Direct interaction of the Golgi V-ATPase

a-subunit isoform with PI(4)P drives localization

of Golgi V-ATPases in yeast

Subhrajit Banerjee and Patricia M. Kane*
Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 13210

ABSTRACT Luminal pH and phosphoinositide content are fundamental features of organelle
identity. Vacuolar H*-ATPases (V-ATPases) drive organelle acidification in all eukaryotes, and
membrane-bound a-subunit isoforms of the V-ATPase are implicated in organelle-specific tar-
geting and regulation. Earlier work demonstrated that the endolysosomal lipid PI(3,5)P; acti-
vates V-ATPases containing the vacuolar a-subunit isoform in Saccharomyces cerevisiae. Here
we demonstrate that PI(4)P, the predominant Golgi phosphatidylinositol (Pl) species, directly
interacts with the cytosolic amino terminal (NT) domain of the yeast Golgi V-ATPase a-isoform
Stv1. Lysine-84 of StvINT is essential for interaction with PI(4)P in vitro and in vivo, and inter-
action with PI(4)P is required for efficient localization of Stv1-containing V-ATPases. The cyto-
solic NT domain of the human V-ATPase a2 isoform specifically interacts with PI(4)P in vitro,
consistent with its Golgi localization and function. We propose that NT domains of V,, a-sub-
unit isoforms interact specifically with Pl lipids in their organelles of residence. These interac-
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tions can transmit organelle-specific targeting or regulation information to V-ATPases.

INTRODUCTION

Eukaryotic cells have distinct membrane-bound organelles that per-
form specific functions essential for cellular homeostasis and fitness
of the organism. Organelles of the secretory and endocytic path-
ways direct protein and membrane trafficking, degrade macromo-
lecular waste, secrete enzymes and hormones, recycle receptors,
and support neuronal communication. These compartmentalized
functions require organelles to maintain distinct chemical identities,
and luminal pH is an important component of organelle identity. In
contrast to the neutral to slightly alkaline cytosolic pH, several of the
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organelles of the secretory and biosynthetic pathway are acidic, in-
cluding the yeast vacuole (pH 5.7-6.2) and mammalian lysosomes
(pH 4.7-4.9), Golgi apparatus (pH 6.4-6.8), and endosomes (pH
5.5-6.5) (Casey et al., 2010; Brett et al., 2011; Diakov et al., 2013)
The vacuolar H*-ATPase (V-ATPase) is a highly conserved ATP-driven
H*-pump that is primarily responsible for organelle acidification
(Kane, 2006). The V-ATPase is composed of 14 different subunits
(Kane, 2006) arranged into a cytosolic Vq sector and a membrane-
bound V, sector. ATP hydrolysis in the V7 sector is coupled to proton
translocation through the V, sector (Kane, 2006).

Higher organisms, including mammals, require V-ATPase activity
to survive (Sun-Wada et al., 2000; Nelson, 2003) However, there is
relatively little information about how V-ATPases control organelle-
specific acidification. In higher organisms, tissue- and organelle-en-
riched isoforms of several subunits target specific V-ATPase sub-
populations and help mediate organelle-specific properties. In
particular, mammals have four isoforms of the V, a-subunit (a1-a4),
distributed in a tissue- and organelle-enriched manner (Forgac,
2007). V-ATPase localization has been strongly linked to V, a-sub-
unit content (Toyomura et al., 2000). Furthermore, several V-ATPase—
linked diseases are directly correlated with mutations in the V, a-
subunit isoforms. The congenital disease autosomal recessive cutis
laxa-type I, caused by glycosylation defects in the Golgi, is linked to
mutations in the human a2 isoform (Kornak et al., 2008). Osteope-
trosis and distal renal tubule acidosis have been directly correlated
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to mutations in plasma membrane-localized a3 and a4 isoforms,
respectively (Frattini et al., 2000; Smith et al., 2000).

In the budding yeast Saccharomyces cerevisiae, the V-ATPase is
not essential for growth, but loss of V-ATPase function is condition-
ally lethal. V-ATPase—deficient yeast mutants (vma mutants) can
grow in acidic media (pH 5) but fail to grow in alkaline (pH 7.5) me-
dia or media containing elevated Ca?* (Nelson and Nelson, 1990;
Ohya et al., 1991). Only the V, a-subunit is present as two organelle-
specific isoforms in yeast, suggesting that this subunit must account
for differences in targeting, regulation, and catalytic properties of
V-ATPases containing the different a-subunit isoforms (Forgac,
2007). The Vph1 isoform targets V-ATPases to vacuoles, and Stv1
targets V-ATPases to the Golgi apparatus and endosomes (Manolson
et al., 1994; Kawasaki-Nishi et al., 2001a). Deletion of both STV1
and VPH1 is required for cells to exhibit the full Vma~ phenotype,
characterized by failure to grow at high pH and calcium concentra-
tions. vphT1A mutants survive but grow slowly under these condi-
tions, and fail to grow on a medium containing Zn?*, suggesting
Zn?* sensitivity is a vacuole-specific phenotype (Finnigan et al.,
2011). stv1A mutants have no obvious growth defect, possibly be-
cause Vph1 inhabits the same compartments en route to the vacu-
ole and thus can compensate for loss of STV1 (Graham et al., 1998;
Finnigan et al., 2012). Functional effects of STV1 mutations have
been analyzed in vph1A mutant background (Finnigan et al., 2012).

In addition to subunit isoforms, other organelle-specific factors
help govern V-ATPase properties (Qi and Forgac, 2007), but neither
the identity of these factors nor the nature of their interactions with
V-ATPases were well understood. Phosphatidylinositol (Pl) lipids ex-
hibit significant organelle-specific enrichment in all eukaryotic cells,
as well as identifying microdomains within organelle membranes
(Strahl and Thorner, 2007; Idevall-Hagren and De Camilli, 2015). PI
lipid species are generated by reversible phosphorylation of the ino-
sitol head group mediated by specific kinases and phosphatases
(Balla, 2013). In addition to regulating soluble, cytosolic enzymes, PI
lipids can regulate the activity of membrane-bound ion channels
and transporters in space and in time (Hilgemann, 2004; Zhang
etal., 2012; Hille et al., 2015). PI(3,5)P; is a low-level, signaling lipid
present predominantly at the vacuoles in yeast and late endosomes
and lysosomes in mammals (Ho et al., 2012). It is synthesized from
PI(3)P by the PI(3)P-dependent-5-kinase, Fab1/PIKfyve, acting in
complex with the 5-phosphatase Fig 4 and the scaffolding protein
Vac14 (Dove et al., 2002; Duex et al., 2006; Zolov et al., 2012). PI(3,5)
P, activates Vph1-containing V-ATPases in yeast by promoting tight
assembly of the V; and V, sectors of the enzyme (Li et al., 2014).
Recognition of PI(3,5)P, by the V, domain of V-ATPase was attrib-
uted to the cytosolic N-terminal domain of Vph1 (Vph1NT), and
Vph1NT could be recruited to membranes by high PI(3,5)P; levels in
the absence of other V-ATPase subunits (Li et al., 2014). V-ATPase
has also been linked to vacuolation defects in mammalian cells aris-
ing from reduction in PI(3,5)P, content (Compton et al., 2016).

