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ARTICLE

Yeast vacuolar HOPS, regulated by its kinase,
exploits affinities for acidic lipids and Rab:GTP
for membrane binding and to catalyze tethering

and fusion

Amy Orr?, William Wickner?, Scott F. Rusin?, Arminja N. Kettenbach®®, and Michael Zick®
3Department of Biochemistry, Geisel School of Medicine at Dartmouth, Hanover, NH 03755; ®Norris Cotton Cancer

Center, Lebanon, NH 03756

ABSTRACT Fusion of yeast vacuoles requires the Rab GTPase Ypt7p, four SNAREs (soluble
N-ethylmaleimide—sensitive factor attachment protein receptors), the SNARE disassembly
chaperones Sec17p/Sec18p, vacuolar lipids, and the Rab-effector complex HOPS (homotypic
fusion and vacuole protein sorting). Two HOPS subunits have direct affinity for Ypt7p. Although
vacuolar fusion has been reconstituted with purified components, the functional relationships
between individual lipids and Ypt7p:GTP have remained unclear. We now report that acidic
lipids function with Ypt7p as coreceptors for HOPS, supporting membrane tethering and
fusion. After phosphorylation by the vacuolar kinase Yck3p, phospho-HOPS needs both

Ypt7p:GTP and acidic lipids to support fusion.
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INTRODUCTION

Biological membrane fusion, which underlies cell growth, hormone
secretion, intracellular vesicular trafficking, and neurotransmission,
occurs by mechanisms that have been conserved from yeast to hu-
mans. Before fusion, membranes adhere through the interactions of
Rab-family GTPases with their binding proteins, which serve as inter-
membrane tethers (Grosshans et al., 2006). Proteins and lipids re-
quired for fusion become enriched in fusion microdomains. Promi-
nent among these are soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) proteins (Jahn and Scheller,
2006). These membrane proteins, defined by their o-helical SNARE
domains with characteristic heptad repeats, are found in conserved
families termed R-, Qa-, Qb-, or Qc-SNAREs according to whether
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they have a conserved arginyl or glutaminyl residue at the center of
their SNARE domain (Fasshauer et al., 1998; Bock et al., 2001). On
membrane tethering, four SNAREs, one from each family, assemble
into a coiled-coil four-helical structure anchored to each membrane
termed the trans-SNARE complex. After fusion, these complexes
remain anchored to the single, fused membrane and are then
termed cis-SNARE complexes. These complexes can be disassem-
bled by Sec18p/NSF, an ATP-driven chaperone, and its cochaper-
one, Sec17p/a-SNAP, to allow subsequent rounds of fusion. Trans-
SNARE complexes bring membranes into closer apposition than is
achieved by tethers and have been proposed to strain the bilayers
to facilitate lipid rearrangements that constitute fusion (McNew
et al., 2000), although it is unclear whether strain is always required
(Jun et al., 2007; Zhou et al., 2013). Key lipids, such as phospho-
inositides, diacylglycerol, and sterols, are also enriched at fusion
sites (Fratti et al., 2004). These proteins and lipids are interdepen-
dent for their fusion-domain enrichment and are both essential for
the fusion process (Fratti et al., 2004). The interrelationships among
these lipids and proteins for their enrichment and action at fusion
microdomains are unknown.

We study membrane fusion with vacuoles (lysosomes) from
Saccharomyces cerevisiae (Wickner, 2010). Vacuoles undergo con-
stant cycles of fission and homotypic fusion, regulating their size and
aggregate volume in response to growth medium osmolarity
(LaGrassa and Ungermann, 2005). Genetic interruption of fusion,
accompanied by unimpeded fission, gives a striking phenotype of
multiple small vacuoles instead of one or a few large organelles.
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Early genetic screens for this altered vacuole morphology were the
basis for the definition of nine vam genes, each required for homo-
typic vacuole fusion (Wada et al., 1992). A quantitative colorimetric
assay of the fusion of purified vacuoles (Haas et al., 1994) allowed
definition of the proteins and lipids required at each reaction stage.
On incubation with ATP, vacuoles undergo “priming”—the synthe-
sis of phosphoinositides and ATP-driven disassembly of cis-SNARE
complexes—releasing Sec17p (Mayer et al., 1996) and the soluble
Qc-SNARE Vam7p (Boeddinghaus et al., 2002). Primed vacuoles
then tether (Mayer and Wickner, 1997). Tethering requires the vacu-
olar Rab-family GTPase Ypt7p and its effector complex homotypic
fusion and vacuole protein sorting complex (HOPS; Stroupe et al.,
2006). HOPS is a large hexameric complex comprising Vps11p,
Vps16p, Vps18p, Vps33p, Vps39p, and Vpsd1p. HOPS, or its Vps39p
and Vps41p subunits, can bind directly to Ypt7p (Brett et al., 2008),
although there have been contradictory reports on whether Ypt7p is
truly required for fusion (Mima et al., 2008). One HOPS subunit,
Vps33p, is a member of the SNARE-binding Sec1/Munc18 family,
but little is known of how HOPS relates to SNAREs and SNARE com-
plex assembly.

