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Abstract

8-dehydrosterols are present in a wide range dbdically relevant situations, from human rare
diseases to amine fungicide-treated fungi and crdpsvever, the molecular bases of their toxicity
are still obscure. We show here that 8-dehydrolstelbmut not other sterols, affect yeast vacuole
acidification through V-ATPases. Moreoverg24 cells display reductions in proton pumping rates
consistent with ion-transport uncouplingh vitro. Concomitantly, subunit Vphlp shows
conformational changes in the presence of 8-delsyeials. Expression of the plant vacuoldr H
pumping pyrophosphatase as an alternativepiinp relieves Vmidike phenotypes inerg24-
derived mutant cells. As a consequence of these acidifinatiefects, endo- and exocytic traffic
deficiencies that can be alleviated with &pimping pyrophosphatase are also observed. Despite
their effect on membrane traffic, 8-dehydrostemdsnot induce endoplasmic reticulum stress or
assembly defects on the V-ATPase. Autophagy isAdRase dependent process a&gP4 mutants
accumulate autophagic bodies under nitrogen starvaimilar to Vma mutants. In contrast to
classical Atg mutants, this defect is not accompanied by impammof traffic through the CVT
pathway, processing of Pht80p, GFP-Atg8p localisation or difficulties to siwe under nitrogen
starvation conditions, but it is concomitant toueeld vacuolar protease activity. All in afg24
cells are autophagy mutants albeit some of theanptypic features differ from classical Atg
defective cells. These results may pave the wamntterstand the etiology of sterol-related diseases,
the cytotoxic effect of amine fungicides, and magplain the tolerance to these compounds
observed in plants.



1. Introduction

In eukaryotes, proper acidification of organellamina is a paramount process that influences
vesicle fusion [1, 2], transport of cargoes and imemes [3] or storage of metabolites like amino
acids [4], among other processes. At the cell@ael, manipulation of the proteins responsible for
the generation and maintenance of proton gradeisss organellar membranes has been proved
to affect autophagy [5], alter resistance to soimete stresses in plants [6, 7] and represents an
attractive target for cell death induction in caniteerapy [8]. Plants, microalgae and many protists
display a double set of primary dumps in intracellular organelles: in additiont@&TPases, they
present membrane-bound -Humping pyrophosphatases *(RPases) [9-11]. These simplei H
pumps are also related to a radical differenceytosolic inorganic pyrophosphate (PPi) removal:
plants and microalgae couple PPi hydrolysis totiansport by membrane-bound-RPases, while
fungi and animals rely on soluble PPases thatgissiPPi energy as heat [10, 11]. The significance
of this double set of pumps in intracellular orgéeeeis still an unresolved question, as muchss it
influence on anabolism through regulation of PRels.

Sterols are one of the main components of lipidyafs and play a decisive role in determining
membrane-associated processes like cell signaimgmembrane-bound enzyme activity. It is not
surprising then that several genetic diseases beea described to be caused by mutations in key
enzymes in human sterol biosynthesis, such as ¥rotisome linked chondrodysplasia punctata
(CDPX2) [12]. This condition is associated to migtas in the gen&BP encoding the human33
hydroxysteroidA® A’-isomerase [13]. Although there is a vivid interést rare diseases, the
biochemical or cellular mechanisms of CDPX2 ardl sinknown. On the other hand, amine
fungicides are effective inhibitors that targetrste\® A’-isomerase and steraf*reductase.
Paradoxically, plants and fungi have been knowraftong time to display similan vitro inhibitor
sensitivity in their sterol biosynthetic enzymed][1but the latter organisms are far more sensitive
to inhibition of this pathway. So far, no cellulaxplanation for this phenomenon is available.
Furthermore, plant sterol metabolism is receivimgeasing attention, among other reasons because
fungicides targeting ergosterol biosynthesis, algtowell tolerated, are known to disturb plant
development [15, 16] and, more recently, they Haa@n observed to affect photosynthesis [17].
The Saccharomyces cerevisiae ERG2 gene encodes the yeast stexfiA’-isomerase, an orthologue
of human EBP andrabidopsis thaliana HYD1 [18]. Noticeably, mutants defective ERG2 are
known to accumulate 8-dehydrosterols [19] and &pldy a series of phenotypes akin to those
observed in V-ATPase mutants [20-22], and they vesmdy identified as endocytic traffic mutant
end11 [23]. Defects leading to the accumulation of sabeormal sterols, namely d4nethylated
sterol precursors, were reported to affect V-ATHade 25] and proposed as part of the fungicidal
effect of azole antifungals, but the effect of 8wdrosterols is still unknown.

In this report, we show that 8-dehydrosterols affé&TPase function. Consequently, some of the
phenotypes related to the presence of 8-dehydobster yeast membranes, such as inability to
grow at alkaline pH or in the presence of Zand defects in endo- and exocytosis, are alleviate
the presence of a plant'#PPase as an alternative proton pump. Also, we shawnerg24 cells
display defects in autophagy that can be rescuech yf-PPase. These results can help to
understand the cellular effects of 8-dehydrostetbis significance of the presence of a double set
of H*-pumps in endomembrane systems of plants and ma@netic microorganisms and help to
understand their natural resistance to commonly urgabitors of sterol biosynthesis.

2. Experimental procedures

2.1 Yeast strains, plasmids and growth conditions



All strains are derivatives ddaccharomyces cerevisiae strain W303-1a (MATdeu2-3,112 trpl-1
canl-100 ura3-1 ade2-1 his3-11,15) or SE6210 MATa leu2-3,112 ura3-52 his3-A200 trpl-A901
suc2-A9 lys2-801). Relevant genotypes are describedTable 1. Yeast soluble PPad®Pl or
TcGFP-AVP1, a chimaera consisting of th&-PPase vacuolar isoform AVP1 froArabidopsis
thaliana fused to théN-terminal sequence of the"HPPase TcVP from the protiitipanosoma cruzi

and the sequence of the green fluorescent protem Aequorea victoria, were expressed from a
pRS699 multicopy plasmid as described [26]. Intaiaiun of plasmids into yeast cells was done by
the lithium-acetate method [27]. Cells were rodgingrown on standard YP or synthetic media
supplemented with appropriate carbon sources [@8]ess otherwise stated, all determinations
were done on exponentially-growing cells (0.5 s¢® 0.8). For drop tests, cells were grown to
early stationary phase ¢ of cultures were then adjusted to (cd 4x10@ cells/ml) with water and
three 10-fold serial dilutions in water prepareohirthem. Two-point-five microliter aliquots from
each dilution were placed onto appropriate agaeslaesulting irca 1¢°, 10, 10 or 10 cells per
spot, accordingly. For analysis of responses umiteogen starvation, cells were incubated in
nitrogen starvation minimal medium (0.17% yeastrogén base without amino acids and
ammonium sulphate supplemented with 2% glucose}hi@e hours prior analysis, except in the
case of accumulation of autophagic bodies, wheubation time was five hours.

