1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Traffic. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
Traffic. 2016 October ; 17(10): 1091-1109. doi:10.1111/tra.12423.

Phosphatidic acid sequesters Sec18p from cis-SNARE
complexes to inhibit priming

Matthew L. Starr, Logan R. Hurst, and Rutilio A. Frattil
The Department of Biochemistry, University of lllinois at Urbana-Champaign, Urbana, IL 61801

Abstract

Yeast vacuole fusion requires the activation of ¢is-SNARE complexes through priming carried out
by Sec18p/NSF and Sec17p/a-SNAP. The association of Sec18p with vacuolar ¢is-SNARES is
regulated in part by phosphatidic acid (PA) phosphatase production of diacylglycerol (DAG).
Inhibition of PA phosphatase activity blocks the transfer of membrane associated Sec18p to
SNAREs. Thus, we hypothesized that Sec18p associates with PA-rich membrane microdomains
before transferring to ¢is-SNARE complexes upon PA phosphatase activity. Here we examined the
direct binding of Sec18p to liposomes containing PA or DAG. We found that Sec18p preferentially
bound to liposomes containing PA compared to those containing DAG by approximately five-fold.
Additionally, using a specific PA-binding domain blocked Sec18p binding to PA-liposomes and
displaced endogenous Sec18p from isolated vacuoles. Moreover, the direct addition of excess PA
blocked the priming activity on isolated vacuoles in a manner similar to chemically inhibiting PA
phosphatase activity. These data suggest that the conversion of PA to DAG facilitates the
recruitment of Sec18p to ¢/s-SNAREs. Purified vacuoles from yeast lacking the PA phosphatase
Pahlp showed reduced Sec18p association with ¢/ssSNAREs and complementation with plasmid-
encoded PAHI or recombinant Pahlp restored the interaction. Taken together this demonstrates
that regulating PA concentrations by Pahlp activity controls SNARE priming by Sec18p.

Synopsis
In this study we found that the yeast NSF orthologue Sec18p resides in an inactive pool bound to
phosphatidic acid on the vacuolar/lysosomal membrane. The association of Sec18p with
phosphatidic acid is disrupted by vacuolar phosphatidic acid phosphatase activity leading to the
transfer of Sec18p to ¢/issSNARE complexes for the priming reaction. In the presence of excess
phosphatidic acid or the lack of phosphatidic acid phosphatase activity results in the sequestration
of Sec18p away from c/ssSNARE complexes.
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Introduction

Eukaryotic membrane fusion is a process vital to cellular homeostasis. Trafficking of
transport vesicles among organelles and the plasma membrane is governed by of a series of
events that is highly conserved in all eukaryotes from yeast to humans (1). The proteins that
carry out this process are diverse, but all fusion machinery ultimately facilitates a series of
membrane contact, fusion, and compartment mixing events (2). We use vacuoles from
Saccharomyces cerevisiae as a model to examine the regulation of the eukaryotic fusion
machinery.

Yeast homotypic vacuole fusion has been well described and is characterized by a series of
experimentally defined stages. The fusion cascade begins with the priming stage in which
the AAA+ ATPase Sec18p (NSF) and its co-chaperone Sec17p (a-SNAP) disassemble
inactive c/ss SNARE complexes. Priming requires ATP hydrolysis by Sec18p and results in
the disassociation of Sec17p and the soluble SNARE Vam7p from the membrane (3, 4).
During the tethering/docking stage, the Rab GTPase Ypt7p and its effector complex HOPS
interact to bring two vacuolar compartments together (5, 6). Vam7p rebinds the vacuolar
membrane through interactions with HOPS and the regulatory lipid phosphatidylinositol 3-
phosphate (PI3P) leading to the formation of frans-SNARE pairing between apposing
membranes (3, 7). At this stage the two membranes are closely associated and are enriched
in regulatory proteins and lipids at the periphery of their interface named the “vertex ring”
microdomain (8-10). The fusion cascade proceeds through the formation of a hemifusion
intermediate before pore formation and luminal content mixing occur (2, 11).

Maintenance of SNARE proteins is crucial for turnover of eukaryotic membrane fusion
events. Upon fusion and compartment mixing, SNARESs exist in a stable ¢/ssSNARE
complex in which all SNAREs reside on a single membrane rendering them unable to carry
out subsequent rounds of docking. During priming, homohexameric Sec18p/NSF associates
with ¢is-SNARE complexes through binding to Sec17p/SNAPs and generates the necessary
force to disassociate inactive complexes into active individual SNAREs (4). Recent evidence
suggests that NSF disrupts ¢is-SNARE complexes through a “loaded-spring” mechanism
(12, 13). In this model, NSF ATPase activity leads to large conformational changes in the
NSF N-terminal and D1 domains, which exert enough force on SNAPs to disassemble the
SNAREs. Direct regulation of this Sec18p/NSF priming activity remains mostly unknown,
although protein kinase C has been implicated in negative regulation of NSF association
with ¢is-SNARE complexes (14). Of interest, NSF has been found to bind phosphatidic acid
(PA), a regulatory lipid required for vacuole fusion; however, the effects of Sec18p/NSF
lipid association are still not well understood (15-17).

Regulatory phospholipids on the cytosolic face of the vacuolar membrane serve as key
regulators of the fusion machinery. A presence of phosphatidylcholine (PC),
phosphatidylethanolamine (PE), PA, diacylglycerol (DAG), and PI3P is essential for
vacuolar fusion to occur and serve as the minimal lipid requirements of the fusion reaction
(16). Additional lipids including P14P, P1(4,5)P, and ergosterol are also required for optimal
homotypic vacuolar fusion (8, 18-20). Specific lipid head groups provide a scaffold for the
binding and recruitment of proteins that actively carry out the stages of fusion. This function

Traffic. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Starr et al.

Page 3

relies on direct protein-lipid interactions between the membrane and protein machinery as
exemplified by the binding of PI3P by the Vam7p PX domain (21). Specific lipids also affect
the fusion machinery physically through changes to membrane dynamics. This role is
demonstrated by the dependence of SNARE function on lipid microdomain formation and
potential allosteric effects exerted on the transmembrane domains of SNARE proteins (8,
22). Reversible changes to the concentration of specific lipids within microdomains also
mediate protein-lipid interactions at the vertex ring and dynamics of vacuole associated
actin.

The interconversion of regulatory lipids is catalyzed by a variety of lipid modifying proteins.
These enzymes respond to varied growth conditions through coordination of genetic and
biochemical mechanisms. The yeast PA phosphatase Pahlp plays an important role in the
regulation of lipid synthesis. Pah1p has been shown to have a role in mediation of the
transcription of the lipid synthesis genes /NOI, INO2and OPI3through its phosphatase
activity (23, 24). This is critical for organelle replication for daughter cells during mitosis as
the nuclear envelope and endoplasmic reticulum must expand. Unphosphorylated Pahlp
generates DAG, which is involved in the synthesis of triacylglycerol, PC, and PE (25, 26).
Recently, it was shown that Pahlp localizes to the nuclear vacuole junction at the diauxic
shift during acute glucose starvation (27).