In addition to genetic studies of vacuole fusion in vivo and exten-
sive studies of the fusion of the purified organelle, there has been
iterative progress in reconstituting this fusion event with purified
and defined components. At first, a vacuole detergent extract was
reconstituted by detergent dialysis to form proteoliposomes that
could fuse with intact vacuoles (Sato and Wickner, 1998). Fraction-
ation of this detergent extract before reconstitution showed that it
contained at least two essential components—the Rab Ypt7p and a
complex of the vacuolar SNAREs. A second approach (Fukuda et al.,
2000) reported apparent lipid mixing between two complementary
proteoliposome preparations bearing either the recombinant
R-SNARE Nyv1p or the three Q-SNAREs, Vam3p (Qa), Vti1p (Qb),
and Vam7p (Qc). When all four SNAREs were present on each fusion
partner as cis-SNARE complexes, as is the case for the organelle it-
self, purified HOPS, Sec17p, and Sec18p were also required (Mima
et al., 2008). In some studies, recombinant Ypt7p was also required
(Stroupe et al., 2009; Zick and Wickner, 2012), although the factors
underlying this requirement have remained unclear. The rigor of as-
say of reconstituted fusion has also increased in successive studies.
Early assays used proteoliposome pairs in which one partner bore
two fluorescent lipids, which quenched through fluorescence reso-
nance energy transfer (FRET), whereas the other partner was non-
fluorescent (Struck et al., 1981). Proteoliposome interactions led to
dequenching, some due to fusion, but some due to lysis/reanneal-
ing (Zucchi and Zick, 2011) or other, ill-defined trans interactions
(Zick and Wickner, 2014). An assay of protected lumenal compart-
ment mixing allowed more rigorous measures of fusion and lysis
along with lipid mixing (Zucchi and Zick, 2011).

Prior work led to apparently contradictory findings that either a
very simple lipid composition suffices for fusion (Fukuda et al., 2000)
or that there are complex lipid requirements for fusion (Fratti et al.,
2004) and that either Ypt7p is dispensable for fusion (Mima et al.,
2008) or is required for fusion (Stroupe et al., 2009; Zick and Wickner,
2012). We now exploit the power of the chemically defined reconsti-
tuted fusion reaction to resolve the interrelated requirements for lip-
ids and Ypt7p for tethering and fusion. Acidic lipids are an important
component of the HOPS membrane receptor and can support teth-
ering and the ensuing fusion. With high levels of Ypt7p in its active,
GTP-bound state, acidic lipids are not required for tethering or fu-
sion. Either with lower levels of Ypt7p and at mildly elevated ionic
strength or after phosphorylation of HOPS by the vacuolar kinase
Yck3p, fusion requires both Ypt7p:GTP and acidic lipids.
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RESULTS

Proteoliposomes were formed by dialysis from detergent-mixed mi-
cellar solutions of various combinations of the four SNAREs, Ypt7p,
and purified lipids. To allow assay of lumenal compartment mixing
upon fusion, either of two fluorescent proteins, biotinylated phyco-
erythrin or Cy5-derivatized streptavidin, was trapped inside the
proteoliposomes during their preparation (Zucchi and Zick, 2011).
Isolated proteoliposomes of all lipid compositions had consistent
protein compositions (Supplemental Figure S1). Reconstituted pro-
teoliposomes bearing Ypt7p were preincubated to exchange the
Rab into its GTP-bound form. Proteoliposomes with identical pro-
tein and lipid composition but bearing complementary lumenal
proteins were assayed for fusion in the presence of Sec17p, Sec18p,
ATP, and HOPS. Fusion and the resulting lumenal compartment
mixing results in a strong FRET signal due to the high-affinity bind-
ing of lumenal Cy5-streptavidin to biotin-phycoerythrin, whereas
the presence of a large external excess of nonfluorescent streptavi-
din blocks any signal due to lysis (Zucchi and Zick, 2011; Zick and
Wickner, 2014).

Proteoliposomes of phosphatidylcholine (PC) alone did not fuse
(Figure 1, A and B, open circles), reflecting the absence of small-
head group lipids, which are needed for progression from the
docked state to fusion (Zick et al., 2014). Reconstituted proteolipo-
somes (RPLs) with a lipid composition of PC/phosphatidyletha-
nolamine (PE)/ergosterol (Erg)/diacylglycerol (DAG), with the full
complement of these small-head group lipids but lacking acidic lip-
ids, fused only when bearing Ypt7p:GTP (Figure 1, A and B, open
triangles; fusion in the first 5 min for three replicate experiments is
presented in Figure 1C, lanes 5 and 6). In contrast, when the acidic
lipids phosphatidylinositol (Pl), phosphatidylserine (PS), and phos-
phatidic acid (PA) were also present, that is, with the full vacuolar
mimic lipids (VMLs; Zick et al., 2014), fusion was even seen in the
absence of Ypt7p (Figure 1A, diamonds). If the proteoliposomes
simply bore a higher concentration of P, the most abundant vacu-
olar acidic lipid, as well as PC/PE/Erg/DAG, fusion was again seen
without Ypt7p (Figure 1, A and B, filled triangles, and C, lane 7).
Thus fusion can be seen with acidic lipids and without Ypt7p:GTP
(lanes 7 and 9) and at a low but measurable rate with Ypt7p without
acidic lipids (lane 6). When proteoliposomes comprised 70% PC and
30% PS (Figure 1, A and B, filled circles, and C, lanes 3 and 4), in
which the PS fulfilled the roles of both small-head group lipid and
acidic lipid, Ypt7p:GTP gave rapid and complete fusion (lane 4),
which was not seen with proteoliposomes of PC alone (lane 2).

