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The soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) family of proteins is
required for eukaryotic intracellular membrane fusions. Vesicle fusion for formation of the prospore mem-
brane (PSM), a membrane compartment that forms de novo during yeast sporulation, requires SNARE
function, phosphatidylinositol-4,5-bisphosphate [P1(4,5)P,], and the activity of the phospholipase D (PLD)
Spol4p, which generates phosphatidic acid (PA). The SNARE syntaxin Ssolp is essential for PSM production
while the functionally redundant homolog in vegetative growth, Sso2p, is not. We demonstrate that Ssolp and
Sso2p bind similarly in vitro to PA or phosphoinositide-containing liposomes and that the conserved SNARE
(H3) domain largely mediates PA-binding. Both green fluorescent protein-Sso fusion proteins localize to the
developing PSM in wild-type cells and to the spindle pole body in spol4A cells induced to sporulate. However,
the autoregulatory region of Ssolp binds PI(4,5)P,-containing liposomes in vitro with a greater ability than the
equivalent region of Sso2p. Overexpression of the phosphatidylinositol-4-phosphate 5-kinase MSS4 in ssolA
cells induced to sporulate stimulates PSM production; PLD activity is not increased under these conditions,
indicating that PI1(4,5)P, has roles in addition to stimulating PLD in PSM formation. These data suggest that
PLD-generated PA and PI(4,5)P, collaborate at multiple levels to promote SNARE-mediated fusion for PSM

formation.

The soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) family of proteins is required for
the fusion of vesicles to target membranes in eukaryotic cells
(53). The process of SNARE-mediated fusion is both structur-
ally and mechanistically similar in different intracellular trans-
port pathways and is evolutionarily conserved from yeast to
human (18, 31, 34). In vitro experiments demonstrated that
SNARE:s have the ability to effect fusions of liposomes in the
absence of other components, indicating that these proteins
directly mediate the fusion event (56). SNARES can be broadly
categorized as either vesicle SNAREs (v-SNARES) or target
membrane SNAREs (t-SNARE:s), respectively. The interac-
tion of SNAREs on apposed membranes can overcome the
energy barrier generated by charged headgroups of lipids com-
prising the bilayers. As an incoming vesicle approaches its
target membrane, the v-SNAREs and t-SNAREs assemble via
their SNARE domains into a four-helix bundle termed a
SNAREDpin, bringing the two bilayers into closer proximity (3,
55, 56). The outer membrane layers of both the vesicle and
target membrane mix, forming a hemifusion intermediate be-
fore full fusion of the membranes occurs (23, 24, 29, 58).

The helices comprising the SNAREpin are supplied by three
different SNARE subfamilies. Two of these subfamily mem-
bers, syntaxin and SNAP-25, are t-SNARESs; the former con-
tributes one helix while the latter contributes two helices (16).

* Corresponding author. Mailing address: One Shields Avenue,
149 Briggs, University of California at Davis, Davis, CA 95616.
Phone: (530) 754-6034. Fax: (530) 752-3085. E-mail: jengebrecht
(@ucdavis.edu.

¥ Published ahead of print on 5 June 2009.

1094

The syntaxin and SNAP-25 homologs heterodimerize to form
the t-SNARE complex before the frans-interaction with the
helix of vesicle-associated membrane protein/synaptobrevin v-
SNARE (42). Discrete intracellular fusion events are mediated
by SNAREpins comprising different constituent syntaxin,
SNAP-25, and vesicle-associated membrane protein homologs
(18, 53).

In addition to SNARE:S, lipids facilitate membrane fusion
events for both membrane curvature induction required for
procession through intermediate states of fusion and direct
regulation of SNARE molecules (32, 33). Cone-shaped lipids
such as diacylglycerol and phosphatidic acid (PA) induce neg-
ative (concave) curvature while inverted cone shapes, such as
lysophosphatidic acid (LPA), have the opposite effect (26, 27).
The assembly of SNARE complexes requires correct lipid
composition at the fusion site; addition of inverted cone-
shaped lipids antagonized in vitro SNARE complex assembly
(35). Recent studies have shown that phosphatidylinositides
also play roles in SNARE-mediated fusions. Phosphatidylino-
sitol-3-phosphate [PI(3)P] interacts with the Saccharomyces
cerevisiae SNARE Vam7p via its phox homology domain and
appears to facilitate targeting to the vacuole (15). Additionally,
phosphoinositides increased the rates of in vitro fusion of pro-
teoliposomes that approximated physiological protein and
lipids in vivo (36). Phosphatidylinositol-4,5-bisphosphate
[PI(4,5)P,] was shown to bind to the juxtamembrane region of
syntaxin-1 in PC12 cells and has both stimulatory and inhibi-
tory effects on in vitro fusion rates (20).

The activity of the lipid-modifying enzyme phospholipase D
(PLD) also appears to be important for vesicle fusions. PLD
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catalyzes the hydrolysis of phosphatidylcholine (PC) to PA in a
PI(4,5)P,-dependent manner (22, 49). In S. cerevisiae, PLD
activity is required for the de novo formation of a novel com-
partment, the prospore membrane (PSM), during sporulation
(48). Vesicles trafficked from the Golgi and endosomal com-
partments dock at the spindle pole body (SPB) and participate
in SNARE-mediated fusions for PSM formation (38, 40, 41).
Cells induced to sporulate that lack the yeast PLD Spoldp
show docked but unfused vesicles at the SPB (40, 44). Inter-
estingly, cells lacking Ssolp, a syntaxin functionally redundant
with Sso2p at the plasma membrane (PM), display a similar
phenotype while sso2A cells display no sporulation defect (2,
21, 40). The specific requirement for Ssolp in sporulation is
not fully understood although the Ssolp autoregulatory Habc
motif is important (43).

In this study, we demonstrate that Ssolp acts downstream of
Spol4p (PLD)-generated PA during PSM formation. Ssolp
and Sso2p bind PA and additional phosphoinositide species;
PA binding is mediated by the conserved H3 motif. Addition-
ally, the Ssolp Habc domain shows a greater ability to interact
with PIP,-containing liposomes in vitro than the equivalent
region of Sso2p. Overexpression of the PI(4)P 5-kinase Mss4p
results in PSM formation in ssolA cells induced to sporulate.
Together, these data indicate that both PA and PI(4,5)P, are
required for efficient fusion and furthermore suggest a novel
role for PI(4,5)P, in the regulation of specialized SNARE
fusion events.