2.2 Whole cell and membrane preparations for immunochemical and enzymatic assays

For whole cell extracts, yeast cells were washeduspended in Thorner buffer withopt
mercaptoethanol (8 M urea, 10% SDS, 40 mM Tris6p8) and subjected to vigorous vortexing for
five one-min bursts in the presence of glass béadsmm ). Cell debris and glass beads were
collected by centrifugation at 16,000gxfor 10 min. The supernatant constituted the wioali
extract.

Total membranes were isolated by differential akrgation. Briefly, yeast cells were washed,
resuspended in 25 mM Tris-HCI pH 8.0, 2 mM EDTAN® DTT and protease inhibitors (Sigma,
St. Louis, MO) and subjected to ten 30 s vorteXdngsts with 1 min resting periods on ice. Glass
beads and debris were precipitated at 3000 x g5fonin and the resulting supernatant was
centrifuged at 50,000 x g for 30 min. The pelletsttuted the total membrane fraction.

For vacuolar vesicles, intact vacuoles were isdlassentially as described [29] with the only
modification of using a single 8% ficoll gradieMacuoles were vesiculated by resuspension in
TKE buffer (10 mM Tris/HCI pH 7.5, 2 mM KCI, 1 mMIETA and protease inhibitors); vesicles
were recovered after centrifugation at 100,009 for 30 min and resuspension in TKE. The
formation of aApH was evaluated as the ACMA fluorescence quenghiaduced by the activity of
the tonoplast HATPase using the following reaction mixtureul¥! ACMA, 20 mM MOPS-Tris

pH 7.2, 25 mM KCI, 2 mM MgGl and vacuolar membrane preparation (up to 50 ygratkin).
The assay was initiated with the addition of 1.5 AMP. Recovery of fluorescence, as a proof of
gradient formation, was induced by addingN gramicidin D. ATPase hydrolytic activities were
assayed as described [30].

2.3 Microscopic techniques

Cells were visualized using a Leica DM 6000B epmifescence microscope with either Nomarsky
optics, Texas red or FITC fluorescence filtersappropriate. Endocytosis was followed by vital
staining using the red fluorescent vital dye FM4{B#itrogen, Carlsbad, CA): yeast strains were
grown to mid-log phase and later pulse-labelledhWi4-64 for 30 min on ice, washed and chased
for 60 additional min to display intracellular coarpments as described in [31]. Additionally,
Lucifer Yellow dye (Sigma-Aldrich, Madrid) was uséadl reveal fluid phase endocytosis [32]. Cell
counting was done over Nomarsky optics (autoph&gidies) or fluorescence pictures (LY); a
minimum of 300 cells were counted per experimerdtaDpresented are average = SE of three
independent experiments.



2.4 Immunoprecipitation assays

For immunoprecipitation assays, cells were growh(mnl of culture medium to mid-log phase and
washed once in SPMB buffer (1 M sorbitol, 50 mMgssium phosphate buffer pH 7.5, 1 mM
MgCly). Protoplasts were produced by incubation of cellSPMB using lyticase (5000 units) at
30°C with gentle rocking for 60 min. Protoplasts weeatrifuged at 3000 g for 7 min and washed
once in YPDplus 1.2M sorbitol prior to incubate them in this samedium for 30 min at 3C.
After this, protoplasts were centrifuged at 3009 for 7 min and washed once in SMPB. After a
second centrifugation, the pellet was resuspenueold IP buffer (PBS supplemented with B%
dodecylmaltoside, 1 mM EDTA, 1 mM PMSF, 1 mM benidine and a protease inhibitor cocktail
(Sigma, St Louis, MO). Cells were solubilized fod &in on ice and insoluble material was
eliminated by centrifugation at 16,000p¢or 20 min. The supernatant represented the wbelle
extract. Immunoprecipitations were set by addinlly éeracts (100ug of protein) to Protein G-
Dynabeads (Invitrogen, Carlsbad, CA) previouslyrmbto 5ug of anti-Vmalp antibodies in a total
volume of 50Qul of PBSplus 1% B-dodecylmaltoside. This mixture was incubated oiginat £4C
with mild agitation by tumbling. The following dathe Dynabeads were magnetoprecipitated and
washed 5 times with PBS+0.1pedodecylmaltoside. Washed pellets were resuspeimd@&torner
buffer and heated to 85 for 10 min prior to loading onto SDS-PAGE gels.

2.5 f-Galactosidase assays

ER-stress was measured as the induction of expres$if-galactosidase driven from a fusion of
four unfolded _potein lesponse promoter elements (4 x UPRE) localisedasnpd pJC104, using
o-nitrophenylg-galactopyranoside as a substrate (Cox and WdI896). Overnight cultures, in
triplicate tubes, were diluted and left to grow fbgenerations; after this time, when appropriate,
cultures were exposed to stress for 5 h, harvestaedl,the pellets flash-frozen in liquid nitrogen.
Activity of p-galactosidase was measured as in (Giacoehigi, 1992) using SDS and chloroform
as permeabilising agents. Total activity, in Millenits, was referred to that found in untreated
W303-1a cells.

2.6 Invertase exocytosis

Suc2p-exocytosis was determined as described i B&fly, cells were grown on 5% glucose
YPD toca 8 x 10 cells/ml, harvested by centrifugation and resudpdnon 0.1% glucose YPD
medium. At the indicated times, aliquots of 3.5(% tells were taken, centrifuged and metabolism
halted by resuspension in 0.5 ml of ice-cold 10 mile. Half of this volume was used without
further treatment to determine periplasmic invertastivity. The remaining cells were centrifuged,
resuspended in 1% Triton X-100, 10 mM azide andestd to freeze-thawing in liquid nitrogen to
permeabilise cells (total invertase activity). Ass# determine invertase activity in samples were
done as in [34].

2.7 Other Enzymatic assays

PHO®\G0 strains were generated by genetic recombinatidmear DNA PCR products obtained
as described by [35] and are listed in Table 1.alle phosphatase assays were done by
quantitation of fluorescence using yeast whole egtfacts andi-naphthyl phosphate as substrate
[35].

Protease A activity was determined as describetbhgs [36] using haemoglobin as a substrate.