A number of lipid modifying enzymes have been implicated in vacuole fusion or fission
events and display abnormal morphologies or other observable defects when deleted or
mutated. Both PA and DAG are essential lipids for vacuole fusion and have been implicated
in organelle transport and fusion activities. For instance DAG plays a role in Golgi to ER
transport and the formation of COPI vesicles (28), where as PA is important for sporulation
and stimulating the fusion activity of the SNARE Spo20p (29, 30). In addition, the PA
phosphatase activity of Pahlp is necessary for endolysosomal maturation and vacuole
homotypic fusion (17). Deletion of PAH leads to the fragmentation of immature vacuoles
and severely abrogates fusion activity. This phenotype is proposed to come from two defects
involving the fusion machinery. First, vacuoles harvested from pa/hIA yeast contain
strikingly reduced levels of factors involved in regulating vacuole fusion including the PI-3
kinase Vps34p and its product PI3P, Ypt7p and its guanine exchange factor Monlp-Ccz1p,
as well as the HOPS subunit Vps39p (17, 31). Second, deletion of 2AHI or inhibition of PA
phosphatase activity led to a measurable decrease in priming and SNARE-associated
Sec18p. Importantly, neither PAHZ deletion nor chemical inhibition of PA phosphatase
activity alters the total levels of Sec18p associated with vacuoles. Thus, we posit that
inactive (7.e. SNARE-free) Sec18p remains associated with vacuoles through interactions
with PA and that modification of PA releases Sec18p to ¢/ssSNAREs to enable priming. In
this study, we examined the interactions of Sec18p and PA in the regulation of priming. We
report that like its mammalian orthologue NSF, Sec18p specifically binds to PA.
Additionally, both increased levels of PA and the absence of Pah1p on the vacuole inhibited
Sec18p-dependent priming and prevent recruitment of Sec18p to ¢/is-SNARE complexes.
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RESULTS

Sec18p binds preferentially to membranes containing phosphatidic acid

The yeast PA phosphatase Pahlp regulates endolysosomal maturation leading to impaired
homaotypic vacuolar fusion (17). Inhibition of PA phosphatase activity with the small
molecule propranolol suggested that phosphatidic acid potentially had a specific role in
mediating the priming activity of the SNARE chaperone. Treatment with propranolol
blocked the binding of Sec18p to ¢/ssSNARE complexes, while the total levels of vacuole
associated Sec18p remained constant. Importantly, vacuoles from pa/IA cells harbor wild
type levels of Sec18p. Thus, we hypothesized that the conversion of PA to DAG led to a
transition of Sec18p from a PA bound state to a ¢/ssSNARE bound state. The Sec18p
mammalian orthologue NSF was previously shown to specifically bind resin-conjugated PA,
but the purpose of this binding remained unknown (15). Here we asked if Sec18p also binds
PA, a relationship that could be controlled by PA phosphatase activity. To test this we used a
liposome-binding assay to detect Sec18p binding to membranes of different lipid
compositions. Recombinant Sec18p was incubated with liposomes containing mixtures of
the lipids PC, PE, PA, and DAG. Liposome-bound Sec18p was separated from unbound
protein by floatation. Sec18p showed light binding to PC:PE liposomes alone, however this
binding was significantly weaker compared to liposomes containing PA (Figure 1A).
Liposomes containing DAG also showed little Sec18p binding relative to liposomes
containing PA. This stark difference in binding between PA and DAG containing membranes
is consistent with a requirement for Pah1p activity in regulating Sec18p recruitment from the
membrane to ¢cis-SNARE complexes. Next, we tested to see if the concentration of PA or
DAG specifically had an effect on Sec18p binding to liposomes. Similar liposome floatation
assays were carried out but included liposomes of increasing PA or DAG concentrations.
Membrane-bound Sec18p was present at higher levels in liposomes that contained elevated
levels of PA (Figure 1B). Strikingly, an increase in the concentration of DAG in the
liposomes had a significant negative effect on the level of Sec18p membrane association
(Figure 1B). These data suggest that Sec18p binds preferentially to membranes containing
PA and that the presence of DAG may promote the release of Sec18p from binding to
membrane lipids directly. Taken together, this suggests that the conversion of PA to DAG
may affect Sec18p membrane localization dynamics and Pahlp may specifically play a role
in controlling the state Sec18p membrane lipid association.

We next tested whether the specificity of Sec18p binding to membranes extends beyond a
nonspecific electrostatic interaction. The cytosolic face of the yeast vacuolar membrane
contains a wide array of regulatory anionic phospholipids (32). Because of this we asked if
Sec18p would show preferential binding to PA or if it would also bind to other vacuolar
membrane lipids carrying a negative charge. We performed liposome-binding assays with
liposomes that contained PS, an anionic phospholipid that, like PA, localizes to the outer
leaflet of the yeast vacuolar membrane. We again observed preferential Sec18p binding to
liposomes of increasing PA concentration (Figure 1C). Sec18p binding to liposomes
containing PS showed no significant binding suggesting that Sec18p lipid binding has
specificity for PA and not anionic lipids in general. It is also important to note that the
absence of liposomes in our binding assays gave no signal and detection of liposome-
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associated Sec18p was non-random (Figure 1D). These results highlight a specific binding
interaction between Sec18p and PA that is likely present at the yeast vacuolar membrane.

To further probe Sec18p binding to specific membrane lipids, we performed binding
competition assays in the presence of the PA-specific binding domain GST-DEP from the
mouse protein DvI2 (33). The addition of GST-DEP was expected to disrupt Sec18p binding
to liposomes containing PA by occupying potential binding sites on the membrane. The
addition of GST-DEP showed no significant effect on the level of Sec18p bound to PC:PE
liposomes, but severely affected the ability of Sec18p to bind liposomes containing PA
(Figure 2A, P<0.005). This suggests that the observed membrane binding of Sec18p was
specifically dependent on the presence of PA. Surprisingly, the addition of GST-DEP also
lowered the level of Sec18p binding to membranes containing DAG (A<0.05). We suspect
that GST-DEP has some non-negligible amount of binding to DAG as many characterized
PA-binding domains contain essential hydrophobic residues that embed in membranes (34).
The absence of a large headgroup on DAG could allow for GST-DEP to sit very close to the
acyl chain region within the bilayer promoting hydrophobic residue interactions with DAG
or adjacent lipids. Considering this and the significant increase in binding to membranes
containing PA when compared to those containing DAG, the data suggest that Sec18p
membrane lipid binding is dependent on the presence of PA. To further characterize this
interaction, we performed a binding competition assay that utilized PA-containing liposomes
and the addition of increasing concentrations of GST-DEP. In the absence of competitor,
significant binding of Sec18p to the liposomes was observed, and this binding was perturbed
by the addition of GST-DEP in a dose-dependent manner (Figure 2B). These data further
indicate that Sec18p has specific binding to PA.

