The RAVE complex is an isoform-specific
V-ATPase assembly factor in yeast
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ABSTRACT The regulator of ATPase of vacuoles and endosomes (RAVE) complex is impli-
cated in vacuolar H*-translocating ATPase (V-ATPase) assembly and activity. In yeast, ravi4
mutants exhibit a Vma~ growth phenotype characteristic of loss of V-ATPase activity only at
high temperature. Synthetic genetic analysis identified mutations that exhibit a full, temper-
ature-independent Vma~ growth defect when combined with the rav14 mutation. These in-
clude class E vps mutations, which compromise endosomal sorting. The synthetic Vma~ growth
defect could not be attributed to loss of vacuolar acidification in the double mutants, as there
was no vacuolar acidification in the rav14 mutant. The yeast V-ATPase a subunit is present as
two isoforms, Stv1p in Golgi and endosomes and Vph1p in vacuoles. Rav1p interacts directly
with the N-terminal domain of Vph1p. STV1 overexpression suppressed the growth defects
of both ravi4 and rav14vph14, and allowed RAVE-independent assembly of active Stv1p-
containing V-ATPases in vacuoles. Mutations causing synthetic genetic defects in combination
with rav14 perturbed the normal localization of Stv1-green fluorescent protein. We propose
that RAVE is necessary for assembly of Vph1-containing V-ATPase complexes but not Stv1-
containing complexes. Synthetic Vma~ phenotypes arise from defects in Vph1p-containing
complexes caused by rav14, combined with defects in Stv1p-containing V-ATPases caused by
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the second mutation. Thus RAVE is the first isoform-specific V-ATPase assembly factor.

INTRODUCTION

Vacuolar H*-translocating ATPases (V-ATPases) are highly conserved
proton pumps responsible for acidification of organelles such as
mammalian lysosomes, yeast or plant vacuoles, endosomes, Golgi
apparatus, and regulated secretory granules in all eukaryotes (Kane,
2006; Forgac, 2007). V-ATPases are multisubunit complexes consist-
ing of a subcomplex of peripheral membrane subunits (V4) attached
to a complex of membrane subunits (V,,). Although higher eukaryotes
often encode a number of different tissue- and organelle-specific iso-
forms, the yeast Saccharomyces cerevisiae contains a single set of
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isoforms (Manolson et al., 1994; Forgac, 2007). VPH1 encodes the V,
subunit a isoform localized predominantly to the vacuole, and STV1
encodes the second isoform of V, subunit a, present in Golgi and
endosomes (Manolson et al., 1992; Kawasaki-Nishi et al., 2001a).
Mechanistically, ATP hydrolysis in the Vq sector is coupled to proton
transport through the V, domain via a rotational mechanism (Hirata
et al., 2003). Detachment of V; sectors from V, sectors inactivates
both subcomplexes, and serves as a mechanism for regulating V-
ATPase activity. Disassembly of the V-ATPase is triggered rapidly by
glucose deprivation, and reassembly also occurs rapidly upon glu-
cose readdition (Kane, 2000). There is evidence that Stv1p-containing
V-ATPases are less responsive to glucose control than Vph1p-contain-
ing complexes (Kawasaki-Nishi et al., 2001b). Regardless of subunit a
isoform, V-ATPase complexes at the vacuole appear to undergo re-
versible disassembly more readily than V-ATPases in prevacuolar
compartments (Kawasaki-Nishi et al., 2001b; Qi and Forgac, 2007).
The regulator of ATPase of vacuoles and endosomes (RAVE)
complex binds to the V4 complex and subunit C in the cytosol and
promotes their assembly with the membrane-bound V, complex
(Seol et al., 2001; Smardon et al., 2002; Smardon and Kane, 2007).
In addition to Skp1p, which is found in multiple complexes, includ-
ing several ubiquitin ligases, the RAVE complex is composed of two
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other proteins, Rav1p and Rav2p (Seol et al., 2001). Biochemical ap-
proaches have revealed that Rav1p is the central component of the
RAVE complex, with distinct binding sites for Rav2p, Skp1p, V4 sub-
units E and/or G, and V; subunit C (Smardon et al., 2002; Smardon
and Kane, 2007). Deletion of either RAVT or RAV2 results in defec-
tive assembly of V-ATPase complexes at the vacuole, and both bio-
synthetic assembly of V-ATPases and reassembly of complexes dis-
assembled in response to glucose deprivation were affected in the
rav1A mutant (Seol et al., 2001; Smardon et al., 2002). Interestingly,
the yeast raviA and rav2A mutants both exhibit a “partial” Vma~
phenotype, with the characteristic Vma~ growth defects at high pH
and high Ca?* concentrations only observed at 37°C. The source of
this temperature sensitivity is not well understood (Seol et al., 2001).
Loss of RAVE function has also been reported to compromise trans-
port between early endosomes and the prevacuolar compartment
(Sipos et al., 2004).

RAV1 homologues exist in higher eukaryotes as well, in which
they are called rabconnectin-3o. or DMX-like proteins (Kraemer
et al., 1998; Nagano et al., 2002). Only fungi have homologues of
yeast RAV2, but higher eukaryotes do have a second rabconnectin
subunit (rabconnectin-3p) that forms a complex with rabconnectin-
3o and gives identical phenotypes to rabconnectin-30. when dis-
rupted (Sakisaka and Takai, 2005; Yan et al., 2009). In Drosophila
and human cell lines, rabconnectin3-o. and rabconnectin3-f have
been implicated in regulation of organelle acidification and endo-
somal trafficking (Yan et al., 2009; Sethi et al., 2010). Loss of rabcon-
nectin-3 function in these organisms is associated with Notch signal-
ing defects that have been traced to a requirement for endosomal
acidification in this signaling pathway (Yan et al., 2009; Sethi et al.,
2010). In zebrafish, loss of rabconnectin function is associated with
reduced acidification of synaptic vesicles and release of V4 subunits
from membranes in hair cells (Einhorn et al., 2012). Taken together,
the data suggest that RAVE/rabconnectins have a conserved func-
tion in vacuolar acidification, with Rav1p and its homologues play-
ing a central role in this function.

To better understand RAVE function, we undertook genetic anal-
ysis in yeast, seeking mutants that require Rav1p function for normal
growth and viability. Mutations in several class E vps genes (Raymond
et al., 1992), which encode components of the ESCRT (endosomal
sorting complex required for transport) complexes of the multive-
sicular body and other accessory proteins (Katzmann et al., 2003;
Bowers et al., 2004), resulted in poor growth in combination with a
rav1A mutation, and further analysis showed that the combined mu-
tations result in a synthetic Vma~ phenotype. This synthetic pheno-
type does not arise from further alkalinization of the vacuole, be-
cause the rav14 mutant proved to have an alkaline vacuolar pH that
was similar to the double mutant. Instead, we propose that the syn-
thetic phenotype arises from an isoform-specific requirement for
Rav1p in assembly of Vph1-containing V-ATPase complexes at the
vacuole, combined with an effect of the class E vps mutants on Stv1-
containing V-ATPase complexes.

