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In Saccharomyces cerevisiae, the developmentally regulated Soluble N-ethylmaleimide sensitive factor attachment protein
receptor (SNARE) protein Spo20p mediates the fusion of vesicles with the prospore membrane, which is required for the
formation of spores. Spo20p is subject to both positive and negative regulation by separate sequences in its amino-
terminal domain. We report that the positive activity is conferred by a short, amphipathic helix that is sufficient to confer
plasma membrane or prospore membrane localization to green fluorescent protein. In vitro, this helix binds to acidic
phospholipids, and mutations that reduce or eliminate phospholipid binding in vitro inactivate Spo20p in vivo. Genetic
manipulation of phospholipid pools indicates that the likely in vivo ligand of this domain is phosphatidic acid. The
inhibitory activity is a nuclear targeting signal, which confers nuclear localization in vegetative cells and in cells entering
meiosis. However, as cells initiate spore formation, fusions containing the inhibitory domain exit the nucleus and localize
to the nascent prospore membrane. Thus, the SNARE Spo20p is both positively and negatively regulated by control of its
intracellular localization.

INTRODUCTION

The secretory pathway of eukaryotic cells consists of a series
of membrane-bound compartments between which proteins
and lipids move in vesicle carriers. To maintain the organi-
zation of the endomembrane system, it is of particular im-
portance that fusion between membranes be strictly con-
trolled so that any particular vesicle fuses only with the
appropriate compartment. Soluble N-ethylmaleimide sensi-
tive factor attachment protein receptor (SNARE) proteins are
thought to play a critical role in maintaining the specificity
of vesicle fusion events (Protopopov et al., 1993; Sollner et al.,
1993; Rothman, 1994; Rothman and Warren, 1994; Pelham,
1999; Jahn et al., 2003). SNAREs mediate membrane fusion
by the formation of a complex between a membrane protein
of the vesicle (v-SNARE) and related proteins on the accep-
tor compartment membrane (t-SNAREs) (Protopopov et al.,
1993; Sollner et al., 1993; Rothman, 1994; Rothman and War-
ren, 1994; Pelham, 1999; Jahn et al., 2003). The v- and t-
SNAREs oligomerize through related helices found in all
SNARE proteins, and this oligomerization is thought to lead
directly to fusion of the lipid bilayers (Weimbs et al., 1997;
Sutton et al., 1998; Weber et al., 1998). Furthermore, specific
interactions between a v-SNARE and its cognate t-SNARE
are proposed to provide much of the specificity for vesicle
fusion (Rothman, 1994; Rothman and Warren, 1994; Parlati
et al., 2002). Thus, regulation of SNARE proteins would
provide the cell an excellent means of regulating activity of
the secretory pathway. One such regulated change in
SNARE protein usage occurs during sporulation in Saccha-
romyces cerevisiae.

In response to starvation, diploid cells of S. cerevisiae enter
a developmental program in which they undergo meiosis
and differentiate into haploid spores (Byers, 1981). The pro-
cess of sporulation involves the de novo generation of intra-
cellular membranes, called prospore membranes, which en-
capsulate each of the daughter nuclei, forming daughter
cells (spores) (Moens, 1971; Byers, 1981). Prospore mem-
brane formation is driven by the redirection of post-Golgi
secretory vesicles from the plasma membrane to intracellu-
lar sites where they coalesce to form prospore membranes
(Moens and Rapport, 1971; Neiman, 1998).

In addition to a redirection of secretory vesicles, proper
formation of the prospore membrane requires the induction
of a sporulation-specific SNARE molecule, Spo20p (Neiman,
1998). Spo20p is a member of the soluble N-ethylmaleimide-
sensitive factor attachment protein (SNAP)-25 SNARE sub-
family. Unlike most SNARE proteins, SNAP-25 family mem-
bers do not contain a transmembrane domain (Hess et al.,
1992; Weimbs et al., 1997). In mitotically growing yeast cells,
a second yeast SNAP-25 orthologue, Sec9p, binds to the
t-SNAREs Sso1/2p and the v-SNAREs Snc1/2p to form a
complex responsible for mediating vesicle fusion at the
plasma membrane (Gerst et al., 1992; Aalto et al., 1993; Pro-
topopov et al., 1993; Brennwald et al., 1994; Couve and Gerst,
1994). During sporulation, Spo20p replaces Sec9p to mediate
fusion at the prospore membrane (Neiman, 1998). Despite
sharing 40% sequence identity in their SNAP-25 domains
and the ability to oligomerize with the same partner
SNAREs Sec9p and Spo20p cannot efficiently mediate fusion
at the other’s membrane of action. That is, even though they
mediate the fusion of the same vesicle population, the func-
tion of each protein is limited to a specific acceptor compart-
ment (Neiman, 1998; Neiman et al., 2000). Thus, the switch
from use of Sec9p to Spo20p provides a useful model system
in which to study SNARE specificity.

In previous work, a series of chimeric SPO20/SEC9 genes
were constructed in an attempt to define regions of the
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proteins conferring plasma membrane or prospore mem-
brane-specific functions (Neiman et al., 2000). These studies
defined an important role for the unique amino-terminal
region of Spo20p in the specificity of function. Deletion
studies identified two separable activities in the Spo20p
amino terminus. First, residues 51–95 of the full-length pro-
tein defined a region essential for SNARE function at the
prospore membrane. Second, residues 4–50 of the protein
contained an activity that inhibited SNARE function in veg-
etative cells. This latter activity could inhibit the function of
either the Spo20p or the Sec9p SNARE domain. Thus, the
Spo20p amino terminus both positively and negatively reg-
ulated SNARE function.

Studies of other SNARE proteins have also identified reg-
ulatory domains outside of the core SNARE helical regions
(Nicholson et al., 1998; Cheever et al., 2001; Laage and Un-
germann, 2001; Tochio et al., 2001). The VAM7 gene encodes
a SNARE related to Spo20p and Sec9p that functions in
vesicle fusion at the yeast vacuole (Sato et al., 1998; Unger-
mann and Wickner, 1998). Like Spo20p and Sec9p, Vam7p
contains no transmembrane domain. Rather, in its amino
terminal region Vam7p has a PX domain that binds to phos-
phatidylinositol-3-phosphate (PI3P) (Cheever et al., 2001).
Binding of PI3P by the PX domain is required to target
Vam7p to the vacuolar membrane and mutation of the PX
domain interferes with Vam7p function (Cheever et al.,
2001).

Inhibitory domains have also been defined within SNARE
proteins. In the plasma membrane t-SNARE Sso1p, three
short helical regions form a four helix bundle in combination
with the SNARE helix (Munson et al., 2000). Formation of
this intramolecular bundle competitively inhibits SNARE
complex formation by blocking interactions between the
Sso1p SNARE helix and its partner SNAREs (Nicholson et
al., 1998; Munson and Hughson, 2002). Override of this
intrinsic negative activity is important for activity in vivo
(Munson and Hughson, 2002). Several other SNAREs have
also been shown to be autoinhibited by their amino-terminal
domains (Dulubova et al., 2001; Laage and Ungermann,
2001; Tochio et al., 2001; Antonin et al., 2002).