To probe for specific Sec18p-lipid interactions on vacuole membranes, we used a binding
competition assay that contained purified vacuoles in place of liposomes. Vacuoles were
harvested from yeast and incubated on ice with the lipid-specific binding domains GST-DEP,
GST-C1b (protein kinase C pll), and GST-ENTH (rat epsin 1) to bind to PA, DAG, and
P1(4,5)P, respectively and displace vacuolar proteins bound to each (35, 36). C1b and
ENTH have been previously shown to cause the release of HOPS and Vam7p from vacuoles
(8, 37). Samples were separated into bound and unbound fractions by centrifugation and
Sec18p levels were assayed by Western blot. The percentage of Sec18p in the unbound
fraction significantly increased with the addition of GST-DEP in a dose dependent manner
when compared to the control similar to what was seen in the liposome-binding assays
described above (Figure 2C). Addition of GST-C1b showed a slight increase in the
proportion of unbound Sec18p from the untreated control condition however this release was
independent of the concentration added and was statistically insignificant. Addition of GST-
ENTH led to an increase of Sec18p release at the highest concentration used; however, the
amount of released Sec18p was not statistically significant. Taken together, these data
suggest that disruption of Sec18p binding to membrane lipids is most affected when PA is
specifically occupied. This further supports the notion that Sec18p binding to vacuolar
membranes occurs in a PA dependent manner. From this experiment we cannot rule out
potential interactions between Sec18p and vacuolar DAG or PI(4,5)P,. However,
considering the lack of dose independent effect using GST-C1b along with our previous
observations, the direct binding of Sec18p to DAG seems unlikely. Sec18p interactions with
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P1(4,5)P, are an interesting possibility that were not further investigated. However, it is not
difficult to envision Sec18p having specific interactions with multiple regulatory
phospholipids at different points of regulation or perhaps even during a single binding event.
It is important to note that ENTH and C1b disrupt vertex microdomain organization (8), thus
the limited release of Sec18p caused by binding P1(4,5)P, and DAG here could be due to the
redistribution of PA on vacuoles.

Phosphatidic acid inhibits vacuolar fusion during the priming stage

Sec18p, like its mammalian orthologue NSF, performs the necessary priming activity within
the membrane fusion cascade. During this priming step, Sec18p hydrolyzes ATP to
disassemble inactive ¢is-SNARE complexes and reactivate them for additional rounds of
SNARE-pairing and fusion. Sec18p priming activity is necessary for membrane fusion to
occur within the cell, and its importance to organelle trafficking and maintenance is
highlighted by the fact that its null mutant strains are inviable. Because its function is vital
for fusion activity and cell survival, we believe Sec18p is a target for a key regulation point
within the vacuolar fusion cascade. This combined with the PA-specific binding previously
seen and the regulatory role of Pah1p has in membrane fusion led us to investigate whether
the lipids PA and DAG had an effect on Sec18p activity and vacuolar fusion.

To measure vacuolar fusion we employed the well-characterized proPho8p maturation
vacuole content mixing assay as previously described (38). To test the effects of specific
lipids on fusion, we used dioctanoyl-PA (diC8-PA) and diC8-DAG (39, 40). We first assayed
if the addition of diC8-PA or diC8-DAG showed a significant effect on overall vacuolar
fusion activity. Addition of diC8-PA led to potent inhibition of vacuolar content mixing in a
dose-dependent manner (Figure 3A), whereas adding the same concentrations of diC8-DAG
did not affect fusion (Figure 3B). Importantly, inhibition by diC8-PA could be reversed by
the addition of recombinant Sec18p suggesting a direct interaction between the protein and
lipid (Figure 3C). We then wanted to test if sequestering PA with the PA-specific binding
domain GST-DEP would have a measureable effect on fusion activity. Addition GST-DEP
had a minimal effect on fusion except at the highest concentration tested (10 uM), which
reduced fusion by approximately 50% (Figure 3D). Higher concentrations were not used due
to buffer interference with the fusion assay. The inhibition of fusion by GST-DEP is in
keeping with the vacuole competition binding assay in Figure 2C where GST-DEP at =10
UM significantly displaced Sec18p from the membrane. We reason that fusion inhibition
caused by addition of GST-DEP may occur at higher concentrations because of a decrease of
the overall Sec18p level on the membrane to below a threshold required for priming activity
to occur. Alternatively, this inhibition may be due to general crowding on the membrane and
not from an inaccessibility of PA to the fusion machinery. Taken together the data suggest
that increased concentrations of PA within the vacuolar membrane have an inhibitory effect
on membrane fusion activities but increased concentrations of DAG do not.

Previous work suggested that Pah1p activity regulates Sec18p priming activity through its
control of PA concentrations in the vacuolar membrane (17). Because we observed Sec18p-
PA binding and the inhibition of fusion by excess PA, we expected that this lipid could be
potentially blocking the priming stage of the fusion cascade. To test this, we wanted to use
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an inhibitor that would block Sec18p activity for comparison. NEM is a known inhibitor of
NSF priming activity however its effects on Sec18p-mediated priming activity have not been
fully investigated. Because NEM is known to alkylate NSF we reasoned that a similar
modification could take place with Sec18p and perturb priming activity. We found that NEM
potently inhibited fusion at =1 mM suggesting that NEM might modify and inhibit Sec18p
(Figure 3E). To test whether diC8-PA, dic8-DAG, or NEM had priming specific inhibition
we employed a variant of the content mixing assay that utilizes a Vam7p bypass of priming.
Previous work has shown that priming-specific inhibition with an inhibitor such as a-Sec17p
IgG can be rescued by the addition of recombinant Vam7p, a soluble SNARE protein (41,
42). We expected that a priming-specific defect caused by addition of diC8-PA or NEM
should also be rescued in this manner. Surprisingly, a Vam7p bypass did not rescue fusion
activity in the presence of diC8-PA or NEM (Figure 3F). These data suggest that diC8-PA
and NEM could additionally be affecting stages downstream of priming in the fusion
cascade. It should be noted that Vam7p function is related to the presence of the ABC
transporter Ycflp that contains multiple free Cys required for its activity (43, 44). Thus,
alkylating Ycflp could prevent Vam7p bypass of the effect of NEM on Sec18p. To probe
whether diC8-PA or NEM could be inhibiting a later fusion stage we performed a temporal
acquisition of resistance assay in which inhibitors were added at different time points
throughout the fusion reaction (4, 45). Here fusion reactions gain resistance to an inhibitor
once enough time had passed for its target to carry out its relevant activity. Therefore, fusion
would recover at earlier time points for inhibitors that specifically target machinery early in
the fusion reaction (e.g. a-Sec17p IgG) while inhibitors targeting later stages would gain
resistance later in the reaction (e.g. GDI). We compared diC8-PA inhibition Kinetics to that
of a-Sec17p IgG, propranolol, NEM, and GDI through calculated gain of resistance half-
times using first-order exponential decay fitting (Figure 3G) (4, 17). Interestingly, diC8-PA
showed similar recovery of fusion to that of the tethering stage inhibitor GDI (Figure 3H).
This suggests that PA could be inhibiting fusion during a stage downstream of priming,
independent of Sec18p, however we cannot rule out that diC8-PA may be blocking
additional rounds of fusion. It is important to note that these results can only point to the last
stage of fusion that is targeted by an inhibitor and that PA may be regulating multiple fusion
stages including priming. NEM showed early recovery of fusion similar to that of a-Sec17p
IgG and propranolol suggesting that it likely has an inhibitory effect on priming activity.