MATERIALS AND METHODS

Yeast strains, media, and genetic manipulation. Strains used in this study are
derived from the SK-1 background and are listed in Table 1. DNA-mediated
transformation of yeast cells was performed using the lithium acetate method
(19). Y7795 and Y7799 were transformed with EcoRI-linearized URA3-MPC54-
red fluorescent protein (RFP) for integration at MPC54 (40). Y4459 was gen-
erated by crossing sso! A haploids transformed with pKR466 linearized with Xbal
and Clal for integration at SPOI4 (45). Integrations were verified by PCR.
Growth and sporulation on solid and liquid media was performed as described
previously (37). For green fluorescent protein (GFP) and RFP fusion protein
analyses, live cells were examined on a Zeiss Axioskop 2 fluorescent microscope
during mitotic growth and at various times postinduction of sporulation. Tem-
perature-sensitive strains were induced on solid sporulation medium for 8 h at
room temperature (~23°C) before temperature shift to 34.5°C overnight; cells
were examined at ~16 h postshift for PSM formation.

Plasmids. All plasmids used in this study are listed in Table 2; PCR primer
oligonucleotides are listed in Table 3. All constructs were verified by nucleotide
sequencing. PCR amplification of SSO1, including 1,000 bp 5" of and 500 bp 3’
of the open reading frame (ORF), using primers P630 and P631 was performed.
The resulting product was digested with EcoRI and BamHI and inserted into
similarly digested pUN30 and pRS424 to generate both centromeric and 2
SSOI plasmids. PCR with P591 and P592 was performed to amplify SSO2,
including 5" and 3’ flanking sequences; the product was digested with Sphl and
EcoRI and then inserted into similarly digested pUN40 and YEp352. YEp-
SPO14 and YEp-MSS4 have been described previously (47, 48). Plasmids
RS424-TEF2pr-GFP-SSO1, RS424-SPO20pr-GFP-SSO1, RS424-G20, and
RS306-MPC54-RFP are from A. Neiman (40). To generate the equivalent plas-
mids for SSO2, PCR amplification with P610 and P603 was performed to amplify
the $SO2 OREF lacking the ATG codon and including 500 bp 3" of the ORF; the
product was then digested with Xbal and Xhol. pRS424-TEF2pr-GFP-SSO1 was
digested with EcoRI and Xbal to recover the GFP fragment. A three-way
ligation was performed with the above fragments along with pRS424-SPO20pr
isolated by digestion with EcoRI and Xhol to generate pRS424-SPO20pr-GFP-
SSO2. This construct was then digested with EcoRI and Xhol to recover the
combined GFP-SSO2 fragment, which was inserted into similarly digested
pRS424-TEF2pr to generate pRS424-TEF2pr-GFP-SSO2. The mutant SSO
plasmids (pUN50 carrying SSO1 with the R45A R63D mutation [pUNS0-
SSO1R#A R63DT and  pUN40-SSO2A49R  DO7R) - were generated with a
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TABLE 1. Yeast strains

Strain Genotype or description
ANT207 o MATa/a ura3fura3 his3/his3 leu2/leu? trpl/trpl
arg4/ARG4 rmel::LEU2/RME]
Y4350 MATa/a ura3fura3 leu2/leu2 TRPI/trpl
mss4::HIS3/mss4::HIS3 plus mss4-2 LEU2
Y44518 oo AN120 but spol4::URA3/spol14::URA3

...AN120 but ssol::his5* [ssol::his5™

Y4454 but spol4::URA3/spol4::URA3
Y4451 but URA3-MPC54-RFP

...AN120 but URA3-MPC54-RFP
Y7834 Y7799 plus pRS424-TEF2pr-GFP-SSO1
Y7799 plus pRS424-SPO20pr-GFP-SSO1
..Y7795 plus pRS424-TEF2pr-GFP-SSO1
Y7795 plus pRS424-SPO20pr-GFP-SSO1

Y7945 oo Y7799 plus pRS424-SPO20pr-GFP-SSO2
Y7795 plus pRS424-SPO20pr-GFP-SSO2

Y8026 Y7799 plus pRS424-TEF2pr-GFP-SSO2

Y8034 Y7795 plus pRS424-TEF2pr-GFP-SSO2

...Y4454 plus YEp352-SSO2

Y4454 plus YEp352

AN120 plus YEp352-SSO1

...AN120 plus YEp352-SSO2

...AN120 plus YEp352

...Y4454 plus YEp-MSS4 and pUN40-SSO2
...AN120 plus YEp-MSS4 and pRS424-G20
...AN120 plus YEp352 and pRS424-G20
...Y4454 plus YEp-MSS4 and pRS424-G20
...Y4454 plus YEp352 and pRS424-G20
...AN120 plus YEp-MSS4 and YEp-SPO14
...AN120 plus YEp352 and YEp-SPO14
...Y4454 plus YEp-MSS4 and YEp-SPO14

Y4454 plus pRS424-SSO1

..Y4454 plus YEp-MSS4 plus YEp-SSO2
Y4454 plus pUN50-SSO1R45A RO3D
Y4454 plus pUN40-SSO244R De7R
Y4454 plus YEp-SSO2A4R DO7R

“ From reference 41.
> From Nakanishi et al. (40).

QuikChange Lightning Multi Site-Directed Mutagenesis Kit according to the
manufacturer’s protocol (Stratagene, La Jolla, CA) using primers P633 and P634
for SSO1 and P635 and P636 for SSO2 and the corresponding wild-type plasmids
as templates. The wild-type SSO plasmids expressed in vegetative cells were able
to complement the growth defect of an ssolA sso2A strain (data not shown).

The pGEX-SSO1-TMD (where TMD is the transmembrane domain) and
pGEX-SSO2-TMD plasmids are from J. Jantti. All PCR products used to gen-
erate glutathione S-transferase (GST)-SSO fusions were digested with BamHI
and EcoRI and inserted into similarly digested pGEX-5X-1. To generate pGEX-
SSO1-start-HLH (where HLH is hinge-loop-helix), PCR with P558 and P559 was
performed to amplify the indicated SSO! region. To generate the other pGEX-
SSO constructs, PCR products using primers listed in Table 3 were used as
inserts. The mutant pGEX-SSO Habc fusions were generated in a manner
similar to that used for the wild-type GST-Habc fusions by performing PCR
using pUNS50-SSO1R44 R63D and pUN40-SSO2449R PO7R 4 templates and the
appropriate primers.