RESULTS

rav1A mutations show a synthetic Vma~ phenotype in
combination with class E vps mutations

Genome-level synthetic genetic analysis (SGA) has emerged as a
powerful method for placing gene products in their cellular and
physiological context (Tong et al., 2001; Costanzo et al., 2010). We
constructed a mutant strain containing a rav14::natMX allele and
then mated it to a library of nonessential haploid deletion strains as
described in Materials and Methods. Diploids were selected and
sporulated, and double-mutant haploid disruptants were selected
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as described by Tong et al. (2001). Strains that failed to grow on the
haploid double-mutant selection plate but that did grow on the
haploid single (library)-mutant selection plate were identified by vi-
sual inspection as candidate mutations that cause negative synthetic
growth phenotypes with the rav1A mutation. More than 80 candi-
date mutations (Supplemental Table S1) were identified in at least
two of three independent screens. Gene ontology (GO) analysis was
performed on the candidate genes (Robinson et al., 2002). Biologi-
cal process GO terms having the highest significance were “protein
transport” (p value = 3.2 x 1079 and “vacuolar/lysosomal trans-
port” (p value = 3.6 x 107), and the most significant cellular compo-
nent terms were “endosome membrane” and “endosome” (both
with p values <1 x 1071%). Other significant GO terms are listed in
Table S2.

Other screens have also identified rav14 synthetic genetic inter-
actions (Costanzo et al., 2010). The ~50 deletion mutations reported
on the yeast BioGRID 3.2 database (Chatr-Aryamontri et al., 2013)
as having negative genetic, synthetic growth, or synthetic lethal in-
teractions with rav14 were compared with results of our SGA screen.
Ten of the previously identified mutations were also found in our
SGA screen (Table S1). GO analysis of the full set of previously iden-
tified genes revealed “retrograde transport, endosome to Golgi” as
the most significant hit in the GO biological process category
(p value = 1.8 x 107, and "Golgi apparatus” as the highest signifi-
cant hit in the GO cellular component category (p value = 1.6 x
107'9. The RAVE complex has been implicated in endosomal and
lysosomal acidification and Golgi to endosome trafficking, so de-
spite limited overlap in the specific genes, it appears that both our
SGA screen and the previous screens have identified mutations with
related GO terms.

Recent high-throughput SGA screens have quantitated synthetic
growth defects by computational analysis of colony size of single
and double mutants (Costanzo et al., 2010). Because our initial ge-
nomic screen relied on a more qualitative analysis, we sought to
confirm a number of the negative growth interactions through tet-
rad dissection on yeast extract-peptone—dextrose medium (YEPD)
buffered to pH 5 (Table 1). These conditions are fully permissive for
the rav14 mutation, so we reasoned that any effects of the mutation
on germination or growth of the spores would be suppressed. We
obtained viable double-mutant spores for most crosses by this
method and then examined their growth under more stressful con-
ditions. In a number of cases, when these spores were subjected to
higher pH and higher calcium concentrations, synthetic growth de-
fects were revealed, supporting a genetic interaction of the candi-
date mutation with rav1A. Interestingly, one class of mutations that
was prominent in our screen but not in previous SGA screens was
the class E vps mutants (Table 1). In addition to confirming the inter-
actions with several class E vps mutants observed in the initial
screen, we also identified synthetic growth phenotypes with a num-
ber of additional class E vps mutants (Table 1). Sensitivity to elevated
pH and calcium at all temperatures is a signature phenotype of the
vma mutants, which lack all V-ATPase activity (Kane, 2007). The
rav1A mutant is tolerant of high pH and elevated (60 mM) extracel-
lular calcium at 30°C. Most of the class E vps mutants also tolerated
these conditions. In contrast, almost all of the class E vps rav14 dou-
ble mutants were unable to grow on YEPD, pH 7.5 medium contain-
ing 60 mM CaCl, at 30°C, although their growth was comparable
with the single mutants on YEPD, pH 5. Representative mutants are
shown in Figure 1, but a very similar phenotype was observed with
the rav1Avps364, raviAvps254, and raviAsnf/A mutants as well.
Therefore many of the class E vps mutations produce a synthetic
Vma~ growth phenotype when combined with raviA. Many of the
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Gene Aliases Confirmed phenotype with rav14? Proposed role
DID4 VPS2, REN1, GRD2, CHM2 Synthetic Vma~ ESCRT Il complex
SRN2 VPS37 Synthetic Vma~ ESCRT | complex
VTA1 Not confirmed Regulates ESCRT recycling via Vps4dp
VPS60  MOS10, CHM5 Weak synthetic Vma~ Interacts with VTA1, regulates Vpsdp
DID2 Not confirmed Regulates Vps4p
VPS24  DID3 Synthetic Vma~ ESCRT Ill complex
VPS27 GRD11, DID7, SSV17 Very weak synthetic Vma~ ESCRT 0 complex
VPS28 Synthetic Vma~ ESCRT | complex
VPS4 CSC1, END13, GRD13, DIDé, No synthetic phenotype® Recycles ESCRT complexes
DOS1, MUT4, NPI2, SSV7, UBP4
DOA4 Weak synthetic Vma- Deubiquitinating enzyme, recycles ubiquitin
RIM20 Synthetic Vma- Associates with SNF7 at MVB
VPS36> GRD12, VAC3 Synthetic Vma- ESCRT Il complex
VPS23>  STP22 Synthetic Vma- ESCRT | complex
SNF7P DID1, VPS32, RNS4 Synthetic Vma- ESCRT Ill complex
VPS25P Synthetic Vma-~ ESCRT Il complex

aThe vps4A single mutation appeared to cause a fairly strong Vma~ phenotype, and there was no further growth inhibition in the double mutant.
®These genes were not identified as interactors in the original screen (Supplemental Table 1) but were tested by tetrad dissection for interactions with rav1A.

TABLE 1: Class E vps genes with potential genetic interactions with raviA.

class E vps mutations define a series of ESCRT complexes, which are
involved in identification and transfer of ubiquitinated cargo into
intralumenal vesicles at the multivesicular body (Hurley and Emr,
2006). The class E vps mutants that yielded synthetic Vma~ pheno-
types in Table 1 include members of all three of the ESCRT com-
plexes, as well as a number of other accessory proteins acting at the
multivesicular body (Bowers et al., 2004).