Next we determined if increased levels of PA had a noticeable effect on Sec18p activity
during the priming stage. To do this we examined the release of Sec17p upon Sec18p-
mediated priming (4). Sec17p associates with the membrane through binding to ¢is-SNARE
complexes, which recruits Sec18p to stimulate its priming activity. Upon recruitment Sec18p
hydrolyzes ATP to disassemble the ¢c/is-SNAREs leading to Sec17p dissociation from the
membrane. Here we monitored Sec17p release by fractionating soluble and membrane-
bound proteins followed by Western blotting. Vacuolar fusion assays were carried out in the
presence of diC8-PA, diC8-DAG, or NEM after which we monitored the release of Sec17p
from vacuolar membranes as a measure of priming. We found that NEM potently reduced
Sec17p release relative to the untreated control condition, suggesting that Sec18p activity
was blocked by NEM in a similar fashion to what is seen with NSF (Figure 4A). When
diC8-PA was tested, we found that Sec17p release was severely inhibited. This is in keeping
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with the notion that diC8-PA inhibits priming by sequestering Sec18p. In contrast, diC8-
DAG had no effect as predicted based on the content mixing assays. A previous study
showed that NEM did not have an effect on Sec18p ATPase activity, however priming
activity was not specifically examined (46). It is possible that Sec18p alkylation by NEM
may affect its ability to disassemble ¢/is-SNARE complexes in a manner independent of its
ATPase activity. It is clear that in the presence of the full fusion machinery Sec18p priming
activity is inhibited by NEM. We then tested Sec18p activity on pah1A deletion vacuoles
using the same priming assay to further examine the effect of increased PA on priming. As
expected, vacuoles lacking pahIA showed significantly decreased levels of Sec17p release
when compared to the wild type control (Figure 4B). Taken together, these data illustrate
that priming activity is blocked by an increase in PA at the vacuole and that this inhibition is
specific.

Phosphatidic acid regulates Sec18p recruitment to cis-SNARE complexes

Thus far we have found that ¢is-SNARE priming by Sec18p is blocked by the presence of
increased PA while unaffected by the presence of increased DAG. This relationship supports
the idea that the conversion of PA to DAG through PA phosphatase activity may have a
regulatory role in the priming stage of fusion. Previous work showed that the PA
phosphatase Pahlp had a regulatory role in endolysosomal maturation and was also
proposed to regulate the localization of Sec18p on the membrane (17). Sec18p has been
shown to stay associated with the membrane throughout priming while its co-chaperone
Secl17p is released (4). This suggests that Sec18p stays attached to the membrane
independently of Sec17p and SNAREs. Given our previous observations we identified PA as
an alternate Sec18p membrane-binding site and asked if shifting dynamic membrane PA and
DAG levels would also affect the association of Sec18p to SNARESs. To address this
question, we utilized ¢is-SNARE pulldown assays in which recombinant GST-tagged Vam7p
was introduced to fusion reactions in the absence of ATP to allow the formation of c/s-
SNARE complexes with free cognate SNARES (47). It was previously shown that all
vacuole-associated Vam7p is bound in ¢is-SNARE complexes suggesting SNARE
complexes formed were appropriate Sec18p priming targets (48). The fusion reactions were
then started with the addition of ATP and pulldowns of the GST-Vam7p containing c/s-
SNARE complexes were performed across various time points. The level of Sec18p
associated with the newly formed ¢/s-SNARE complexes was analyzed by Western blot. To
further test the effect of altering the PA:DAG ratio on priming we harvested vacuoles from
pahlA strains to remove PA phosphatase activity relevant to fusion. The recruitment of
Sec18p to ¢issSNARE complexes was severely inhibited on pahIA vacuoles compared to
wild type vacuoles across at each time point tested (Figure 5A-B). To confirm that the effect
on Sec18p was only due to the lack of Pahlp, we used vacuoles from pahIA yeast
complemented with plasmid-encoded PAHZ (17). Complementation fully reversed Sec18p
recruitment to ¢/ssSNARE complexes (Figure 5C). Addition of recombinant Pahlp also fully
reversed the recruitment defect seen on pahIA vacuoles (Figure 5D). Taken together these
data suggest that PA levels in the membrane play a significant role in the regulation of
Sec18p recruitment to ¢/s-sSNARE complexes for priming.
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To further examine the potential role PA could have in Sec18p recruitment to ¢/s-SNARES
we employed a similar pulldown approach but included the addition of the small molecule
inhibitor propranolol. Here we reasoned that the addition of propranolol, a known inhibitor
of PA phosphatase activity, should lead to similar Sec18p-c¢/is-SNARE association levels as
our pahlA vacuoles. Because propranolol inhibition of vacuolar fusion can be rescued by the
addition of exogenous Vam7p we instead carried out pulldowns using vacuoles that harbor
the syntaxin orthologue Vam3p containing an internal calmodulin-binding domain (CBP-
Vam3p) (49). As expected, inhibition of Pahlp activity by the addition of propranolol
significantly decreased the levels of Sec18p associated with ¢/ssSNARE complexes relative
to control levels (Figure 6A). This is consistent with the effect seen in pahIA vacuoles and
further supports a role for PA in the regulation of SNARE priming.

A previous study showed that mammalian NSF bound PA in a nucleotide-dependent fashion
wherein the ADP bound state of the protein had greater binding to PA than the ATP bound
state (15). We asked if the nucleotide-bound state might also play a role in Sec18p binding
to PA and ultimately its recruitment to ¢/ssSNARE complexes. We reasoned that if ATP is
replaced with the slowly hydrolyzable analog ATPyS, then PA binding by Sec18p could be
lessened and a larger pool would be available to bind to ¢/s-SNARE complexes. Sec18p is
known to bind to the ¢is-SNARES in an ATP-bound state so we expected levels associated
with ¢is-SNARE complexes to be at wild type levels or greater. Using either our GST-
Vam7p (not shown) or CBP-Vam3p pulldown assays, we tested the effect of ATP-yS on
Sec18p recruitment to ¢/ssSNARE complexes. Sec18p association to SNAREs was similar to
control conditions with ATP (Figure 6B). We next tested Sec18p interactions with PA
directly using a liposome floatation assay in the presence of Mg2*, EDTA, or ATPyS to
assay the dependence of the nucleotide-bound state (Figure 6C). We observed no significant
difference between the nucleotide states tested suggesting that unlike NSF, binding of
Sec18p to PA was independent of such effects.

Phosphatidic acid blocks the recruitment of Sec18p to cis-SNARE complexes

We next wanted to determine if Pahlp could regulate Sec18p association with ¢is-SNARES
through its maintenance of membrane PA and DAG levels. The absence of Pah1p from the
membrane likely increased the level of PA present, allowing the lipid to bind to Sec18p and
sequester it from c/s-SNAREs ultimately stalling its priming activity. To test this, we utilized
the GST-Vam7p pulldowns of ¢/ssSNAREs as mentioned above, in the presence of inhibitory
concentrations of diC8-PA or the equivalent concentration of diC8-DAG. Addition of diC8-
PA abolished Sec18p association with cis-SNARE complexes when compared to the
untreated vacuoles (Figure 7A). The total level of membrane-bound Sec18p was not
affected. Addition of the same concentration of diC8-DAG did not significantly affect the
level of Sec18p associated to ¢/ssSNARE complexes compared to the control (Figure 7B).
These findings support the idea that Pahlp could regulate Sec18p recruitment to ¢/ssSNARE
complexes through its maintenance of PA and DAG levels on the membrane. By controlling
the dynamic levels of PA and DAG present in the vacuolar membrane, Pahlp could regulate
the priming stage by affecting the localization of Sec18p.
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Discussion

The protein machinery involved in the regulation of membrane fusion has been well
characterized, however the regulatory effects of phospholipids on these proteins are still not
well understood. The dynamic changes that these lipids undergo throughout the fusion
cascade are only beginning to be explored. Yeast homotypic vacuole fusion utilizes a set of
regulatory lipids that helps mediate each stage in a series of defined events. Lipids likely
fulfill multiple roles during membrane fusion events including controlling the physical
properties of the membrane, and providing a scaffold for the protein fusion machinery to
bind, and organization of proteins into microdomains where fusion occurs. These lipids are
currently known to include ergosterol, phosphoinositides, DAG, and PA, which are
maintained and modified by a diverse group of kinases, phosphatases, and lipases.