In this study, we have examined the basis for positive and
negative regulation of Spo20p by its amino-terminal region.
Our results indicate that the positive regulatory region con-
tains a lipid binding motif necessary for proper localization
of the Spo20 protein to the prospore membrane. The inhib-
itory activity of the first 50 amino acids of Spo20p is due to
the presence of a nuclear targeting activity that sequesters
the protein in the nucleus. In wild-type cells this activity is
inactivated as cells enter meiosis II and begin to form pros-

pore membranes. Thus, Spo20p is both positively and neg-
atively regulated by control of its intracellular localization.

MATERIALS AND METHODS

Yeast Strains and Media
Unless otherwise noted, standard media and genetic methods were used
(Rose and Fink, 1990). S. cerevisiae strains used in this study are listed in Table
1. AN211 was made as follows. AN63-2C (Neiman, 1998) and W303-1B
(Thomas and Rothstein, 1989) were crossed and dissected to generate AN123-
4A. AN123-4A was then crossed to an AN146-1D (a parent of AN147; Neiman
et al., 2000) and dissected to generate AN204-5D(MAT� ura3 trp1 leu2 lys2
spo20�::his5� sec9-4). An ade2 derivative of AN117-4B (Neiman et al., 2000)
was crossed to AN146-4D and dissected to generate AN206-1C (MATa ura3
his3 trp1 leu2 ade2 spo20�::his5�). AN204-5D and AN206-1C were mated and
segregants were crossed to generate AN211.

Plasmids
Plasmids and oligonucleotides used in this study are listed in Tables 2 and 3,
respectively. To construct the centromere plasmid pRS316-SEC9pr-�3-51PSPS
a KpnI-SacI fragment of pRS306-SEC9pr-�3-51PSPS (Neiman et al., 2000) was
cloned into KpnI and SacI sites of pRS316 (Sikorski and Hieter, 1989). The
integrating plasmids pRS306-SPO20pr-SPO20 and pRS306-SPO20pr-�3-
51SPO20 (Neiman et al., 2000) were used to express Spo20p and Spo20p�3-51

under the control of SPO20 promoter, respectively. pRS426-SPO20pr-SPO20,
pRS426-SPO20pr-�3-51SPO20, and pRS426-SPO20pr-�3-95SPO20 were con-
structed by cloning the KpnI-SacI fragment of pRS306-SPO20pr-SPO20,
pRS306-SPO20pr-�3-51SPO20, and pRS306-SPO20pr-�3-95SPO20 (Neiman et
al., 2000) into similarly digested pRS426 (Christianson et al., 1992), respec-
tively. To make pRS306-SPO20pr-�3-51SPO20(L67P), the XhoI and SpeI frag-
ment of pRS316-SEC9pr-�3-51PSPS(L67P) (see below) was cloned into XhoI
and SpeI digested pRS306-SPO20pr-�3-51SPO20.

pRS426-G20, used to express GFP-Spo20p51-91 under the TEF2 promoter,
was constructed in two steps. First, the coding sequence of Spo20p amino
acids 51–91 was amplified by polymerase chain reaction (PCR) by using BBO5
and PDO2 as primers, and pRS306-SPO20pr-SPO20 as a template. The prod-
uct was digested by XbaI and XhoI, and cloned into the XbaI and XhoI sites of
pGFP-N-FUS (Niedenthal et al., 1996). The resulting plasmid was digested
with EcoRI and XhoI, and the GFP fusion gene was cloned into the EcoRI and
XhoI sites of pRS426TEF (Mumberg et al., 1995). pRS426-G20(L67P), pRS426-
G1-50, pRS426-G1-91, pRS426-G61-91 and pRS426-G61-78, used to express
GFP-Spo20p51-91 with the L67P mutation, GFP-Spo20p1-50, GFP-Spo20p1-91,
GFP-Spo20p61-91, and GFP-Spo20p61-78, respectively, were constructed in the
same way. BBO5 and PDO2, BBO6 and HNO201, BBO6 and PDO2, HNO141
and PDO2, and HNO141 and HNO142 were used to amplify the SPO20 gene
fragments, respectively. For pRS426-G20(L67P), pRS306-SPO20pr-�3-
51SPO20(L67P) was used as a template. pRS426-G51-80 and pRS426-G61-80,
used to express GFP-Spo20p51-80 and GFP-Spo20p61-80, respectively, were
constructed as follows. HNO391 and HNO392 were used to amplify green
fluorescent protein (GFP) fused to Spo20p amino acids 51–80 and amino acids
61–80. pRS426-G20 and pRS426-G61-91 were used as templates, respectively.
The PCR fragments were digested by EcoRI and XhoI, and cloned into the
EcoRI and XhoI sites of pRS426TEF. pRS426-G68-91 was used to express
GFP-Spo20p68-91. To make the plasmid, PCR was performed using HNO222
and HNO223 as primers, and pRS426-G61-91 as a template. The resulting
fragment was digested by NotI and self-ligated. pRS426-GFP was constructed
by cloning the EcoRI-XhoI fragment with a GFP gene from pGFP-C-FUS
(Niedenthal et al., 1996) into similarly digested pRS426TEF.

Table 1. Yeast strains used in this study

Name Genotype Source

AN120 MATa/MAT� his3/his3 ura3/ura3 trp1�hisG/trp1�hisG leu2/leu2 arg4-NspI/ARG4 lys2/
lys2 ho��LYS2/ho��LYS2 rme1�LEU2/RME1

Neiman et al., 2000

AN147 MATa/MAT�his3/his3 ura3/ura3 trp1�hisG/trp1�hisG leu2/leu2 arg4-NspI/ARG4 lys2/
lys2 ho��LYS2/ho��LYS2 rme1�LEU2/RME1 spo20��his5�/spo20��his5�

Neiman et al., 2000

W303-1A MATa Leu2 his3 ade2 ura3 trp1 can1 Thomas and Rothstein, 1989
AAY202 MAT�leu2 ura3 his3 trp1 lys2 suc2 mss4�his3 harboring YCplac111mss4ts-102 Stefan et al., 2002
AN211 MATa/MAT� his3/his3 ura3/ura3 trp1/trp1 leu2/leu2 LYS2/lys2 Ade2/ade2 sec9-4/sec9-4

spo20��his5�/spo20��his5�
This study

AAY102 MAT�leu2-3,112 ura3-52 his3-�200 trp1-�901 lys2-801 suc2-�9 stt4�HIS3 harboring
pRS415 stt4-4

Audhya et al., 2002

AAY104 MAT�leu2-3, 112 ura3-52 his3-�200 trp1-�901 lys2-801 suc2-�9 pik1�HIS3 harboring
pRS314-pik1-83

Audhya et al., 2002
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Table 2. Plasmids used in this study