In contrast to PI(3,5)P,, PI(4)P is highly enriched in the Golgi net-
work and plasma membrane of yeast and mammals (D'Angelo
et al., 2008). We hypothesized that Pl lipids enriched in specific or-
ganelle membranes provide localized regulation to V-ATPases by
binding to organelle-specific V,, a-subunit isoforms. In this work, we
find that Stv1NT interacts specifically with PI(4)P in vitro and demon-
strate that the Golgi pool of PI(4)P helps to localize V-ATPases con-
taining full-length Stv1, as well as supporting their function. Addi-
tionally, we show that the N-terminal domain of the human Golgi/
endosomal V,, a-subunit isoform, a2 (ATP6VOA2), preferentially in-
teracts with PI(4)P, suggesting that Pl interactions may be a con-
served feature of V-ATPases.
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RESULTS

Cytosolic NT of Stv1 localizes constitutively to puncta,
independent of the V, membrane sector and the vacuolar
lipid PI(3,5)P,

The soluble cytosolic NT domain of the vacuolar isoform of V,
a-subunit (Vph1NT) was reversibly recruited to membranes when
levels of the late endosome/vacuole-specific lipid PI(3,5)P, were
elevated (Li et al., 2014). To assess the localization of the cytosolic
NT domain of the Golgi/endosome V,, a-isoform, Stv1 (StvINT), we
replaced the membrane domain of Stv1 with mCherry to create
StvINT-mCherry. Interestingly, StvINT-mCherry localized constitu-
tively to puncta that appeared to be nonvacuolar (Figure 1A). Al-
though Stv1NT-mCherry cannot assemble into intact V,, sectors be-
cause it lacks its membrane domain, V-ATPases with intact V,
sectors containing Vph1 are still present in the StvINT strain. We
therefore introduced StvINT-mCherry into vph1A cells to remove
both intact V, a-subunit isoforms and prevent any assembly of V,,
sectors (Manolson et al., 1992; Leng et al., 1998). Stv1NT-mCherry
still recruited to puncta in the absence of V,, suggesting that the
membrane-bound V,, sectors are not required to recruit StvINT
from the cytosol to puncta (Figure 1B). vac14A cells synthesize only
2% of the wild-type levels of PI(3,5)P2 (Duex et al., 2006), and this
mutant does not recruit Vph1NT-green fluorescent protein
(VphTNT-GFP) to membranes, even under osmotic shock (Li et al.,
2014). StvINT-mCherry, however, did not require Vac14 to form

FIGURE 1: Localization of Stv1NT-mCherry to puncta. StvINT-
mCherry (in which the transmembrane C-terminal domain of Stv1 is
replaced by mCherry) was expressed from the genomic STV1 locus in
(A) S. cerevisiae wild-type strain BY4741; (B) BY4741 vph1A cells,
which lack the second V,, a-subunit isoform; and (C) BY4741 vac14A
cells, which lack PI(3,5)P,. For each set of panels, differential
interference contrast images are shown on the left and mCherry
fluorescence is shown on the right.
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puncta (Figure 1C). PI(3,5)P, is therefore not required for StvINT
localization in these foci.

Stv1NT specifically interacts with the Golgi lipid PI(4)P

in vitro

A soluble form of Vph1NT (aa 1-372) was previously expressed and
purified from Escherichia coli as a mix of a monomer—dimer that
could be separated by size-exclusion chromatography (Oot and
Wilkens, 2012; Couoh-Cardel et al., 2015). We designed a similar
construct of Stv1NT(aa 1-418) by alignment with Vph1NT and ex-
pressed it in E. coli with an N-terminal maltose-binding protein
(MBP) fusion and a C-terminal FLAG tag. We obtained highly pure

A B

MBP-Stv1NT-FLAG after double-affinity chromatography, followed
by-size exclusion chromatography (Figure 2A). This StvINT con-
struct also eluted as monomer and higher oligomer fractions
(Figure 2A, right) from the gelfiltration column. We used the
monomer fraction of purified MBP-StvINT-FLAG to test for lipid
interactions on a PIP blot in vitro. Interestingly, MBP-Stv1NT-FLAG
interacted strongly and directly only with PI(4)P (Figure 2B; a con-
trol MBP blot showed no interactions). PI(4)P is the predominant Pl
lipid species in the Golgi (Gillooly et al., 2000; Levine and Munro,
2002). This result strongly suggested that Stv1, the Golgi isoform
of V, a-subunit, selectively interacts with the Golgi-specific phos-
phoinositide, PI(4)P.
Next we tested for StvINT-PI lipid inter-
actions in liposomes of defined Pl lipid con-
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FIGURE 2: Stv1NT specifically interacts with the Golgi lipid PI(4)P in vitro. (A) Left, Coomassie-
stained SDS-PAGE showing purified MBP-Stv1NT- FLAG and molecular mass markers. Right, the
elution profile of MBP-Stv1NT-FLAG from a Sephadex 200 gel-filtration column. The sharp lowest
molecular weight fraction, indicated by M, corresponds to the monomer and was used for the
lipid—protein binding assays. (B) PIP strips probed with MBP-StvINT-FLAG and MBP. Left,
MBP-StvINT-FLAG interacts specifically with PI(4)P. Right, MBP alone does not interact with any
of the phospholipid head groups. PIP blots shown are representative of at least three different
blots probed with protein from at least two independent protein purifications. (C) Schematic
diagram describing the liposome flotation assay. (D) Anti-FLAG immunoblot of MBP-Stv1NT-
FLAG in fractions obtained from flotation with liposomes containing 5% of the indicated Pl lipid
or PS as a control. Equal amounts of MBP-Stv1NT-FLAG were mixed with liposomes before
flotation. After flotation, protein was precipitated from each fraction and resuspended, and
equal volumes were separated by SDS-PAGE and transferred to nitrocellulose. The numbers
indicate the fractions from top to bottom of the flotation tube (indicated as 1-6 in C). The third

fraction (arrow) represents the position of liposomes after flotation.
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Localization of Stv1-NT is regulated

by the Golgi Pl4-kinase Pik1 and the
PI(4)P-phosphatase Sac1

S. cerevisiae contains three nonredundant
kinases that synthesize PI(4)P from phospha-
tidylinositol, namely, Pik1, Stt4, and Lsbé, all
of which have known homologues in mam-
mals (D'Angelo et al., 2008). PIK1 and STT4
are essential for cell survival and encode or-
ganelle-specific kinases (Hama et al., 1999;
Audhya et al., 2000; Audhya and Emr, 2002).
Pik1 maintains PI(4)P levels at the Golgi
(Walch-Solimena and Novick, 1999). We hy-
pothesized that recruitment of cytosolic
StvINT-mCherry to puncta might depend
on the Pik1-dependent, Golgi-localized

3 4 5 6
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FIGURE 3: Localization of Stv1-NT is regulated by the Golgi
Pl4-kinase Pik1 and the PI(4)P-phosphatase Sac1. (A) StvINT-mCherry
localization in pik1-139 cells at permissive temperature (25°C).

(B) StvINT-mCherry localization in pik1-139 cells following by a shift to
restrictive temperature (34°C) for 2 h. (C) Percentage of cells
exhibiting punctate localization of StvINT-mCherry at permissive
temperature (n = 284) and restrictive temperature (n=277) (p

< 0.001). (D, E) Localization of Stv1NT-mCherry in wild-type cells

(D) and sac1A cells (E). (F) Box-and-whisker plot showing normalized
median intensity of mCherry signal at puncta in WT (n = 68) cells and
sac1A (n=52) cells (p < 0.00005). (G) Percentage of cells with larger
puncta in wild-type and sacTA cells was determined as described in
Materials and Methods (p < 0.05).

pool of PI(4)P. Cells containing a temperature-sensitive allele of PIK1,
pik1-139, fail to grow at 34°C or higher (Sciorra et al., 2005). We
used this strain to address whether Stv1NT localization to foci is Pik1
dependent. We found that pik1-139 yeast cells recruited Stv1NT to
foci at permissive (25°C) and semipermissive (30°C) temperatures
(Figure 3, A and C), but that StvINT-mCherry remained cytosolic
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when the cells were exposed to a restrictive temperature (34°C)
(Figure 3, B and C), suggesting that recruitment of StvINT from cy-
tosol to membranes requires Golgi PI(4)P.