PA has a regulatory role in multiple fusion pathways including Glut4 trafficking,
mitochondrial fusion, and prospore membrane fusion (30, 50, 51). Additionally, PA has been
identified as one of the minimum lipid requirements required for SNARE-dependent fusion
of reconstituted proteoliposomes (RPLs) and promotes the association of Sec18p and HOPS
with vacuolar SNARE RPLs (16). However, it remains uncertain whether PA directly
interacts with these proteins or if it participates in establishing a conducive environment for
optimal protein function. PA is converted to DAG during the fusion cascade and inhibition of
PA phosphatase activity blocks fusion at the priming stage. The importance of DAG in
vacuole fusion is demonstrated in part by the effect of the DAG-binding domain C1b, which
disrupts the organization of the vertex microdomain resulting in the potent inhibition of
fusion (8, 52). DAG is a fusogenic lipid due to its negative curvature and ability to disrupt
lipid bilayers (53, 54). These features also allow DAG to trigger the fusion of protein-free
liposomes (55, 56). While the potential importance of PA and DAG to vacuole fusion has
been highlighted, no specific regulatory mechanisms have been described. Previously, it was
found that the yeast PA phosphatase Pah1p has a significant regulatory role in the vacuolar
fusion cascade suggesting that the balance of PA and DAG at the site of fusion is critical in
mediating fusion related events (17, 31).

Our earlier studies suggested that Pahlp regulated fusion in part by triggering the priming
stage of the fusion cascade (17). We theorized that prior to engaging ¢/s-SNARE complexes
Sec18p resided as part of a resting pool of protein bound to the membrane in a PA-
dependent manner. Pahlp activity would convert PA to DAG leading to the release of
Sec18p from the membrane facilitating its recruitment to ¢/ssSNARE bundles bound to
Sec17p. In keeping with this model this study showed that deletion of PAHZ or chemical
inactivation of its phosphatase activity led to the retention of Sec18p bound to the PA
enriched membrane and blocking its translocation to Sec17p-bound ¢/s-SNAREs. This is
further bolstered by our findings that Sec18p binds preferentially to liposome membranes
that contain PA. This interaction is specific as replacement of PA with other acidic or small
head group lipids abolishes Sec18p binding. PA is a unique phospholipid in that it is both
anionic and promotes negative membrane curvature, a property favorable for protein
insertion at the head group region of the membrane bilayer (57). It is likely that a Sec18p
lipid-binding site would interact with the vacuolar membrane in a way dependent on both
electrostatic forces and curvature effects, however we did not detect significant binding of
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the protein to membranes that contained DAG, another lipid that promotes negative
curvature. Considering this and the finding that Sec18p does not bind other anionic
phospholipids we expect that the lipid association we observed is specific for PA. These
results parallel previous work that showed the Sec18p mammalian orthologue NSF is also a
PA binding protein (15). While no sequence orthologue has been described for PA binding
regions, most that have been described contain a combination of adjacent basic and
hydrophobic amino acids (57). The basic residues in PA binding domains are able to
preferentially bind the lipid phosphomonoester head group through hydrogen bonding as
described by the electrostatic-hydrogen bond switch model (34). The presence of
hydrophobic residues often allows for PA binding proteins to insert into the membrane and
interact with adjacent lipid acyl chains (58). Based on our data, we propose that Sec18p
association with PA requires electrostatic interactions between a lipid-binding region on the
protein and the phosphomonoester head group of PA. This binding is likely enhanced by
surrounding hydrophobic interactions but these interactions alone are not strong enough to
support the entire binding event. We propose that upon Pah1p-dependent conversion of PA
to DAG, crucial electrostatic interactions between Sec18p and PA are interrupted and
Sec18p is released from the membrane.

Specific lipids have been shown to be of crucial importance in regulating the different stages
of membrane fusion (3, 8, 17, 18, 22, 31, 37, 52). In this study, we show that PA has an
inhibitory effect during the priming stage of fusion while DAG does not. Previous studies
have shown that addition of ergosterol ligands or antibody against P1(4,5)P, also potently
inhibit Sec18p priming activity (19, 20). Interestingly, mammalian NSF does not bind
P1(4,5)P, alone (15). It is possible that Sec18p and NSF have distinct lipid interactions,
however it is also important to consider the roles of both ergosterol and P1(4,5)P at the site
of fusion. Each of these lipids is a requirement for functional microdomain formation at the
vertex ring (8). Disruption of these microdomains with exogenous ligands may compromise
the organization of necessary protein and lipid machinery at the site of fusion ultimately
resulting in a priming defect. We have demonstrated direct physical interaction between
Sec18p and PA, and we believe this association accounts for PA-specific priming inhibition.

There are two primary ways that we considered PA could inhibit the priming activity of
Sec18p directly. First, PA could decrease the ability of Sec18p to disassociate c/s-SNARE
complexes through allosteric effects. Alternatively, PA could act to sequester Sec18p away
from ¢is-SNARE complexes effectively stalling priming. In this study, we provide evidence
in accord with the latter possibility. We observed a decrease in recruitment of Sec18p to c/s-
SNAREs on vacuoles from a pahIA deletion strain, as well as by inhibition of PA
phosphatase activity with propranolol, and upon addition of exogenous PA. Taken together,
we propose that dynamic PA and DAG levels mediate Sec18p localization on the vacuolar
membrane and recruitment to ¢is-SNARE complexes.

The stark contrast in effects that PA and DAG have on priming activity frame Pahlp as a
potential initiator of the fusion cascade. Reactivation of SNAREs and turnover of fusion may
be controlled by Pahlp through its modulation of local PA concentrations at the vertex ring.
We propose a model in which Sec18p is initially recruited to the vacuolar membrane through
binding to organized PA pools (Figure 8). Once recruited, Sec18p remains bound to PA
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pools where it is unable to access SNARESs during non-priming stages of fusion. Upon
completion of compartment fusion and generation of ¢c/s-SNAREs, Pahlp converts pools of
PA to DAG effectively lowering local PA concentrations. Sec18p is freed from the
membrane and is able to be recruited to ¢/ssSNARE complexes for priming. It is possible
that conversion of PA to other regulatory phospholipids through a CDP-DAG intermediate
may also serve as an initiator of priming. Under this model, PA could serve as a global
regulator of Sec18p localization in the cell. However, previous work has shown that Sec18p
levels at the vacuole are not increased in pahIA cells (17). It is possible that there is an upper
limit to PA dependent membrane association of Sec18p, or there may be compensatory
enzymatic activity of other lipid modifiers such as Phospholipase D. Further work is needed
to investigate these possibilities and probe organelle specificity of Sec18p regulation by PA.