2.8 Protein determination and Western blotting

Protein determination was done using a dye-bindiaged assay from Bio-Rad (Hercules, CA),
according to manufacturer instructions or a modifimwry assay (Thermo Scientific, Rockford,
IL), and using ovoalbumin as a standard. Proteiesevseparated in SDS-PAGE gels using standard
procedures [37]. Proteins were then transferrewittocellulose filters and probed with antibodies
raised against Vmalp and Vphlp (monoclonals 8B1 Hiid7, respectively; Molecular Probes,
Leiden). Proteins were visualised on X-ray filmsngshorseradish peroxidase-coupled secondary
antibodies and a chemiluminescence kit (Millipdviadrid). For trypsin sensitivity assays, 37.5 g
of vacuole membrane vesicle proteins were diluteEBS to a final volume of 75 pl and incubated
at 37°C for the duration of the assay. At the beginnifighe experiment, 22.5 g of trypsin were
added. At the indicated times, 10 pl aliquots wiakeen, diluted in electrophoresis loading buffer
supplemented with 1 mM PMSF and a protease inhilmitzktail (Sigma-Aldrich, Madrid), and
snap frozen in liquid nitrogen until use. Preliminaxperiments indicated no degradation by
endogenous proteases in the time-lapse used fee #vgeriments (data not showwgstern blot
analysis was done as above. Levels of Vphlp wetgalised by immunodetection with anti-Vphlp
antibodies and quantitation of the chemiluminescaghal was done using a CCD camera and
QuantityOne software (BioRad, Madrid). Protein load gels was quantitated from images
obtained using trichloroethanol-enhanced protsgipttpphan fluorescence (TETF) [38].

2.9 Survival assays

Yeast strains were transformed with pRS31X serlasnpids to complement all auxotrophies not
covered by expression plasmids. Cells were growerroght in glucose-supplemented synthetic
medium without appropriate amino acids, next mumncells were washed with sterile distilled
water, diluted to Aog= 1 and left for the duration of the experimennitrogen starvation synthetic
medium (0.15% yeast nitrogen base without amindsaand ammonium sulphate) supplemented
with 2% glucose. Aliquots were taken at the indédatimes and diluted to plata 300 cells per
YPD Petri dish. Actual cell concentrations in thdtares were estimated by counting cells on a
hemocytometer. Colonies formed on plates were eultitree days after inoculation. Three plates
were inoculated per time point and experiment. Datssented are the average = SE of three
independent experiments.

2.10 Other methods

Statistical analysis was done using unpaitgdsts with a confidence limit op=0.05 for
significance. Unless otherwise stated, experimeete repeated three times.

3. Results
3.1 Aplant H*-PPase complements erg24 phenotypes in yeast

In a recent report, our group described the coastm of a chimaeric transporter protein consisting
(N to C termini) of theN-terminal signal sequence of thé-RAPase fronTripanosoma cruz (TcVP)
followed by the full amino acid coding sequenceshaf green fluorescent protein frohequorea
victoria and that of theArabidopsis thaliana vacuolar H-PPase (AVP1) [39]. This construct is
named hereafter TCGFP-AVP1. In a subsequent repodlso demonstrated that the TcGFP-AVP1
construct could complement defects in Vmeeast mutants due to its capability to acidify
intracellular organelles [26]. On Figure 1A we shéwat this system is well suited to study
phenotypes associated to defects in vacuolar &atldn. Yeast deletion mutants on the Golgi-
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located isoformgtvld, SAH5 strain) and on its vacuolar counterpaph{, SAH6 strain) of the V-
ATPase a subunit were constructed as derivativeéP@3 strain [39]. This genetic background is
necessary since absence of the cytosolic solubsséPRoplp is required for heterologou$- H
PPases to pump protons efficiently across endomamtsystems [26]. In particular, this strain has
its genomic copy of the essential gdRP1 encoding the yeast soluble pyrophosphatase mddifie
to be expressed under the control of the GAL1 ptomdahus, on glucose media its proliferation
depends on the activity of an alternative pyrophasgpse expressed from a plasmid. YeahkiA
mutants (SAH6) clearly showed that their sensititit alkaline pH and zinc, two well-known
phenotypic features associated to dysfunction octigkar acidification [20, 40], could be reverted
by the expression of TcGFP-AVP1 when using glucasea carbon source. In contrasiy14
(SAH5) showed no growth defects on alkaline mediandhe presence of zinc (Fig. 1A). Genetic
defects in the last steps of ergosterol biosynshgsid strains that show similar growth phenotypes
to those found in Vmanutants. To ascertain if thesm24-associated phenotypes could be related
to a deficiency in vacuolar acidification, we testhe ability of TcGFP-AVP1 to complement the
same growth phenotypes tested wphl4 mutants (Fig. 1B) using a YPC3-derivative where th
genomic ERG2 gene had been deleted by homologous recombing8#dH2 strain). Indeed,
heterologous expression of the alternative protemp TcGFP-AVPL1 alleviated the sensitivity to
both alkaline medium and zinc in these cells, wlnlerexpression of the control yeast soluble
PPasdPP1 did not.

We wanted to confirm that the acidification defestsre also part of the set of effects induced by
amine fungicides. Indeed, well tolerated conceiumat of Zrf* (2 mM) became growth impairing
to a wild-type yeast strain in the presence of letial concentrations of tridemorph (1 uM) (Fig.
1C), an amine fungicide that specifically inhitEsg2p [41]. Moreover, these growth defects were
alleviated by the expression of TCGFP-AVP1.

To solve the issue of whether ergosterol depletioabnormal sterolper se are the cause of the
observed impairment in acidification, we analyseel tesistance to Zhin other strains devoid of
any ergosterol (Fig. 1D). Strains accumulating prethantly fecosterolefg2A) showed sensitivity
to Zr** at concentrations close to those observed to ingibwth in a V-ATPase mutantghlA).
However, strains accumulating chiefly ergosta-3L{28)-trienol érg4A) or cholesterol (RH 6829)
showed reduced sensitivity to Zn and that accumulating principally epistereigBA) displayed
no apparent differences compared with a wild-typeirs.

3.2 8-dehydrosterolsimpair H"-pumping at the vacuole

A possible cause for the observed phenotypesg@d4 cells could be that 8-dehydrosterols, like
other abnormal sterols [42], were affecting proteadffic of the b V-ATPase domain from the
endoplasmic reticulum to the Golgi system and imysairing correct assembly of the domain

on it [43]. We made whole cell extracts from a wiygpe W303-1a strain and issg24 mutant
derivativeand analysed the amount of Vphlp associated to Wrbglco-immunoprecipitation, as
marker subunits of ¥ and V, domains, respectively (Fig. 2A). However, we diot find any
remarkable differences either in the amount of peptides precipitated or in the Vphlp/Vmalp
ratios between wild-type anetg24-derived strains. Still, if ER-to-Golgi system peit transport
was affected in any way, this should provoke ERsstrand, as a consequence, unfolded protein
response (UPR) [44]. To ascertain whether this thascase, we introduced the plasmid pJC104
into W303-1a anarg24 strains. This 2p plasmid contains a fusion of foutandem copies of a
UPR-responsive promoter element driving the expras®f the p-galactosidase ORF [45].
Untreatederg24 cells showed a slightly greatprgalactosidase activity than wild-type cells (less
than two-fold) that was not statistically signifitgFig. 2B). Similarly, treatment with tridemorph,
an amine fungicide that specifically inhibits Ergpyeast [41], did not increagkgalactosidase
activity with respect to controls. In contrast, aviiype orerg24 yeast cells treated with 3 mM DTT,

7



a known inducer of ER-stress [46], displayed a-figeseven-fold greatei-galactosidase activity,
compared with the corresponding untreated cells.