In vivo BODIPY-PC analysis. Cells were sporulated in liquid medium as
described previously (37), and 2-decanoyl-1{O-[11-(4,4-difluoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-propionyl)amino]undecyl }-sn-glycero-3-phospho-
choline (BODIPY-PC) was added directly to the cultures at a final concentration
of 4 uM after 2 h at 30°C. Cells were harvested 3 h later. All assays were
performed in triplicate, and BODIPY-PC cellular internalization was verified by
examination of live cultures with fluorescence microscopy. Total lipid content of
cultures was harvested and analyzed as described previously (47). The percent
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TABLE 2. Plasmids used in this study

EUKARYOT. CELL

Name Yeast marker(s) Promoter Cloned gene Source or reference

pUN40 TRPI, CEN 11
pUN30-SSO1 TRPI, CEN SSO1 SSO1 plus 500 bp 3’ This study
pUNS50-SSO1 URA3, CEN SSO1 SSO1 plus 500 bp 3’ This study
pUNS50-SSO1 R45A R63D URA3, CEN SSO1 SSO1 plus 500 bp 3’ This study
pUN40-SSO2 TRPI, CEN $SO2 SSO2 plus 300 bp 3’ This study
pUN40-SS02A4';'R D67R TRPI, CEN $SO2 SSO2 plus 300 bp 3’ This study
pRS424 TRPI, 2. 51
pRS424-SSO1 TRPI, 2. SSO1 SSO1 plus 500 bp 3’ This study
YEp352 URA3, 2. 17
YEp352-SSO1 URA3, 2. SSO1 SSO1 plus 500 bp 3’ This study
YEp352-SSO2 URA3, 2. $SO2 SSO2 plus 300 bp 3’ This study
YEp352-SSO2 A49R DOTR URA3, 2. $SO2 SSO2 plus 300 bp 3’ This study
YEp-MSS4-URA URA3, 2. MSS4 MSS4 48
YEp-MSS4-TRP TRPI, 2. MSS4 MSS4 48
YEp-SPO14 TRPI, 2. SPO14 SPO14 47
pRS424-TEF2pr-GFP-SSO1 TRPI, 2. TEF2 GFP-SS0O1 40
pRS424-SPO20pr-GFP-SSO1 TRPI, 2. SPO20 GFP-SSO1 plus 500 bp 3’ 40
pRS424-TEF2pr-GFP-SSO2 TRPI, 2. TEF2 GFP-§502 This study
pRS424-SPO20pr-GFP-SSO2 TRPI, 2. SPO20 GFP-SSO2 plus 500 bp 3’ This study
pRS424-G20 TRP1, 2. DTRI GFP-SPO20°*1 40
pRS306-MPC54-RFP URA3, integration MPC54 RFP-MPC54 40
pKR466 URA3, integration 45
pGEX-5X-1 GST 52
pGEX-SSO1-TMD GST-S501'-2%3 J. Jantti
pGEX-SSO2-TMD GST-S5021-2%° J. Jéntti
pGEX-SSOl1-start-HLH GST-SSO1'-148 This study
pGEX-SSO1-Habc GST-SSO13*148 This study
pGEX-SSOl-HabcR45A R63D GST-SSO13*148 This study
pGEX-SSO1-HLH GST-SSO140192 This study
pGEX-SSO1-HLH-SNARE GST-SSO1'40-264 This study
pGEX-SSO1-SNARE GST-SS01194-264 This study
pGEX-SSO2-Habc GST-S5023-152 This study
pGEX-SSO2-Habc 49 PSR GST-$5023>°1>2 This study
pGEX-SSO2-SNARE GST-SS02196-268 This study

conversion of BODIPY-PC to BODIPY-PA was obtained by densitometry of
pixel intensities using AlphaEaseFC, version 4.0.0 software (Alpha Innotech).

Expression and purification of GST fusion proteins. All glutathione S-trans-
ferase (GST) fusion constructs were transformed into protease-deficient Esche-
richia coli strain BL21; expression and purification of GST fusions were per-
formed using ProMega MagneGST beads according to the manufacturer’s
protocol (ProMega, Madison, WI).

Liposome binding assays. All phospholipids were acquired from Avanti Polar
Lipids (Alabaster, AL). Sucrose-laden liposomes were generated using appro-
priate phospholipid mixtures as described previously (6, 39). The resulting lipo-
somes were incubated with 5 pg of bovine serum albumin and incubated with
molar equivalents (~70 pmol) of experimental protein for 30 min on ice. Vesicles
were centrifuged as previously, and supernatant fractions were treated with
trichloroacetic acid for protein precipitation. Both supernatant and pelleted
fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Imperial Protein Stain (Pierce, Thermo Fisher Sci-
entific, IL) staining. Gel images were acquired using a Hewlett Packard ScanJet
G4010 scanner, and densitometry of pixel intensities was performed on the
images using AlphaEaseFC, version 4.0.0, software (Alpha Innotech). All assays
were conducted in triplicate except where noted. All assays were performed with
lipids in molar excess to protein (data not shown).

RESULTS

Ssolp functions in parallel or downstream of Spol4p in
PSM formation. To determine if Ssolp is required for efficient
Spol4p PLD activity during sporulation, we examined the con-
version of the fluorophore-conjugated lipid BODIPY-PC to
BODIPY-PA, which we previously found accurately reflects in
vivo PLD activity (7, 47), in wild-type, ssolA, spol4A, and

ssolA spol4A cells. As expected from previous studies (7, 47),
very little BODIPY-PC was converted to BODIPY-PA in
spol4A cells (Table 4). In contrast, similar levels of
BODIPY-PA were generated in ssolA and wild-type cells (Ta-
ble 4). Analysis of the sso/A spol4A double mutant indicated
that spol4A is epistatic to ssolA for PLD activity (Table 4).
Thus, Ssolp acts either in parallel or downstream of Spol4p
PLD activity in PSM precursor vesicle fusion.

Ssolp and Sso2p bind PA in vitro. Given the importance of
lipid interactions in SNARE-mediated fusion and the finding
that Ssolp does not affect Spol4p PLD activity, we examined
whether Ssolp is a target of PA, as has been shown for the
sporulation-specific homolog of SNAP-25, Spo20p (40). To
that end, we performed in vitro liposome binding assays (6)
with a GST fusion to Ssolp lacking the TMD, termed GST-
Ssolp-TMD, and GST alone as a negative control. As shown
in Fig. 1A and Table 5, GST-Ssolp-TMD bound PA-con-
taining liposomes, while GST alone did not exhibit any bind-
ing. As Ssolp and Sso2p are functionally redundant at the
PM during vegetative growth (2), we also examined the
ability of GST-Sso2p-TMD to bind PA. Similar to GST-
Ssolp-TMD, GST-Sso2p-TMD bound PA-containing lipo-
somes (Fig. 1A, Table 5).