YEPD, pH 7.5

YEPD, pH 5 + CaCl2

raviAvps2A R

FIGURE 1: Synthetic growth defects of raviA and class E vps
mutants. The indicated strains were grown to log phase in YEPD,
pH 5; diluted to an ODggg of 0.5 in the same medium; and then
serially 10-fold diluted in a microtiter plate. Cells were transferred to
YEPD, pH 5 and grown for 3 d at 30°C or to YEPD, pH 7.5 + 60 mM
CaCl; plates and grown for 5 d at 30°C.
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Effects of rav14 and rav1A4 class E vps double mutants on
vacuolar pH

It has previously been suggested that V-ATPases destined for the
vacuole are partially retained in a prevacuolar compartment in class
E vps mutants (Piper et al., 1995), and significant defects in V-AT-
Pase activity in isolated vacuoles from rav1A mutants have also
been reported (Smardon et al., 2002; Smardon and Kane, 2007).
The synthetic Vma~ phenotype of the double rav14 class E vps mu-
tants might arise from synergistic defects in vacuolar acidification in
these mutants, resulting in vacuolar alkalinization beyond that of
the rav1A mutant. Therefore we measured vacuolar pH using the
ratiometric pH-sensitive dye BCECF-AM in the raviA mutant, a
class E vps24A mutant, and a vps24Arav14 double mutant to deter-
mine whether the double mutants showed a more pronounced
vacuolar alkalinization than either single mutant. The cleaved
BCECEF localizes to the vacuole. Both overall cellular and vacuolar
pH control are compromised by glucose deprivation, but readdition
of glucose to wild-type cells briefly deprived of glucose results in a
characteristic drop in vacuolar pH that is dependent on V-ATPase
activity (Martinez-Munoz and Kane, 2008), as observed in Figure
2A. The vps24A mutant shows a vacuolar pH response to glucose
very similar to that of wild-type cells, suggesting that there is no
significant defect in vacuolar acidification. In contrast, the vacuolar
pH sharply increases upon glucose addition in the raviA mutant.
Similar behavior is observed in other mutants lacking V-ATPase ac-
tivity, including the vph 14 mutant (Tarsio et al., 2011). This increase
has been attributed to glucose activation of cellular proton export
that is not balanced by proton import into the vacuole when V-AT-
Pase activity is lacking (Martinez-Munoz and Kane, 2008). The vacu-
olar pH also increases upon glucose addition to the rav1Avps244
mutant, although the increase is not as pronounced as in the rav1A
single mutant. Importantly, these results are not consistent with
vacuolar alkalinization as the basis of the synthetic growth defects
seen in the double mutant.
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FIGURE 2: Vacuolar pH responses are normal in vps244, but
defective in both rav14 and rav1Avps24A. (A) Vacuolar pH was
measured after a brief glucose deprivation (white bars) and five
minutes after glucose readdition (gray bars) in the indicated strains,
after loading with the ratiometric fluorescent pH indicator BCECF-AM
(see Materials and Methods). The mean of three independent
experiments is shown; error bars correspond to SEM. (B) Vacuolar
localization of BCECF in all of the strains was confirmed by
fluorescence microscopy. BCECF was imaged using fluorescein optics,
and fluorescence images are superimposed on differential
interference contrast (DIC) images, in which the vacuole(s) appears as
an indentation(s).

We also noted in Figure 2A that the initial vacuolar pH after glu-
cose deprivation is somewhat lower in the rav1Avps244 mutant than
in wild-type cells. Given the strong Vma phenotype of this mutant,
this was somewhat surprising. However, multiple aspects of cellular
pH homeostasis are impacted by glucose deprivation, and Pma
mislocalization (see Figure 6B later in this article) can compound this
(Tarsio et al., 2011). The response to glucose readdition is a more
direct reflection of V-ATPase activity, and this response is compro-
mised in both the rav14 and rav14vps24A mutant.

Because we observed wild-type vacuolar pH responses in the
vps244 mutant, even though it has been suggested that vacuolar
acidification is compromised in class E vps mutants (Raymond
et al., 1992), we confirmed vacuolar localization of BCECF in the
mutants in Figure 2B. The vacuole is visualized as an indentation
under Nomarski optics, and BCECF fluorescence localizes to the
vacuole in all four mutants. Therefore vacuolar fluorescence is likely
the major contributor to the population-based pH measurements
in Figure 2A.
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Does loss of RAVE function specifically affect
Vph1p-containing V-ATPases?
The results in Figure 2 suggest that the rav1A mutant phenotype
resembles certain phenotypes of the vph1A4 mutant. The partial
Vma~ phenotypes of the vph14 mutant, compared with other vma
mutants, have been attributed to activity of V-ATPases containing
the second a subunit isoform Stv1p (Manolson et al., 1994). We hy-
pothesized that if the partial Vma~ phenotype of rav1A comes pri-
marily from loss of Vph1p function, then Stv1p may be functional in
the absence of RAVE. Growth phenotypes of a vph14 mutant are
suppressed by overexpression of STVT (Manolson et al., 1994). If
Stv1p-containing complexes can assemble in the absence of RAVE,
then STV overexpression might also suppress the growth pheno-
types of a rav1A mutant. As shown in Figure 3A, the poor growth of
a rav1A mutant on YEPD, pH 7.5 medium at 37°C is suppressed by
overexpression of STV1. This suppression does not depend on the
presence of Vph1p, because poor growth of a raviAvph14 mutant
can also be suppressed by overexpression of hemagglutinin (HA)
epitope-tagged STV1. This result suggests that Stv1p-containing
V-ATPases can assemble and function in the absence of RAVE.

Because pure Golgi and endosomal fractions are difficult to isolate
from yeast, the biochemical properties of Stv1p-containing V-ATPases
have generally been assayed by overexpressing STV1. Under these
conditions, Stv1p is transported to the vacuole and assembles into
V-ATPase complexes, and vacuolar vesicles can be readily isolated
and characterized (Manolson et al., 1994; Kawasaki-Nishi et al., 2001b;
Qi and Forgac, 2007; Finnigan et al., 2011). To test for RAVE-indepen-
dent assembly of Stv1p-containing V-ATPase complexes, we isolated
vacuolar vesicles from rav14 mutants with and without overexpression
of HA-tagged Stv1p. As shown in Figure 3B, rav14 mutants have very
low V-ATPase activity, but overexpression of STV results in a 10-fold
increase in V-ATPase activity, reaching ~30% of the wild-type V-AT-
Pase activity. In Figure 3C, the levels of peripheral V; subunits A, B,
and C and integral membrane V, a subunits, HA-tagged Stv1p and
Vph1p, were compared in vacuolar vesicles isolated from wild-type
cells, and the rav1A mutant with and without STV1 overexpression.
HA-tagged Stv1p is only detected in the vacuoles from the strain con-
taining the overexpression plasmid, as expected. The levels of V; sub-
units, and particularly Vq subunit C, are low in vacuoles from the rav14
strain, as reported previously (Smardon and Kane, 2007), but are in-
creased to near wild-type levels in the strain overexpressing HA-
tagged Stv1p. Taken together, these results indicate that the increased
V-ATPase activity in the STV1-overexpressing strain arises from in-
creased assembly of V4 and V,, subunits and that this assembly occurs
in the absence of RAVE function. Although rav1A mutants have previ-
ously been shown to have wild-type levels of Vph1p in isolated vacu-
oles (Smardon and Kane, 2007), the levels of this subunit appeared to
be somewhat higher in the three independent preparations of rav1A
mutant vacuoles shown in Figure 3C than in vacuoles from the wild-
type and rav14 strain overexpressing STV1. We assessed the cellular
Vph1p levels in whole-cell lysates from wild-type and rav1A4 cells with
and without STV1 overexpression in Figure 3D. All of the strains con-
tain comparable amounts of Vph1p. V; subunits have been shown
previously to be present at comparable levels in wild-type and rav14
mutants (Smardon et al., 2002; Smardon and Kane, 2007), as shown
for V; subunit B in Figure 3D. Taken together, the results in Figure 3
indicate that increased V-ATPase activity in vacuoles from rav1A4 cells
overexpressing STV1 is supported by an increased ratio of V; to V,
subunits at the vacuole. Thus V-ATPases are able to assemble with the
Stv1-HA isoform in the absence of RAVE function.