To ascertain ierg24 phenotypes observed were due to impairment of PaSk transport functions,
we isolated vacuole vesicles from strains W303ideng24. Proton-pumping assays done using
these vesicles revealed that vacuole vesicles fem@ cells were seriously impaired for™H
gradient generation (Fig. 2C). In particuleng24-derived vacuolar vesicles displayedas2.2-fold
smaller rate of proton transport than wild-type ©(E63 + 47%s 359 + 62 %F miit mg* protein +
SE, respectively; n = 3). Similarly, the magnituafegradient formed was affected to roughly the
same extent: under the assay conditions, maximahahng using wild-type vesicles was 45.4 +
4.6%, whileerg24-derived vesicles levelled at 21.3 + 2.9% (percemtayACMA fluorescence
using 40 pg protein £ SE, n=3). In contrast, therblytic activity of the V-ATPase showed a
smaller inhibition, comparing agaerg24 with wild-type: we estimated an activity of 40326
nmol Pi min' mg* protein using wild-type derived vacuolar vesiole8$24 + 34 nmol Pi mih mg

! protein using similar preparations obtained freng24 cells (averages + SE, n = 3)estern blots
using protein markers for the membrane embeddedaitoiv, (Vphlp) and the extrinsic vV
(Vmalp) showed similar levels in both wild-type ang24 mutant (Fig. 2D).

We observed that Vphlp was remarkably prone toepigtic degradation in vacuole preparations
from erg24 mutant cells, suggestive of a conformational cleasignilar to that observed in sterol-
deprivation experiments [24]. To analyse this gulsi, vacuolar membrane preparations from
both wild-type anderg24 mutants were subjected to trypsin digestion. Aetitourse analysis (Fig.
2E) confirmed that Vphlp displayed a drop in hd#-from 21.7+£0.4 min in wild-type cells to
5.4+0.4 min in preparations froeng24 mutants, in the presence of trypsin.

3.3 Endocytosis phenotypes or erg24 cells are alleviated by expression of a H* -PPase

Some of the most typical phenotypes associatdeR62 and V-ATPase deficiency are defects in
the endocytic traffic. These defects can be evatlialy the internalization of the lipophilic tracer
dye FM4-64. We tested if the expression of TcCGFRRAtould alleviate this phenotype (Fig. 3A).
Expression of this Hpump did not alter significantly the staining ait in YPC3 wild-type cells,
compared with non-transporting soluble PPaHePY) expressing YPC3; nevertheless, more
vacuolar fragmentation could be observed inRPase expressing cells, a feature already reported
in a previous article [39]. As expected, expressibrthis alternative proton pump restored the
ability of vphla (SAH6 strain)cells to internalise FM4-64. More importantly, Td&RVP1 also
allowederg24 (SAH2) cells to internalise this vital dye in ayvakin to that observed in wild-type
YPC3 cells. Still, this recovery of function wastms complete as that observedjahls cells and
the level of plasma membrane residual staininggreater inerg24 cells than in the latter strain.

A complementary approach was used to confirm thét-phase endocytosis was also improved by
expression of TcGFP-AVP1. Lucifer Yellow (LY) issaluble fluorescent vital dye that accumulates
in vacuoles only if endocytic traffic is effectivBimilar to what was observed in the case of FM4-
64, vphl4 yeast cells showed no accumulation of the dye éir tvacuoles ifiPP1 was expressed
from a plasmid (Fig.3B). However, if vacuolar aficition was restored by means of the PPase
TcRED-AVP1, this mutant showed a notable accumutatif LY. The chimaeric HPPase TcRED-
AVP1 was chosen because it provided an efficierd alean complementation of vacuole
acidification defects similar to those attainedniit GFP-AVP1 [26] but circumvented the emission
of fluorescence in the same range as LY. Yeast eeltumulating 8-dehydrosteroésd24) behaved

in the same way agphl4 cells, namely, they were unable to internalise LYPP1 was expressed
episomally, while they showed nearly no differenceith a wild-type if TCRED-AVP1 was
expressed as an alternative proton pump.

3.4 Mutantsin erg24 show acidification-dependent exocytosis defects.



Often, links between accumulation of 8-dehydrodserike fecosterol, and cell wall defects have
been found in both plants and fungi [47, 48]. Weaswged the sensitivity afrg24 and vphlA
mutants to cell wall damage as the velocity of cell burgtumder hypotonic conditions produced by
lyticase treatment, a cell wall digesting commdromxture of enzymes (Fig. 4A). In order to
ascertain if acidification defects were involvede ywmade use of strains dependent o6AL1
promotor for the expression of the essentRiPl gene. Mutant cells (eitheerg24 or vphlA)
expressing ectopically théPP1 ORF displayed a markedly increased sensitivitylyiccase
compared with their parental strain. However, ggt same mutants expressed ectopically the H
pumping TcGFP-AVP1, their sensitivity was noticgabkduced in the case afrg24 and
comparable with that observed in a wild-type, ia tdase ofphlA.

Cell wall construction depends on materials and/er@s being transported to the outer limit of the
cell by exocytosis [49, 50]. We used Pmalp and gu markers for correct exocytic traffic.
Pmalp was found to be mislocalised in part to theuslar membrane in the case of tng24
mutant, as assessed using fractions enriched inolacvesicles probed with antibodies raised
against Pmalp and V-ATPase components (Fig. 4B)veder, this mislocallisation could be
partially reverted if the Hpumping TcGFP-AVP1 was expressed ectopically (F@). In contrast,
invertase activity (Suc2p) was not affected by maite in eithelERG2 or VPH1 genes (Fig. 4D).

3.5 Cells defective in ERG2 accumulate autophagic bodies

Inhibition of V-ATPase activity is widely used taduce autophagy defects. Bearing in mind the
previous results, we sought to asse&sgl/ yeast cells were also defective in macroautophEmy.
this end, we analysed the accumulation of autophagilies under nitrogen starvation conditions, a
characteristic phenotype of mutants impaired in s steps of autophagy, such as vacuolar
protease mutants [51]. As expected, cells defedtiveacuolar proteases A and B accumulated
autophagic bodies if deprived for nitrogen in tmevgh medium (Fig. 5A) and, consequently, the
proportion of cells showing undigested accretioesaga 40% of total cells in a culture under these
conditions (Fig. 5B). A similar pattern was obsehe cells treated with bafilomycin A, a specific
V-ATPase inhibitor, or invphl4 mutants. In the latter cases, the amount of augiphaodies-
displaying cells represented 50-60% of the culture. Cells defectiveBRG2 also showed a clear
phenotype and the percentage of autophagic bodasraulating cells in a culture reached again
60%.