Name Yeast markers Promoter Cloned gene Source

pRS306-SEC9pr-�3-51PSPS URA3, Integration SEC9 �3-51 PSPS chimera Neiman et al. 2000
pRS306-SPO20pr-SPO20 URA3, Integration SPO20 SPO20 Neiman et al. 2000
pRS306-SPO20pr-�3-51SP020 URA3, Integration SPO20 �3-51, SPO20 Neiman et al. 2000
pRS306-SPO20pr-�3-95SPO20 URA3, Integration SPO20 �3-95 SPO20 Neiman et al. 2000
pRS306-SPO20pr-�3-

51SPO20(L63N)
URA3, Integration SPO20 �3-51 SPO20 with L63N mutation This study

pRS306-SPO20pr-�3-51SPO20(L67P) URA3, Integration SPO20 �3-51 SPO20 with L67P mutation This study
pRS306-SPO20pr-�3-

51SPO20(L67N)
URA3, Integration SPO20 �3-51 SPO20 with L67N mutation This study

pRS306-SPO20pr-�3-
51SPO20(L70N)

URA3, Integration SPO20 �3-51 SPO20 with L70N mutation This study

pRS306-SPO20pr-�3-51SPO20(I74N) URA3, Integration SPO20 �3-51 SPO20 with I74N mutation This study
pRS306-SPO20pr-�3-51SPO20(2A) URA3, Integration SPO20 �3-51 SPO20 with K68A,R71A mutations This study
pRS306-SPO20pr-�3-51SPO20(3A) URA3, Integration SPO20 �3-51 SPO20 with K68A,R71A,H75A

mutations
This study

pRS306-SPO20pr-�3-51 SPO20(2E) URA3, Integration SPO20 �3-51 SPO20 with K66E,K68E mutations This study
pRS306-SPO20pr-�3-51SPO20(4E) URA3, Integration SPO20 �3-51 SPO20 with K66E,K68E,R71E,K73E

mutations
This study

pRS306-SPO20pr-�3-
51SPO20(L78N)

URA3, Integration SPO20 �3-51 SPO20 with L78N mutation This study

pRS306-SPO20pr-SPO20(L63N) URA3, Integration SPO20 SPO20 with L63N mutation This study
pRS306-SPO20pr-SPO20(L67P) URA3, Integration SPO20 SPO20 with L67P mutation This study
pRS306-SPO20pr-SPO20(I74N) URA3, Integration SPO20 SPO20 with I74N mutation This study
pRS306-SPO20pr-SPO20(2E) URA3, Integration SPO20 SPO20 with K66E,K68E mutations This study
pRS306-SPO20pr-SPO20(4E) URA3, Integration SPO20 SPO20 with K66E,K68E,R71E,K73E

mutations
This study

pRS316-SEC9pr-�3-51PSPS URA3, CEN SEC9 �3-51 PSPS chimera This study
pRS316-SEC9pr-�3-51PSPS(L67P) URA3, CEN SEC9 �3-51 PSPS chimera with L67P mutation This study
pRS426-GFP URA3, 2� TEF2 GFP This study
pRS426-SPO20pr-SPO20 URA3, 2� SPO20 SPO20 This study
pRS426-SPO20pr-�3-51SPO20 URA3, 2� SPO20 �3-51 SPO20 This study
pRS426-SPO20pr-�3-95SPO20 URA3, 2� SPO20 �3-95 SPO20 This study
pRS426-SPO20pr-SPO20(L67P) URA3, 2� SPO20 SPO20 with L67P mutation This study
pRS426-SPO20pr-SPO20(4E) URA3, 2� SPO20 SPO20 with K66E,K68E,R71E,K73E

mutations
This study

pRS426-G1-50 URA3, 2� TEF2 GFP-SPO201-50 This study
pRS426-G1-91 URA3, 2� TEF2 GFP-SPO201-91 This study
pRS426-G20 URA3, 2� TEF2 GFP-SPO2051-91 This study
pRS426-G51-80 URA3, 2� TEF2 GFP-SPO2051-80 This study
pRS426-G61-91 URA3, 2� TEF2 GFP-SPO2061-91 This study
pRS426-G61-78 URA3, 2� TEF2 GFP-SPO2061-78 This study
pRS426-G61-80 URA3, 2� TEF2 GFP-SPO2061-80 This study
pRS426-G68-91 URA3, 2� TEF2 GFP-SPO2068-91 This study
pRS426-G20(L67P) URA3, 2� TEF2 GFP-SPO2051-91 with L67P mutation This study
pRS426-G20(4E) URA3, 2� TEF2 GFP-SPO2051-91 with

K66E,K68E,R71E,K73E mutations
This study

pRS426SPO20pr-G1-91 URA3, 2� SPO20 GFP-SPO201-91 This study
pRS426GFP-2XPH(PLC�) URA3, 2� 2XGFP-PLC-�1 PH domain Stefan et al. 2002
YEp352GAP-SPO20 URA3, 2� TDH3 SPO20 This study
YEp352GAP-�3-51SPO20 URA3, 2� TDH3 �3-51 SPO20 This study
pRS424GAL1pr TRP1, 2� GAL1 This study
pGFP-N-FUS URA3, CEN MET25 Used to make GFP fusion gene Niedenthal et al.,

1996
pGFP-C-FUS URA3, CEN MET25 Used to make pRS426-GFP Niedenthal et al.,

1996
pRS426TEF URA3, 2� TEF2 Yest expression plasmid with TEF2

promoter
Mumberg et al.,

1995
pFA6a-kanMX6-PGAL1 Used to amplify the GAL1 promoter Longtine et al.,

1998
pGEX-20R GST-SPO2061-91 This study
pGEX-20RL67P GST-SPO2061-91 with L67P mutation This study
pGEX-20R4E GST-SPO2061-91 with

K66E,K68E,R71E,K73E mutations
This study

pGEX-PLC�PH GST-rat PLC-�1 PH domain (aa 11-142) This study
pGEX5X-1 GST Amersham

Biosciences

H. Nakanishi et al.
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pGEX5X-1(Amersham Biosciences, Piscataway, NJ) was used to express
glutathione S-transferase (GST) fusion proteins in Escherichia coli cells. PCR
fragments encoding Spo20p amino acids 61–91 and the fragments with L67P
or K66E,K68E,R71E,K73E mutations were cloned into the EcoRI and XhoI sites
of pGEX5X-1 to make pGEX-20R, pGEX-20RL67P, and pGEX-20R4E, respec-
tively. To amplify the wt or L67P fragments, PDO2 and HNO143 were used
as primers, and pRS306-SPO20pr-SPO20 and pRS306-SPO20pr-�3-
51SPO20(L67P) (See Mutagenesis) were used as templates, respectively. The
fragment carrying the K66E,K68E,R71E,K73E mutations was amplified by
PDO2 and HNO144 as primers and pRS426-G20(4E) as a template.