To better understand the nature of this interaction, we per-
formed assays with liposomes comprising different lipid com-
positions. Both GST-Sso proteins bound liposomes containing
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TABLE 3. Primers

Name Target Sequence

P294 URA3-3' 5'-CCTTGGTGGTACGAACATCC-3’

P295 URA3-5' 5'-AGAAAAGCAGGCTGGGAAGC-3'

P300 MPC54-5' 5'-GTAACTTCTCGTATAAGGCC-3’

P493 SPO14-5' 5'-ACAGTGGCTAATGGACCCG-3’

P630 SSO1-5' 5'-GATCGATCACGGATCCTACCGAAGAAAGAATACG-3'

P631 SSO1-3' 5'-GATCGATCACGAATTCAAACGTCTAATATAGCGG-3’

P591 §S0O2-5' 5'-TAGAATTCGTGAATAAAGAAGCCAGC-3’

P592 $S0O2-3' 5"-CCTTGGAACCGCATGCTAAGGGCGACAGTTTTTC-3’

P610 SSO2-ORF-5’ 5'-GCTCTAGAATGAGCAACGCTAATCCT-3'

P603 SSO2-ORF-3’ 5'-CGCGCTCGAGACACATAATAGGAATTGG-3’

P558 SSO1I-start-5' 5'-CGGGATCCCCAGTTATAATAATCCGTAC-3'

P559 SSOI1-HLH-3' 5'-CGGAATTCTTCCGCAAGAGCAGTCTT-3'

P517 SSOI-Habc-5' 5'-TTGGATCCCCGATTTCGTGGGCTTCATG-3’

P518 SSO1-Habc 3’ 5"-TTGAATTCATACTGCCTCTTGGCTTG-3’

P550 SSOI-HLH-5' 5'-TTGGATCCCCATGATCATTCAACCAGAG-3’

P587 SSO1-H3-5' 5'-TTGGATCCCCGTCCAGGCAAGGCACCAA-3’

P556 SSOI1-H3-3' 5'-GCGCGCGGAATTCTCTAATCTTGTTCTTTCT-3’

P520 S§SO2-Habc-5' 5'-TTGGATCCCCGACGATTTCGTAGCTTTT-3’

P519 SSO2-Habc-3' 5'-TTGAATTCGTACTGTCTCTTCGCCTG-3’

P588 SSO2-H3-5' 5'-TTGGATCCCCGTACAGGCTAGACATCAA-3'

P557 SSO2-H3-3' 5'-GCGCGCGGAATTCTCTTATTTTGTTTTTTCT-3’

P633 SSOI1 RtoA 5'-AAGATCAGTCAAATCAATGCCGATCTCGATAAGTACGACCATACC-3'
P634 SSO1 RtoD 5'-CAGGTCGATTCTTTGCATAAGGACCTACTGACCGAAGTTAATGAG-3’
P635 SSO2 AtoR 5'-AACAAGATCAACTCAATAAATCGTAACTTGTCCAGGTACGAAAAC-3’
P636 $SO2 DtoR 5'-CAAATTGATGCGCAACACAAACGCCTACTTACTCAAGTGAGTGAG-3’

LPA, a molecule possessing only one acyl chain but the same
negatively charged polar headgroup as PA. In addition, both
GST-Sso proteins bound PI(4)P and PI(4,5)P, similarly (Fig.
1A and Table 5). GST alone did not exhibit binding to any of
these liposome preparations (Fig. 1A and Table 5). These
results suggest that Sso proteins preferably bind lipids whose
headgroups possess one or more phosphate moieties.

We also examined the binding of GST-Sso fusions to lipo-
somes containing 0 to 70 mol% PA. No significant difference
was observed between GST-Ssolp-TMD and GST-Sso2p-
TMD in binding abilities to the liposomes over all mole per-
centages of PA (Fig. 1B). GST alone did not exhibit binding to
liposomes regardless of PA composition (Fig. 1B). Thus, both
Sso proteins can bind similarly to PA-containing liposomes in
addition to liposomes containing other negatively charged lipids.

The SNARE domains of both Ssolp and Sso2p bind PA. To
determine the PA-binding region(s) of Ssolp and Sso2p, we
generated a series of GST fusions to different regions of Ssolp
for use in liposome binding assays (Fig. 2A). Ssolp, like other
syntaxin homologs, possesses a region proximal to the amino
terminus known as the Habc domain in addition to the HLH
region, the conserved H3 SNARE motif, and TMD, located
adjacent to the carboxy terminus of the protein (Fig. 2A) (4,

TABLE 4. In vivo hydrolysis of internalized BODIPY-PC

Strain Relevant genotype % BODIPY-PA”
AN120 SPO14 8501 25x0.7
Y4451 spol4A 0.1 0.1
Y4454 ssolA 32x1.1
Y4459 spol4A ssol A 0.1 =0.0

“The percent conversion of internalized BODIPY-PC to BODIPY-PA was
determined in cells induced to sporulate at 30°C, as described in Materials and
Methods. Values are means = SEM for three independent experiments.

12, 57). A GST fusion consisting of Ssolp from its amino
terminus through the HLH region (GST-Ssolp-start-HLH)
did not bind PA-containing liposomes to a greater extent than
PC-only liposomes; all GST fusions to portions of Ssolp within
this region also did not show binding to liposomes containing
PA (Fig. 2B). However, GST-Ssolp-HLH-SNARE showed
binding to PA-containing liposomes (Fig. 2B). As GST fused to
the HLH region alone showed no significant binding, the
SNARE domain of Ssolp appears to mediate binding to PA.

As GST-Sso2p-TMD showed a similar binding profile to
GST-Ssolp-TMD (Fig. 1A, Table 5), we tested GST fusions to
the H3 SNARE domain of both Sso proteins. Both SNARE
domains bound similarly to liposomes of various compositions,
showing significant binding to PA and phosphoinositide-con-
taining liposomes (Fig. 2C and D). These data demonstrate
that the SNARE domains of both Sso proteins are sufficient to
mediate PA binding and can also interact with phosphoinositi-
des. Thus, both Sso proteins bind PA, indicating that PA bind-
ing is not the basis of the sporulation-specific requirement for
Ssolp.