We then tested if this phenotype observedeig24 cells was also dependent on V-ATPase
dysfunction. Strains expressing ectopically the -transporting pyrophosphatase gdi®1 but
bearing mutations in eith&RG2, STV1 or VPH1 showed similar defects as those observed earlier,
although the extent varied (Fig. 5C); thus SAHaiss (GAL1prom.HPP1 erg2A) showed onlyca
25% of cells accumulating autophagic bodies, wthiese derived from W303-1a (see Fig. 5B)
exhibited ca 60%. Smaller differences were also observedtitid and, particularly, in vphl4
mutants. Moreover, the presence of an alternativedBpendent proton pump (TcGFP-AVP1)
increased noticeably the percentage of cells displaautophagic accretions under normal growth
conditions, compared withPP1 expressing controls. However, strains expressitd/-aumping
pyrophosphatase displayed strong reductions inp#reentage of cells showing accumulation of
autophagic bodies under nitrogen starvation camsti compared withPP1 controls:ca 2.8-fold

for erg2A, 3.6-fold forstvlA and 2.5-fold in the case gphlA.

3.6 Yeast erg24 cells show no further defects in autophagy
We sought to find out if the macroautophagy phepetgbserved irrg24 mutants conformed to

the hypothesis that only the late steps in autophegre affected due to inhibition of V-ATPase
activity. To this end, we analysed the activatidn Rho8\60p, a truncated form of alkaline
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phosphatase that is only active if autophagy ip@ny induced [35]. As expected, atg84 mutant
showed a reduced ability to activate Ph68p (Fig. 6A). Surprisinglyerg24 andvphl4 mutants
showed no differences compared with a wild-type.

Further examination of possible defects in earBpstof autophagy and their related vesicular
transport pathways were analysed using the prougss$ithe aminopeptidase | (Apelp) and a GFP-
ATGS8 fusion protein as markers (Figs 6B and 6C)cdntrast to that observed inam4A mutant,
Apelp was correctly transported and processed tim tharmal conditions (when the cytoplasm-to-
vacuole pathway plays a major role in transportimg enzyme to the vacuole for processing) and
nitrogen starvation conditions (when the autophaahway takes over this function; Fig. 6B) in all
strains tested. The only exception wgblA strain under nitrogen starvation conditions, wien
modest impairment of Apelp processing was notieeaBimilarly, GFP-Atg8p was observed to
accumulate diffusely in the cytosol in all straitested, while the vacuole displayed a smaller
fluorescence intensity (Fig. 6C). Under nitrogeanstion conditions, again, all strains showed
greater fluorescence intensity in the vacuoles tmamhe cytosol, as expected from a correct
translocation of GFP-Atg8p to the lumen of thisarglle in the process of autophagy.

Autophagy defects translate into lower rates ofisal under starvation conditions. In order to
assess ierg24 cells were affected in their ability to surviverogen starvation, we measured the
capability of these cells to form colonies throughe in nitrogen-free minimal medium. To avoid
cell death related to inability to synthesise amaeals [52], all strains were transformed with low
copy plasmids of the pRS31X series [53] in ordecamplement any auxotrophy not covered by
expression plasmids. Under these conditions,am®4 mutant displayed a characteristic low
survival rate, compared with wild-type cells: ite@val half-time was only 1.7 + 0.1 days 14.1 +
8.6 days for the wild-type SE6210 strain (Fig. @lata are average = S.E., n = 3, in all cases).
W303-1a wild-type cells displayed a relatively gshohalf-life of only 5.1+0.2 days, compared with
the former reference wild-type. Cells devoid of walar ATPaseyphl4) showed a modest decrease
in their survival capability under nitrogen stareat compared with W303-1a, with an estimated
half-time of 3.5+0.2 days. Remarkablggtg24 cells showed a greater capability to withstand
nitrogen starvation than its reference wild-type3@8-1a). Thus, their survival half-time was
estimated to be roughly 3-fold greater at 15.0tlh{s.

3.7 Analysis of vacuolar proteases and lipasesin erg2A cells

Since accumulation of autophagic bodies are aatifle of an inability to digest autophagocited
cargoes, we analysed if defects in either proteasdgpases could be at play. Protease A (PrA,
Pep4p) activity was determined as the releasero$itye from haemoglobin at acidic pH [36] (Fig.
7A). Both erg2A and vphlA mutants showed clearly reduced PrA activitiea §1% and 70%,
repectively), compared with a wild-type strain;dantrast,stvlA showed only a modest decrease
(ca 82%). Nonetheless, the activities observed inttadlse strains were much greater to those
observed in @epdA prblA strain €a 10% compared with W303-1a).

We also followed the processing and transport aflBp, a lipase essential in autophagy [54].
Under nitrogen starvation conditions, a GFP-Atgiitgion protein was dually localised in the ER
and in the vacuole in all strains (Fig. 7B). Furthere, all strains tested showed glycosylated
Atgl5p and, upon nitrogen starvation, reduced theitein levels as expected from its transport
into the vacuole (data not shown). In addition,examined if Atg26p, a sterol-glycosyltranferase
could be involved. However, under nitrogen staosaticonditions, anatg26A strain did not
accumulate autophagic bodies (data not shown).

4, Discussion

In this work, we have shown that 8-dehydrosteroisrugit V-ATPase-dependent organelle
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acidification. This explains why mutants bearinglefect on theERG2 gene display phenotypic
features similar to those found in Visdrains. Consequently, expression of an alteraativpump
alleviates these phenotypes. It has already bemoped than'*-sterols and l#methylated sterols
exert part of their effects through inhibition dfet vacuolar F-ATPase in budding yeast and
Candida albicans [24, 25]. However, the biochemical and cellularngeguences of the
accumulation of different abnormal sterols mayaetifignificantly;e. g., translocation of proteins
from the endoplasmic reticulum (ER) to the Golgstsyn is inhibited by cholesterol, allocholesterol
or dehydrocholesterol but not by lathosterol orles@-8(14)-en{8-ol [42]. Similarly, in Ustilago
maydis, the proton transport across plasma membrane gssighs found to be uncoupled by 8-
dehydrosterols but no differences were observatiampresence of dmethylated sterols [55]. In
this respect, our data show that the effects olbsenverg2A mutants or in fungicide-treated cells
are actually due to the accumulation of toxic 8yalbsterols and not simply by a depletion of
ergosterol in their membranes, since other ergoistipleted strains show varied degrees of
acidification defects ranging from mild to null,ropared with a wild-type strain.