pRS424GAL1pr-DGK, used to express E. coli diacylglycerol (DAG) kinase
under the GAL1 promoter in yeast cells, was made as follows. First, the GAL1
promoter was amplified by PCR by using HNO321 and HNO323 as primers,
and pFA6a-kanMX6-PGAL1 (Longtine et al., 1998) as a template and cloned
between the SacI and SpeI sites of pRS424 (Christianson et al., 1992) to create
pRS424GAL1pr. The E. coli DAG kinase gene was then amplified by PCR by
using DGK-F and HNO271 as primers and pCTY85 (Kearns et al., 1997) as a
template, and digested by SpeI and BglII. Three copies of the influenza
hemagglutinin (HA) epitope were amplified by PCR by using HNO273 and
NHO274 as primers and HAp316 (a gift of T. Odani and Y. Jigami, AIST,
Tsukuba, Japan) as a template, and digested with EcoRI and XhoI. The two
PCR fragments were cloned into the SpeI and BamHI sites, and the EcoRI and
XhoI sites of pRS426TEF, respectively, to create pRS426TEF-DGK. Then, a SpeI

and XhoI fragment containing HA-tagged DAG kinase gene was cloned
between the SpeI and XhoI sites of pRS424GAL1pr.

YEp352GAP-SPO20 and YEp352GAP-�3-51SPO20 were constructed as fol-
lows. SPO20 and SPO20�3-51 genes were amplified by PCR by using ANO95
and HNO361, and ANO227 and HNO361, respectively. These PCR fragments
were digested by EcoRI and XhoI, and cloned into the EcoRI and XhoI sites of
YEp352GAP (Gao et al., 1999).

pRS426SPO20pr-G1-91 was constructed as follows. The SPO20 promoter
was amplified by PCR by using ANO195 and ANO111 as primers, and
pRS306-SPO20pr-SPO20 as a template. The PCR fragment was digested by
EcoRI and BglII, and cloned into EcoRI and BamHI sites of pRS426 to create
pRS426SPO20pr. A GFP fusion to 1-91SPO20 from pRS426-G1-91 was then
cloned into EcoRI and XhoI sites of pRS426SPO20pr. All sequences of genes
cloned by PCR were confirmed by sequencing.

pRS426GFP-2 � PH(PLC�) was provided by S. Emr (University of Califor-
nia, San Diego, CA). To construct PGEX-PLC�PH, a fragment of the rat
PLC�-1 PH domain (aa 11–142) was amplified using HNO452 and HNO453 as
primers and pRS426GFP-2XPH(PLC�) (Stefan et al., 2002) as a template.

Mutagenesis
Random mutagenesis was performed by error-prone PCR mutagenesis (Mu-
hlrad et al., 1992). Briefly, fragments containing 200 bp of the SEC9 promoter

Table 3. Primers used in this study

Name Sequence

ANO95 5�-GTGCTGAATTCTATATAATGGGGTTCAG-3�
ANO111 5�-GGCTAGAATTCATATATCTAAAAATGGC-3�
ANO195 5�-CCTTGAGATCTAAGTCTAGGCGCTTTCAAC-3�
ANO205 5�-CATGTGGGGTGCGACTCAG-3�
ANO208 5�-TCAGGCTGGACATTCTC-3�
ANO227 5�-CTTGTTGAATTCATGGACAATTGTTCAGGAAGC-3�
ANO230 5�-CATGTGAAGCTTGCATCCTTGGCGAATAAAATCCAC-3�
ANO231 5�-GTGGATTTTATTCGCCAAGGATGCAAGCTTCACATG-3�
ANO234 5�-GCAGAAGACGTGATAGGAACCATGTGAAGCTTAAATCC-3�
ANO235 5�-GGATTTAAGCTTCACATGGTTCCTATCACGTCTTCTGC-3�
ANO236 5�-GATAGGCTACATGTGAAGAACAAATCCTTGAGGAATAAAATCC-3�
ANO237 5�-GGATTTTATTCCTCAAGGATTTGTTCTTCACATGTAGCCTATC-3�
ANO238 5�-GGCTACATGTGAAGCTTAAATCCAACAGGAATAAAATCCACAAAC-3�
ANO239 5�-GTTTGTGGATTTTATTCCTGTTGGATTTAAGCTTCACATGTAGCC-3�
ANO240 5�-CCTTGAGGAATAAAAACCACAAACAACTTCACCC-3�
ANO241 5�-GGGTGAAGTTGTTTGTGGTTTTTATTCCTCAAGG-3�
BBO5 5�-CTTGTTTCTAGAATGGACAATTGTTCAGGAAGC-3�
BBO6 5�-GTGCTTCTAGATATATAATGGGGTTCAG-3�
DGK-F 5�-GTTCTTACTAGTATGGCCAATAATACCACTGG-3�
HNO141 5�-GTTCTTTCTAGAGATAGGCTACATGTGAAGCTT-3�
HNO142 5�-GTTCTTCTCGAGTTATTGTTTGTGGATTTTATTCCT-3�
HNO143 5�-GTTCTTGAATTCGATAGGCTACATGTGAAGCTT-3�
HNO144 5�-GTTCTTGAATTCGATAGGCTACATGTGGAGCTT-3�
HNO201 5�-GTTCTTCTCGAGCTACCTGAAGGGTGATAAATATT-3�
HNO222 5�-GTTCTTGCGGCCGCAAAATCCTTGAGGAATAAAATC-3�
HNO223 5�-GTTCTTGCGGCCGCTTTGTATAGTTCATCCATGCC-3�
HNO271 5�-GTTCTTAGATCTGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCTCCAAAATGCGACCATAACA-3�
HNO273 5�-GTTCTTCTCGAGCTAGTTAACAGCAGCGTAAT-3�
NHO274 5�-GTTCTTCAATTCGGATCCATGTCGCGATACCC-3�
HNO321 5�-GTTCTTGAGCTCTGTAAAGAGCCCCATTATCT-3�
HNO323 5�-GTTCTTACTAGTTTTGAGATCCGGGTTTTTTC-3�
HNO333 5�-GTTCTTCTCGAGTTAACTAGTCTTAGTGGCGTCATCGAACCGACAGTTTGGGTGATTTTGTTTGTGGATTTTATTCC-3�
HNO351 5�-TTGAGGAATAAAATCGCCAAACAACTTCACCC-3�
HNO352 5�-GGGTGAAGTTGTTTGGCGATTTTATTCCTCAA-3�
HNO361 5�-GTTCTTCTCGAGTCACCATCTTTTCCCGATCA-3�
HNO371 5�-GATAGGCTACATGTGGAGCTTGAATCCTTGAGGAATA-3�
HNO372 5�-TATTCCTCAAGGATTCAAGCTCCACATGTAGCCTATC-3�
HNO381 5�-GAGCTTGAATCCTTGGAGAATGAAATCCACAAACAAC-3�
HNO382 5�-GTTGTTTGTGGATTTCATTCTCCAAGGATTCAAGCTC-3�
HNO391 5�-CCCCCGGGCTGCAGGAATTC-3�
HNO392 5�-GTTCTTCTCGAGTTATGGGTGAAGTTGTTTGTGGA-3�
HNO452 5�-GTTCTTCTCGAGTTACTGCAGCTTCTGCCGCTGGTCCATG-3�
HNO453 5�-GTTCTTGAATTC CACGGGCTCCAGGATGACCCGGACCTTCAGG