Because purified Ypt7p and HOPS cooperate to support pro-
teoliposome tethering (Hickey and Wickner, 2010), the finding that
acidic lipids can substitute for Ypt7p suggests that these lipids
might also bind HOPS and support tethering. However, there are
other possibilities; for example, acidic lipids might affect the as-
sembly of fusogenic microdomains such as those seen on intact
vacuoles (Wang et al., 2002, 2003; Fratti et al., 2004) or might alter
the asymmetric distribution across the bilayer of proteins or lipids
during reconstitution. We therefore compared the fusion of PC/
PE/Erg/DAG/4SNARE proteoliposomes, prepared without Ypt7p
or with Ypt7p that had been exchanged to the GTP-bound form,
when incubated without supplement or with added dioctanoyl PA
(diC8-PA). This acidic lipid has the useful properties of substantial
water solubility and a strong propensity to partition into mem-
branes. Acidic lipids also contribute to the membrane association
of the soluble SNARE Vam7p (Lee et al., 2006; Karunakaran and
Wickner, 2013), and additional Vam7p (beyond what was present
on the liposomes in cis-s4SNARE complex) was therefore also
tested as a supplement, alone or in combination with diC8-PA.

Molecular Biology of the Cell
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Lipid composition and Ypt7p:GTP control fusion. Fusion of
RPLs of various lipid compositions, each with the four vacuolar
SNAREs and either without Ypt7p (A) or with Ypt7p:GTP (B), was
assayed as protected lumenal compartment mixing. RPLs, ATP,
streptavidin, and buffer were mixed and preincubated for 10 min at
27°C with GTP and EDTA in 7 pl to specifically exchange the Ypt7p-
bound guanine nucleotide, then mixed with 3 pl of HOPS, Sec17p,
Sec18p, and MgCl; to initiate the fusion reaction. (C) The amount of
lumenal compartment mixing after 5 min is shown as average + SD for
three independent experiments. Final concentrations in 10 pl: 1.3 mM
ATP, 2.6 mM EDTA, 25.6 pM GTP, 12.6 pM streptavidin, 1.1 mM lipid,
3 mM MgCly, 177 nM Sec17p, 907 nM Sec18p, and 218 nM HOPS.

Proteoliposomes of PC/PE/Erg/DAG/4SNARE without Ypt7p were
still able to undergo fusion but only when given diC8-PA (Figure
2A, circles vs. squares). With Ypt7p:GTP, slow fusion was seen with-
out added lipid or Vam7p, but either or both caused strong stimu-
lation (Figure 2B). In all cases, fusion required HOPS, Sec17p,
Sec18p, and ATP, added at time O, and thus reflects the physiolog-
ical dependence on these SNARE chaperones. We conclude that
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Fusion is restored to RPLs that lack acidic lipids by the
addition of diC8-PA or excess Vam7p. Fusion of RPLs composed of
PC, PE, Erg, and DAG with the four vacuolar SNAREs and either
without Ypt7p (A) or with Ypt7p:GTP (B) was assayed as protected
lumenal compartment mixing. RPLs were preincubated without
addition or with 2 pM Vam7p and/or 110 pM diC8-PA, as indicated,
along with ATP, streptavidin, EDTA, and GTP in 7 pl for 10 min at 27°C
before the fusion reaction was started by addition of 3 pl of HOPS,
Sec17p, Sec18p, and MgCl,. (C) The amount of lumenal compartment
mixing after 5 min is shown as average + SD for three independent
experiments. Final concentrations in 10 pl: 0.9 mM ATP, 1.8 mM EDTA,
18 pM GTP, 9 uM streptavidin, 0.8 mM lipid, 2.5 mM MgCl,, 156 nM
Sec17p, 800 nM Sec18p, and 193 nM HOPS.

acidic lipids play a direct role in fusion in a manner that is at least
partially redundant with Ypt7p.

Because acidic lipids form part of the membrane receptor of the
soluble SNARE Vam7p, we tested whether there was a dependence

HOPS exploits multiple affinities | 307
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FIGURE 3: Stimulation of fusion of PC/PE/Erg/DAG RPLs with four
vacuolar SNAREs, including a transmembrane anchored form of
Vam7p (Xu and Wickner, 2012), by addition of diC8-PA. RPLs were
prepared as described in Materials and Methods, except that Ypt7p
was stripped and reloaded with GTPYS before reconstitution, as
described (Zick and Wickner, 2012). (A) RPLs without Ypt7p (circles) or
with Ypt7p:GTPYS (triangles) were preincubated without addition
(open symbols) or with 110 pM diC8-PA (filled symbols), along with
MgCly, ATP, and streptavidin, in 14 pl for 10 min at 27°C before the
fusion reaction was started by addition of 6 pl of HOPS, Sec17p, and
Sec18p. Final concentrations in 20 pl: T mM ATP, 9.6 uM streptavidin,
0.5 mM lipid, 1 mM MgCl,, 100 nM Sec17p, 1 pM Sec18p, and

165 nM HOPS. (B) Fusion under these conditions after 5 min.

on either acidic lipid or the Rab GTPase when Vam7p was firmly
membrane anchored by a hydrophobic transmembrane domain.
Proteoliposomes of a PC/PE/Erg/DAG composition were prepared
with three wild-type vacuolar SNAREs and a previously characterized
membrane-anchored Vam7p (Xu and Wickner, 2012). Coomassie-
stained gels showed that the absence of Ypt7p or its presence had
no effect on SNARE reconstitution into these proteoliposomes (Sup-
plemental Figure S2). Without Ypt7p, these proteoliposomes showed
no fusion at all, but detectable fusion occurred in the presence of
added diC8-PA (Figure 3A, open and filled circles). With Ypt7p:GTP,
there was rapid and efficient fusion (triangles). The finding that diC8-
PA stimulated the fusion of PC/PE/Erg/DAG RPLs bearing Ypt7p:GTP
with wild-type Vam7p (Figure 2B, circles and squares) but not with
transmembrane-anchored Vam7p, which showed rapid fusion even
in the absence of diC8-PA (Figure 3A, open and closed triangles),
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and the finding that extra Vam7p substantially enhanced the fusion
of PC/PE/Erg/DAG RPLs bearing Ypt7p:GTP (Figure 2B, circles vs.
triangles) confirm that acidic lipids participate in the recruitment of
Vam7p. However, since diC8-PA still had an effect in the absence of
Ypt7p:GTP when Vam7p was transmembrane anchored (Figure 3A,
compare open vs. closed circles), the function of acidic lipids ex-
tends beyond their role as a component of the Vam7p membrane
receptor.