In comparison with the effects observedAH-sterols accumulating fungal cells, the presena dat
stand for a somewhat similar mechanism of acti@r8fdehydrosterols against the yeast V-ATPase;
i.e., they reduce the proton translocation capaxithis pump. StillA**-sterols have been shown to
inhibit both ATPase and proton pumping activitiesthie same extent [25] while 8-dehydrosterols
provoke a comparatively smaller effect on V-ATPagdrolytic activity. A conformational change
of the protein or a greater exposure from the lipidyer is suggested by a greater sensitivity of
subunit a to proteolytic degradation and may bai@ant in the uncoupling mechanism. The
actual reason for this increased sensitivity caly e speculated but two mechanisms spring to
mind: on the one hand, 8-dehydrosterols are nomaplenolecules that, as such, may have a smaller
fatty acid ordering capacity that could lead tdmrner bilayer; this could leave protease-sensitive
domains from Vphlp exposed; however, lanosterchl$® an 8-dehydrosterol that, although it
increases protease sensitivity to yeast V-ATPabersts [24], it induces no differences in bilayer
thickness, as compared with cholesterol or ergokfg6]. On the other hand, V-ATPasg ¥omain
subunits may require direct contact with sterols dbility and H-transport and the interaction
with 8-unsaturated sterols may provoke disfunctiditss is in agreement with the association of V-
ATPases with lipid rafts in mammalian cells [57] 88d with the requirement for cholesterol that
the chromaffin granule V-ATPase has for proton pimgpbut not for ATP hydrolysis in
reconstituted vesicles [59].

In our hands, inhibition of the proton pumping eityi of the V-ATPase by 8-dehydrosterols had
clear effects on endo- and exocytosis (Pmalp pathwat did not prevent membrane fusion-
dependent translocation of cargoes to the plasnmabmane through the Suc2p pathway or to the
vacuole through the CVT, ER/Golgi-to-vacuole orogitagy pathways, as assessed by invertase
and PhoB860p assays, localisation and assembly of V-ATPasa& fiuorescence microscopy
localisation of GFP-Atgl5p and GFP-Atg8p. Althoughradoxical this is not extraordinary:
dependence on V-ATPase for lumen acidification miiffer between pathways and each organelle
typically displays a different characteristic pHadient with respect to the cytosol. Conversely,
inhibition of the V-ATPase is unlikely to be comiden vivo. Furthermore, there exist some
ATPase-independent luminal acidification proce$66%that could suffice to provide the small pH
gradients necessary [2].

Endocytosis is a remarkable example of the effeic8&dehydrosterols on cellular functions with an
unresolved mechanism to date [23]. Notably, thiscpss seems to be especially dependent on
luminal acidification, since botlrg24 andvphl4 cells show distinctly reduced intakes of LY and
FM4-64. Consequently, endocytosis defects in is¢hautants were relieved by the introduction of
an alternative proton pump, providing a direct edive link between abnormal sterols, V-ATPase
activity and a process at the cellular level. Alg® present data show for the first time thatscell
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defective in steroh® A’-isomerase activity exhibit a V-ATPase-dependenocgtosis defect
affecting the Pmalp pathway since, lifghlA mutants, they partially mislocalise this proteirttie
vacuolar membrane [61] and the expression of aerrative H-pump reverses this defect.
Moreover, this may be at the root of the cell widfects observed in this and other studies [48]
since cell wall synthesising and remodelling enzyrmaee transported to the plasma membrane
following the exocytic routes, often the same os®malp [49, 62].

Bafilomycin A is routinely used in mammalian systeas a specific V-ATPase inhibitor useful to
dissect autophagy-dependent processes. Although thesome debate on the mechanisms, it is
considered that inhibition of V-ATPase can block #utophagic flux in mammals [63]. Likewise,
yeast V-ATPase mutants are accredited autophaggntsubecause lack of V-ATPase activity blocks
the maturation of proteases and other hydrolasesssary for breaking down internalised cargoes
[64]. This, together with our previous results oembrane traffic, led us to hypothesise that cells
defective in V-ATPase activity, such as 8-dehydradt accumulating cells, would display
autophagic deficiencies. In this sense, it was lpugzo a certain extent to find thatg2A and
Vma mutantsvphlA andstvlA showed no impairment in autophagic flux. As memdid before, a
plausible explanation is that the small gradierteissary for membrane fusion [2] may be achieved
through V-ATPase—independent mechanisms [60]. @rother hand, autophagic bodies were found
to accumulate, although this was not accompaniea kyss of survival capacity under nitrogen
starvation conditions. To the authors’ knowledgéais not been evaluated to date to which extent it
iS necessary to impair protease activity to obsexeumulation of autophagic bodies; on the
contrary, studies this far usually made use of gae¢ deletion mutants or high inhibitor
concentrations. In this respect, our data pointloat impairment of vacuo/lysosomal acidification
has mild but effective consequences on proteasep®f® activity. This is consistent with mutants
affected in V-ATPase proton pumping, suchsadA, vphlA, anderg2A mutants, not inducing the
full range of phenotypes observed in other autopimgtants; particularly, reduced survival under
nitrogen starvation conditions, ineffective aminppease | processing or reduced activity in the
modified alkaline phosphatase Pi&®p assay. The latter two proteins rely on protslpy Prblp

for activation [65], an event occurring in the valar lumen. Prblp itself undergoes a series of
proteolytic modification®n route to the vacuole, being finally processed in thedarby Pep4p in

a luminal low pH dependent manner [64]. Hence, wsitpa model where 8-dehydrosterols inhibit
lumen acidification which, in turn, results in a dest reduction in protease A activity that drive
autophagic body accumulation on nitrogen starvatiomditions; nevertheless, this chain of events
is insufficient to hamper autophagy severely oectfprocessing of vacuolar resident proteins. This
may have implications on the interpretation of eéxpents where bafilomycin A is used to probe
autophagy.

In algae, many protists and higher plants, V-ATBas®&l H-PPases share a common location at the
vacuolar membrane. Recently, we have shown thatlatier type of pumps is sufficient for
acidifying internal compartments in yeast [26]. Whgrown on glucose, YPC3 yeast cells
expressing TcGFP-AVP1 reflect closely the situatimund in plant cells in terms of PPi
homeostasis and proton transport across the tastoplaese yeast cells have been shown to display
a vigorous endocytosis, nearly correct exocytiogport of Pmalp, and a robust cell wall while
accumulating abnormal sterols. Thus, the preseheedmuble set of Hpumps may explain why
algae and plants can tolerate sterol biosynthaekibitors used as crop protecting fungicides, even
though they do affect the sterol composition ofrtbhell membranes [66].