CCCTTCTGAAGGGCAGCCAGCTTCTGAAGGTGAAGTC-3�
M13 5�-ACTGGCCGTCGTTTTAC-3�
PDO2 5�-CTTGTTCTCGAGTTAACTAGTCTTAGTGGCGTC-3�
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region and nucleotides 154–497 of SPO20 sequence were generated by mu-
tagenic PCR and cotransformed into AN211 with plasmid pRS316-SEC9pr-
�3-51PSPS that had first been linearized by digestion with XhoI and SpeI.
Digestion with these two enzymes removes the region encoding amino acids
51–95 of the Spo20p amino terminus. Site-directed mutagenesis was per-
formed with QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). All sequences of genes cloned by PCR were confirmed by sequencing.

Sporulation Assays
Sporulation assays were performed essentially as described previously
(Neiman, 1998). After overnight incubation, the percentage of sporulation was
determined by observation in the light microscope. For ether test, strains were
sporulated at 30°C and 5 � 103 cells were spotted onto YPD plate. The plate
was inverted over a paper filter soaked with 2 ml of ethyl ether for 15 min and
then removed and incubated at 30°C for 2 d.

Expression and Purification of GST Fusion Proteins
For each GST fusion protein, an expression plasmid was transformed into E.
coli strain BL21, 1l of culture was grown to OD600 � 0.8 in LB � ampicillin
medium, and expression of the fusion protein was induced by adding 1 mM
isopropyl �-d-thiogalactoside. Cells were then frozen at �80°C, resuspended
in phosphate-buffered saline (130 mM NaCl, 7 mM Na2HPO4, and 3 mM
NaH2PO4) containing 200 �g/ml lysozyme, left on ice for 30 min, and
sonicated for 3 � 10 s to lyse the cells. The GST fusion proteins were purified
on glutathione Sepharose 4B (Amersham Biosciences), eluted with 50 mM Tris
(pH 8.0) containing 0.25 M KCl and 5 mM reduced glutathione, and then
dialyzed against 20 mM HEPES (pH. 7.5) containing 100 mM NaCl. Samples
were mixed with an equal volume of 100% glycerol and stored at �20°C.

Liposome Binding Assay
Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL).
Sucrose-laden liposomes were generated essentially as described previously
(Sciorra et al., 1999). The appropriate phospholipid mixtures (80 nmol/reac-
tion) were air-dried, resuspended in 200 �l of 20 mM HEPES (pH 7.5) with 20
mM KCl and 0.2 M sucrose, and sonicated for 4 � 15 s. The solution with
sucrose-laden vesicles was mixed with 700 �l of 20 mM HEPES (pH 7.5)
containing 100 mM NaCl, and centrifuged at 200,000 � g for 15 min at 4°C.
Vesicles were resuspended in 200 �l of 20 mM HEPES (pH 7.5) containing 100
mM NaCl and 10 �g of bovine serum albumin, and incubated with 2 �g of
purified protein for 30 min on ice. Vesicles were pelleted as before, and
coprecipitated protein was analyzed with SDS-PAGE and Coomassie Blue
staining. Protein in supernatant was precipitated with trichloroacetic acid and
analyzed, as well. A white/UV transilluminator (UVP, Upland, CA) was used
to take images of gels and the intensity of the stained bands was quantita-
tively determined by using LabWork 4.0 software (UVP). For the comparison
of binding of GST-PLC-�1-PH and GST-Spo20p61-91 to liposomes 20 mM
NaPO4 buffer (pH 7.5) containing 100 mM NaCl was used instead of HEPES
buffer.

Microscopy
Indirect immunofluorescence was performed essentially as described previ-
ously (Tachikawa et al., 2001). The anti-GFP monoclonal antibody (BD Bio-
sciences, Franklin Lakes, NJ) was used at a 1:100 dilution and anti-Spo20p
antibodies (Neiman et al., 2000) were used at a 1:50 dilution. For direct
detection of GFP fluorescence, either living cells or cells fixed with 3.7%
formaldehyde for 10 min and then placed in mounting media containing
4,6-diamidino-2-phenylindole (DAPI) were used. Images were acquired using
an Axioplan2 microscope (Carl Zeiss, Thornwood, NY) with a Zeiss mRM
Axiocam and deconvolved using Zeiss Axiovision 3.1 software.

RESULTS

Isolation of a Point Mutation That Specifically Affects
SNARE Activity during Sporulation
To elucidate the role of the Spo20p amino terminus in reg-
ulating SNARE function, we took advantage of a Spo20p/
Sec9p chimera, �3-51 PSPS, that is capable of rescuing both
the growth defect of a sec9-4 temperature-sensitive (ts) mu-
tant and the sporulation defect of a spo20� mutant (Neiman
et al., 2000). In this chimera, the helical regions of Spo20p
have been replaced with those of Sec9p, and, in addition, the
inhibitory domain of the Spo20p amino terminus has been
removed. The chimeric protein can mediate vesicle fusion at
the prospore membrane due to sequences in the 50–95 re-
gion of the Spo20p amino terminus, but this region is dis-
pensable for the chimera to promote fusion at the plasma
membrane (Neiman et al., 2000).

The �3-51 PSPS chimera was placed into a centromeric
plasmid under control of the SEC9 promoter, and PCR mu-
tagenesis was used to introduce mutations into the amino
terminus between residues 50 and 95. The mutagenized pool
was introduced into a diploid strain (AN211) that was ho-
mozygous for both the sec9-4 mutation and spo20�. Trans-
formants were initially screened for growth at 37°C to iden-
tify plasmids expressing chimeras still capable of rescuing
sec9-4. Transformants that grew at 37°C were then replica
plated to SPO medium and then screened by exposure to
ether vapor, which is lethal to vegetative cells but not spores,
for sporulation. From 7435 transformants screened, three
plasmids were identified that reproducibly rescued ts
growth but not the sporulation defect of AN211 (Figure 1).
The chimeric genes in each of the three plasmids were
sequenced and all three were found to contain an identical
T-to-C transition at nucleotide 200. This mutation changes a
leucine at position 67 (in the native Spo20p sequence) to
proline. Introduction of this same mutation into �3-51
SPO20 also greatly decreased rescue of the spo20� sporula-
tion defect (Table 4). Thus, the L67P mutation perturbs the
positive regulatory activity of the Spo20p amino terminus

The Positive Regulatory Domain Is Predicted to Encode
an Amphipathic Helix
The identification of leucine 67 as a critical residue for
Spo20p function led us to examine more closely the primary
sequence of this region of the protein. Although no known
motifs are present, several different secondary structure pre-
diction algorithms (available at http://npsa-pbil.ibcp.fr/
cgi-bin/npsa_automat.pl?page�/NPSA/npsa_seccon-
s.html) predict that residues 62–79 form a short amphipathic
helix with hydrophobic and positively charged faces (Figure
2). Intriguingly, the L67P mutation would break this helix,
suggesting a basis for the mutant phenotype. To test the
importance of this putative helix, site-directed mutations in
this region were introduced into �3-51 SPO20 (Table 4).
Each mutant was cloned into an integrating plasmid, trans-
formed into a spo20� strain, and the ability of the mutants to
rescue sporulation was examined.