RAVE has been shown to interact with V; subunits and assem-
bled Vi complexes (Seol et al., 2001; Smardon et al., 2002). There
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FIGURE 3: STV1 overexpression suppresses rav1A growth defects
and allows RAVE-independent assembly of V-ATPase complexes at
the vacuole. (A) Growth of the indicated strains was compared as
described in Figure 1, except that the cells were grown on YEPD, pH
5 and YEPD, pH 7.5 plates at 37°C. (B) Vacuolar vesicles were isolated
from wild-type (BY4741), Y3656 rav1A cells with no plasmid (rav14) or
Y3656 raviA cells transformed with a 2-micron plasmid containing
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are no subunit isoforms of the yeast V4 subunits, so these interac-
tions cannot readily account for the differing RAVE dependence of
Stv1p- and Vph1p-containing V-ATPase complexes. Therefore we
tested whether Vph1p and/or Stv1p also interact with RAVE. The
largest cytosolically exposed portion of the V, sector is the soluble
N-terminal domain of Vph1p or Stv1p (Vph1NT and StvINT; Kawa-
saki-Nishi et al., 2001a; Benlekbir et al., 2012; Oot and Wilkens,
2012). We tested whether Vph1NT and StvINT are able to interact
with Rav1p by two-hybrid assay. In this version of the assay, the
ADE2 and HIS3 genes are under control of the GAL promoter, so
growth on medium lacking adenine and histidine indicates that a
two-hybrid interaction has occurred. As shown in Figure 4, there is
no growth on medium lacking adenine and histidine when the RAV1
two-hybrid construct is combined with the activation domain with
no fusion partner (pACT), or with the Stv1-NT fusion construct. How-
ever, Rav1p combined with Vph1NT does support growth, suggest-
ing that Rav1p is able to interact with Vph1NT. All three strains grow
on medium lacking both tryptophan and leucine (-Trp, —Leu), indi-
cating that both plasmids were present in all three strains. These
results indicate for the first time that RAVE may interact with the V,
sector of the V-ATPase during reassembly of V4 with V, and may
show a preference for Vph1p over Stv1p.

To address whether Vph1NT binds directly with Rav1p, we ex-
pressed and purified the most highly conserved region of RAV1 (cor-
responding to amino acids 840-1125) as a glutathione S-transferase
fusion (GST-Rav1(840-1125)) from Escherichia coli. A FLAG-tagged
version of Vph1NT was also expressed and purified, and both pro-
teins are shown in the top panel of Figure 5A. We then bound the
purified GST-Rav1(840-1125) to glutathione Sepharose, washed the
beads, and added Vph1NT-FLAG to the beads. After being washed,
GST-Rav1(840-1125) was eluted with excess glutathione, and we
looked for coelution of bound Vph1NT-FLAG. As shown in the top
panel of Figure 5A, Vph INT-FLAG coelutes with GST-Rav1(840-1125)
at substoichiometric levels. We confirmed the identity of the eluted
VphINT-FLAG by Western blotting (bottom panel of Figure 5A).
Figure 5B shows that no Vph1NT-FLAG bound to the column in the
absence of GST-Rav1(840-1125). These experiments indicate that
Vph1NT interacts directly with the most highly conserved region of
Rav1p. We attempted to conduct the same experiment with Stv1NT-
FLAG, but the bacterially expressed StvINT-FLAG tended to ag-
gregate and bound to the glutathione beads in the absence of GST-
Rav1(840-1125). Therefore we can conclude that this region of
Rav1p is capable of binding to Vph1NT directly, but cannot con-
clude that it provides specificity for VohTNT over StvINT.

Do synthetic phenotypes with rav14 indicate compromised
function of Stv1p-containing V-ATPases?

If Stv1p-containing V-ATPases assemble in the absence of RAVE,
then it is possible that the activity of these complexes is responsible

HA-STV1 (rav14/HA-STV1). V-ATPase-specific activity was measured
for three independent preparations of vacuolar vesicles, and the mean
+ SEM is shown. (C) Samples for one to three independent vacuole
preparations from each strain were separated by SDS-PAGE and
subjected to immunoblotting with the indicated antibodies. Identical
amounts of vacuolar protein from each sample were loaded for
comparison. Blots were probed with anti-HA to identify HA-Stv1p,
and with monoclonal antibodies against Vph1p and V; subunits A, B,
and C. The positions of molecular mass markers (mass in kDa) are
indicated on the right. (D) Whole-cell lysates were prepared from the
indicated strains and separated by SDS-PAGE, and immunoblots were
probed with the same antibodies used in (C). Loads were normalized
to an equivalent number of lysed cells.
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FIGURE 4: Two-hybrid interaction of RAVT and VPH1-NT. Cells containing pAS-RAV1 were
mated to cells containing pACT, pACT-StvINT, and pACT-Vph1NT. Growth of the diploids on
SC —Trp, —Leu medium, which selects for the plasmids but does not require a two-hybrid
interaction, and growth on SC —Trp —Leu —His ~Ade medium, which does require a two-hybrid

interaction for growth, are compared.

for the relatively mild Vma phenotype of rav14 mutants. We tested
whether the raviAstv1A mutants exhibit a synthetic Vma~ growth
phenotype, even though the stv14 mutant was not identified in the
SGA screen. As reported previously, the stv14 single mutant has no
Vma~ growth phenotype (Manolson et al., 1994). However, as shown
in Figure 6A, the ravl1Astv1A mutant is unable to grow on YEPD,
pH 7.5 plates at 30°C, indicating there is a strong synthetic Vma~
interaction between the two mutations. In fact, as shown in Figure
6A, this interaction appears to be comparable in strength with the
well-established synthetic interaction between vphi4 and stviA
(Manolson et al., 1994).

This result suggests that mutations exhibiting a synthetic Vma-
phenotype in combination with the raviA mutation could affect
Stv1p function. It is difficult to directly measure V-ATPase activity in
compartments other than the vacuole, but localization of the
plasma membrane proton pump Pmalp can provide an indirect
assessment of defective V-ATPase activity in these organelles. Loss
of V-ATPase activity impacts overall pH homeostasis as well as vac-
uolar pH (Martinez-Munoz and Kane, 2008). One source of this im-
pact is a reduction in the levels of the major plasma membrane H*
export pump PmaTp at the membrane and the appearance of the
pump in intracellular compartments, including the vacuole (Marti-
nez-Munoz and Kane, 2008; Tarsio et al., 2011). The internalized
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Pmalp is ultimately degraded in the vacu-
ole and does not contribute to vacuolar
acidification (Martinez-Munoz and Kane,
2008) but may improve overall pH balance.
Interestingly, Pma1p is not internalized in a
vph 14 mutant, which has no vacuolar acidi-
fication, or in an stv1A mutant, but is inter-
nalized in a vphl4stv1A double mutant
(Tarsio et al, 2011). This suggests that
Pmap internalization requires loss of acidi-
fication in organelles other than the vacuole
and thus reflects loss of V-ATPase function
in these other compartments. We localized
Pmalp in the single rav14 and vps244 mu-
tants as well as the double raviAvps244
mutant by immunofluorescence micros-
copy. As shown in Figure 6B, Pmalp is pres-
ent at the plasma membrane in wild-type
cells, the raviA mutant, and the vps244
mutant. However, Pmaflp staining at the
plasma membrane is reduced in the double
rav1Avps24A double mutant, and intracel-
lular spots of PmaTp appear, often as one
to two dots adjacent to the vacuole. vma
mutants show a similar pattern of internal
Pmalp staining, particularly in strains that
contain the full complement of vacuolar
proteases (Martinez-Munoz and Kane,
2008; Tarsio et al., 2011). The synthetic ef-
fect on Pmalp localization in the
rav1Avps24A double mutant thus resem-
bles the synthetic effect in vph1A4stv14 mu-
tants. As in the vph14 mutants, Stv1p must
support sufficient organelle acidification in
nonvacuolar compartments to sustain nor-
mal Pma1p localization in the rav14 mutant,
but this is lost in the rav1Avps244 mutant.