Mutations inERG2 and, consequently, the accumulation of 8-dehydrol, is not lethal in yeast

but in more complex organisms like humans (e.gemaffected by CDPX2) usually the embryonic
development cannot be completed [67]. The curi@et df thought is inclined towards abnormal
sterols altering Hedgehog signalling. Nevertheléss,present data, without casting off the former
hypothesis, introduces a novel player and possitdehanism, namely V-ATPase inhibition. Work
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is needed to ascertain if V-ATPase defects pheno@IpPX2 and if cells from CDPX2-affected
individuals or models show diminished V-ATPase\atiés in tissues such as cartilage.

In this report, we also demonstrate the suitabdity plant vacuolar Hpumping PPase to discern
proton gradient-dependent and independent celiyants in yeast. Moreover, it extends this value
beyond that reported recently for the study of y&a&8TPase physical involvement in homotypic
vacuole fusion using a similar approach [2].

All in all, the present study shows that 8-dehytknds provoke an inability to acidify yeast
vacuoles and possibly other vesicular organelléss,Ton its turn, is at the root of the defects on
endocytosis, exocytosis, cell wall maintenance antbphagy observed in these mutants. The
presence of a double set of primary pumps in 8-dehydrosterol-accumulating cells adltas
phenotypes and allows cells to proliferate undestrigtive conditions. As stated above, the
implications of these results span multiple aspic&ikaryotic cell biology that range from genetic
rare diseases in humans to fungicide tolerancéimpand certain fungi.
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FIGURE LEGENDS

Figure 1.

Complementation of vacuole phenotypes by heteralsgexpression of a plant #umping PPase

in stvl4, vphla and erg24 yeast mutants. Except where indicated, all straires derivatives of
YPC3 (PP1 under GAL1 promoter). (A) A GFP-chimaera of AVPIcGFP-AVP1), the K-
dependent Hpumping PPase fromrabidopsis thaliana, complements phenotypic growth defects
in vphl4 mutants. Yeast cultures were grown as describeMaterials and Methods to early
stationary phase. From left to right, spots comesitoca 10*, 1¢%, 1(F and 10 cells seeded onto the
corresponding plate, respectively. Spots in top lboidom pictures correspond to the same plate,
where irrelevant spots had been eliminated foritglaiB) TcGFP-AVP1 complements phenotypic
growth defects in aerg24 background. Spots as in panel A. (C) TridemorphEeg2p inhibitor,
induces V-ATPase defects. Strain used is YA@RL under GAL1 promoter) transformed with the
indicated plasmids. YPD plates were supplementdt Wwi5 pM tridemorph and 2 mM Zn$0
where indicated. Spots as in A. (D) V-ATPase defece dependent on the sterol species present in
membranes, not on depletion of ergosterol. MutanERG genes are derivatives of W303-1a; RH
6829 (a cholesterol only-engineered strain) is avdgve of RH 6822. YPD plates were
supplemented with ZnSOwhere and as indicated. Amounts of cells inoedater spot as in A. All
media are complex YP media supplemented with thkcated carbon sources and under the
indicated conditions.

Figure 2.

8-dehydrosterols impair V-ATPase proton pumpingvéyt (A) Quantification of global V-ATPase
assembly. Detergent-solubilised whole cell extragése subjected to immunoprecipitation (IP)
with a monoclonal antibody against Vmalp and amal\s/\\estern blotting using anti-Vmalp and
anti-Vphlp antibodies. One hundred micrograms dble/eell protein preparation were used per IP.
For comparison, inputs represent 20% of the tataien used in the co-IP assay. Mock: IP in the
absence of cell extract. Strains: W303-1a and JRS4gg24) (B) Evaluation of 8-dehydrosterol-
induced ER stress. Yeast cells were grown to dagyphase and treated, as indicated, for 5 h prior
analysis. Activity associated to ER-stress was nmegs as the induction of expression [&f
galactosidase driven from UPR promoter elementsx(4JPRE, pJC104). Activity ofp-
galactosidase, in Miller units, was referred ta foand in untreated W303-1a. Solid bars: untreated
strain, open bars: @M tridemorph treatment, hashed bars: 3mM dithiatbrdreatment. Strains:
W303-1a and JRY7773xg24). (C) Representative traces of proton pumpingyasssaing ACMA
and vacuolar membrane preparations freng24 and W303-1la cells. Forty micrograms of
membrane preparation were used per assay. Arradicaie the timing of corresponding additions.
(D) Levels of Vphlp and Vmalp in vacuole membrassiales as assayed byestern blotting.
Four micrograms of protein were applied per laneading was estimated by in-gel TETF and
referred to values observed on the W303-1a lamainStas in panel A. (E) Trypsin susceptibility
assay. Five microgram aliquots of vacuole vesiclatgin were taken at the indicated times and
Vphlp levels analysed bixestern blot. A typical experiment is presented on thé pefnel. Protein
guantitation of three independent experiments (mAdHSE) is shown on the right panel. Open
circles: erg24 mutant-derived vacuolar vesicles; solid circlescuwolar membranes obtained from
the wild-type control. Strains used as in panel A.

Figure 3.

An alternative H-pump alleviates endocytosis defectsig24 andvphls mutants. All strains are
derivatives of YPC3. (A) Endocytosis of the fluarest vital dye FM4-64. Yeast strains were grown
to mid-log phase and later pulse-labelled with Fé44for 30 min on ice, washed and chased for 60
additional min to display intracellular compartmeriomarsky, Nomarsky differential interference
contrast; FM4-64, fluorescence of FM4-64. Strairesderivatives of W303-1a. (B) Endocytosis of
the soluble fluorescent vital dye Lucifer Yelloweaét strains were grown to mid-log phase and later
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stained with Lucifer Yellow to reveal fluid-phased®cytosis. Top panel, microscopic evaluation of
endocytosis. Nomarsky: Nomarsky differential inteeince contrast; LY: fluorescence from Lucifer
Yellow. Lower panel, quantitation of LY uptake dsetpercentage of cells showing fluorescent
vacuoles. Open bars, cells expressing ectopitBML; closed bars, cells expressing TcCRED-AVP1
ectopically. All strains are derivatives of YPC3(@miclPP1 under GAL1 promotor) grown on
glucose.

Figure4.