Figure 1. L67P mutation causes a specific sporulation defect in a
Spo20p/Sec9p chimera. Centromeric plasmids carrying �3-51 PSPS,
�3-51 PSPS gene with the L67P mutation, or no insert were trans-
formed into AN211 (sec9-4/sec9-4 spo20�/spo20�). Cultures were
grown to saturation at 25°C, and 5 � 103 cells of each culture were
spotted onto a YPD plate and grown at or 37°C. As an assay of
sporulation, 5 � 103 sporulated cells of each strain were spotted
onto a YPD plate. The plate was exposed to ether vapor and then
incubated at 25°C.
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Each of the residues of the hydrophobic face were
changed, individually to asparagine residues. Though mu-
tation of L63, I74, or L78 had, at most, modest effects on
sporulation, mutation of L67 or L70 produced a dramatic
reduction in complementation. Thus, the predicted hydro-
phobic surface, and in particular the center of that surface, is
important for function.

The positively charged face was somewhat more refrac-
tory to mutation because changing two or three of the pos-
itive residues to alanine displayed no phenotype (Table 4).
However, when these residues were changed to the nega-
tively charged glutamic acid, the function of the Spo20 pro-
tein was affected. Indeed, introduction of four glutamates at
positions 66, 68, 71, and 73 reduced function to the level seen
in the original L67P allele. Therefore, the predicted posi-
tively charged surface is also important for function.

Several of the site-directed mutations were also intro-
duced into the full length SPO20 gene. Some differences

were observed from assays of �3-50 SPO20, in particular the
phenotypes of L63N and I74N become more pronounced,
whereas the phenotypes of L67P and K66E K68E became less
so (Table 4). However, overall the same general pattern of
effects was observed.

Because many of these mutations reduce but do not com-
pletely eliminate SPO20 activity when expressed from inte-
grating plasmids, the ability of the SPO20L67P and
SPO20K66E, K68E, R71E, K73E genes to rescue spo20� when over-
expressed was examined. When present on multicopy plas-
mids both mutant alleles rescued the sporulation defect
nearly as well as wild type (Table 5). By contrast �3-95
SPO20, which lacks the entire positive regulatory region,
complemented very poorly when overexpressed. These re-
sults indicate that the point mutations reduce but do not
completely inactivate the positive function of the Spo20p
amino terminus.

A Short Peptide of the Spo20p Amino Terminus Is
Sufficient to localize GFP to the Plasma Membrane in
Vegetative Cells and the Prospore Membrane in
Sporulating Cells
In Vam7p, the amino-terminal domain of the protein serves
to localize the SNARE to its proper site of action (Cheever et
al., 2001). To address whether the activation domain of
Spo20p plays a similar role, a fusion of GFP to amino acid
residues 51–91 of Spo20p (GFP-Spo20p51-91) was expressed
in a wild-type strain, AN120, and its localization was ob-
served. In vegetatively growing cells, GFP-Spo20p51-91 local-
ized predominantly to the plasma membrane (Figure 3A, a).
In sporulating cells, fluorescence accumulated intracellu-
larly near the spindle poles in early meiosis II and subse-
quently resolved into a membrane pattern surrounding the
nucleus (Figure 3A, b). As meiosis II progressed, the mem-
branes extended along the nucleus and eventually captured
each daughter nucleus at end of the meiosis (Figure 3A, c
and d). This fluorescence pattern is characteristic of that of
prospore membranes. Also, as meiosis II progressed, the
intensity of fluorescence from the intracellular membranes
became stronger than that of the plasma membrane. There-
fore, GFP-Spo20p51-91 binds to the plasma membrane in
vegetative cells and in meiotic cells it binds both the plasma
membrane and the prospore membrane with some prefer-
ence for the prospore membrane.

To further define the region required to confer membrane
localization, a series of deletions within GFP-Spo20p51-91

were constructed (Figure 3B). GFP-Spo20p61-91, GFP-
Spo20p51-80, and GFP-Spo2061-80 were observed to localize to
the plasma membrane in vegetatively growing cells and the
prospore membrane in sporulating cells (Figure 3B, i–k and

Table 4. Effect of mutations in the amino-terminal helix on SPO20
function

Mutation

%Ascia

�3-51SPO20 SPO20

wt 86.9 63.7
L63N 66 30.5
L67P 0.1 5.8
L67N �0.1 n.d
L70N 1 n.d
I74N 69 24.6
L78N 87 n.d
K68A, R71A 74 n.d
K68A, R71A, H75A 81 n.d
K66E, K68E 6 57.9
K66E, K68E, R71E, K73E �0.1 0.6

n.d., not determined.
a Integrating plasmids carrying the indicated mutations in the con-
text of �3-51 SPO20 or SPO20 were transformed into AN147
(spo20�/spo20�). Cultures were sporulated and then analyzed in the
light microscope to determine the percentage sporulation; 1000 cells
were counted per culture.

Figure 2. Positive regulatory domain of Spo20p is predicted to
contain an amphipathic �-helix. Top, primary sequence of the pos-
itive regulatory region is shown. The boxed region represents the
predicted �-helix, the residues composing the hydrophobic face are
outlined. Bottom, helical wheel representation of residues 62–79
(boxed amino acids in the top) of Spo20p. Amino acids changed by
site-directed mutagenesis (Tables 4 and 5) are underlined.

Table 5. Rescue of spo20� by overexpression of Spo20p mutants

Gene Expressed %Ascia

SPO20 48
�3-51SPO20 51
�3-95SPO20 3
SPO20L67P 53
SPO20K66E, K68E, R71E, K73E 37

a High copy plasmids carrying the indicated SPO20 allele were
transformed into AN147 (spo20�/spo20�). Cultures were sporulated
and then analyzed in the light microscope to determine the percent-
age sporulation; 1000 cells were counted per culture.

SNARE Regulation by Localization

Vol. 15, April 2004 1807



n–p). By contrast, GFP-Spo20p61-78 and GFP-Spo20p68-91

were dispersed in the cytosol in both vegetative and sporu-
lating cells (Figure 3B, l, m, q, and r). In addition, a fraction
of the cells expressing GFP-Spo20p61-78 displayed an appar-
ent mitochondrial localization of the fusion (our unpub-
lished observations). Although this result might indicate
that GFP-Spo20p61-78 has some affinity for mitochondrial
membranes, this fusion was not observed at the plasma
membrane or the prospore membranes, indicating that it lost
the ability to bind to these compartments. In sum, these
deletion studies indicate that amino acid residues 61–80 of
the Spo20p amino terminus, the same region that is pre-
dicted to form an amphipathic �-helix, are necessary and
sufficient to bind to both the plasma membrane and the
prospore membrane.