We next tested whether recruitment of StvINT from cytosol to
puncta is increased with elevated intracellular PI(4)P levels. Sac1 is a
nonessential PI(4)P phosphatase that converts PI(4)P to Pl in both
yeast and mammals (Guo et al., 1999). Deletion of SACT compro-
mises PI(4)P turnover, resulting in higher intracellular levels of PI(4)P
(Roy and Levine, 2004). When StvINT-mCherry was expressed in
cells lacking Sac1, StvINT recruitment to foci increased (Figure 3,
D-F). A significant increase in the size of StvINT-mCherry foci in
sacTA cells relative to wild type was also observed (Figure 3G). This
suggests that an increase in the levels of PI(4)P can draw more
StvINT from cytosol to membranes.

Down-regulation of intracellular PI(4)P level mislocalizes and
impairs the function of V-ATPases containing full-length Stv1
We hypothesized that PI(4)P might be required to localize V-ATPases
assembled with full-length Stv1 to the Golgi. We tagged full-length
Stv1 with GFP (Stv1FL-GFP) in the pik1-139 strain. Stv1FL-GFP main-
tained its Golgi/endosomal localization at a permissive temperature
(Figure 4A). However, a portion of the Stv1FL-GFP escaped to the
vacuolar membrane, where it colocalized with mCherry-tagged Vph1,
after a 2-h exposure to the restrictive temperature (34°C; Figure 4, B
and C). This indicates that PI(4)P is required for full retention of Stv1-
containing V-ATPases in the Golgi. Next we examined whether the
activity of V-ATPases containing Stv1FL was compromised when
intracellular PI(4)P levels were reduced. Loss of Stv1 function is only
discernible in a vph1A background (Manolson et al., 1994), so we
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FIGURE 4: Down-regulation of intracellular PI(4)P level induces
mislocalization and impaired function of V-ATPases containing Stv1.
(A, B) Localization of Stv1-GFP and Vph1-mCherry in pik1-39 mutant.
(A) Localization at the permissive temperature of 25°C (representative
of n=511 yeast cells) or (B) after a 2-h incubation at the restrictive
temperature of 34°C (representative of n= 1203 yeast cells). Vacuoles
are marked by Vph1-mCherry. (C) Mean + SEM of Pearson correlation
coefficient for colocalization of GFP and mCherry from three
independent experiments is represented in a histogram (p < 0.00005).
(D) Growth assay of congenic WT, vph1A, pik1-139, and vph1A
pik1-139 cells in media buffered to pH 5.0 (left) and pH 7.5 (right).
Cells from each strain were diluted to the same density, then 10-fold
serial dilutions (left to right) were made and pinned to YEPD plates
buffered to the indicated pH. The growth assay shown is
representative of two independent experiments.
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FIGURE 5: Stv1-NT requires Lys-84 (K84) to bind to PI(4)P. (A) Model
of the yeast V-V, interface based on PDB 3J9T, with StvINT
substituted for Vph1NT. (Note that Vph1CT was not modeled in 3J9T.)
V; subunits are shown in gray; V, subunits are shown in cyan. The
StvINT homology model shown in red was based on Vph1NT in PDB
3J9T. Stv1(K84) is shown as a space-filling model in bright blue, and
W83 and Y85 side chains are also colored blue. (B) Coomassie-stained
SDS-PAGE of expressed and purified MBP-Stv1NT(K84A)-FLAG (top).
Elution pattern of MBP-Stv1NT(K84A)-FLAG from a Sephadex $200
gelfiltration column (bottom). The black arrow indicates elution of
high to low molecular weight protein. The monomer fraction used for
liposome flotation assay is indicated by an orange arrow. (C) Western
blot of fraction 3 (liposome-containing fraction; Figure 2) and fraction
6 (bottom fraction; Figure 2) from flotation of wild-type MBP-StvINT-
FLAG and MBP-StvINT(K84A)-FLAG with PI(4)P-containing liposomes
in a liposome flotation assay. (D, E) Localization of Stv1INT-mCherry in
cells expressing wild-type Stv1NT-mCherry (D) or Stv1NT(K84A)-
mCherry (E). (F) Histogram showing the percentage of cells localizing
StvINT-mCherry to puncta in cells expressing wild-type Stv1NT-
mCherry (orange) or Stv1NT(K84A)-mCherry (purple). Mean (%) £
range from two experiments is presented (p < 0.05). In these two
experiments, 77 and 29 cells with wild-type StvINT were counted
and 188 and 69 mutant cells with mutant Stv1NT were counted.

constructed a double-mutant strain, vpoh1Apik1-139. When grown at
semipermissive temperature (30°C), the vph1Apik1-139 double mu-
tant phenocopied vma or vph TAstv1A mutants by growing much bet-
ter at pH 5 than at pH 7.5. This indicates that V-ATPases containing
the Stv1 isoform may be functionally impaired when intracellular lev-
els of PI(4)P are reduced (Figure 4D).
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Stv1-NT requires Lys-84 (K84) residue to bind to PI(4)P
Neither the primary sequence nor structures obtained by homology
modeling of Stv1NT indicate any canonical Pl binding domain. How-
ever, homology models of StvINT based on the cryo—electron
microscopy (cryo-EM) structure of the assembled yeast V-ATPase
containing Vph1 (Zhao et al., 2015) and a crystal structure of the re-
lated Meiothermus ruber aNT (Srinivasan et al., 2011) allowed us to
model StvINT and position it relative to the membrane (Figure 5A).
Membrane proteins often bind Pl species without canonical Pl bind-
ing domains, with the help of positively charged residues, sometimes
facilitated by nearby aromatic residues (Lemmon, 2008; Baskaran
et al., 2012; Lenoir et al., 2015). We sought basic amino acids in the
StvINT sequence that were 1) predicted to be exposed, 2) con-
served among closely related fungal species but not conserved in
Vph1NT, and 3) near aromatic amino acid residues. One site in
StvINT meeting these criteria is shown on a model of the V-V, inter-
face in Figure 5A. Mutagenesis of Lys-84 to alanine (Stv1NT(K84A))
yielded an MBP-StvINT(K84A)-FLAG fusion protein that behaved
similarly to the wild-type protein during purification (Figure 5B).
StvINT(K84A) did not cofloat with PI(4)P liposomes like wild-type
StvINT and instead stayed predominantly at the bottom fraction of
the sucrose density gradient (Figure 5C). This suggested that there is
a significant decrease in binding of the K84A mutant protein to PI(4)
P-containing liposomes. We next tested whether the K84A mutation
altered recruitment of Stv1NT-mCherry to the puncta in vivo (Figure
5, D and E). Interestingly, StvINT(K84A)-mCherry exhibited diffuse
cytosolic staining and almost completely lost its ability to recruit to
puncta (Figure 5E). The localization of the mutant Stv1NT is similar to
wild-type StvINT in pik1-139 cells at restrictive temperature (Figure
3, B and C). In combination, these results indicate that Lys-84 is re-
quired for StvINT binding to PI(4)P both in vitro and in vivo.