The results in Figure 6B indicate that loss
of class E vps function may compromise
function of Stv1p-containing V-ATPases. In fact, HA-tagged Stv1
was previously shown to accumulate in the class E compartment of
vps27A cells (Kawasaki-Nishi et al., 2001a), and more recently, a re-
quirement of retrograde transport from endosome to Golgi for nor-
mal Stvlp-green fluorescent protein (Stv1p-GFP) localization was
demonstrated (Finnigan et al., 2011). We compared the localization
of Stv1p-GFP in wild-type cells, vps244, raviA, and raviAvps24A
mutants by fluorescence microscopy (Figure 7). As reported previ-
ously, Stv1p-GFP in wild-type cells localizes to multiple cytosolic
puncta (Finnigan et al., 2011, 2012). A similar distribution was seen
in rav1A mutants. The vps24A mutant showed increased staining in
one to two large dots adjacent to the vacuole, similar to the class E
compartment described previously in class E vps mutants (Raymond
etal., 1992), and fewer cytosolic puncta. These results are consistent
with previous data indicating that mutations in the class E vps genes
trap Stv1-GFP in the aberrant class E compartments (Finnigan et al.,
2011, 2012). The rav1A4vps24A mutant shows a similar Stv1-GFP dis-
tribution to the vps24A4 strain. These results indicate that the syn-
thetic growth defects of the rav14 class E vps double mutants may
arise from combined effects of the rav1A mutation disabling Vph1-
containing V-ATPases at the vacuole and the class E vps mutation
altering distribution of Stv1-containing V-ATPases in compartments
other than the vacuole.
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FIGURE 5: Direct interaction of expressed Vph1NT-FLAG and
GST-Rav1(840-1125). (A) Coomassie-stained gel (top) and immunoblot
probed with anti-Vph1p (bottom) are shown. Purified Vph1NT-FLAG
and GST-Rav1(840-1125) were loaded in lanes 2 and 3. Fractions 1-4
correspond to fractions eluted from glutathione resin incubated with
both proteins after addition of excess reduced glutathione, as
described in Materials and Methods. (B) The same experiment was
conducted in the absence of GST-Rav1(840-1125) to confirm
Rav1-dependent binding of Vph1NT to the resin. Purified Vph1NT-
FLAG was loaded in lane 2, and fractions 1-3 correspond to fractions
eluted from glutathione resin and visualized by immunoblotting with
anti-Vph1p antibody. Sizes of molecular mass markers in lane 1 are
shown at left.

If mislocalization of Stv1p in the class E vps mutants accounts for
the synthetic Vma~ phenotype with the rav14 mutation, then other
mutations with a similar synthetic growth phenotype may also affect
Stv1p localization. A number of mutants other than class E vps mu-
tants exhibit a synthetic Vma~ phenotype with raviA (Table S1).
Growth assays for two of these mutants, vps534 and ubp34, alone
and in combination with rav14, are shown in Figure 8A. Double mu-
tants with rav1A grow well on YEPD buffered to pH 5, but grow
poorly on YEPD, pH 7.5 +CaCl, medium at 30°C, indicating
the synthetic Vma~ phenotype. VPS53 encodes a component of the
IGARP (Golgi-associated retrograde protein) complex that is re-
quired for retrograde sorting of proteins from endosomes to the
Golgi apparatus; several other components of this complex were
identified in our SGA screen as well as in previous screens (Table S1).
UBP3 is a deubiquitinating enzyme that has been implicated in mul-
tiple processes, including regulation of transport between the ER
and Golgi apparatus. We found evidence of Stv1p-GFP mislocaliza-
tion in the vps534 and ubp34 single mutants (Figure 8B). In the
vps534 mutant, Stv1p-GFP appears to have a reticular distribution.
In the ubp34 mutant, Stv1p-GFP is present in the vacuolar mem-
brane of ~50% of cells. These results support the conclusion that the
synthetic genetic analysis with rav14 has uncovered novel mutations
with roles in Stv1p localization.

DISCUSSION

The RAVE complex as an isoform-specific assembly factor
V-ATPases are ubiquitous in eukaryotic cells, and subunit isoforms
are believed to impart not only tissue specificity, but also distinct
localization, biochemical features, and regulation to the multiple V-
ATPases present in a single cell (Toyomura et al., 2000; Sun-Wada
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FIGURE 6: Mutations showing synthetic phenotypes in combination
with rav1A may affect Stv1p function. (A) Wild-type (BY4741), Y3656
rav1A, BY4741 stv14, BYA741 vph1A, BY4741 raviAstviA, and
BY4741 vph1Astv1A mutants were serially diluted from log-phase
liquid cultures of comparable density, then plated on YEPD, pH 5 and
YEPD, pH 7.5 plates. Growth after 2 d at 30°C is shown. (B) Pmalp
was localized by indirect immunofluorescence, as described in
Materials and Methods. DIC images of the indicated strains are shown
in left panels, and anti-Pma1p immunofluorescence (IF) in the same
cells is shown in the right panels.

et al., 2003; Hurtado-Lorenzo et al., 2006; Pietrement et al., 2006;
Forgac, 2007; Blake-Palmer and Karet, 2009). The V,, a subunits, in
particular, have been shown to contain essential targeting informa-
tion (Manolson et al., 1994; Toyomura et al., 2003; Finnigan et al.,
2012), and to govern coupling and disassembly behavior of V-
ATPases (Kawasaki-Nishi et al., 2001a). There is limited information
about how different isoforms bestow these differences on V-ATPases.
This work suggests that differential interactions with the RAVE com-
plex may support at least some of the distinct features of the yeast
Vph1p- and Stv1p-containing V-ATPases.