These data suggest that the positive regulatory region of
the Spo20p amino terminus promotes SNARE function by
localizing the protein to the membrane. If true, then the L67P
and K66E, K68E, R71E, K73E mutations, which strongly
perturb Spo20p function, should also perturb the localiza-
tion of GFP-Spo20p51-91. To examine this possibility, the
L67P and K66E, K68E, R71E, K73E mutations were intro-
duced into GFP-Spo20p51-91. GFP-Spo20p51-91 with the L67P
mutation did not show plasma membrane or prospore mem-
brane localization but rather was concentrated in the nu-
cleus in both vegetative and sporulating cells (Figure 4, A
and B). GFP-Spo20p51-91 carrying the K66E, K68E, R71E,
K73E mutations also failed to localize to either the prospore
or plasma membrane, although in this case the GFP fusion
was dispersed throughout the cytosol in both vegetative and
sporulating cells rather than in the nucleus (Figure 4, C and
D). Thus, as expected, both mutants delocalize the protein
from the membrane, although perhaps by different mecha-
nisms. The K66E, K68E, R71E, K73E mutations cause com-
plete delocalization of the protein, whereas the L67P muta-
tion may reveal a cryptic nuclear localization signal.

The Positive Regulatory Region Is Necessary to Localize
Spo20p to the Prospore Membrane during Sporulation
If the role of the positive regulatory region is to localize
Spo20p properly, then Spo20p carrying the L67P or K66E,
K68E, R71E, K73E mutations should be mislocalized during
sporulation. Unfortunately, the direct test of this prediction
is problematic as intact Spo20p can only be visualized when
overexpressed (Neiman et al., 2000), but overexpression of
the mutant SPO20 alleles suppresses their phenotype (Table
5). However, cells overexpressing of �3-95 SPO20, which
lacks the entire positive regulatory region, still sporulate
poorly (Table 5). Therefore, we examined the localization of
�3-95 Spo20p when overexpressed in sporulating cells. High
copy plasmids expressing either full-length Spo20p or �3-95
Spo20p were introduced into a wild-type strain. Chromo-
somally expressed SPO20 is present in this strain to ensure
that the cells expressing �3-95 Spo20p sporulate well, but, as
reported previously, the protein expressed from the chro-
mosomal locus is not seen by immunofluorescence (Figure
5C). Unlike the full-length Spo20p, which was localized to
the prospore membrane in meiosis II cells (Figure 5B), �3-95
Spo20p was found distributed in a punctate pattern in the
cytosol throughout meiosis (Figure 5A). Thus, the positive
regulatory region is required for proper targeting of Spo20p
to the prospore membrane.

The Positive Regulatory Region Binds to Acidic
Phospholipids In Vitro
The positive regulatory region of Spo20p is sufficient to
provide a specific localization in vivo. Presumably, this re-
gion binds to a component of the plasma or prospore mem-
brane to confer localization. Two-hybrid screens with the
51–91 region of Spo20p failed to identify good candidates for
a protein ligand (our unpublished observations). An alter-
native possibility is that, analogously to Vam7p, this region
confers localization by binding to a lipid that is uniquely
enriched in the plasma membrane and prospore membrane.

To examine this possibility, amino acid residues 61–91 of
Spo20p were fused to the carboxy terminus of GST, the
resulting fusion protein was purified from E. coli, and the
ability of this fusion to bind to liposomes of varying com-
position was tested (Figure 6A). The GST fusion bound
weakly to liposomes containing phosphatidylcholine (PC),
phosphatidlylserine (PS), phosphatidylethanolamine (PE),
or phosphatidylinositol (PI). However, when phosphatidic

Figure 3. Small region of the Spo20p amino terminus is sufficient
to localize GFP to the plasma membrane and the prospore mem-
brane. (A) Localization of GFP-Spo20p51-91 in vegetative and sporu-
lating cells. A plasmid expressing GFP-Spo20p51-91 was introduced
into AN120 and GFP fluorescence was observed in vegetative grow-
ing cells (a) and sporulating cells (b–d). DAPI staining of cells in
a–d (e–h) (B) Deletion mapping of the membrane localization ac-
tivity. Sequences encoding the indicated fragments of Spo20p were
fused to GFP and expressed in AN120. GFP fluorescence was ob-
served in vegetatively growing cells (i–m) and sporulating cells
(n–r). (a–d and i–r) GFP fluorescence. (e–h and s–w), DAPI staining
of corresponding cells in a–d and n–r, respectively.
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acid (PA), phosphatidylinositol-4-phosphate (PI4P), or
phosphatidylinositol-4,5-bisphosphate (PI4,5P2) were in-
cluded, �50% of the fusion protein cosedimented with the
liposomes. GST alone did not precipitate to any extent (Fig-
ure 6D). Thus, amino acids 61–91 of Spo20p can confer
binding to acidic phospholipids in vitro.

The apparent lack of specificity of GST-Spo2061-91 for a
particular phospholipid led us to compare the binding of
this fusion to a bona fide PI4,5P2 binding moiety, the PH
domain from PLC-�1 (Kavran et al., 1998). A fusion of PLC-
�1-PH to GST was purified from E. coli and comparable
molar amounts of GST-Spo2061-91 and GST-PLC-�1-PH were
tested for their ability to bind either PI4,5P2 or PA containing
liposomes (Figure 6B). Relative to GST-PLC-�1-PH, GST-
Spo2061-91 displayed a lower affinity for PI4,5P2 and a higher
affinity for PA. The comparable binding of GST-Spo2061-91 to
the different lipids is thus not an artifact of the assay system
but a property of the protein in vitro.

Efficient coprecipitation in vitro required a relatively high
concentration of the acidic phospholipid in the liposomes
(Figure 6C). Maximal binding was seen when the liposomes
were composed of 60% PA. This raises some concern about
the physiological significance of the observed binding. If

lipid binding is relevant to the in vivo function of this
domain, then mutations that inactivate function in vivo
should affect lipid binding in vitro. To test this, the L67P and
K66E, K68E, R71E, K73E mutations were introduced into the
GST-Spo20p61-91 fusion. These mutant fusion proteins were
also purified from E. coli and their ability to bind to lipo-
somes was assayed (Figure 6D). Under maximal binding
conditions, in which 79% of the GST-Spo20p61-91 protein
bound liposomes, only the 35% of the GST-Spo20p61-91 L67P
fusion was precipitated. More strikingly, binding to lipids
was completely lost in the GST-Spo20p61-91 K66E, K68E,
R71E, K73E fusion. That these mutant forms show reduced
binding to lipids suggests that their mutant phenotype may
be due to an inability to bind lipids in vivo.