While the PA binding region of Sec18p/NSF is not clear, the potential effects of this lipid
interaction are interesting to consider. The role of each of the three domains in Sec18p/NSF
has been previously described, and binding of any of these to PA could have inhibitory
effects on its overall function. The nucleotide binding domains of Sec18p/NSF (D1 and D2)
are responsible for ATPase activity and formation of a homohexamer respectively (59, 60). It
is possible that PA binds to the D1 domain and disrupts the ability of Sec18p to hydrolyze
ATP making it unable to generate the necessary force for cis-SNARE complex disruption. It
is also possible that PA binds to the D2 domain and blocks the formation of the active
Sec18p homohexamer. This could force Sec18p into a monomeric state preventing it from
effectively associating with ¢is-SNARE complexes. The N-terminal domain of Sec18p is
responsible for association with Sec17p and ¢/ssSNARE complexes (61). Binding of the N-
terminal domain to PA could block the basic groove needed for Sec17p binding preventing
recruitment of Sec18p to ¢/ssSNARE complexes. This potential association of the N-
terminal domain to PA is consistent with our observations and model, however additional
work is necessary to identify the specific PA binding region of Sec18p to understand the
mechanism of this regulation.

It is clear that phosphatidic acid can modulate membrane fusion through its control of
Sec18p priming activity at the vacuole. Additional work is needed to identify the PA-binding
region on Sec18p. Also of interest will be determining the upstream regulation of PA content
on the vacuole. PA is produced from DAG by Dgklp, from PC by Spol4p, and from PE by
PE-PLD making all of these enzymes potential regulators of SNARE priming (62—64).
Sec18p regulation by phosphatidic acid provides another example of the highly organized
interplay between protein and lipid machinery that helps to carry out membrane fusion and
trafficking events.

Materials and Methods

Reagents

All reagents were diluted in PS buffer (20 mM PIPES-KOH pH 6.8, 200 mM sorbitol) to a
working concentration before use in experiments. Antibodies against Sec17p (65) and
Sec18p have been described previously. A-ethylmaleimide (NEM), propranolol
hydrochloride, and ATP~yS were purchased from Sigma Aldrich and dissolved in PS buffer.
The lipids used in this study: POPA (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate), POPC
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(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine), POPE (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylethanolamine), POG/DAG (1-palmitoyl-2-oleoyl-sn-glycerol), diC8-
PA (1,2-dioctanoyl-sn-glycero-3-phosphate), and diC8-DAG (1,2-dioctanoyl-sr-glycerol)
were purchased from Avanti Polar Lipids as chloroform stock solutions and stored at —20°C.

Recombinant proteins

Recombinant Hisg-Sec18p was purified from Escherichia coli as previously described (46).
Briefly, PQE9-Hisg-Sec18p plasmid was transformed into Rosetta-2 (DE3) pLysS (EMD
Biosciences) competent cells and plated on LB agar plates containing 100 pug/ml ampicillin
and 35 pg/ml chloramphenicol. Transformed cells were grown for 14 h in 100 ml LB at
37°C. Culture flasks containing 1 liter Terrific Broth were inoculated with 50 ml of the pre-
culture and grown at 37°C to Aggg = 0.6. Cells were induced with 1 mM 1-thio-p-D-
galactopyranoside at 16°C for 14 h before being collected by centrifugation and washed with
lysis buffer (10 MM HEPES-KOH pH 7.0, 500 mM KCI, 5 mM ATP, 5 mM MgCl,, 2 mM
B-mercaptoethanol, 1 mM PMSF and protease inhibitor cocktail). Cells were lysed with four
passes through a French pressure cell. Lysates were cleared by centrifugation (200,000 x g,
30 min, 4°C), and the cleared lysate was loaded onto a Ni-NTA agarose column (Thermo
Scientific) equilibrated with lysis buffer. The resin was washed with 20 column volumes of
lysis buffer containing 10% glycerol and 50 mM Imidazole. Hisg-Sec18p was eluted from
with lysis buffer containing 10% glycerol and 350 mM Imidazole. The eluted protein was
further purified by gel filtration in GF buffer (20 mM PIPES-KOH pH 6.8, 200 mM
Sorbitol, 125 mM KCI, 5 mM MgCly, 2 mM ATP, 2 mM DTT and 10% glycerol) and 1 ml
fractions were collected. Sec18p elutes from the column as three distinct peaks: the
hexameric pool with a molecular mass of 640 kDa elutes early (approximately 50 ml post
injection), and dimer and monomeric pools each elute later (approximately 90 and 105 ml
post-injection, respectively). The hexameric pool of Sec18p was used in all experiments.
The recombinant Hisg-SUMO-Pah1p construct used was created for this study. The PAH1
gene was cloned from BJ3505 genomic DNA via PCR amplification using the primers:
Forward 5 - TACTTCCAATCCAATGCAATGCAGTACGTAGGAA - 3’ and Reverse 5" —
TTATCCACTTCCAATGTTATTATTAATCTTCGAATTCATCTTCG - 3’. The amplified
gene was inserted into pET His6 Sumo TEV LIC cloning vector (2S-T) (Addgene plasmid
#29711) using the restriction enzyme Sspl and the LIC method previously described to
create the plasmid pSP1 (66). Three liters of Rosetta2(DE3)pLysS (EMD Millipore) cells
transformed with pSP1 were grown in auto-inducing media supplemented with 2 mM
MgSO, at 37°C to an ODgqq of 4.0, and cells were harvested by centrifugation (67). Cells
were lysed by freeze-thaw and sonication in buffer containing 50 mM Tris-HCI, pH 7.5, 300
mM NaCl, 2 mM MgCl,, 10 mM imidazole, and 1mM phenylmethanesulfonyl fluoride
(PMSF). Lysates were centrifuged for 1 hour at 140,000 x g, and the supernatant was
applied to Ni-NTA agarose resin (Invitrogen). The resin was washed with lysis buffer
supplemented with 25 mM imidazole and 0.5 mM ATP, and bound proteins were eluted with
lysis buffer supplemented with 300 mM imidazole. Eluted protein was dialyzed into PS
buffer containing 125 mM KCI. Recombinant GST-DEP, GST-C1b, GST-ENTH and GST-
Vam7p were purified as described and dialyzed into PS buffer containing 125 mM KCI (33,
35, 36, 42). The plasmid for GST-DEP expression was a gift from Dr. D. Capelluto (Virginia
Tech University).
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BJ3505 (MATa pep4.::HIS3 prb1-A1.6R his3-200 lys2-801 trp1A101(gal3) ura3-52 gal?
canl) and DKY6281 (MATa leu2-3 leu2-112 ura3-52 his3-A200 trpA1-901 lys 2-801) were
used for standard vacuole fusion assays (38). BJ3505-CBP-Vam3p vacuoles were used for
the isolation of Sec18p-SNARE complexes (49). PAH1 deleted strains RFY17 and RFY18
and WT Pah1p plasmid complemented strain RFY19, RFY20 have previously been
described (17).

Vacuole Isolation and in vitro vacuole fusion assay

Vacuoles were isolated from yeast strains by density gradient floatation as previously
described (38). Fusion reactions (30 ul) contained 3 pug each of vacuoles from BJ3505
(pep4A PHOS) and DK6281 (PEP4 pho8h), fusion assay buffer (125 mM KCI, 5 mM
MgCl,, 20 mM PIPES-KOH pH 6.8, 200 mM sorbitol), ATP regenerating system (1 mM
ATP, 29 mM creatine phosphate, 0.1 mg/ml creatine kinase), 10 uM CoA, and 283 nM
Pbi2p. Reactions were incubated at 27°C for 90 min and the Pho8p activity was measured in
250 mM Tris-Cl PH 8.5, 0.4% Triton X-100, 10 mM MgCly, 1 mM p-nitrophenyl
phosphate. Fusion-dependent alkaline phosphatase maturation was measured by the amount
of p-nitrophenylate produced. p-Nitrophenylate absorbance was measured at 400 nm.