Vph1p is expressed at much higher levels than Stv1p and is re-
sponsible for vacuolar acidification, so loss of vacuolar pH control
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FIGURE 7: Stv1p-GFP localization in wild-type, vps244, rav14, and
vps244raviA. Localization of Stv1p-GFP in the indicated strains was
visualized by fluorescence microscopy under GFP optics (left) and
under DIC (right).

indicates defects in Vph1p-containing V-ATPases (Manolson et al.,
1994; Tarsio et al., 2011; Finnigan et al., 2012). Although it has been
known for some time that isolated rav14 and rav24 vacuoles have
very low ATPase activity in isolated vacuoles (Smardon et al., 2002;
Smardon and Kane, 2007), the partial Vma~ phenotype of these mu-
tants had suggested that V-ATPases might be somewhat active in
vivo but unstable, resulting in loss of activity during vacuole isola-
tion. The vacuolar pH measurements in Figure 2 make it clear that
vacuolar acidification is severely defective in the raviA mutant in
vivo, and in fact, comparable with a vph14 mutant (Tarsio et al.,
2011). This indicates that RAVE function is essential for activity of
Vph1p-containing V-ATPases at the vacuole. When expressed at en-
dogenous levels, Stvlp never reaches the vacuole and thus does
not contribute to vacuolar acidification (Tarsio et al., 2011; Finnigan
et al., 2012). Overexpression of STV saturates a sorting step and
allows transport to the vacuole, where it partially suppresses the
defects of a vph 14 mutant (Finnigan et al., 2012). Suppression of the
functional and biochemical defects of a rav14 mutation by STV1 in-
dicates that Stv1p-containing V-ATPases do not require RAVE for
function, and increased assembly of peripheral V; subunits at the
vacuolar membrane in a rav14 strain overexpressing STV1 confirms
that these complexes can assemble in the absence of RAVE (Figure
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FIGURE 8: Other mutants that show synthetic Vma~ growth
phenotypes with rav14 also perturb Stv1p-GFP localization.

(A) Growth of the four spores from single tetrads derived from
diploids heterozygous for rav14 and either ubp34 (PKY105-4A-D)
or vps534 (PKY100-5A-D) are compared on YEPD, pH 5 and YEPD,
pH 7.5 + 60 mM CaCl, after growth at 30°C as in Figure 1.

(B) Localization of Stv1p-GFP in wild-type, ubp34, and vps534 cells
was visualized as in Figure 7.

3). Thus RAVE appears to be the first Vph1p isoform-specific assem-
bly factor.

Figures 4 and 5 provide the first evidence of any interaction be-
tween the RAVE complex and the V, membrane sector of the V-
ATPase and are entirely consistent with the role of RAVE in reas-
sembly of dissociated V4 and V, subcomplexes. The N-terminal
domains of Stv1p and Vph1p are exposed to the cytosol and are
required for a number of critical interactions with the Vy sector in
the assembled V-ATPase (Benlekbir et al., 2012; Oot and Wilkens,
2012). The Rav1p subunit of RAVE has previously been shown to
interact with multiple V4 subunits, including subunits E, G, and C
(Smardon et al., 2002; Smardon and Kane, 2007). The Skp1p sub-
unit of the complex has been implicated in release of RAVE from the
membrane (Brace et al., 2006). However, these interactions provide
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little insight into how RAVE might act as an assembly factor. An in-
teraction between Ravip and Vph1-NT suggests that the RAVE
complex may be positioned to promote assembly by bringing the
disassembled C subunit, V1 and V, subcomplexes into proximity,
perhaps assisted by Skp1p acting as a membrane tether. Interest-
ingly, Stv1p-containing V-ATPases show less disassembly in re-
sponse to glucose deprivation than Vph1p-containing complexes
(Kawasaki-Nishi et al., 2001a,b), so the RAVE dependence of Vph1p
is entirely consistent with the role of RAVE in reversible disassembly.
The differences in interaction of the N-terminal domains of Vph1p
and Stv1p (Vph1-NT and Stv1-NT) with Rav1p in the two-hybrid as-
say support the functional preference of the RAVE complex for
Vph1p- over Stv1p-containing complexes (Figure 4). However, while
we provide strong functional evidence that Stv1p-containing com-
plexes do not require RAVE, further investigation is required to
demonstrate whether and how RAVE distinguishes Vph1p from
Stv1p at a biochemical level.

It is not yet known whether subunit a isoforms in higher eukary-
otes show variations in RAVE dependence. Loss of rabconnectin
function has been shown to severely reduce acidification of late en-
dosomes in Drosophila follicle cells and eye disks (Yan et al., 2009)
and to eliminate synaptic vesicle acidification in zebrafish hair cells
(Einhorn et al., 2012). Notably, the zebrafish stardust alleles contain
nonsense mutations in the single rabconnectin o gene predicted to
delete as much as 70% of the protein (Einhorn et al., 2012), but do
not result in as severe a phenotype as knockdowns of V-ATPase sub-
units (Horng et al., 2007). This might suggest that some level of V-
ATPase activity persists in the absence of rabconnectin o function.
Although the V-ATPase subunit a isoform specificity has not been
analyzed in the fly, zebrafish, or mouse cell compartments, where
defects in rabconnectin-dependent organelle acidification and/or
V-ATPase assembly were documented, previous data suggest that
synaptic vesicles are generally enriched in the a1 isoform (Hiesinger
et al., 2005), while late endosomes (and lysosomes) predominantly
carry the a3 isoform (Toyomura et al., 2003).

Is yeast RAVE necessary for functions other than vacuolar
acidification?

Given the lack of vacuolar acidification in the RAVE mutants, we
would anticipate that the relatively mild phenotype of the ravia
and rav24 mutants must be supported by acidification of other
compartments. These mild phenotypes, coupled with the ability
of Stv1p-containing complexes to assemble at the vacuole, sug-
gest that Stv1p-containing complexes may be capable of RAVE-
independent assembly and function in other compartments. The
synthetic Vma~ phenotype of the ravi4stv1A4 mutant (Figure 6A)
supports this. However, there is evidence that RAVE function is
required for more than vacuolar acidification. Morphological al-
terations in endosomes and defects in potential endosome-re-
lated functions have been observed in yeast rav1 mutants (Sipos
et al., 2004, Brace et al., 2006) and higher eukaryotes lacking rab-
connectin function (Yan et al., 2009), suggesting a requirement
for RAVE in endosomal compartments. In yeast, these defects
might be attributed to defective assembly of Vph1p-containing
V-ATPases en route to the vacuole, consistent with RAVE depen-
dence of Vph1p-containing complexes at the vacuole. However,
the phenotypes of raviA and vph1A4 mutants are not identical;
specifically, the temperature-sensitive phenotype of the ravia
mutant is not shared by vph1A. In addition, Figure 3C suggests
levels of Vph1p may be somewhat higher in rav14 vacuoles than
in wild-type cells, which could indicate an altered distribution of
Vph1-containing V, complexes in the mutant that is resolved in
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the STV1-overexpressing strain. Further experiments are neces-
sary to elucidate the full range of RAVE function.