The K84A mutation causes partial mislocalization

of Stv1FL-GFP

We next tested whether the K84A mutation in Stv1 compromises
localization and function of V-ATPases containing full-length Stv1
in vivo. We introduced the K84A mutation into full-length Stv1-
GFP to make Stv1FL(K84A). It was previously reported that the
W83KY sequence in Stv1 is required for its localization to the Golgi
(Finnigan et al., 2012). We found that Stv1FL(K84A)-GFP localized
to puncta but showed some mislocalization to the vacuole, as
judged from partial colocalization with vacuolar FM4-64 (Figure 6,
A-C). The proportion of cells with a vacuolar GFP signal increased
from 18% to 70% in the presence of K84A mutation. Zn?* sensitiv-
ity is specific to loss of V-ATPase activity at the vacuole (Finnigan
et al., 2012). However, Zn?* sensitivity can be suppressed by over-
expression of wild-type STV1, which results in localization of ex-
cess Stv1 to the vacuole (Figure éD), or by stv1 mutations that in-
terfere with Golgi retention or retrieval (Finnigan et al., 2012).
When Stv1FL(K84A) was introduced in a vph 1A mutant, it restored
growth of the vph1A mutant at high Zn?* concentrations, without
STV1 overexpression (Figure 6D). This result suggested that V-
ATPases containing Stv1(K84A) not only are mislocalized to the
vacuole but also are functional there. However, a double stv1(K84A)
vph1A mutant grows more weakly than a vphTA single mutant at
pH 7.5 (Figure 6D). Growth at alkaline pH requires V-ATPase activ-
ity in both the Golgi and the vacuole (Manolson et al., 1994,
Finnigan et al., 2011). The results suggest that the K84A mutation
compromises Stv1FL function at the Golgi. Thus the K84A muta-
tion in STVT not only allows a partial escape of Stv1-containing V-
ATPases to the vacuole but also impairs or depletes V-ATPase ac-
tivity at the Golgi, enhancing the growth defect of vphTA cells at

Molecular Biology of the Cell



wr >

Stv1FL-GFP FM 4-64 Merge
pH 5 4mM Zn?*

kKs4A O

vph1A [~ Y

vph14 o 2
stv1(K84) b

2uSTV1

of two independent experiments.

pH 7.5. These results indicate that Stv1(K84)-dependent binding
to PI(4)P is required for efficient retention and function of Stv1-
containing V-ATPases at the Golgi.

The NT domain of human Golgi/endosomal V,, a-subunit
isoform a2 interacts with PI(4)P in vitro

We next asked whether PI(4)P recognition is a general property of
Golgi-localized V, a-subunit isoforms. The human a2 isoform is
ubiquitously expressed across tissues and is present in Golgi/en-
dosomal compartments of mammalian cells (Hurtado-Lorenzo
et al., 2006; Fischer et al., 2012). Loss-of-function mutations in the
a2 isoform result in Golgi-specific glycosylation-related disorders
in humans, giving rise to rare diseases including autosomal reces-
sive cutis laxa type 2A (Kornak et al., 2008). We tagged, expressed,
and purified the human MBP-a2NT-FLAG (Hu a2NT) from E. coli
(Figure 7A), as described for StvINT. The MBP-a2NT-FLAG con-
struct purified predominantly as a monomer (Figure 7A). We di-
vided the expressed protein equally among liposomes containing
different Pl species or control PS liposomes, and centrifuged the
mixture to float the liposomes as shown in Figure 2. Immunoblots
of the floated liposome fraction indicate that Hu a2NT cofloated
with liposomes containing PI(4)P in a highly specific manner (Figure
7B). Little if any Hu a2NT floated with liposomes containing PI(3)P
or PI(3,5)P2. This indicates that the Golgi/endosomal human iso-
form of V, a-subunit, a2, can directly interact with the Golgi-en-
riched Pl lipid PI(4)P, similar to the yeast Golgi isoform Stv1.
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K84A mutation in Stv1FL causes partial mislocalization of Stv1FL-GFP and impairs
function of V-ATPases bearing Stv1. (A) Localization of wild-type Stv1FL-GFP in yeast cells
stained with vacuolar dye FM 4-64 (representative of n=410). (B) Localization of Stv1FL(K84A)-
GFP in yeast cells stained with FM 4-64 (n = 204). (C) Histogram representing mean percentage
+ SEM of cells with Stv1FL-GFP (WT or K84A) localized to the vacuole (p < 0.0005). (D) Serial-
dilution growth assay of congenic WT, vmaZ2A (representing a total loss of V-ATPase function),
vph1A, vph1A stv1(K84A), and vph1A 2u-STV1 (overexpressing Stv1) cells on YEPD, pH 5 (left),
YEPD + 4 mM Zn?* (middle), and YEPD, pH 7.5 (right). The growth assay shown is representative

DISCUSSION

A V-ATPase isoform-specific
phosphoinositide code hypothesis

We have shown that the yeast Golgi-resi-
dent a-subunit isoform, Stv1, and the hu-
man Golgi-associated isoform a2, directly
interact with PI(4)P, the Pl species enriched
in the Golgi (Levine and Munro, 2002). Sup-
porting the physiological significance of this
interaction, mutations disrupting the yeast
Stv1-PI(4)P interaction or reducing PI(4)P
levels compromise localization of Stv1-con-
taining V-ATPases. Previous work has shown
that V-ATPases containing the vacuolar iso-
form of the yeast V, a-subunit, Vph1, are
activated by the vacuolar Pl lipid PI(3,5)P,
and VphINT can be recruited to mem-
branes in a PI(3,5)P,-dependent manner (Li
et al, 2014). In combination, these data
strongly suggest that a Pl recognition code
resides within the cytosolic N-terminal do-
main of V, a-subunits that helps them to
recognize Pl lipids in specific membranes.
We hypothesize that this is a direct and
physiologically significant interaction that
can affect the localization, activity, and/or
regulation of V-ATPases in a compartment-
specific manner.

Interactions of Pl lipids with the cytosolic
N-terminal domain of the a-subunit must
exert their regulatory effects in the context
of assembled V-ATPase and/or the V, sub-
complex, both of which are physiologically
relevant complexes (Kane, 1995). V-ATPases
are obligate proton pumps that couple ATP
hydrolysis in the V4 domain to proton trans-
port through the V, domain, and the integral membrane CT domain
of the V,, a subunit forms part of the proton pore (Forgac, 2007; Zhao
et al., 2015). The aNT domain bridges the V; and V, complexes,
serving a critical role as a stator subunit for rotational catalysis and as
an important target for multiple modes of regulation (Kawasaki-Nishi
et al.,, 2001a; Lu et al., 2004; Oot and Wilkens, 2012; Hosokawa
et al., 2013). The mammalian a-subunit isoforms have previously
been shown to encode localization information (Oka et al., 2001;
Toyomura et al., 2003). Experiments with chimeras of the two yeast
a-subunit isoforms indicated that the aNT domain contains informa-
tion for both subcellular localization and regulation of V-ATPase ac-
tivity by reversible disassembly (Kawasaki-Nishi et al., 2001a). Inter-
actions between a-subunit isoforms and Pl lipids may impact both
the regulatory and localization aspects of aNT function and help to
account for functional differences between a-subunit isoforms.