Liposome Preparation and Co-Floatation Assay

Small unilamellar liposomes containing various lipid compositions were prepared using the
sonication method (16). Briefly, stock lipids in chloroform were mixed to produce a lipid
mixture with the desired lipid mole percentages of 2.6 pmoles of total phospholipids. The
lipid mixture was dried under a gentle stream of nitrogen and dried in a speed-vacuum for an
additional 60 min. The tubes were placed under vacuum in a desiccator for an additional 14
h. To the dried lipids, 2.6 ml of 1X PBS solution was added. Tubes were covered with
parafilm and incubated at room temperature for 1 h. The lipids were resuspended with
vortexing and disrupted in a water bath sonicator for 30 min. To measure protein binding to
the liposomes we used a floatation assay as described (68). Briefly, 40 pl of lipid binding
domain/PBS mixture was incubated with 150 ul of the 1 mM liposome suspension for 5
minutes at 30°C before 20 ug of recombinant Hisg-Sec18p was added. Samples were
incubated for an additional 10 min at 30°C and 630 pl of 1.65 M sucrose (PBS) was added.
Samples were loaded into the bottom of a centrifuge tube and layered with 840 pl of 0.75 M
sucrose (PBS), and 1X PBS to the top of the tube. Samples were centrifuged (200,000 x g,
90 min, 4°C) and 200 pl of floated liposomes were recovered from the top of the 0.75 M
sucrose layer. The bottom 100 pl fraction was recovered and SDS sample buffer was added
to sample unbound protein levels. Liposomes were resuspended in 1 ml of 1X PBS and
isolated by centrifugation (16,000 x g, 10 min, 4°C). SDS sample buffer was added to the
final liposome pellet and bound proteins were resolved by SDS-PAGE. The proteins were
transferred to nitrocellulose and probed by Western blotting. Images were acquired using a
ChemiDoc MP Imaging System (Bio-Rad).
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Vacuole Competition Binding Assay

Vacuoles were harvested from DKY6281. Each sample contained 12 pg of vacuoles
suspended in binding assay buffer (125 mM KCI, 5 mM MgCl,, 20 mM PIPES-KOH pH
6.8, 200 mM sorbitol) to a final volume of 60 pl. Recombinant GST-DEP, GST-C1b, or GST-
ENTH in binding assay buffer was added to the indicated concentrations and samples were
incubated at 4°C for 10 min. Whole vacuole samples with no added lipid binding domain
were saved for input controls. Supernatant and pellet fractions were isolated by
centrifugation (16,000 x g, 5 min, 4°C) and suspended in 1X SDS sample buffer. Samples
were heated at 95°C for 5 min, resolved by SDS-PAGE, and transferred to nitrocellulose.
Presence of Sec18p in the input controls and supernatant fractions was probed by Western
blot.

Priming Assay
Priming activity of Sec18p was assayed as previously described (4). Briefly, vacuoles were
harvested from BJ3505. The equivalent of two standard fusion reactions was incubated at
27°C with buffer, NEM, diC8-PA, or diC8-DAG. At the indicated times, vacuoles were
removed by centrifugation (16,000 x g, 5 min, 4°C) and SDS sample buffer was added to the
supernatants. Samples were heated at 95°C for 5 min, resolved by SDS-PAGE, transferred to
nitrocellulose, and probed by Western blot.

Sec18p-SNARE Complex Detection using CBP-Vam3p Pull-down

Analysis of the formation of Sec18p-c/s-SNARE complexes was assayed as previously
described (17). Briefly, vacuoles used were isolated from BJ3505-CBP-Vama3p. Isolation of
Secl18p-cis-SNARE complexes was performed in large-scale fusion reactions (480 ul) using
96 ug of vacuoles. Reactions were incubated at 27°C for the indicated time and treated with
buffer or propranolol. Reactions treated with ATP-yS were treated with buffer and ATP
regenerating system containing ATP-yS in place of ATP. Separate reactions were kept on ice
as 0 min samples and without ATP regenerating added as No ATP samples. After incubation,
samples were placed on ice for 5 min and 30 pl samples were withdrawn to assay fusion
activity. Remaining samples were centrifuged (13,000 x g, 15 min, 4°C) and supernatant
fractions were removed. The membrane fractions were gently resuspended in ice-cold
solubilization buffer (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM MgCl,, 0.5% Nonidet
P-40 alternative, 10% glycerol) with protease inhibitors (0.46 pg/ml leupeptin, 3.5 pg/ml
pepstatin, 2.4 ug/ml Pefabloc-SC, 1 mM PMSF). Solubilization buffer was added to a final
volume of 600 pl and samples were mixed by nutation (20 min, 4°C). Insoluble debris was
removed by centrifugation (16,000 x g, 15 min, 4°C) and supernatants were transferred to
fresh tubes. A 60 pl sample was withdrawn for input samples. The remaining extracts were
brought to 2 mM CaCl, and incubated with 50 pl of equilibrated calmodulin-Sepharose 4B
(GE Healthcare) (4°C, 14 h, nutating). Beads were collected by centrifugation (4,000 g, 2
min, 4 °C) and washed 4 times in solubilization buffer. Bound proteins were eluted with
SDS sample buffer containing 5 mM EGTA and heated at 95°C for 5 min. The samples were
resolved using SDS-PAGE, transferred to nitrocellulose, and probed by Western blot.
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Sec18p-SNARE Complex Detection using GST-Vam7p Pull-down

Analysis of the formation of Sec18p-cis-SNARE complexes in mutant strains was assayed
essentially the same as in CBP-Vam3p containing strains with some modifications. Vacuoles
were isolated from pahIA strains (RFY17 and RFY18) or pPAHI-complemented strains
(RFY19 and RFY20). Large-scale reactions were used (480 ul) using 96 ug of vacuoles.
Recombinant GST-Vam7p was added to reactions (200 nM) prior to addition of ATP
regenerating system and incubated at 27°C for 30 min. ATP regenerating system was then
added to samples and incubated for the indicated times at 27°C. Fusion assay buffer was
added in place of ATP regenerating system in the “no-ATP” sample. The 0 min sample was
kept on ice throughout the duration of the incubation step. Solubilization buffer differed
from the CBP-Vam3p solubilization buffer (20 mM HEPES-KOH, 100 mM NacCl, 2mM
EDTA, 0.5% Nonidet P-40 alternative, 1 mM DTT, 20% glycerol, 1 mM PMSF, 0.46 ug/ml
leupeptin, 3.5 pg/ml pepstatin, and 2.4 pg/ml Pefabloc-SC) and Glutathione Sepharose 4B
resin (GE Healthcare) was used for the pull-down of complexes. The same method was used
for Sec18p-SNARE complex detection in diC8-PA and diC8-DAG treated samples using
vacuoles isolated from BJ3505.