A floatation assay was used to directly compare the roles of
acidic lipid and Ypt7p in promoting HOPS membrane association.
Without membrane proteins, HOPS only bound stably to liposomes
that bore acidic lipids, whether PS, P, or those of the full vacuolar
mimic lipids (Figure 4, columns 1, 5, and 13 with acidic lipids vs. 9
and 17 without). All proteoliposomes with Ypt7p:GTP were able to
stably bind HOPS (dark gray and black columns). The presence of
the four vacuolar SNAREs on proteoliposomes caused very little in-
crease in HOPS binding in the absence of Ypt7p or acidic lipids (light
gray columns).

Because Ypt7p, SNAREs, and acidic lipids share the capacity to
bind HOPS, is this directly reflected in tethering? To explore the re-
lationship between HOPS binding, tethering, and fusion, we devel-
oped a direct, simple, and quantitative assay of tethering. Isolated
proteoliposomes require HOPS for assembly into large clusters
(Hickey and Wickner, 2010). Such liposome clusters sediment read-
ily upon centrifugation. After a 10-min incubation at 27°C, proteoli-
posomes with Ypt7p:GTP supported HOPS-dependent sedimenta-
tion without regard to lipid composition (Figure 5A, dark gray vs.
black columns). Without acidic lipids or Ypt7p, there was little or no
HOPS-dependent tethering (bars 10 and 18), whereas even a single
acidic lipid such as Pl supported tethering (bar 6). The presence of
the four vacuolar SNAREs on these proteoliposomes had little effect
on HOPS-dependent tethering (compare Figure 5, A and B). The
introduction of fusion-competent 3Q and 1R SNAREs also failed to
promote tethering (Figure 5C), even when PC/PE/Erg/DAG proteo-
liposomes bearing 3Q and 1R SNAREs were mixed in equal propor-
tions (compare Figure 5, C, columns 9 and 10, with B, columns 9 and
10). Tethering is thus established as a truly HOPS-dependent and
SNARE-independent first step, required (Zick and Wickner, 2014) for
efficient progress from SNARE pairing to later fusion.

Even in the presence of the full vacuolar lipid mixture, the contri-
butions of lipid and Ypt7p:GTP to tethering and fusion could be
distinguished. At 150 mM NaCl, the vacuolar lipids sufficed to sup-
port substantial tethering in the absence of Ypt7p (Figure 6A, open
circles). At 250 mM NaCl, vacuolar lipids alone could no longer sup-
port tethering, which then required Ypt7p (filled squares). Even in
the absence of acidic lipids, tethering that was supported by
Ypt7p:GTP showed substantial resistance to high salt (Figure 6B).

The differential salt resistance of tethering also extended to fu-
sion. With proteoliposomes of vacuolar lipid composition, fusion
proceeded well at 150 mM NaCl in the absence of Ypt7p but was
rapidly lost at higher salt concentrations (Figure 7A, open columns).
Fusion persisted at yet higher salt with Ypt7p:GTP (black columns).
The vacuolar kinase Yck3p has been reported to confer strict de-
pendence on GTP-bound Ypt7p for fusion (Zick and Wickner, 2012).
The soluble form of Yck3p that was used in this study phosphory-
lated five of the six HOPS subunits and at multiple residues (Supple-
mental Table S1); substantial further studies will be needed to de-
termine which of these modulate individual HOPS activities
(tethering, Vam7p recruitment, proofreading of SNARE complexes,
and protection of trans-SNARE complexes from Sec17/Sec18-me-
diated disassembly). Yck3p blocked, at all ionic strengths tested,
the fusion of proteoliposomes of vacuolar lipid composition that

Molecular Biology of the Cell
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Methods.

lacked Ypt7p (Figure 7B, open columns), which is fully consistent
with the observation that Ypt7p:GTP became essential for mem-
brane binding of HOPS after phosphorylation by Yck3p (Supple-
mental Figure S3). HOPS phosphorylation by Yck3p permitted fu-
sion of proteoliposomes with Ypt7p:GTP at the physiological ionic
strength of 150 mM NaCl (black columns), although fusion was in-
hibited by salt levels such as 300 mM NaCl, which exhibited undi-
minished fusion with nonphosphorylated HOPS (Figure 7A, black
columns). Both phospho-HOPS and nonphosphorylated HOPS are
important physiologically, as HOPS phosphorylation by Yck3p and
dephosphorylation by as-yet-unidentified phosphatases regulate
vacuole fusion in response to growth medium osmolarity (LaGrassa
and Ungermann, 2005). Acidic lipids were required for the function
of phospho-HOPS with Ypt7p:GTP (Figure 7C). 4-SNARE/Ypt7p:GTP
proteoliposomes of PC/PE/Erg/DAG fused at the physiological salt
concentration of 150 mM (Figure 7C, light gray columns). This fu-
sion was sensitive to increased NaCl concentrations, whereas addi-
tion of the acidic lipid diC8-PA conferred greater salt resistance
(dark gray columns). Phosphorylation of HOPS by Yck3p abolished
fusion at all salt levels (open columns), but substantial fusion was
restored at physiological ionic strength by the addition of acidic
lipid (black columns).