Synthetic Vma~ phenotypes with rav14 define mutations
affecting Stv1p localization

If RAVE function is directed primarily at Vph1p-containing
V-ATPases, then it follows that mutations that cause synthetic Vma-
phenotypes in combination with rav1A may affect Stv1p function.
Consistent with this hypothesis, the class E vps mutants, identified
by their synthetic Vma~ phenotypes with raviA in our screen, were
previously shown to affect Stv1p localization. Although the steady-
state localization of Stv1p in wild-type cells is predominantly in the
Golgi, in a class E mutant, Stv1p accumulates in the class E compart-
ment adjacent to the vacuole and appears to be depleted from the
Golgi (Kawasaki-Nishi et al., 2001a). This localization reflects a
requirement for ongoing traffic between the endosome and Golgi
apparatus, because a vps26A4 mutant, which disrupts retromer func-
tion and prevents retrograde transport from endosome to Golgi,
also accumulates Stv1p in late endosomes (Finnigan et al., 2011).
The functional consequences of halting Stv1p retrograde transport
have not been fully explored, but significantly, a reconstructed
“ancestral a subunit” that does not undergo retrograde transport is
not able to grow under low-iron conditions, wherein V-ATPase func-
tion in the Golgi may become critical (Finnigan et al., 2011). We
hypothesize that, in our screen, the class E vps mutants reduced the
population of Stv1p-containing complexes engaging in retrograde
transport. The consequences of this depletion were observed only
when the activity of Vph1p-containing complexes was lost through
the rav1A mutation. Given the alterations of endosome morphology
and trafficking reported previously for the rav1A mutant, we cannot
eliminate the possibility that the rav14 mutation directly or indirectly
compromises Stv1p localization, but any Stv1p defect in the ravia
mutant must be too subtle to generate a defect in growth or Pmalp
localization.

The endosome to Golgi retrograde targeting signal on Stv1p
was recently identified (Finnigan et al., 2012), but the apparatus re-
sponsible for recognizing this signal has not been identified. If our
interpretation of the rav1A synthetic lethality screen is correct, we
would predict that additional proteins responsible for Stv1p signal
recognition and transport are likely to be among the mutations that
generate a synthetic Vma~ phenotype in combination with raviA.
Further experiments are necessary to fully characterize this isoform-
specific sorting machinery.

MATERIALS AND METHODS

Strains

Supplemental Table S3 lists the yeast strains described in this work.
The yeast nonessential deletion mutant array in the BY4741 back-
ground was purchased from Research Genetics/Open Biosystems
(Thermo Scientific, Denver, CO). The rav1A::nat® allele, consisting of
~400 base pairs upstream and ~300 base pairs downstream of RAV1
surrounding the natMX cassette, was constructed by fusion PCR and
transformed into yeast strain Y3656 (Tong et al., 2004; provided by
Charlie Boone, University of Toronto). The S288C STV1-GFP strain
was purchased from Invitrogen (Grand Island, NY), and the STV1-
GFP-HIS3 cassette was PCR-amplified with oligonucleotides STV1
23910RF (5-GGCACTATCGTTGGCGCATG-3") and STV1+500
(5-TACAGCAGAGATTTATGGTATGCC-3"). The PCR product was
then transformed into the raviA4, vps24A, rav1Avps244, ubp34, and
vps534 strains. HA-tagged STV1 in a 2-micron vector (YEp352;
Kawasaki-Nishi et al., 2001b) was a generous gift from Michael For-
gac (Tufts University). The BY4741 vph1A::kanMX stv1A:nat strain
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was prepared by switching the kanMX marker in stv1A::kanMX to
natMX as described previously (Tong et al., 2001), amplifying the
resulting stv1A::nat® allele by PCR with oligonucleotides STV1+500
(above) and STV1-500 (5"-GTTTTCCATCAAACTGGCTAGTTT-3)),
and introducing this allele into the BY4741 vph1A::kanMX strain.

Yeast strains were maintained on YEPD medium buffered to
pH 5 with 50 mM sodium phosphate and 50 mM sodium succinate
or fully supplemented minimal medium (SC) as indicated. For se-
rial-dilution growth assays, log-phase cultures were diluted to the
same density in growth medium, and 10-fold serial dilutions into
medium were made. Cells were then transferred to the indicated
plates using a pinning tool. YEPD, pH 7.5 plates were buffered to
pH 7.5 with 50 mM sodium phosphate, 50 mM sodium succinate;
YEPD, pH 7.5 + CaCl; plates were buffered with 50 mM MES,
50 mM MOPS and contained 60 mM calcium chloride. Selection
plates for two-hybrid assays were prepared as described previ-
ously (James et al., 1996).

SGA

SGA was performed as described previously (Tong et al., 2001) using
a Virtek pinning robot at all steps. Briefly, the Y3656 raviA mutant
was mated to the deletion mutant array (384 colonies/plate format)
on YEPD, and then diploids were selected on YEPD containing
0.1 mg/ml clonNAT (Werner Biosciences, Jena, Germany) and 0.2
mg/ml G418 sulfate (US Biological). The diploids were next pinned
onto sporulation medium (Kassir and Simchen, 1991) and incubated
for ~11 d at 30°C. After sporulation, colonies were pinned two con-
secutive times to SC medium lacking histidine and arginine and con-
taining 0.07 mg/ml canavanine (haploid select medium) and grown
for 4-5 d to select for MATa spores. (For all SC plates used for SGA,
yeast nitrogen base lacking amino acids and ammonium sulfate was
used, and 1 g/l of monosodium glutamate was added; Tong et al.,
2001.) From the second set of haploid selection plates, colonies were
pinned to one set of haploid selection plates containing 0.02 mg/ml
G418 (which selects for the deletion library mutation only) and an-
other set of haploid selection plates containing 0.02 mg/ml G418
and 0.01 mg/ml clonNAT (which selects for double mutants). The
single- and double-mutant selection plates were screened by visual
inspection after growth for 2 d at 30°C. Strains that showed poorer
growth on the double-mutant selection plates relative to the single-
mutant selection plates were identified as candidates for synthetic
genetic interactions. The entire SGA protocol was repeated three
times, and only candidates that were identified in two of the three
independent screens are included in Table S1. Biological process and
cellular component GO terms for the candidate mutations showing
interactions with rav1A by SGA were obtained by submitting the
genes in Table S1 to FunSpec (Robinson et al., 2002).

Confirmation of candidate synthetic interactions from SGA

Candidate interactions were confirmed by tetrad dissection or plas-
mid shuffle. For tetrad dissections, the Y3656 ravl1A mutant was
mated to the candidate mutant in the BY4741 background. After
selection of diploids on YEPD containing G418 and clonNAT, the
diploids were sporulated in liquid medium, and then tetrads were
dissected on YEPD, pH 5 plates and grown at 30°C. Spores were
genotyped by testing growth on G418 and ClonNAT-containing
plates. Growth of the spores on YEPD, pH 5; YEPD, pH 7.5; YEPD,
pH 7.5+ 60 mM CaCly; and SC at 30 and 37°C was then compared
to look for synthetic phenotypes. Strains HDY13-9A, HDY13-9B,
HDY13-9C, and HDY13-9D, derived from a single tetrad, were used
in comparisons of wild-type, vps24A4, rav14, and rav1Avps24A strains
in Figures 1, 2, and 5. For plasmid shuffle, the library deletion was
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transformed with wild-type RAVT on a URA3-marked plasmid, and
the resulting strain was transformed with a rav1A:LEUZ2 allele as de-
scribed (Smardon et al., 2002). The plasmid was then evicted by
growth on medium containing 5-fluoroorotic acid, which counterse-
lects against the URA3-marked plasmid, and the resulting double
mutants were characterized.