Statistical analysis

All statistical analysis was calculated using one-way ANOVA. Pvalues of < 0.05 were
considered significant. Half-times for the gain of resistance fusion assay were calculated
using first-order exponential decay fitting with weights and errors (OriginPro 9.1 software).
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CBP calmodulin-binding peptide

DAG diacylglycerol

diC8 dioctanoy!l

GDI guanosine nucleotide dissociation inhibitor

HOPS homotypic fusion and vacuole protein sorting complex
NEM N-ethylmaleimide

NSF NEM sensitive factor

PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine
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Figure 1. Sec18p preferentially binds to liposomes containing phosphatidic acid
Recombinant Hisg-Sec18p (2 pg) was incubated with liposomes of the indicated

compositions for 10 min at 30°C. Liposomes were isolated by centrifugation and washed
with 1X PBS before bound proteins were resolved by SDS-PAGE. Bar graphs show average
normalized densitometry values measured for 3 separate experiments. Binding was observed
in liposomes with PA or DAG (A), with increasing concentrations of PA or DAG (B), with
increasing concentrations of PA or PS (C), and with no liposomes (D). * £<0.05; **
£<0.001; *** P<0.0001
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Figure 2. The PA-binding domain DEP reduces Sec18p binding to membranes
(A) Liposomes of the indicated compositions were incubated without DvI2-DEP or with 20

UM DvI2-DEP for 5 min at 30°C. Recombinant Hisg-Sec18p (2 pug) was added to the sample
and incubated for 10 min at 30°C. (B) GST-DEP titration and Sec18p binding to liposomes
was performed as described above in the presence of the indicated concentrations of GST-
DEP. (C) Vacuoles were harvested from wild type DKY 6281 and incubated with GST-DEP,
GST-C1b domain, or GST-ENTH domain. Bound and unbound fractions were separated by
centrifugation and resolved by SDS PAGE. Bar graphs show the percentage of unbound
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Sec18p in each sample normalized to wild type control. * A<0.05; ** £<0.001; ***
£<0.0001.
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Figure 3. Addition of exogenous phosphatidic acid or N-ethylmaleimide causes a severe

membrane fusion defect
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Vacuoles were harvested from wild type BJ3505 and DKY6281 and tested for fusion by
luminal mixing and proPho8p maturation. Fusion reactions containing 3 pg of each vacuole

type were incubated in the presence of diC8-PA (A), or diC8-DAG (B) at the indicated

concentrations. (C) Fusion reactions containing 100 pg/ml diC8-PA were incubated in the
presence of 188 nM recombinant Sec18p. Fusion reactions containing 3 pg of each vacuole

type were incubated in the presence of GST-DEP (D) or NEM (E) at the indicated

concentrations. Fusion results were normalized to untreated wild type vacuoles at standard
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conditions. (F) Exogenous recombinant Vam7p (200 nM) was used to bypass fusion
inhibitors. (G) Gain of resistance Kinetics assays were performed in the presence of 140
pg/ml a-Secl7p IgG, 2 mM propranolol, 300 uM diC8-PA, 1 mM NEM, or PS buffer. Data
was fit using first-order exponential decay with weights and errors. (H) Calculated half-
times from first-order exponential decay fit. ** A£<0.001.
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Figure 4. Addition of exogenous phosphatidic acid but not diacylglycerol inhibits the priming
activity of Sec18p

(A) Vacuoles from BJ3505 yeast were assayed for priming activity as detected by the release
of Sec17p from the membrane fraction. Fusion reactions of 3 ug of vacuoles were incubated
in the presence of buffer, 1 mM NEM, 300 uM diC8-PA, or 300 uM diC8-DAG. Vacuoles
were pelleted by centrifugation at the indicated times and proteins in the supernatant fraction
were resolved by SDS-PAGE and imaged by Western blot. Densitometry values were
normalized against input sample for each condition. Graphs show the normalized averages
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(n=3). (B) Vacuoles from BJ3505 and pa/1IA yeast were assayed for priming activity as
described in (A). Graph shows the normalized averages (n=3).
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Figure 5. Vacuoles from a pah1A deletion strain have a decrease in the level of Sec18p bound to

cis-SNARE complexes

Vacuoles were harvested from BJ3505, RFY17 (BJ3505 pahiA), and RFY19 (BJ3505
pahlA, pPAHI) strains and assayed for Sec18p binding to ¢/ssSNARE complexes. (A)
Recombinant GST-Vam7p was added to fusion reactions and incubated at 27°C for 30 min
in the absence of ATP to allow formation of ¢/is-SNARE complexes containing GST-Vam7p.
Next, ATP regenerating system was added and the samples were incubated at 27°C for the
indicated times before vacuoles were isolated by centrifugation and solubilized. Glutathione
Sepharose was used to pull down GST-Vam7p and attached proteins were resolved by SDS-
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PAGE and imaged by Western blot. (B) WT versus pahIA vacuoles. (C) WT versus pahl +
pPAH1I vacuoles. (D) WT versus pahIA vacuoles + 200 pug/ml rPahlp. Densitometry values
for Sec18p pull down were normalized against the corresponding pull down Vam7p value.
Graph shows the normalized average ratios (n=3). The white bars represent the pahIA
pulldown data from panel B. This is to facilitate visualization of the effect of adding
recombinant Pahl. * £<0.05; ** A<0.001.
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Figure 6. VVacuoles treated with the Pahlp inhibitor propranolol have a decreased level of Sec18p
bound to cis-SNARE complexes

Vacuoles were harvested from BJ3505 yeast expressing CBP-Vam3p and assayed for Sec18p
binding to ¢is-SNARE complexes. Fusion reactions were incubated at 27°C for the indicated
times in the presence of propranolol or ATPyS or fusion buffer. At the indicated times,
vacuoles were isolated by centrifugation and solubilized. Calmodulin agarose was used to
pull down CBP-Vam3p and attached proteins were resolved by SDS-PAGE and imaged by
immunoblotting. Fusion reactions were treated with PS buffer, 2 mM propranolol (A) or 1
mM ATPyS (B). (C) Liposome binding and effect of the nucleotide-binding state of Sec18p
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was tested using liposomes containing 10% PA. Hisg-Sec18p (2 pg) was incubated with PA
liposomes in binding buffer alone or in the presence of 1 mM Mg?*, 1 mM EDTA, or 1 mM
ATPyS. Densitometry values for Sec18p pull down were normalized against the
corresponding pull down Vam7p value. Graph shows the normalized average ratios (n=3). *
£<0.05; ** P<0.001; *** A<0.0001.
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Figure 7. Vacuoles treated with diC8-PA have a decrease in the level of Sec18p bound to cis-
SNARE complexes

Vacuoles were harvested from BJ3505 and assayed for Sec18p binding to ¢/is-SNARE
complexes. Recombinant GST-Vam7p was added to fusion reactions and incubated at 27°C
for 30 min in the absence of ATP to allow formation of ¢/is-SNARE complexes containing
GST-Vam7p. Next, ATP regenerating system was added and the samples were incubated at
27°C for the indicated times before vacuoles were isolated by centrifugation and solubilized.
Glutathione Sepharose was used to pull down GST-Vam7p and protein complexes were
resolved by SDS-PAGE and examined by Western blot. Fusion reactions were treated with
PS buffer, 300 uM diC8-PA (A) or 300 uM diC8-DAG (B). Densitometry values for Sec18p
pull down were normalized against the corresponding pull down Vam7p value. Graph shows
the normalized average ratios (n=3). * £<0.05; ** A<0.001.
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Figure 8. Working model of Sec18p regulation by PA
Sec18p associates with vacuole membranes through direct interactions with PA. Upon PA

hydrolysis by Pahlp, Sec18p is no longer sequestered on the membrane away from cis-
SNAREs and is recruited to them to carry out priming activity. Red ovals depict PA’s
phosphate headgroup. Blue ovals depict generic lipid head groups.
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