Recent structures for fully assembled yeast V-ATPase and V,
complexes suggest potential mechanisms for V-ATPase regulation
by Pl binding (Zhao et al., 2015; Mazhab-Jafari et al., 2016). Interest-
ingly, the Stv1 K84 residue lies in a sequence that was previously
implicated in Golgi localization of Stv1-containing V-ATPase com-
plexes (Finnigan et al., 2012). Finnigan and colleagues determined
that mutations in the W83KY sequence resulted in escape of Stv1-
containing V-ATPases from the Golgi to the vacuole; such an escape
could arise from a failure in either Golgi retention or retrieval from
endosomal compartments (Bryant and Stevens, 1997; Finnigan
et al., 2012). Our results with the Stv1(K84A) mutation also indicate
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FIGURE 7: The N-terminal domain of human Golgi/endosomal V,,
a-subunit isoform, Hu a2, interacts with PI(4)P in vitro. (A) Expression
and purification of human a2NT (Hu a2NT) as MBP-Hu a2NT-FLAG
from E. coli. Coomassie-stained SDS-PAGE with molecular mass
markers (left). $200 elution pattern of MBP-Hu a2NT-FLAG (right).
Arrow indicates monomer fraction used for liposome flotation assay.
(B) Immunoblot of MBP-Hu a2NT-FLAG protein from the liposome-
containing fraction obtained after flotation of equal amounts of
protein with liposomes with the same lipid content, except for 5% of
PS, PI(3)P, PI(3,5)P2, or PI(4)P, as indicated. Protein was precipitated
from each fraction, separated by SDS-PAGE, and detected with
anti-FLAG antibody as described in Figure 2.

that this mutation results in a partial escape to the vacuole in vivo,
consistent with previous results (Finnigan et al., 2012), and further-
more demonstrate that K84 is essential for PI(4)P binding in vitro.
Depletion of Golgi PI(4)P in the pik1-139 mutant has similar effects
on Stv1 localization, indicating that the PI(4)P binding capacity of
Stv1 is important for localization of Stv1-containing V-ATPases at the
Golgi. The PI(4)P binding site in Stv1 does not resemble canonical
PI(4)P sites, but many membrane proteins have noncanonical Pl
lipid-binding sites (Hille et al., 2015). Pl binding sites frequently con-
sist of basic amino acids capable of interacting with Pl head groups,
often surrounded by aromatic and hydrophobic amino acids that
insert into the membrane (Lemmon, 2008; Baskaran et al., 2012;
Lenoir et al., 2015). The Stv1 W83 and Y85 residues were essential
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for Stv1 localization in experiments by Finnigan et al. (2012), and
these residues could reinforce PI(4)P binding initiated by Stv1 K84.
Additionally, the ability of Stv1NT to specifically recognize the Golgi
pool of PI(4)P over the plasma membrane pool indicates that StvINT
must be recognizing membrane features beyond the Pl head group.
Other PI(4)P-binding proteins have been shown to distinguish be-
tween PI(4)P pools via secondary binding sites (Roy and Levine,
2004; Luo et al., 2015). Neither our experiments nor those of Finni-
gan and colleagues, directly distinguish failure of retention from di-
minished retrieval of Stv1-containing V-ATPases in the mutants. By
quantitating the levels of StvINT bound to PI(4)P-containing lipo-
somes, versus the “free” StvINT remaining at the bottom on the
gradient in Figure 2D, we can estimate a Ky in the micromolar range
for StvINT binding. Current models suggest that, in full-length Stv1,
the K84 residue is likely to be in proximity to the membrane (Figure
5A), which would increase the local concentration and the apparent
affinity. Unless this region of Stv1NT is somehow masked in the cell,
we would therefore predict that full-length Stv1 binds to Golgi PI(4)P
tightly and that PI(4)P thus could promote retention in the Golgi or
in PI(4)P-containing microdomains of the Golgi (Lenoir et al., 2015).
A Stv1-PI(4)P interaction would likely be less important for retrieval
from the lower PI(4)P environment of the endosome. However, it is
possible that the region around K84 could participate in retrieval
from low-PI(4)P compartments, such as endosomes, through other
mechanisms.

It has been hypothesized that Pl binding to membrane channels
and transporters could control their activity in space and/or in time
(Hille et al., 2015). PI control of V-ATPases appears to invoke both
spatial and temporal regulation. PI(4)P-dependent retention of Stv1-
containing V-ATPases in the Golgi is a “spatial” regulation that helps
ensure distribution of this population of V-ATPases to the Golgi and
optimizes their activity there. In contrast, PI(3,5)P, regulation of
Vph1-containing V-ATPases appears to represent a reversible, time-
dependent activation. Consistent with temporal regulation of Vph1-
containing V-ATPases, but not Stv1-containing V-ATPases, StvINT
constitutively binds to PI(4)P-containing membranes when ex-
pressed in yeast (Figure 1A), while Vph1NT is reversibly recruited to
membranes in parallel with increases in the signaling lipid PI(3,5)P,
(Li et al., 2014). Vacuolar localization of V, sectors containing full-
length Vph1 is retained in mutants lacking PI(3,5)P, (Li et al., 2014).
However, V-ATPase activity and V;-V, assembly increase under con-
ditions in which PI(3,5)P, levels reversibly rise, such as salt stress
(Bonangelino et al., 2002; Duex et al., 2006; Li et al., 2014). We hy-
pothesize that PI(3,5)P, exerts a temporal regulation of V-ATPases at
the vacuole, in which challenges such as salt stress transiently acti-
vate the V-ATPase through PI(3,5)P, interaction (Bonangelino et al.,
2002; Duex et al., 2006; Li et al., 2014). The current yeast V-ATPase
structures suggest that there are major conformational differences
between Vph1NT in assembled V-ATPases and in free V, sectors
(Zhao et al., 2015; Mazhab-Jafari et al., 2016), as well as movements
in Vph1NT during catalytic rotation of the active enzyme (Zhao
et al., 2015). By analogy to the stabilization of specific conforma-
tions of membrane channels by binding to PI(4,5)P, (Hansen et al.,
2011), itis possible that binding to PI(3,5)P, transiently traps VphTNT
in a conformation that promotes binding to the V; sector. We did
not directly test the effects of loss of PI(4)P binding on the activity or
assembly of Stv1-containing ATPases, but growth assays (Figures 4D
and 6D) indicate that their activity is decreased. Significantly, Stv1-
containing V-ATPases are much less susceptible to reversible disas-
sembly than Vph1-containing complexes (Kawasaki-Nishi et al.,
2001b), so PI lipid effects on Vi-V, interactions may be less
pronounced. Nevertheless, it is still possible that V-ATPase activity is
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affected through other mechanisms, or that escape of complexes
from the Golgi in the mutants leaves too few V-ATPases to support
proper Golgi acidification. Further experiments are needed to as-
sess these possibilities and to define the full range of compartment-
specific Pl effects on V-ATPase activity.

Implications of Pl lipid interactions for control of organelle
acidification

There is substantial evidence indicating that Pl lipids can regulate
organelle acidification in higher eukaryotes; direct isoform-specific
control of V-ATPase activity could support this regulation. Phago-
somes in macrophages require a “second wave” of PI(4)P to mature,
and this secondary increase in PI(4)P levels is accompanied by
phagosome acidification (Levin et al., 2017). PI(4)P-deficient phago-
somes fail to acidify through an unknown mechanism (Levin et al.,
2017). Although loss of the human a2 isoform has been associated
with Golgi-related phenotypes (Kornak et al., 2008), this isoform can
also inhabit early endosomes (Hurtado-Lorenzo et al., 2006), sug-
gesting that the a2 isoform could be susceptible to PI(4)P levels in
maturing phagosomes. V-ATPase activity has also been linked to
vacuolization of podocytes arising from altered PI(3,5)P, metabo-
lism (Schulze et al., 2017), but the a-subunit isoform present in the
vacuoles is unknown. Overall, binding to specific Pl lipids on differ-
ent compartment membranes could impart distinct properties on
mammalian V-ATPases containing different a-subunit isoforms. For
example, in human cells, the a1 isoform has been found in the late
endosomes and lysosomes (Zoncu et al., 2011) and the a2 isoform
in the Golgi and early endosomes (Hurtado-Lorenzo et al., 2006;
Kornak et al., 2008). This distribution of different isoforms is likely to
influence the final pH of these organelles, with lysosomes and late
endosomes achieving a lower luminal pH than Golgi and early en-
dosomes, and specific Pl binding could reinforce isoform distribu-
tion. Conversely, dependence on a Pl lipid present in a later com-
partment of the biosynthetic or endocytic pathway would limit
activities of V-ATPases as they transit through earlier steps of the
pathway. In general, Pl and a-subunit isoform interactions have the
potential to bestow distinct activities and regulatory properties
upon V-ATPases in different organelles.