Acidic lipids can cooperate with Ypt7p to support fusion under
conditions in which neither alone is sufficient. At 225 mM NaCl,
acidic lipids cannot support fusion in the absence of Ypt7p (Figures
7A, open columns, and 8, A and B, black symbols). With the full VML
lipid mixture (which includes the acidic lipids PI, PS, and PA), Ypt7p
supports similar rates and extents of fusion at molar ratios to lipid
ranging from 1:2000 to 1:16,000 (Figure 8, A, open symbols, and C,
black columns). In the absence of PI, PS, and PA, 4-SNARE proteoli-
posomes of PC/PE/Erg/DAG fused well when bearing Ypt7p at a
molar ratio to lipids of 1:2000 (Figure 8, B, open circles, and C), but
fusion diminished as Ypt7p levels were lowered and was lost at a
molar ratio to lipids of 1:16,000 (Figure 8, B, diamonds, and C Thus,
as one approaches more physiological concentrations of Ypt7p (see
Table 1 in Zick et al., 2014), fusion becomes increasingly dependent
on both Ypt7p:GTP and acidic lipids.
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Ypt7p:GTP 4SNAREs

HOPS has four known functions in fusion:
tethering membranes (Hickey and Wickner,

2010), catalyzing the entry of Vam7p into
SNARE complexes (Zick and Wickner, 2013),
proofreading of SNARE complexes (Starai
et al., 2008), and protecting trans-SNARE
complexes from disassembly by Sec17p/
Sec18p (Xu et al., 2010). It associates with
membranes to fulfill these functions through
several receptors: Ypt7p:GTP, acidic lipids,
and SNAREs. These binding modalities and
functions can be experimentally distin-
guished and separately examined. Proteoli-
posomes were prepared with PC/PE/Erg/
DAG, four SNAREs including the transmem-
brane anchored Vam7p, and without Ypt7p
or with Ypt7p in its GTP-bound state. Fusion
of such proteoliposomes requires Sec17p/
Sec18p to initially disassemble the 4-SNARE
cis-complexes and then HOPS to protect
trans-SNARE complexes from disassembly
by Sec17p/Sec18p. Because acidic lipids
are absent, HOPS association depends on
Ypt7p, and even when tethering was artifi-
cially provided by the addition of polyethyl-
ene glycol (PEG), there was almost no fusion without Ypt7p (Figure
9A). With Ypt7p:GTP (Figure 9B), fusion no longer depends on PEG
(circles). Even after removing the need for HOPS to tether (by add-
ing PEG) and removing the need for HOPS to recruit Vam7p (through
supplying a transmembrane anchor), HOPS is still required to pro-
tect trans-SNAREs from Sec17p/Sec18p. With acidic lipids and
Ypt7p:GTP (Figure 7B), fusion is resistant to Yck3p. However, with-
out acidic lipids, fusion is sensitive to Yck3p (Figure 9B, triangles).
This Yck3p block is reversed by PEG, suggesting that phospho-
HOPS is specifically deficient in tethering while fulfilling other Ypt7p-
dependent functions.

Is the GTP-bound state of Ypt7p essential for its activity in the
absence of acidic lipids? Proteoliposomes were prepared without
acidic lipids and bearing Ypt7p and the four SNAREs, and the Ypt7p
was loaded with GTP or GTPYS. Incubation of these proteolipo-
somes with increasing concentrations of the GTPase-activating pro-
tein Gyp1-46 (Rak et al., 2000; Wang et al., 2003) fully inactivated
fusion when the Ypt7p had been loaded with GTP (Figure 10A) but
not when it bore GTPYS (Figure 10B). In the absence of acidic lipids,
GTP is strictly required for the activity of Ypt7p.

These data refine our view of tethering. Instead of the Rab
GTPase being the only receptor for the tethering effector HOPS,
Ypt7p shares that function with acidic lipids. Ypt7p:GTP and acidic
lipids could even function in-trans to promote fusion. Proteolipo-
somes of PC/PE/Erg/DAG with four SNAREs were prepared with
each lumenal fluorescent protein and with either Pl as acidic lipid,
Ypt7p:GTP, or neither and then mixed in all combinations and as-
sayed for fusion in the presence of HOPS, Sec17p, Sec18p, and ATP.
In each combination, fusion required either Pl or Ypt7p:GTP on each
fusion partner (Figure 11).

- +

+ -

17 18 19 20
PC

DISCUSSION

Vacuole fusion has been studied intensively in vivo and with the
purified organelle (Wickner, 2010), yet some of the very mechanistic
questions that led to these studies can be addressed only in fusion
reactions of defined chemistry. With reconstituted proteoliposomes
of known composition, each component can be independently
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Proteoliposomes without SNAREs
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HOPS requires acidic lipids and/or Ypt7p to induce membrane clustering.

| A.Orretal.

varied. In early studies with pure compo-
nents, it appeared that the Rab GTPase
Ypt7p was dispensable for fusion (Mima
et al., 2008), but the cardiolipin present in
these proteoliposomes was later shown to
be a major contributor to this bypass
(Stroupe, 2012). Cardiolipin is formed in mi-
tochondria, and its presence on vacuolar
surfaces is uncertain. We now report that
proteoliposomes of vacuolar lipid composi-
tion without cardiolipin can still readily fuse
in the absence of Ypt7p at physiological
ionic strength (Figure 1). Earlier reports of
strict Ypt7p-dependence for fusion (Stroupe
etal., 2009) may have rested on the elevated
jonic strength in those assays due to high
MgCl, levels, as increased ionic strength
clearly modulates the requirements for
HOPS to be able to facilitate tethering
(Figure 6) and fusion (Figure 7). Examination
of varied lipid compositions shows that
acidic lipids can at least partially substitute
for Ypt7p, whereas Ypt7p:GTP can obviate
the need for acidic lipids. Separate exami-
nation of HOPS binding and proteolipo-
some tethering shows that either Ypt7p or
acidic lipid can contribute to HOPS mem-
brane binding and the consequent tether-
ing reaction. SNAREs alone have little ability
to contribute to tethering (Figure 5).