Vacuolar pH and V-ATPase characterization

Vacuolar pH was measured using 2’,7-bis-(2-carboxyethyl)-5-(and-
6)-carboxyfluorescein, acetoxymethyl ester (BCECF-AM; Invitrogen/
Life Technologies, Grand Island, NY) as described previously (Marti-
nez-Munoz and Kane, 2008; Tarsio et al., 2011). Vacuolar vesicles
were isolated from Y3656 ravi1A cells grown to log phase in either
SC or SC lacking uracil (to maintain the STV overexpression plas-
mid), buffered to pH 5 with 50 mM MES (2-(N-morpholino)ethane-
sulfonic acid; Diakov and Kane, 2010). ATP hydrolysis was measured
in the presence and absence of 100 nM concanamycin A (Sigma-
Aldrich, Piscataway, NJ), and concanamycin-sensitive ATPase activ-
ity was taken as the V-ATPase activity. For immunoblots, total vacu-
olar protein in each sample was measured by Lowry assay, and equal
amounts of vacuolar protein from each strain were separated by
SDS-PAGE. After transfer of protein to nitrocellulose, blots were
probed with the following antibodies: monoclonal antibodies 10D7,
8B1, 13D11, and 7A2, against V-ATPase subunits Vph1p, Vmalp,
Vma2p, and Vma5p, respectively; HA.11 (Covance, Princeton, NJ)
against the HA epitope; and 1D3 (Invitrogen) against yeast alkaline
phosphatase; all probes were subsequently detected with alkaline
phosphatase-conjugated goat anti-mouse antibody (Promega,
Madison, WI). Whole-cell lysates were prepared as described previ-
ously (Kane et al., 1992), except that lysis was performed at 95°C.

Two-hybrid analysis

To introduce STV1-NT into the pACT two-hybrid plasmid (Harper
etal., 1993), we amplified the open reading frame encoding the first
454 amino acids of Stv1 from wild-type genomic DNA with primer
pair STV12H-5p (GCGGATCCTCATGAATCAAGAAGAGGCTATAT-
TCCG) and STV1 2H-3p (GCCTCGAGACCAGCATTGATTTCTT-
TATATGTTGCG). A BamHl site was introduced just upstream of the
ATG start codon and in frame with the activation domain of the
PACT plasmid. The resulting PCR fragment was cloned into the
pGEM T-Easy cloning vector (Promega) and sequenced for accuracy.
The STV1-NT insert was excised using BamHI and Xho1 and cloned
into the BamHI/Xho1-cleaved pACT vector. Construction of pACT-
VPH1-NT containing the first 409 amino acids of Vphlp and
pAS-RAV1 containing the entire RAV1 open reading frame were
previously described (Smardon and Kane, 2007; Diab et al., 2009).
The pACT, pACT-VPH1-NT, and pACT-STV1-NT plasmids were
transformed into the PJ69-4a. (MATo) strain (James et al., 1996).
Transformants were selected on SC plates lacking tryptophan to se-
lect for the pAS-RAV1 plasmid and SC plates lacking leucine to se-
lect for the pACT plasmids. For testing for two-hybrid interactions,
the MATa strain (PJ69-4A) containing the pAS-RAV1 plasmid was
crossed separately to each of the MATo. strains containing either the
pACT vector alone, the pACT-VPH1-NT, or the pACT-STV1-NT, and
diploids were selected on SC —Trp, —Leu plates. The resulting dip-
loid strains were tested for two-hybrid interactions by streaking onto
SD —Trp, —Leu, —His, —Ade plates to test for expression of the HIS3
and ADEZ2 two-hybrid reporter genes.

Bacterial expression of Vph1-NT and Rav1(840-1125)

Construction of maltose-binding protein (MBP)-tagged Vph1-NT
(corresponding to the first 406 amino acids of Vph1p) in pMalpAse
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has been described previously (Diab et al., 2009). This plasmid was
mutagenized to add a FLAG tag to the C-terminus of Vph1NT by
inverse PCR using oligonucleotides 5-CAGAGAAATCAATGA-
CTATAAAGACGACGATGACAA-3" and 5-GTCTTTATAGTCATT-
GATTTCTCTGTACTGAGCAAT-3". The tagged construct was con-
firmed by sequencing. The plasmid pGST-Rav1(840-1125) was cre-
ated by first amplifying the region of RAV1 between amino acids
840-1125 using the oligos RAV1-CT2H (5"-GGCCAGATCTTCCT-
TACTGAGCAACTAACGAAAACAAC-3) and RAVICT-Sal (5-GC-
GTCGACGAAACAATGCTTGAGTTGTTTTCTAAATC-3"). Bglll and
Sall sites are underlined in the respective oligos. The amplified
product was cloned into the pCR4Blunt-TOPO plasmid (Invitrogen)
following the supplier's protocol. The Bglll-Sall fragment was
cleaved from this plasmid in a double digest, gel extracted, and
cloned into the pET-41c(+) plasmid (Novagen) in frame with an N-
terminal GST tag.

MBP-Vph1NT-FLAG was expressed in BL21 cells after overnight
induction with 0.3 mM isopropyl-B-p-1-thiogalactopyranoside at
19°C. GST-Rav1(840-1125) was also expressed in BL21 cells, but
with an induction time of 3 h at 37°C. After cell lysis, the MBP-
Vph1NT-FLAG fusion was purified by passage through an amylose
column (New England Biolabs, lpswich, MA), and the eluted frac-
tions were cleaved overnight with Prescission protease. The cleaved
protein was passed through an anti-FLAG M2 column and washed
with column buffer (20 mM Tris-HCI, 150 mM NaCl, and 1 mM EDTA,
pH 7.2), and Vph1NT-FLAG was eluted with 100 pg/ml FLAG pep-
tide. GST-Rav1(840-1125) from a cell lysate was bound to glutathi-
one resin (GenScript, Piscataway, NJ), and the resin was washed with
20 column volumes of phosphate-buffered saline (137 mM NaCl,
2.6 mM KCl, 12 mM NayHPOy, pH 7.2). Glutathione beads with the
bound GST-Rav1(840-1125) were then incubated with purified
VphTNT-FLAG for 3 h at 4°C. The beads were then washed with the
same buffer, and then the bound proteins were eluted with 10 mM
glutathione.

Fluorescence microscopy

Pmalp was visualized by indirect immunofluorescence using the
40B7 monoclonal antibody (Abcam, Cambridge, MA) followed by
Alexa Fluor 488-conjugated goat anti-mouse antibody (Invitrogen)
as described previously (Tarsio et al., 2011). For visualization of Stv1p-
GFP, cells were grown to log phase in SC buffered to pH 5 with 50
mM MES and then visualized directly. All samples were visualized on
a Zeiss Imager.Z1 fluorescence microscope equipped with a Hama-
matsu CCD camera and AxioVision software. Micrographs were as-
sembled into figures using Adobe Photoshop CS4, ver. 11.0.2.
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