Pan V-ATPase inhibitors tend to be cytotoxic, which has limited
their usage therapeutically (Huss and Wieczorek, 2009; Toro et al.,
2012). Understanding the working principles of subunit isoforms
of V-ATPase, including their Pl dependence, could pave the way
for therapeutic control of V-ATPase subpopulations, which is a
goal in treatment of osteoporosis, cancer metastasis, and certain
neurodegenerative diseases (Toro et al., 2012; Smith et al., 2016;
Bagh et al., 2017). Among the steps needed to achieve this goal
are a more complete understanding of the Pl specificities of differ-
ent a-subunit isoforms and the effects of Pl binding on localization
and activity of V-ATPases containing these isoforms. Our in vitro
experiments with the expressed human a2NT represent a step in
this direction. Defining binding sites in other a-subunits, as we
have for Stv1INT, will facilitate assessment of functional roles of PI
binding in vivo. Mechanistic insights from this type of experiment
can be expanded by structural studies of conformational changes
generated by Pl binding. Taken together, these experiments will
permit us to read and manipulate the Pl codes residing within the
V-ATPase.

MATERIALS AND METHODS

Media and cell growth

Rich medium for yeast culture contained 1% yeast extract/2% pep-
tone/2% dextrose (YEPD). YEPD was buffered to pH 5.0 (YEPD,
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pH 5) or pH 7.5 (YEPD, pH 7.5) using 50 mM potassium phosphate
and 50 mM potassium succinate. YEPD + Zn?* was prepared by
adding 4 mM zinc chloride to unbuffered YEPD. Auxotrophic se-
lections were performed on fully supplemented minimal medium
with 2% dextrose (SD), from which individual nutrients were re-
moved. For antibiotic selections in yeast, YEPD contained
200 pg/ml G418 (Life Technologies Genticin, Thermo Fisher Scien-
tific) or 100 pg/ml nourseothricin (Jena Bioscience) or 200 pg/ml
hygromycin B (Invitrogen).

For dilution growth assays, the indicated wild-type or mutant
yeast cells were grown to log phase under suitable conditions. Cell
suspensions were adjusted to a single density, and 10-fold serial di-
lutions were made and then pinned onto the desired plates. The
Vma~ phenotype was assessed by comparing growth on YEPD, pH 5
and YEPD, pH 7.5 plates (Nelson and Nelson, 1990). YEPD + Zn2*
plates were used to examine a lack or rescue of Vph1 (Finnigan
etal., 2012).

Liquid medium for E. coli culture consisted of 2.5% Luria—Bertani
broth (LB), Miller powder (Fisher BioReagents), adjusted to pH 7.0.
For expression of proteins from E. coli 0.2% dextrose was added to
LB. To maintain plasmids carrying an ampicillin- or chloramphenicol-
resistance genes, we added 125 pg/ml ampicillin (Sigma-Aldrich) or
34 pg/ml chloramphenicol (Sigma-Aldrich), respectively.

Yeast strains

Strains  containing the vphlA:kanMX, sacl1A::kanMX and
vac14A::kanMX mutations in the BY4714 background (Table 1) were
obtained from the MATa haploid yeast deletion library (Winzeler
et al., 1999) purchased from Research Genetics/Open Biosystems.
pik1-139::kanMX strain was obtained from a library of temperature-
sensitive mutants (Li et al., 2011).

Amino acids 453-890 of Stv1 were replaced by mCherry to yield
genomic expression of StvINT(1-452)-mCherry fusion from the
STV1 promoter in yeast. A linear DNA fragment was PCR amplified
from plasmid pBS35 (containing mCherry-hygromycin) (Hailey et al.,
2002) using the oligonucleotides Stv1-50F2 and Stv1-50R1 (Table
2), which had added flanking sequences of 50 base pairs homolo-
gous to sequences at the end of the StvINT and 3" end of STV1
(Longtine et al., 1998). vph1A StvINT-mCherry, vacT14A StvINT-
mCherry, sac1A StvINT-mCherry, and pik1-139 StvINT-mCherry
strains were generated similarly (Table 1). Full-length Vph1 was
tagged with mCherry in the same manner using oligonucleotides
Vph1FL-F2 and Vph1FL-R1 (Table 2). BY4742 Stv1FL-GFP (Stv1-
GFP::HIS3) was purchased from Invitrogen (now Thermo Scientific).
A linear DNA fragment was amplified from the genomic DNA of
Stv1FL-GFP yeast strain (Table 1) using oligonucleotides STV1
23910RF and STV1+500 (Table 2). The product was transformed
into pik1-139 Vph1-mCherry cells to obtain pik1-139 Stv1FL-GFP
Vph1-mCherry (Table 1).

The K84A mutation was introduced into cells expressing StvINT-
mCherry, Stv1FL-GFP, and vph1A::kanMX strains (Table 1) using
positive and negative selection for URA3. Specifically, a URA3 frag-
ment with ends homologous to StvINT was obtained by PCR ampli-
fication from a pRS316 template (Kitazono, 2011) using oligonucle-
otides STV1-URA-UP and STV1-URA-DOWN (Table 2). This fragment
was used to transform BY4742 Stv1NT-mCherry cells, and transfor-
mants were selected on SD lacking uracil, resulting in a strain in
which nucleotides 221-1130 of STV were replaced with the URA3
gene. A fragment containing Stv1(K84A) was then PCR amplified
from an expression plasmid carrying the K84A mutation in Stv1-NT
using the oligonucleotides Stv1-mut-UP and Stv1-mut-DOWN
(Table 2). Transformants capable of growth in the presence of
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Strain Description Reference
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Brachmann et al., 1998
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0

vph1A::kanMX
vac14A::kanMX
sacTA::kanMX
vmaZA::kanMX

BY4741-vph1A::Kan®
BY4741-vac14A::Kan®R
BY4741-sac1A::KanR
BY4741-vma2A::KanRk

Winzeler et al., 1999

pik1-139 BY4741-pik1-139::KanR Sciorra et al., 2005; Li et al., 2011
StvINT-mCherry BY4742-STV1(1-1356 ORF)::mCherry::HygF This study

vph1A StvINT-mCherry BY4741-vph1A::Kan® STV1(1-1356 ORF)::mCherry::HygR This study

vacT4A StvINT-mCherry BY4741-vac14A::Kan® STV1(1-1356 ORF)::mCherry::HygR This study

sacTA StvINT-mCherry BY4741-sac1A::Kan® STV1(1-1356 ORF)::mCherry::HygR This study

pik1-139 StvINT-mCherry BY4741-pik1-139::Kan® STV1(1-1356 ORF)::mCherry::Hygf This study

pik1-139 Stv1FL-GFP Vph1- BY4741-pik1-139::Kan® STV1::GFP::HIS3MX6 This study

mCherry VPH1::mCherry::HygR

vph1Apik1-139 BY4741-pik1-139::Kan® vph1A::Nat® This study
StvINT(K84A)-mCherry BY4742-STV1(1-1356 ORF; K84A)::mCherry::HygR This study

EY0986
Stv1FL-GFP

Stv1FL(K84A)-GFP

STV1(K84A)
vphTASTV1(K84A)

MATa his3A1 leu2A0 met15A0 ura3A0 (5288C)
EY0986-STV1::GFP::HIS3MXé

Huh et al., 2003

EY0986-STV1(K84A)::GFP::HIS3MX6 This study
BY4741-STV1(K84A) This study
BY4741-STV1(K84A) vph1A::Kan® This study

TABLE 1: Yeast strains used in this study.