One conclusion from this work is that
searches for single receptors can be sty-
mied by the multiplicity of actual binding
affinities. For example, a nanomolar bind-
ing affinity may be the product of two dis-
tinct affinities, one micromolar and one
millimolar, and although the loss of either
could be seen as an almost complete “off”
switch, both contribute to high-affinity
binding (e.g., see Kang et al., 1993). Two
HOPS subunits, Vps39p and Vps41p, have
direct affinity for Ypt7p, but the affinity of
each subunit for Ypt7p:GTP, as separate
recombinant proteins or in the context of
the hexameric HOPS complex, is unknown.
The 660-kDa HOPS complex or its sub-
units have been reported to have direct
affinity for the individual SNAREs (Sato
etal., 2000; Dulubova et al., 2001; Stroupe
et al., 2006; Lobingier and Merz, 2012),
the vacuolar SNARE complex (Kramer and
Ungermann, 2011; Lobingier and Merz,

for HOPS-dependent tethering as described
in Materials and Methods. (B, C) SNAREs do
not make a major contribution to tethering.
Liposomes of various lipid compositions with
either all four vacuolar SNAREs (B) or only
the R-SNARE or the three Q-SNAREs (C),
which bore either no Ypt7p or Ypt7p:GTP,
were assayed for HOPS-dependent tethering
as described in Materials and Methods.
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FIGURE 6: Salt sensitivity of tethering. (A) VML liposomes with either
no Ypt7p or Ypt7p:GTP or (B) PC/PE/Erg/DAG liposomes with
Ypt7p:GTP were assayed for HOPS-dependent tethering as described
in Materials and Methods in the presence of increasing concentrations
of NaCl.

2012), Ypt7p:GTP (Seals et al., 2000), and phosphoinositides
(Stroupe et al., 2006). In addition, we now show that HOPS binds
other acidic lipids, as seen by its binding to protein-free lipo-
somes of PC/PS but not of PC alone (Figure 4) and its binding to
protein-free liposomes of PC/PE/Erg/DAG when they also have
the acidic lipid PI. Because acidic lipid can support HOPS-depen-
dent tethering and fusion without Ypt7p, it is tempting to specu-
late that HOPS may have more than one binding site for acidic
lipid.

The phosphorylation of HOPS has been shown to regulate the
targeting of AP-3 vesicles by regulating its lipid binding affinity
(Cabrera et al., 2010), in accord with our present findings that the
activity and specificity of HOPS for both Ypt7p and acidic lipids are
regulated by Yck3p-dependent phosphorylation (Figure 7). Other
Rab effectors, such as Sec2p, show similar regulation (Stalder et al.,
2013). As for HOPS, the phosphatase that completes this cycle is
unknown, and it remains to be determined whether the phosphory-
lation by the vacuolar kinase Yck3p only enforces Ypt7p nucleotide
specificity (Zick and Wickner, 2012) or also functionally modulates
any of the nontethering functions of HOPS. Regulation of mem-
brane traffic by kinases with distinct localizations may prove to be a
general aspect of vesicular trafficking.
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What is the in vivo relevance of the biochemical findings that lipid
head group composition affects fusion through contributing to HOPS
membrane association? It is difficult to evaluate the role of each lipid
in vacuole fusion in vivo: 1) lipid alterations can alter the several path-
ways of vesicular delivery of proteins to this organelle and 2) poten-
tial shielding of lipid head groups on biological membranes, with
their physiological ratio of protein to lipid, is difficult to achieve in
reconstitutions, which typically have far lower total protein:lipid ra-
tios. Nonetheless, a survey of strains that each bore the deletion of a
known nonessential gene showed that many genes regulating phos-
phoinositide synthesis, ergosterol biosynthesis, and sphingolipid
and glycerophospholipid metabolism are required to avoid vacuole
fragmentation, a hallmark of deficient fusion (Table 3 of Seeley et al.,
2002). In vitro studies of docked, intact vacuoles showed that sterol,
diacylglycerol, and phosphoinositides are highly enriched at the fu-
sion-active vertex ring domain (Fratti et al., 2004), and this enrich-
ment is interdependent with SNARE vertex enrichment. The abun-
dance of the major acidic vacuole lipids in this microdomain and the
degree to which acidic lipids are shielded by other proteins on the
surface of the intact organelle have yet to be evaluated.

MATERIALS AND METHODS

Protein purification

The purifications of HOPS (Zick and Wickner, 2013), Sec17p
(Schwartz and Merz, 2009), Sec18p (Haas and Wickner, 1996), Ypt7p
(Zick and Wickner, 2013), and Yck3p (Hickey et al., 2009) were as
described. Vacuolar SNAREs were isolated (Mima et al., 2008;
Schwartz and Merz, 2009; Zucchi and Zick, 2011) and exchanged
into octylglucoside (Zucchi and Zick, 2011). Proteins were frozen in
aliquots in liquid nitrogen and stored at —80°C.