The Sso proteins localize to the PSM during sporulation.
One explanation for the specialized function of Ssolp in sporu-
lation is that Ssolp, but not Sso2p, localizes to PSM precursor
vesicles to mediate fusion. To test this hypothesis, we examined
GFP fused to either Ssolp or Sso2p during vegetative growth
and in cells induced in sporulation medium. As expected, both
GFP-Sso fusions localized to the PM during vegetative growth
in both wild-type and spol4A cells; GFP-Ssolp was also ob-
served at the vacuolar membrane (Fig. 3A). In sporulating
wild-type cells, both GFP-Sso proteins were at the developing
PSM at an early stage of PSM fusion in addition to a later stage
of PSM membrane growth and expansion (Fig. 3B). The signal
intensity of GFP-Sso2p at the PM during PSM formation ap-
peared to be greater than that of GFP-Ssolp (Fig. 3B). We
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FIG. 1. Sso proteins have similar in vitro binding profiles to different lipids. (A) Representative images of binding assays. Liposomes were
prepared in a 1:1 molar ratio with 34:1 PC and the lipid species listed above corresponding assays. Supernatant (S) and pellet (P) represent the
components of a single assay. (B) Graph of percent protein bound for liposomes containing 0 to 70 mol% PA. Quantification was performed as
described in Materials and Methods. Each data point represents a minimum of three independent assays; error bars represent standard error. PE,
phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol.

examined GFP-Sso protein localization in spol4A cells to de-
termine if Spol4p is required for in vivo localization. Since this
mutant fails to form PSMs (40, 44, 46), we used strains ex-
pressing Mpc54p-RFP, a sporulation-specific component of
the modified SPB, the initiation site of PSM formation (25), to
mark the presumptive sites of PSM formation. The localization
of both GFP-Sso proteins appeared somewhat variable in
spol4A cells. A subpopulation of cells showed GFP-Sso pro-
tein signal in a diffuse cytoplasmic pattern while in other cells
distinct green puncta were observed (Fig. 3B). In either case,
GFP signal is found adjacent to Mpc54-RFP puncta, indicating
that both GFP-Sso proteins are present at the SPB in the
absence of Spol4p. Together, these data indicate that both Sso
proteins are at the developing PSM during sporulation and
that Spol4p is not required for their localization.

The Ssolp Habc domain binds phosphorylated phospho-
inositides. A previous study found that the Ssolp amino-ter-
minal Habc region plays a role in sporulation function (43); the
reason for this is unknown. Sequence alignment of the Sso
proteins’ Habc regions reveals a higher level of divergence
than in other regions. These regions comprise ~120 residues

and have different residues at 35 positions and ~70% identity
(Fig. 4A). We performed liposome binding assays to explore
the differential function of the Habc domains of the Sso pro-
teins. While no significant differences were observed for bind-
ing to PC only, PC-PA, PC-PI, or PC-PI(4)P liposomes, GST-
Ssolp Habc had a significantly greater ability to bind
PI(4,5)P,-containing liposomes than GST-Sso2p Habc (Stu-
dent’s paired ¢ test, P < 0.01) (Fig. 4B and C). We also tested
the ability of GST-Sso1/2p Habc fusions to bind PI(3,4)P,- and
PI(3,5)P,-containing liposomes and found that binding paral-
leled that observed for PI(4,5)P,-containing liposomes (P <
0.02) (Fig. 4B and C).

To further determine the lipid specificity of the Habc region,
we examined binding of both GST-Habc fusions to a range of
0 to 70 mol% PI(4,5)P, liposomes. More GST-Ssolp Habc
than GST-Sso2p Habc was bound to PI(4,5)P, liposomes at all
concentrations of PI(4,5)P, tested; at 70 mol% PI(4,5)P,,
~95% of Ssolp-Habc bound compared to ~35% for Sso2p-
Habc (Fig. 4D). These data demonstrate that the Habc do-
mains of Ssolp and Sso2p show differential binding to phos-
phorylated phosphatidylinositides.

TABLE 5. Percent GST fusion proteins bound in liposome assays

% Protein bound (SEM)*

GST protein
PC PA LPA PS PE PI PI(4)P PI(4,5)P,
GST only 7.24 (3.63) 7.84 (1.88) 8.28 (0.83) 10.03 (2.03) 7.38 (1.74)  15.65 (2.71) 3.40 8.31 (1.05)
GST-Ssolp-TMD 9.06 (4.70)  72.61 (12.21)  77.39 (10.04) 13.35(1.24) 14.85(4.21) 17.40(2.14) 62.11(20.79)  85.52(9.43)
GST-Sso2p-TMD 11.71 (4.10)  62.92 (11.78)  88.62 (0.64) 27.18 (2.09)  12.45(2.69) 11.55(3.05)  93.95 (4.60) 92.57 (0.16)

“ Liposomes are composed of a 1:1 molar ratio of PC and the listed phospholipids. Densitometry was performed on scanned images of SDS-PAGE gels. Values are
the percent protein bound to the pellet fraction and are the average from a minimum of three separate binding assays for each data point, with the exception of the
PI(4)P value for the GST-only protein, which is from one experiment. PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol.
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FIG. 2. The SNARE (H3) domains of both Sso proteins mediate binding to PA and other phosphoinositides in vitro. (A) Schematic of the
structural organization of Ssol, with regions fused to GST used in liposome binding assays indicated below. (B) Images of binding assays with GST
fusions on SDS-PAGE gels stained with Coomassie. Liposomes were prepared in a 1:1 molar ratio with 34:1 PC and the lipid species listed above
corresponding assays. Supernatant (S) and pellet (P) represent the components of a single assay. Values below images of pellet fractions are
percent protein bound as determined by densitometry from individual assays (see Materials and Methods). (C) Representative images of binding
assays with GST-Sso SNARE proteins; liposomes were prepared as described for panel B. (D) Graph of percent protein bound for all liposome
species tested with GST-Ssop SNARE fusions. All assays were performed in triplicate; error bars represent SEM.

Overexpression of Sso2p and/or Mss4p stimulates PSM for-
mation in ssolA cells. SSO2 expressed from a multicopy plas-
mid, but not a single-copy plasmid, results in the formation of
a very small number of tetrads (<1%) in ssolA cells (21, 43).
These studies were performed using strains derived from the
W303 background; we examined single and multicopy SSO2
plasmids for their ability to rescue ssolA cells in the SK-1
background; wild-type SK-1 cells are capable of robust sporu-
lation. We found that while the single-copy plasmid failed to
support sporulation, the multicopy-plasmid-bearing strain had
a sporulation efficiency of ~8 to 9% (Table 6). This result
suggests that high levels of Sso2p can partially alleviate the
sporulation-specific requirement for Ssolp.