Acidification-dependent defects in cell wall andbeytosis. (A) Cell wall resistance to degrading
enzymes (lyticase) assessed as the velocity oboediting in hypotonic medium. Open bars, cells
expressing ectopicallflPP1; closed bars, cells expressing TCGFP-AVP1 ectdlgiadll strains are
derivatives of YPC3 (genomi®P1 under GAL1 promotor) grown on glucose. (B) Misllieation

of Pmalp to the vacuole. Vacuole vesicle (4 pg)whdle cell (20 pug) extracts were probed with
antibodies raised against the indicated polypesgtileading was estimated by in-gel TETF and
referred to values observed on the correspondin@d3Ala lane. (C) Alleviation of Pmalp
mislocalisation. Vacuole vesicle extracts (4 p@revprobed with antibodies raised against the
indicated polypeptides. Where indicated, YPC3-dmtistrains were use@AL1p::IPP1); pIPP1
and pTcGFP-AVP1 denote strains transformed withresgion plasmids bearing the indicated
constructs. Loading was estimated by in-gel TET# reaferred to values observed on the W303-1a
lane. (D) Estimation of exocytosis through the Supathway. Cells were grown on 5% YPD to
Abs600=0.8 and invertase secretion induced by resuspemsionl% glucose YPD. At indicated
times, aliquots were taken to determine periplasanid total invertase activitec18® strain was
grown at 23°C until 10 min prior to induction of exocytosis, amit was placed at 3 for the
duration of the experiment. All strains are delived of W303-1a, excepec18® (derivative of
RH1800).

Figureb.

Accumulation of autophagic bodies. (A) Autophagadies as observed by Nomarsky optics in the
indicated strains and treatments under normal andgen starvation growth conditions for 5 h.
Strains used are derivatives of W303-1a expeptA prblA (BJ3505). Arrows denote autophagic
bodies (B) Quantification of the proportion of setlisplaying accumulation of autophagic bodies
under normal growth and nitrogen starvation cooddifor 5 h. Same strains as in panel A. Open
bars: normal growth conditions; solid bars: nitneggarvation conditions. (C) Proportion of cells
expressing|PP1 or TcGFP-AVP1 displaying autophagic bodies under normal andogén
starvation conditions for 5 h. Strains used wemrvdgves of YPC3. Normal growth medium: solid
black and white bars; nitrogen starvation condgidmatched and grey bars; black and hatched bars
depict IPP1 expressing cells; white and solid drags represent TcCGFP-AVP1 expressing strains.
For both B and C panels, a minimum of 300 cellsen@yunted per experiment. Data are means *
SE of three independent experiments.

Figure6.

Autophagy defects ierg24 mutants do not imply impairment of cargo transtmrato the vacuole.
(A) Alkaline phosphatase assays frqoho8460 cells. Bulk delivery and accomplishment of
autophagy was assessed as alkaline phosphataseyagsing a-naphtol as substrate in cells
expressing a truncated form of the vacuolar indecékaline phosphatase under normal growth
and nitrogen starvation conditions for 3 h. F.Uuofescence units. Open bars: normal growth
conditions; solid bars: nitrogen starvation comdif. Data are means + SE of three independent
experiments. All strains were derivatives of SAH2&e Table 1). (B) Transport and processing of
aminopeptidase | under normal and nitrogen staymatonditions. Whole cell extracts (50 pg) were
probed with an anti-Apelp antibody. All strains aderivatives of W303-1a, excepatg4A
(SEY6210). Loading was estimated by in-gel TETF eaférred to values observed on #ig4A
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control lane. (C) Localisation of a GFP-Atg8p chera in cells subjected to normal growth or
nitrogen starvation conditions for 3 h. Nomarskynharsky differential interference contrast; GFP:
Green fluorescent protein. All strains are derixediof W303-1a (D) Cell survival under nitrogen
starvation. Stationary phase-cells were kept imogén source-free minimal medium and the
viability was probed at the indicated times asdhpacity of individual cells to form colonies (CFU,

colony forming units) and expressed as a percenthgetal cells in the culture. Open squares:
wild-type (SEY6210); closed squareatg84 (WPHYD7); open circles: wild-type (W303-1a);

closed circleserg24 (SAH2); open trianglesphla (SAH7).

Figure7.

Analysis of vacuolar protease and lipase defect¢-ATPase ancrg2A mutants. (A) Protease A
activity. Cells were grown to stationary phase gmdtease activity assayed using whole cell
extracts as the liberation of tyrosine from haerobigl at pH 3.2. All strains are W303-l1a
derivatives, exceppepdA prblA (BJ3505). (B) Localisation of the Atgl5p lipasetire vacuole
under nitrogen starvation conditions (3h). All sigaare derivatives of W303-1a where the genomic
copy of the ATG15 ORF has been modified to incladan-frame GFP tag at titerminus of the
translated protein. Nomarsky: Nomarsky differentiaérference contrast; GFP: Green fluorescent
protein.
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Figure 2
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A Figure 3

(Fitting 2 columns)
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Figure 7

(Fitting 1 column)
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TABLES

Table 1. Yeast strains used in this work

Name Relevant genotype Reference

W303-1a Mat aleu2-3,112 trpl-1 can1-100 ura3-1 ade2-1 his3- [68]
11,15

JRY7773 W303-1a erg2A::TRP1 [68]

JRY7775 W303-1a erg3A::TRP1 [68]

JRY7776 W303-1a erg4A::TRP1 [68]

RH6822 Mat a ura3 his3 leu2 barl-1 [69]

RH6829 Mat a ura3 his3 leu2 trpl barl-1 erg5A::HIS5-GPD- [69]
DHCR24 erg6A::TRP1-GPD-DHCR7

SAH6 W303-1a stv1A:TRP1 This study

SAH7 W303-1a vphlA::KanMX4 This study

YPC3 W303-1a ippluas-ipplrara::HIS3-GALlyas-GALLata-IPP1 [39]

SAH2 YPC3 erg2A::TRP1 This study

SAH5 YPC3 stvlA:TRP1 This study

SAH6 YPC3 vphlA::KanMX4 This study

SEY6210 Mat a his3-A200 leu2-3,112 lys2-801 trp1-A901 ura3-52 [70]
suc2-A9 GAL

WPHYD7 SEY6210 atg8A::LEU2 [71]

UNY123 SEY6210 atg4A::LEU2 [72]

SAH27 SEY6210 GPD1promoter::pho8A460::KanMX4 This study

SAH18 W303-1a erg2yas-erg2ata;:KanMX4-GAL1yas-GALLata- This study
ERG2

SAH23 SEY6210 atg8A::LEU2 This study
GPD1promoter::pho8A460::KanMX4

SAH32 SEY6210 vphlA::KanMX4 This study
GPD1promoter::pho8460::natR

SAH33 SEY6210 erg2A::KanMX4 This study
GPD1promoter::pho8460::natR

SAH44 W303-1a GPD1promoter-GFP::atgl5::natR This study

SAH45 W303-1a vph1lA::KanMx4 GPD1promoter- This study
GFP::atgl5::natR

SAH46 W303-1a stvlA::-TRP1 GPD1promoter-GFP::atgl5::natR This study

SAH47 SAH18 GPD1promoter-GFP::atgl5::natR

BJ3505 Mat a pep4::HIS3 prb1l-A1.6R lys2-208 trpl- A101 ura3- [73]

52 gal2 can