5-fluoro-orotic acid were selected, analyzed for replacement of the
URA3 gene, and sequenced to confirm introduction of the mutation

(Storici et al., 2001).

To obtain the vphT1Apik1-139 double mutant (Table 1), the
vph1A:Nat® allele was PCR amplified from the corresponding
vph1A strain using oligonucleotides Vph1-1 and Vph1-C4 (Table 2)

Primer name

Sequence (5'—3)

Stv1-50F2
Stv1-50R1
Vph1FL-F2
Vph1FL-R1
STV1-URA-UP
STV1-URA-DOWN
STV1 23910RF
STV1+500

Vph1-1

Vph1-C4
StvINT-FLAG-1
StvINT-FLAG-2
Stv1-418a
Stv1-418b
a2_1-364(Kpnl)F
a2_1-364(Hindlll)R
Hua2-FLAG-For
Hua2-FLAG-Rev

GGCCTTCCAATCGATTGTGGATGCATACGGTATCGCAACATATAAAGAAATCAATCGGATCCCCGGGTTAATTAA
GGACATTGCCTCCACCCAATGCAAACGTAGCGCATGCAACATTGCGGAAGGAATTCGAGCTCGTTTAAAC
GAGTATAAAGACATGGAAGTCGCTGTTGCTAGTGCAAGCTCTTCCGCTTCAAGCCGGATCCCCGGGTTAATTAA
CTCACTATATAGTAGCATCATTTATTATTTAATGAAGTACTTAAATGTTTCGCGAATTCGAGCTCGTTTAAAC
CCAGTTGAGGCGTTTCGATGAAGTGGAAAGGATGGTAGGCTTCTTGAATGAGGTACTGAGAGTGCACCACGCT
GGATCAATTCTGTGGAAGGCACCCAACCTTCGGCTATTAGACCCTGTGATCAGTTTTTTAGTTTTGCTGGCC
GGCACTATCGTTGGCGCATG

TACAGCAGAGATTTATGGTATGCC

GAGGTATTTAGAAGTGAAGAGAC

AACGTTTCATGAGATAAGTTTGGC

GCGGATCCATGAATCAAGAAGAGGCTATATTC
GCGTGCAGTTACTTGTCATCGTCATCCTTATAGTCTGTTGCGATACGCTATGCATC
GTCATCGTCATCCTTATAGTCTAGGATCACATTAAAGACGGT
ACCGTCTTTAATGTGATCCTAGACTATAAGGATGACGATGAC

TTAGCCGGTACCAATGGGGTCCCTGTTCCG
TTACCAAAGCTTCTATTCTTTTGTGGGGATTATATTCATGAATGAGGGGATTG
AAGGACGACGATGACAAGTAGAAGCTTGGCACTGGCCGTCGT
GTCATCGTCGTCCTTGTAATCTTCTTTTGTGGGGATTATATTCATG

TABLE 2: Oligonucleotides used in this study.
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and transformed into pik1-139 cells. A 2-micron high copy number
plasmid (YEp352 vector) expressing hemagglutinin-tagged Stv1
(2uSTV1) (Kawasaki-Nishi et al., 2001b) was used to overexpress
Stv1in vph1A strain.

Cloning, expression, and purification of StvINT and Hu
a2NT from E. coli

A sequence corresponding to aa 1-448 of StvINT was PCR ampli-
fied from yeast genomic DNA with oligonucleotides Stv1NT-FLAG-1
and StvINT-FLAG-2 (Table 2) and cloned into a pMal-C2E-Enteroki-
nase vector using the restriction enzymes BamH| and Pstl. The MBP-
StvINT-FLAG fusion construct used for expression contained aa
1-418 and was created by the deletion of 30 amino acids from the
aforementioned construct using the oligonucleotides Stv1-418a and
Stv1-418b (Table 2). StvINT (1-418) was then cloned into the BamH|
and Pstl sites of the pMal-C2E-Precission protease (pMal-PPase)
vector, which places a Precission protease site between MBP and
StvINT.

The coding sequence for human a2 isoform (ATP6VOA2) was
obtained in pLDNT7_nFLAG vector (Center for Personalized Di-
agnostics). The NT of human a2 (Hu a2NT) cloned into the
pMal:PPase vector was a kind gift from the laboratory of Stephan
Wilkens (SUNY Upstate Medical University). Hu a2NT was ampli-
fied using the oligonucleotides a2_1-364(Kpnl)F and a2_1-
364(HindlINR (Table 2), and introduced into the Kpnl and Hindlll
sites of pMal:PPase vector by restriction digest and ligation. A
FLAG tag was added at the C-terminus of Hu a2NT using the oli-
gonucleotides Hua2-FLAG-For and Hua2-FLAG-Rev (Table 2) for
expression of the MBP-Hu a2NT-FLAG fusion protein.

Rosetta (DE3) competent cells (Novagen), (genotype: F~ ompT
hsdSg(rg~ mg”) gal dem (DE3) pRARE (CamR)) were used to express
both StvINT and Hu a2NT. Amylose resin was purchased from New
England BioLabs (NEB). The E. coli cells were freshly transformed
and grown to an Aggg of 0.6 in rich broth containing ampicillin and
chloramphenicol. Expression was induced by addition of 0.3 mM
isopropyl B-b-1-thiogalactopyranoside followed by a 16-h incuba-
tion at 19°C. Cells were pelleted and frozen in 25 ml of amylose
column buffer (ACB; 20 mM Tris-HCl, pH 7.4, 0.2 M NaCl, and 1T mM
EDTA) per liter of bacterial culture. Pellets were thawed at 4°C;
1 mM lysozyme, 2 mM MgCl,, 20 mM DNase |, and 10 mM dithio-
threitol (DTT) were added; and the mixture was rocked for 30 min at
4°C. Just before cell lysis, 1T mM phenylmethylsulfonyl fluoride
(PMSF) was added, followed by sonication on ice. The lysate was
centrifuged at 17,640 x g for 30 min at 4°C, and the collected super-
natant was diluted by adding 3 ml of ACB containing 10 mM DTT
per 1 ml of the supernatant. The first round of purification was done
using a 5 ml amylose column and included a wash with 10 column
volumes of ACB and elution with 10 mM maltose, 5 mM DTT in
ACB. Fractions containing protein (Aygo > 0.5) was pooled together
and dialyzed overnight at 4°C against FLAG buffer (50 mM Tris-HCI,
pH 7.4, and 150 mM NaCl). A second round of affinity purification
was performed using anti-FLAG M2 Affinity Gel (Sigma). Peak frac-
tions were pooled, and 10 mM DTT was added immediately. After
being concentrated to at least 1 mg/ml, the protein solution was run
on a Sephadex 200 (5200) gel-filtration fast protein liquid chroma-
tography (FPLC) column on an AKTA FPLC system. The peak corre-
sponding to the monomeric molecular mass was collected and used
for additional experiments.