As GST-Sso2p Habc could bind liposomes with high levels
of PI(4,5)P,, we examined the effects of overexpressing the
PI(4)P 5-kinase Mss4p in both wild-type and ssolA cells in-
duced to sporulate. The sporulation efficiencies of all wild-type
strains, either with Mss4p-expressing multicopy plasmid or
empty vector, were not significantly different (Table 6). As
expected, cells with a deletion of SSOI and supplied with a
single-copy plasmid bearing SSOI were able to sporulate (Ta-
ble 6). Interestingly, cells expressing Mss4p from the multicopy
vector and either single-copy SSO2 or empty vector had sporu-
lation efficiencies slightly greater than 0%; corresponding cells
lacking Mss4p overexpression failed to form any asci (Table 6).

To determine if the small increase in sporulation in ssolA
cells overexpressing Mss4p alone was due to increased PSM
vesicle fusion, we examined if PSM formation can initiate in
these cells by observing the localization of GFP fused to
Spo20p carrying residues 51 to 91 (GFP-Spo20p>'~"), which
localizes to developing PSMs in wild-type cells or the modified
SPB in ssolA cells (40). As seen in Fig. 5A, ssolA cells coex-
pressing Mss4p and GFP-Spo20p>'®' show small internal
membrane compartments, which are presumably developing

PSMs, while cells expressing GFP-Spo20p>'! display only a
punctate pattern of localization, consistent with SPB locations
with no fusion. Signal quantification was performed on ssolA
strains expressing the GFP fusion constructs; in Mss4p-over-
expressing cells, approximately 50% of all cells displayed GFP
signal, and of those cells, ~37% showed PSMs; in strains
lacking Mssdp overexpression, ~46% displayed signal with
~11% punctate localization and no PSMs. Of the cells not
displaying localization to the PSM or SPB, GFP-Spo20p>'-!
was localized to the PM, consistent with previous observations
of its localization upon initial expression (40). These results
reveal that PSM formation is indeed induced in cells lacking
Ssolp upon PI(4)P 5-kinase overexpression.

As either Sso2p or Mssdp overexpression alone leads to
partial rescue of the sporulation defect in ssolA cells, we ex-
amined whether overexpression of both these proteins simul-
taneously would lead to increased sporulation efficiency. In-
triguingly, Mssdp and Sso2p overexpression in ssolA cells
increases sporulation efficiency to 21.3%, more than twofold
higher than cells overexpressing Sso2p alone (Table 6). These
data suggest that increased levels of PI(4,5)P, and Sso2p to-
gether during sporulation can better rescue the sporulation
defect of ssolA cells.

Previously, it was shown that Mss4p depletion results in a
severe sporulation defect (48). To see if this defect is due to a
block in PSM formation, we examined mss4-ts cells bearing the
reporter GFP-Spo20p>'®! shifted to restrictive temperature
after initiation of sporulation. Most of these cells display GFP
signal at the PM, indicating that PSM formation is largely
disrupted in this mutant (Fig. 5B). These cells were also
examined with the DNA marker DAPI (4',6'-diamidino-2-
phenylindole) to monitor meiotic progression; the cells ap-
peared to complete the meiotic divisions normally (data not
shown). Taken together, these results suggest that PI(4,5)P,
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FIG. 3. GFP-Ssop fusions localize similarly in both wild-type and spol4A cells. (A) Wild-type (WT; Y7834 and Y8026) and spol4A (Y7852 and
Y8034) cells expressing either GFP-Ssolp or GFP-Sso2p driven by the vegetative promoter 7EF2 were examined by fluorescence and differential
interference contrast (DIC) microscopy. (B) Wild-type (Y7836 and Y7945) and spol4A (Y7854 and Y7953) cells expressing either GFP-Ssolp or
GFP-Sso2p driven by the sporulation-specific promoter SPO20 and the modified SPB marker Mpc54p-RFP were induced in sporulation medium
and examined by fluorescence and differential interference contrast microscopy.

and SNARE: interact to facilitate PSM formation during sporu-
lation.

Overexpression of Mss4p does not increase PLD activity in
vivo. As PI(4,5)P, stimulates the PLD activity of Spol4p in
vivo (48), one possibility for the effect of Mss4p on PSM
formation is that the resultant increase in PI(4,5)P, levels
leads to higher levels of Spol4p-generated PA, and it is this
increase that stimulates PSM formation in ssolA cells. To
examine PA levels under these conditions, we monitored the
conversion of BODIPY-PC to BODIPY-PA in sporulating
wild-type and ssolA cells possessing either the Mss4p over-
expression plasmid or empty vector and observed no signif-
icant difference in PLD activity (Table 7). We also examined
both wild-type and ssolA cells supplied with a high-copy-
number plasmid expressing SPOI14 in addition to the MSS4
overexpression plasmid or empty vector and again observed
no difference in activity (Table 7). Furthermore, the conver-
sion of BODIPY-PC to BODIPY-PA in the Spol4p-overex-
pressing cells was not significantly different from that with
empty vector alone. These results suggest that the stimulation
of PSM formation by Mss4p overexpression in ssolA cells is
not due to an increase in PLD activity. Thus, it appears that
PI(4,5)P,-Ssolp Habc domain interaction is important for
PSM vesicle fusion events.

Introducing positively charged residues in Sso2p Habc pro-
motes sporulation in sso/A and increases PI1(4,5)P, binding in
vitro. A comparison of Ssolp and Sso2p Habc domains reveals
that there are two positively charged arginine residues
present in the Habc domain of Ssolp not present in Sso2p
(Fig. 4A). To determine if these residues are important for
PI(4,5)P, binding and function, we generated a single-copy
SSOI plasmid bearing mutations at these sites for expres-
sion of the equivalent Sso2p residues (SsolpR*># R63D) we
also generated SSO2 single-copy and multicopy plasmids
bearing reciprocal mutations for expression of Ssolp resi-
dues (Sso2p™4R DO7RY)

We analyzed cells with a deletion of SSOI and bearing
these plasmids for their ability to rescue sporulation. The
Ssol1pR#34 R63D plasmid rescued the sporulation defect as did
wild-type Ssolp, indicating that these mutations have no effect
on Ssolp function in vivo (Table 6). However, the multicopy
Ss02pA49R PSR plagmid showed a greater than twofold in-
crease in sporulation efficiency compared to the wild-type
SSO2 plasmid (paired ¢ test, P value of <0.02) (Table 6). The
single-copy Sso2p mutant plasmid was unable to rescue sporu-
lation (Table 6). These results indicate that introduction of
positively charged residues into Sso2p Habc can increase its
ability to rescue the ssolA sporulation defect but that these
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TABLE 6. Sporulation in wild-type and ssolA cells