Proteoliposome preparation

Proteoliposomes of VML composition (Mima et al., 2008) were pre-
pared from octylglucoside mixed micellar solutions as described
(Zick et al., 2014), with each SNARE at a 1:1000 M ratio to lipid and
Ypt7p at a 1:2000 M ratio to lipid, where indicated. All proteolipo-
somes throughout this study had 1 mol% diC16-phosphatidylinosi-
tol 3-phosphate. PC/PS proteoliposomes had 69 mol% PC and
30 mol% PS. For other lipid compositions, the mole percent of PC
was adjusted to compensate for lipids that had been omitted,
whereas other lipids were present at their VML molar concentration
(PE, 18 mol%,; Erg, 8 mol%; DAG, 1 mol%). When Pl was incorpo-
rated as the only acidic lipid, it was present at 18 mol%. For tether-
ing assays, proteoliposomes were prepared without lumenal fluo-
rescent proteins, and 0.5 mol% rhodamine-PE was incorporated
instead of NBD-PE or Marina-Blue-PE.

Tethering assays

Liposomes of the indicated lipid compositions were prepared either
without Ypt7p or with Ypt7p as described at a molar ratio of
protein:lipid of 1:2000. Ypt7p-bearing liposomes were nucleotide
exchanged by incubating a mixture of 3.0 yl of 10 mM EDTA in
RB150 (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid—
NaOH, pH 7.4, 150 mM NaCl, 10% glycerol), 7.5 pl of 2 mM lipo-
somes in RB150+Mg (RB150 + 1 mM MgCly), and 3.0 pl of 100 pM
disodium GTP in RB150 for 15 min at 27°C. Liposomes not bearing
Ypt7p were treated identically, with RB150 added in place of nucle-
otide. A mix of 1.8 mM MgCl, and 0.9 mM HOPS or its buffer was
prepared in RB150. Nucleotide-exchanged liposomes (4.5 pl) were
transferred into 0.5-ml microcentrifuge tubes, followed by 5.5 pl of
the HOPS/MgCl, mix, for final concentrations of 0.5 mM lipid, 1 mM
EDTA, 10 pM nucleotide, 0.5 mM HOPS, and 1.25 mM MgCl,.
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FIGURE 7: Salt sensitivity of fusion. (A, B) Fusion of VML RPLs
bearing the four vacuolar SNAREs and either no Ypt7p or Ypt7p:GTP
was assayed as protected lumenal compartment mixing in the
presence of increasing concentrations of NaCl. RPLs were
preincubated with streptavidin and various amounts of NaCl in 15 pl
for 10 min at 27°C before the fusion reaction was started by addition
of 5 pl of Sec17p, Sec18p, and HOPS, which had been preincubated
for 10 min at 27°C without (A) or with (B) Yck3p. (C) Fusion of RPLs
composed of PC/PE/Erg/DAG, bearing four vacuolar SNAREs,
including a transmembrane-anchored form of Vam7p, and Ypt7p:GTP
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Reactions were gently vortexed and then incubated at 27°C for
10 min, diluted with 90 pl of room temperature RB150+Mg, and
gently mixed by pipetting. An aliquot (20 pl) of each reaction
was transferred to a 384-well plate, and the remaining 80 pl were
centrifuged (5 min, 1500 x g). Each tube was carefully removed from
the microcentrifuge, and 20 pl were withdrawn from the top portion
of the supernatant furthest away from the pellet and transferred
into the 384-well plate. Rhodamine fluorescence was assayed in a
SpectraMax Gemini XPS (Molecular Devices, Sunnyvale, CA) fluo-
rescence plate reader (emission, 560 nm; excitation, 580 nm; cutoff,
570 nm) for 10 min at 27°C. The final three readings of each sample
were averaged to minimize noise, and data from three identical
experiments were averaged and plotted with SDs.

Fusion assay

Fusion was assayed as the FRET signal from the complexes that
form between lumenal Cy5-streptavidin and biotin-phycoerythrin
upon fusion, all in the presence of an excess of external nonfluores-
cent streptavidin. Assays were performed as described (Zick et al.,
2014). Data were analyzed by subtracting the baseline obtained
during the first 10-min incubation from each data point and then
expressing the readings as percentage of the maximum possible
signal, as determined by solubilization in 0.2% Thesit in the absence
of external streptavidin.

HOPS binding assay

Liposomes of the indicated lipid compositions were prepared either
with or without Ypt7p as described. Ypt7p-bearing liposomes were
nucleotide exchanged by incubating a mixture of 2.8 pl of 10 mM
EDTA in RB150, 7 pl of 2 mM liposomes in RB150+ Mg, and 2.8 pl
of 100 uM disodium GTP in RB150 for 15 min at 27°C. Liposomes
not bearing Ypt7p were treated identically, with RB150 added in
place of nucleotide. A mix of 1.8 mM MgCl,, 0.36% (wt/vol) bovine
serum albumin (BSA), and 0.9 mM HOPS was prepared in RB150,
and 15.4 pl was added to the nucleotide-exchanged liposomes for
final concentrations of 0.5 mM lipid, T mM EDTA, 10 uM nucleotide,
0.5 mM HOPS, 0.2% (wt/vol) BSA, and 1.25 mM MgCl,, with the
extra 0.25 mM MgCl, coming from the liposomes. Reactions were
gently vortexed, incubated at 27°C for 1 h, and placed on ice for
5 min. A volume (84 pl) of 54% (wt/vol) Histodenz in iso-osmolar
RB150+Mg (containing just 2% [vol/vol] glycerol) was added. Tubes
were vortexed gently and manually pipetted to mix. Samples (80 pl)
were transferred to 7 x 20 mm polycarbonate centrifuge tubes
(Beckman Coulter, Indianapolis, IN) and overlaid with 80 pl of 35%
(wt/vol), then 80 pl of 30% (wt/vol) iso-osmolar Histodenz in
RB150+Mg, and finally 50 pl of RB150+Mg. The remaining sample
was solubilized in 0.1% (vol/vol) Thesit for lipid recovery determina-
tion. Tubes were centrifuged in a TLS55 rotor (Beckman Coulter) for
1.5 h at 55,000 rpm and 4°C. Floated liposomes (80 pl) were har-
vested from the top of the tube and solubilized in 0.1% (vol/vol)
Thesit. Lipid recovery was determined by measuring rhodamine

