing that loss of V-ATPase activity also limits Pma1 activity. These results 
therefore support previous studies proposing that genetic or pharma
cological inhibition of the V-ATPase is partly compensated by Pma1 
downregulation [83, 84], reflecting Pma1 internalization through 
ubiquitin-mediated endocytosis [45, 85]. 

To summarize, cytosolic Ca2+ recordings in parallel with cytosolic 
and vacuolar pH measurements and estimates of membrane potential 
enabled us to better understand the interrelationship between pH and 
Ca2+ in yeast cells. Re-addition of glucose to glucose-starved yeast cells 
resulted in a Transient Elevation of Cytosolic Ca2+ (TECC response) 
associated with cytosolic/vacuolar pH and membrane potential 
changes. Our results support the idea that Pma1 plays a critical role in 
cytosolic pH homeostasis and its activity directly modulates membrane 
potential, while organelle acidification can be attributed to V-ATPase 
activity. The results provide evidence that Ca2+ influx is not a prereq
uisite for Pma1 pump activation but uncover that membrane hyperpo
larization generated by Pma1 activation governs the Ca2+ influx. 
Additionally, a systematic analysis of yeast deletion strains allowed us to 
reveal an essential role for both Vcx1 and Gdt1 in the dissipation of 
intracellular Ca2+. 
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