% Spore formation

Strain Relevant genotype” (mean = SD)?
Y8230 S$SO1 (SSO1 CEN) 81.0 9.7
Y8232 SSO1 (SSO2 CEN) 934 =18
Y8234 $SO1 (CEN) 84225
Y8262 ssolA (SSO1 CEN) 61.8 = 3.6
Y8238 ssolA (SSO2 CEN) <0.1
Y8240 ssolA (CEN) <0.1
Y8121 S$SO1 (SSO1 2p.) 82.6 9.2
Y8124 SSO1 (SS02 2u) 67.6 = 4.0
Y8127 S$SO1 (2p) 90.0 = 0.7
Y8265 ssolA (SSOI 2p.) 724 = 4.6
Y8116 ssolA (SSO2 2p.) 8.0x52
Y8119 ssolA (2p) <0.1
Y8208 SSO1 (MSS4 2p) 79.0 = 6.1
Y8211 SSOI (2w) 82.8 3.6
Y8214 ssolA (MSS4 2p.) 0301
Y8217 ssolA (2p) <0.1
Y8220 S$SO1 (MSS4 2 SPO14 2p) 740 =75
Y8222 SSO1 (SPO14 2u.) 67.8 =45
Y8224 ssolA (MSS4 2p. SPO14 2p.) 0202
Y8226 ssolA (SPOI14 2p) <0.1
Y8159 ssolA (MSS4 2p. SSO2 CEN) 0202
Y8298 ssolA (MSS4 2 SSO2 2y) 213 +6.1
Y8319 ss0lA (ssoR#4 RO CE 73.4 £ 6.9*
Y8294 ss0IA (sso21#R PO7R CE; <0.1*
Y8347 ss01A (s5021#7R PO7R 211y 21.1 = 8.3*

“ Genes in parentheses are carried by the plasmids.

b A total of 300 and 1,000 cells were counted from three independent exper-
iments for SSOI and ssolA strains, respectively. Asterisks indicate strains in
which 500 cells were counted per experiment. Sporulation was induced on solid
medium. All cells with 1 to 4 spores visible by differential interference contrast
optics were included.

residues alone are not sufficient to mediate Ssolp Habc do-
main sporulation-specific function.

To examine whether mutations of these residues in the Habc
domain affect binding to PI(4,5)P, liposomes, we also performed
lipid-binding assays with GST fused to the Ssolp Habc domain
with the R45A R63D mutation (GST-Ssolp HabcR**4 R63P) and
GST-Sso2p Habc**°R PS7R_ Consistent with the in vivo sporula-
tion efficiency data, GST-Ssolp HabcR** R%3D wag able to bind
PI(4,5)P, liposomes at a level similar to that of GST-Ssolp Habc
(95.2% = 0.75% standard error of the mean [SEM]) However,
GST-Sso2p Habc4?R PS7R digplayed an increased ability to bind
PI(4,5)P, liposomes compared to GST-Sso2p Habc (27.5% =
1.2% SEM versus 12.6% =+ 3.2% SEM). This binding differ-
ence was statistically significant; an unpaired ¢ test gave a P
value of <0.02. These results indicate that introduction of
positively charged arginine residues in Sso2p Habc increases
PI(4,5)P, binding although replacing these residues in Ssolp
indicates that the PI(4,5)P, binding region has yet to be de-
fined. Furthermore, these results support the hypothesis that
SNARE-PI(4,5)P, interactions are important for PSM fusion
events.

DISCUSSION

SNARE-mediated fusion for PSM formation. Although
SSOI and SSO2 are related genes arising from an evolution-
arily recent duplication event (1, 2) and are functionally re-
dundant during vegetative growth for exocytic fusion, Ssolp is
specifically required for PSM synthesis during sporulation (2,
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21). Similarly, two SNAP-25 homologs, Sec9p and Spo20p, are
present in yeast; the former is required for exocytic function,
and the latter is involved in PSM formation (5, 41). The pres-
ence of two syntaxin and two SNAP-25 homologs in yeast is
consistent with the SNARE hypothesis, which postulates that a
combination of different SNARE family members interacting
in discrete SNAREpins may contribute to compartmental fu-
sion specificity (53).

In vitro fusion assays also suggest interaction specificity be-
tween the different SNAREs. The Ssop/Sec9p binary complex
forms a more efficient SNAREpin than the Ssop/Spo20p com-
plex, with the Sso2p/Spo20p complex the least fusogenic of the
four possible t-SNARE complexes (30). Mutation of a glu-
tamine within the ionic layer of the H3 motif of Ssolp impaired
its ability to interact with Spo20p and resulted in a decrease in
sporulation efficiency, suggesting that small changes in related
SNARE helices can affect interactions between cognate
SNARE:S and hence effect intracellular fusion specificity (59).
However, the glutamine residue within the H3 of Ssolp is also
present in Sso2p, suggesting that this interaction alone cannot
explain the specificity of Ssolp for PSM formation.

Lipid-SNARE interactions are essential for vesicle fusion.
The activities of multiple lipid-modifying enzymes are required
during sporulation, in particular, PLD and phosphoinositide
kinases (9). The finding that both PA and PI(4,5)P, interact
with Ssolp to promote vesicle fusion events during PSM for-
mation suggests that these lipids are important for SNARE
function and specificity. The juxtamembrane region of the
Ssolp H3 domain is necessary for PA binding, and inclusion of
PA into Ssolp/Sec9p proteoliposomes increases the rate of
their fusion to Snclp proteoliposomes in vitro (30). We dem-
onstrate that the H3 domains of both Ssolp and Sso2p are
sufficient for binding liposomes including PA or phosphory-
lated phosphoinositides. The mammalian Ssolp homolog syn-
taxin 1A also has PA and phosphoinositide-binding ability
(28). These data suggest that fusogenic lipid binding by the H3
domain is a conserved feature of syntaxins and that this inter-
play gives rise to efficient fusion events.

The Habc motif of syntaxin forms a pseudo-SNAREpin with
the H3 domain, maintaining the syntaxin in a closed confor-
mation, which prevents its cognate SNARESs from interacting
with the syntaxin (10, 14, 42). Analyses of Ssol/2p chimeras
indicated that the Ssolp Habc region is important for sporu-
lation (43). Here, we demonstrate greater in vitro PI(4,5)P,-
binding ability for the Habc motif of Ssolp than for the equiv-
alent region in Sso2p. While Ssolp Habc bound three PIP,
species similarly, PI(3,5)P, is associated with vacuolar mem-
branes and endosomal trafficking, and PI(3,4)P, has not been
detected in S. cerevisiae (8, 13, 50, 54). It is therefore likely that
the PIP, species with which the Ssolp Habc domain interacts
in vivo during PSM formation is PI(4,5)P,. This phosphoino-
sitide has previously been shown to localize to developing
PSMs and activate Spol4 PLD activity (45, 48).