PIP blot

PIP strip membranes (Life Technologies) were blocked in blocking
buffer (3% fat-free bovine serum albumin [Sigma] in TBS [20 mM
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Tris-HCI, pH 7.5, 500 mM NaCl]) for 1 h at room temperature with
mild agitation. Blocked PIP strips were then incubated in 0.4 uM
MBP-StvINT-FLAG in blocking buffer for 1 h. Bound protein was
detected by incubation with mouse monoclonal anti-FLAG M2 anti-
body (Sigma) followed by horseradish peroxide—conjugated anti-
mouse antibody (Bio-Rad). All incubations were for 1 h at room tem-
perature and were followed by three TBS washes for 10 min. Finally,
the strip was treated with a chemiluminescent substrate (Thermo
Scientific) for 5 min and developed by exposure to film for 5-20 s.
The control MBP strip was probed with mouse monoclonal anti-
MBP antibody (NEB).

Liposome preparation and flotation assay

Lipids were obtained in solution or as lyophilized powder from Avanti
Polar Lipids. Powdered lipids were dissolved in CH30H:CHCl3:H,O
at a 9:20:1 ratio. Liposomes were composed of the stipulated con-
centrations of the following (x:y) phospholipids, where x indicates
the length of carbon chain and y indicates the number of unsatu-
rated (C=C) linkages. Liposomes contained 55% (mol %) 16:0 phos-
phatidylcholine (PC), 25% 16:0 PS, 18% 16:0 phosphatidylethnol-
amine (PE), and 5% 18:1 phosphatidylinositol phosphates (PI(4)P,
PI(3)P, or PI(3,5)P,) and 2% 16:0 NBD-PE (for visualization of lipo-
somes). Control liposomes had no PIPs but had an additional 5% of
16:0 PS. The mixed lipids were dried using a centrivap lyophilizer
with a vacuum pump at 35°C for 30-40 min. The dried lipid film was
rehydrated at ice-cold temperature using liposome-making buffer
(25 mM NaCl, pH 7.4, 50 mM Tris-HClI), then transferred to 55°C for
20 min, which was followed by five freeze (dry ice)-thaw (42°C water
bath) cycles. Uniform-sized liposomes were prepared by extruding at
least 20 times through a 100-nm filter in a mini-extruder (Avanti Polar
Lipids).

Protein was mixed with 100 pl of control (0% PIP) or experimental
(5% PIP) liposomes in 100 mM NaCl (200 mM for MBP-Hu a2NT-
FLAG), 25 mM Tris-HCI (pH 7.4) and incubated at 30°C for 5 min.
Sucrose was added to a final concentration of 35% (wt/vol) and a
final volume of 300 pl. Final concentration of protein was 0.3 uM,
and final total lipid concentration was 0.33 mM. This was topped
with 300 pl steps of 25% and 0% sucrose containing no protein. The
sucrose density gradient was centrifuged for 90 min at 55,000 rpm
at 20°C in a TLS-55 swinging bucket rotor using a Beckman Coulter
mini-ultracentrifuge.

Six equivolume fractions were collected from top to bottom of
the centrifuge tubes (corresponding to fractions 1-6 in Figure 2, C
and D) using a Hamilton syringe. The colored liposomes floated to
the junction of 0% and 25% sucrose and were collected in the third
fraction. Protein from the collected fractions was precipitated using
10% trichloroacetic acid. The pellet was washed with cold acetone
and resuspended in 50 pl of cracking buffer (50 mM Tris-HCI, pH 6.8,
8M urea, 5% SDS, and 1 mM EDTA). Equal volumes of each fraction
were separated by SDS-PAGE. Protein was transferred overnight to
a nitrocellulose membrane and immunoblotted using a mouse
monoclonal anti-FLAG antibody. Liposome flotations shown in
Figures 2, 5, and 7 are representative of at least three independent
flotations conducted with protein from at least two separate protein
purifications.

Fluorescence microscopy and image processing

Cells were grown overnight at 30°C in fully supplemented mini-
mal medium to log phase. Cells expressing StvINT-mCherry
were quick fixed using 4% formaldehyde for 1 h at 30°C (25°C
for temperature-sensitive strains) before imaging. Images for
Stv1-FL-GFP were acquired from live cells. Images were taken
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using a Zeiss Axio fluorescence microscope attached to a Hama-
matsu EMCCD camera. For each different tagged protein, im-
ages were obtained at the same exposure time and processed in
parallel using ImageJ (National Institutes of Health) and Adobe
Photoshop Elements 14. All image quantification was done us-
ing ImagedJ.

pik1-139 cells expressing StvINT-mCherry or Stv1FL-GFP
were grown overnight at 25°C in fully supplemented minimal me-
dium and shifted to 25°C (permissive) or 34°C (restrictive) at log
phase. Pictures of live or quick-fixed cells were acquired and pro-
cessed as described earlier. Additionally, cells were categorized
and quantified for whether they formed puncta and were repre-
sented as percentage of cells forming puncta. Similar quantifica-
tion was performed to compare cells expressing WT and K84A
StvINT-mCherry. sacTA cells expressing StvINT-mCherry were
quantified for localized intensity of mCherry in the puncta by nor-
malized maximum fluorescence. A standard 0.5 pm x 0.5 pm
punctum in a cell expressing wild-type Sac1 was used to com-
pare puncta size in both sac7A and wild-type-sacT cells. Cells
containing one or more visibly bigger puncta were considered as
a unit and represented as percentage of cells containing a bigger
puncta.

Vph1-mCherry (Finnigan et al., 2011) was used to identify vacu-
oles in the pik1-139 cells. A Pearson correlation coefficient was
calculated for mislocalization of Stv1FL-GFP to the vacuoles stained
by Vph1-mCherry in pik1-139 cells. In Stv1(K84A)FL-GFP or WT-Stv1-
GFP cells, vacuoles were stained with an 8 pM pulse of FM 4-64 for
30 min (Jin et al., 2008), followed by a wash with YEPD, pH 5 and a
90-min chase, all at 30°C. Cells were spun down and resuspended in
fully supplemented minimal medium before being imaged. The ex-
tent of vacuolar mislocalization was determined by counting the
number of cells with Stv1FL-GFP only in puncta versus the number of
cells containing both puncta and vacuolar GFP staining overlapping
with FM4-64.

Protein structure prediction

The homology model of StvINT (1-448) was obtained by submis-
sion of the sequence to the Phyre 2.0 suite of software (Kelley et al.,
2015). A 100% confidence model covering 73% of the submitted
sequence was obtained based on Vph1NT in the state 1 rotational
structure of the yeast V-ATPase (PDB 3j%t) obtained by cryo-EM
(Zhao et al., 2015). (Vph1NT had been modeled into the cryo-EM
structure based on the crystal structure of the cytosolic N-terminal
domain of a homologous subunit in the M. ruber V-ATPase [PDB
3rrk; Srinivasan et al., 2011].) The StvINT model was substituted for
Vph1NT in the corresponding V-ATPase structure using UCSF Chi-
mera (Pettersen et al., 2004).

Statistical analysis

Data presented as mean + SEM were from independent averages
of biological replicates. Error bars represent SEM of averages
from individual experiments. The normalized fluorescence inten-
sity of StvINT-mCherry at a puncta for WT and sacTA cells has
been represented as a box-and-whisker plot. The middle line rep-
resents a median value, the box limits denote first and third quar-
tiles, and the ends of the whiskers represent maximum and mini-
mum values. These data are drawn from a combined data set of
two biological replicates. An unpaired t test was performed to
examine whether two mean values were significantly different by
using a criterion of p < 0.05. p values are included in the figures:
*, p < 0.05; **, p < 0.005; ***, p < 0.0005.
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