was assayed as protected lumenal compartment mixing in the
presence of increasing concentrations of NaCl. RPLs were
preincubated without addition or with 100 pM diC8-PA, along with
streptavidin and various amounts of NaCl, in 15 pl for 10 min at 27°C
before the fusion reaction was started by addition of 5 pl of Sec17p,
Sec18p, and HOPS, preincubated for 10 min at 27°C with or without
Yck3p. Final concentrations in 20 pl: 1 mM ATP, 10 pM streptavidin,
0.5 mM lipid, 1 mM MgCl,, 600 nM Sec17p, 200 nM Sec18p, 100 nM
HOPS, and 3 pM Yck3p.
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Acidic lipids and Ypt7p:GTP can cooperate to support
fusion at an elevated ionic strength where neither alone suffices.
Proteoliposomes were prepared with (A) VML lipids, Ypt7p at the
indicated molar ratios to lipid, and the four vacuolar SNAREs or
(B) PC/PE/Erg/DAG lipids, Ypt7p, and the four vacuolar SNAREs,
including a transmembrane- anchored form of Vam7p. The RPLs were
incubated for 10 min at 27°C with streptavidin, NaCl, EDTA, and GTP
and assayed for fusion upon the addition of HOPS, Sec17p, Sec18p,
ATP, and MgCls. (C) The amount of lumenal compartment mixing after
5 min is shown as average + SD for three independent experiments.
Final concentrations in 20 pl: 0.5 mM lipid, 9.6 uM streptavidin,

225 mM NaCl, 1 mM EDTA, 10 pM GTP, 136 nM HOPS, 600 nM
Sec17p, 200 nM Sec18p, 1 mM ATP, and 1 mM MgCls.
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Ypt7p allows phospho-HOPS to fulfill its nontethering
functions. Fusion of RPLs composed of PC, PE, Erg, and DAG with the
four vacuolar SNAREs, including a transmembrane-anchored form of
Vam7p and either without Ypt7p (A) or with Ypt7p:GTP (B), was assayed
as protected lumenal compartment mixing. RPLs were preincubated
with streptavidin in 10 pl for 10 min at 27°C before the fusion reaction
was started by addition of 10 pl of Sec17p, Sec18p, MgCl,, and ATP, as
well as HOPS, preincubated for 10 min at 27°C with or without Yck3p
and PEG, as indicated. (C) The amount of lumenal compartment mixing
after 5 min is shown as average + SD for three independent
experiments. Final concentrations in 20 pl: 1 mM ATP, 10 uM
streptavidin, 0.5 mM lipid, T mM MgCl,, 600 nM Sec17p, 200 nM
Sec18p, 100 nM HOPS, 3 pM Yck3p, and 2% (wt/vol) PEG8000.

fluorescence (excitation, 560 nm; emission, 580 nm; cutoff, 570 nm)
of the starting samples versus the floated samples. Floated samples
and a pool of the starting samples were incubated in 2% (wt/vol)
SDS for 5 min at 90°C and then analyzed by SDS-PAGE, with loaded
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Ypt7p supports fusion only when in its GTP-bound state.
Proteoliposomes of PC/PE/DAG/Erg were prepared with or without
Ypt7p and with three wild-type vacuolar SNAREs plus the
transmembrane-anchored Vam7p. After incubation for 10 min at 27°C
with EDTA and either GTP (A) or GTPYS (B) to facilitate nucleotide
exchange, they were mixed with MgCl, and incubated for 10 min at
27°C with the indicated concentration of Gyp1-46. ATP, HOPS,
Sec17p, and Sec18p were then added to initiate fusion, as described
in Materials and Methods. Final concentrations in 20 pl: 1 mM ATP,

5 pM streptavidin, 0.5 mM lipid, 1 mM EDTA, 10 uM GTP or GTPYS,
100 nM HOPS, 600 nM Sec17p, 200 nM Sec18p, 2.25 mM MgCl,, and
0-4 pM Gyp1-46. (C) Average fusion after 10 min for triplicates of the
experiments shown in panels A and B.
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Ypt7p:GTP and PI can facilitate fusion in both homotypic
and heterotypic manners. (A) Fusion of various combinations of RPLs
composed of PC, PE, Erg, and DAG with the four vacuolar SNAREs,
including a transmembrane-anchored form of Vam7p and Ypt7p:GTP,
the acidic lipid Pl, or neither, was assayed as protected lumenal
compartment mixing. RPLs were preincubated with streptavidin,

ATP, EDTA, and GTP in 7 pl for 10 min at 27°C before the fusion
reaction was started by addition of 3 pl of Sec17p, Sec18p, and
MgCl,. (B) The amount of lumenal compartment mixing after 5 min is
shown as average £SD for three independent experiments. Final
concentrations in 10 pl: 0.9 mM ATP, 1.2 mM EDTA, 17 uM guanine-
nucleotide, 8.5 pM streptavidin, 0.8 mM lipid, 2.5 mM MgCl,, 156 nM
Sec17p, 800 nM Sec18p, and 193 nM HOPS.
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volumes adjusted to account for lipid recovery, followed by immu-
noblotting for Vps16p. Serial twofold dilutions of the starting sample
provided a standard curve for quantifying the amount of bound
HOPS using UN-SCAN-IT software (Silk Scientific, Orem, UT).
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