No significant difference in binding is observed between
Ssolp-TMD and Sso2p-TMD for P1(4,5)P,, suggesting that the
Habc domain does not contribute additional binding capacity
to Ssolp-TMD in vitro. Previous studies have demonstrated
that in solution isolated syntaxins lacking their carboxy TMDs
form organized coiled-coil regions, suggesting that the Habc
domain is interacting with the H3 domain in a closed confor-
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FIG. 5. Mssdp overexpression stimulates PSM formation in ssoZA cells and depletion of Mss4p blocks PSM generation. (A) Wild-type (WT) or ssolA cells
overexpressing Mssdp or empty vector and the PSM marker GFP-Spo20p™~". (B) mss4-ts cells expressing GFP-Spo20p®'~*" at restrictive temperature. All cells
were induced in sporulation medium and examined with fluorescence and differential interference contrast (DIC) microscopy.

mation (10, 14, 42). It is therefore likely that the GST-Sso1/
2p-TMD binds to PA and phosphoinositide-containing lipo-
somes while in this conformation, whereas both GST-Ssop
Habc fusion proteins are likely unstructured in solution, en-

TABLE 7. BODIPY-PC hydrolysis and percent spore formation

Strain Relevant genotype” % BODIPY-PA?
Y8208 SSO1 (MSS4 2) 1.3+0.2
Y8211 SSO1 (2p) 1.6 = 0.3
Y8214 ssolA (MSS4 2) 1.8 =03
Y8217 ssolA (2w) 1.9+0.2
Y8220 SSO1 (MSS4 2. SPO14 2) 1.8 =03
Y8222 S$S01 (SPO14 2p.) 1.1+0.1
Y8224 ssolA (MSS4 2. SPO14 2) 26+03
Y8226 ssolA (SPO14 2p) 1.8 0.1

“ Genes in parentheses are carried by the plasmids.

® The conversion percentage of internalized BODIPY-PC to BODIPY-PA was
determined in sporulated cells at 30°C as described in Materials and Methods.
Values are means = SEM for three independent experiments. Paired ¢ tests for
SSOI and ssol A with and without Mss4p overexpression give P values of 0.13 and
0.20, respectively.

abling access of the Ssolp Habc domain to PIP, in the binding
assays.

Analyses of Ssolp and Sso2p Habc mutants in vivo and in
vitro indicate that mutation of two positively charged arginine
residues in Ssolp Habc to the corresponding Sso2p residues
has no effect on either sporulation efficiency or in vitro
PI(4,5)P, binding. However, the reciprocal mutations in Sso2p
Habc effected an increase in sporulation efficiency when
the Sso2p mutant was overexpressed; additionally, in vitro
PI(4,5)P, binding was improved. These findings indicate that
while the arginine residues in Ssolp Habc are not necessary to
promote either sporulation or PI(4,5)P, binding, introduction
of these positively charged residues into Sso2p Habc improves
both sporulation and PI(4,5)P, binding over that of wild-type
Sso2p. Although the PI(4,5)P, binding site(s) of Ssolp Habc
have yet to be defined, these data support the correlation
between in vivo sporulation and in vitro PI(4,5)P, binding.

Neither the wild-type single-copy SSO2 nor the mutant sin-
gle-copy plasmid rescued sporulation in sso/A cells, indicating
that additional region(s) of Ssolp are required for sporulation-
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FIG. 6. Schematic of vesicle fusion during PSM formation. The
Habc domain of Ssolp on a PSM precursor vesicle interacts with
PI(4,5)P, from an incoming vesicle, enabling Spo20p and Sncl/2p
access to its H3 motif for formation of the fusogenic SNAREpin while
Sso2p remains in an conformationally inactive state.

specific function. A previous study of Ssolp/Sso2p chimeras
indicated that both the Habc region and the 3’ untranslated
region of Ssolp are required for sporulation (43). Curiously,
this is not a consequence of expression levels (43). Thus, it
appears that Ssolp has evolved more than one mechanism to
specify PSM fusion events.

The relationship between PI1(4,5)P, and PLD-generated PA.
Cells depleted of the PI(4)P 5-kinase Mss4p display sporula-
tion defects, including a reduction in PLD activity (48). Here,
we show that PSM formation is largely blocked in the mss4-ts
mutant at restrictive temperature, suggesting a role for
PI(4,5)P, in PSM generation. Interestingly, overexpression of
Mss4p in ssol A cells induced in sporulation medium results in
PSM formation. Overexpression of Sso2p in ssolA results in a
partial rescue of sporulation, which is improved more than
twofold when Mssdp is also overexpressed. Additionally, the
Sso2p Habc domain can bind liposomes with increasing mole
percentages of PI(4,5)P, in vitro. These data suggest that high
levels of PI(4,5)P, can promote Sso2p activity in PSM fusion
events in vivo in ssolA cells. The PSMs forming in both wild-
type and ssolA cells overexpressing Mssdp alone appear small
and misshapen compared to those developing in wild-type
cells, suggesting that increased levels of P1(4,5)P, in vivo cause
delayed PSM formation initiation and/or affects PSM expan-
sion regulation.

It is unlikely that increased levels of PI1(4,5)P, are stimulat-
ing Spol4p activity as in vivo measurements of the PLD activity
of ssolA cells showed no significant difference in the presence
or absence of Mss4p overexpression. A caveat to this result is
that Mssdp is expressed from a high-copy-number plasmid,
which is lost in some portion of the cells due to lack of selec-
tion during cell cycle synchronization and induction in sporu-
lation medium; however, it remains likely that elevated
PI(4,5)P, levels are present throughout the course of these
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assays. These data suggest that the partial rescue by PI(4,5)P,
in vivo is not mediated through Spol4p-generated PA and that
this phosphoinositide has an additional regulatory role in PSM
formation.

We propose that PI(4,5)P, is involved in mediating the
change from a closed to open conformation of Ssolp in wild-
type cells to allow the formation of a functional SNAREpin
comprising Ssolp, Spo20p, and Sncl/2p at the modified SPB.
Sso2p, while at the SPB during sporulation, may largely remain
in the closed conformation due to weaker interaction between
PI(4,5)P, and the Sso2p Habc region and therefore does not
normally participate in fusions at the PSM (Fig. 6). As Ssolp
recruitment to the developing PSM is not dependent on
Spol4p PLD activity, this work also suggests that Spoldp-
generated PA serves as a fusogenic lipid during PSM precursor
vesicle fusions. Taken together, our data support the idea that
both proteins and lipids are active participants in membrane
fusion events, with both classes of molecules acting upon each
other to promote fusion.
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