Localization of GFP-Spo20p51-91 Is Not Dependent on
PI4,5P2

Binding to acidic phospholipids could provide an explana-
tion for how the positive regulatory domain binds mem-
branes in vivo. However, the lack of specificity for an indi-
vidual lipid makes it unclear how specific targeting to the
plasma and prospore membrane is achieved. Within the cell,
each membrane compartment has a unique lipid composi-

Figure 4. L67P and K66E, K68E, R71E, K73E
mutations perturb the membrane localization
of GFP-Spo20p51-91. GFP-Spo20p51-91 with
L67P or the K66E, K68E, R71E, K73E muta-
tions was expressed in AN120 and GFP fluo-
rescence was observed in vegetatively grow-
ing cells (A and C) and sporulating cells (B
and D). (A–D), GFP fluorescence; (E–H),
DAPI staining of corresponding cells in A–D.

Figure 5. Positive regulatory region is re-
quired for localization of Spo20p to the pros-
pore membrane. Strain AN120 (wt) was trans-
formed with high copy plasmids expressing
�3-95 Spo20p, Spo20p, or containing no insert
and the localization of the Spo20 protein was
examined by indirect immunofluorescence.
(A–C) Staining with anti-Spo20p antibodies.
(D–F) Corresponding DAPI staining for the
cells in A–C.
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tion and may be enriched in specific lipid types (Schneiter et
al., 1999). For example, in S. cerevisiae fusion of GFP to a
PI4,5P2 binding domain, GFP-2 � PH(PLC�), will target the
fusion protein to the plasma membrane, whereas fusion to a
PI4P binding domain will target GFP to the Golgi compart-
ment (Stefan et al., 2002). It may be that the positive regula-
tory region of Spo20p has greater specificity in vivo than in
vitro, and in vivo targeting is achieved by binding to a
particular lipid.

Because both GFP-Spo20p51-91 and GFP-2 � PH(PLC�) are
localized to the plasma membrane in vegetative cells and
GST-Spo20p61-91 has a strong affinity for PI4,5P2 in vitro,
PI4,5P2 seemed to be a good candidate for the in vivo
GFP-Spo20p51-91 ligand. To test this possibility, the localiza-
tion of GFP-Spo20p51-91 and GFP-2 � PH(PLC�) were com-
pared in strains carrying a mutation in the MSS4 gene. MSS4
encodes the sole phosphatidyl-inositol-4-phosphate-5-kinase in
S. cerevisiae, and PI4,5P2 pools are rapidly depleted when
cells carrying a ts allele of MSS4 are shifted to the nonper-
missive temperature (Stefan et al., 2002). After 1-h incubation
of the mss4-ts strain at 37°C, depletion of PI4,5P2 resulted in
a redistribution of GFP-2 � PH(PLC�) from the plasma
membrane to the cytosol (Figure 7E), as reported previously
(Stefan et al., 2002). By contrast, GFP-Spo20p51-91 retained a
plasma membrane localization even after prolonged incuba-
tion of the strain at the restrictive temperature (Figure 7B).

This results might be explained if GFP-2 � PH(PLC�) a
lower affinity for PI4,5P2 than GFP-Spo20p51-91; however,
this does not seem to be the case in vitro (Figure 6B). Thus,
this result suggests that PI4,5P2 is not the in vivo ligand of
GFP-Spo20p51-91.

Moreover, in sporulating cells, GFP-2 � PH(PLC�) was
not observed at prospore membranes during meiosis II. A
weak prospore membrane signal was eventually observed at
late stages of spore formation, but in these cells a strong
plasma membrane signal remained (Figure 7F). This pattern
is very different from that of GFP-Spo20p51-91; in which
prospore membrane localization occurs at the beginning of
membrane formation, and the intensity of the prospore
membrane signal is stronger than that of the plasma mem-
brane (Figures 3A and 7C). Taken with the results in the
mss4-ts strain, these results strongly indicate that the local-
ization of GFP-Spo20p51-91 is not dependent on PI4,5P2.

Overexpression of DAG Kinase Alters GFP-Spo20p51-91

Localization
The phosphatidylinsoitol-4-kinase protein Stt4p produces a
plasma membrane localized pool of PI4P, which serves as a
substrate for Mss4p (Audhya and Emr, 2002). In principle,
GFP-Spo20p51-91 could bind to this plasma membrane PI4P
pool. To test this possibility, analogous experiments to those
described for mss4-ts were performed with an stt4-ts strain.

Figure 6. GST-Spo20p61-91 binds to acidic li-
posome in vitro. (A) Binding of GST-
Spo20p61-91 to phospholipids. Purified GST-
Spo20p61-91 (2 �g) was mixed with sucrose
laden liposomes containing 50% (40 nmol) of
PC and 50% (40 nmol) of PC, PE, PS, PA, PI,
PI4P, or PI4,5P2. After centrifugation, the pro-
tein precipitated with the liposomes (P) or
remaining in the supernatant (S) was ana-
lyzed by SDS-PAGE and Coomassie staining.
Percentage of the input protein that bound to
the liposomes is given. (B) Comparison of
binding of GST-PLC-�1-PH and GST-
Spo20p61-91 to PI4,5P2 or PA containing lipo-
somes. Binding of 66 pmol of GST-PLC-�1-PH
(PLC-�1) and GST-Spo20p61-91 (SPO20) to li-
posomes containing 20% PI4,5P2 or 60% PA
was assayed as described in A. (C) Binding of
GST-Spo20p61-91 to liposomes with increasing
concentrations of PA. The curve shows the per-
centage of input GST-Spo20p61-91 (2 �g) in the
pellet with PC-based liposomes containing 0,10,
30, 50, 60, or 70% of PA. The data shown are
means of three determinations. (D) Binding of
wt and mutant GST-Spo20p61-91 to PA. Binding
of GST-Spo20p61-91 (wt), GST-Spo20p61-91 L67P

(L67P), GST-Spo20p61-91 K66E, K68E, R71E, K73E (4E),
or GST alone (GST) to liposomes containing
60% PA and 40% PC was assayed as described
in A.
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No change in the localization of GFP-Spo20p51-91 was seen
even after incubations sufficient to affect the localization of
GFP-2 � PH(PLC�) (our unpublished observations). Similar
results were also obtained with mutations of PIK1, which
encodes a Golgi-localized phosphatidylinsoitol-4-kinase
(Walch-Solimena and Novick, 1999). Thus, PI4P does not
seem to be the in vivo ligand of GFP-Spo20p51-91.

Besides PI4P and PI4,5P2, the other phosphatidylinositol
phosphate species in the yeast cell are found predominantly
in intracellular membranes (Gillooly et al., 2000; Stefan et al.,
2002) and are therefore not good candidates for in vivo
ligands of the Spo20p positive regulatory domain. By con-
trast, the plasma membrane is enriched in PA relative to
other membrane compartments of the cell (Schneiter et al.,
1999). Analogous to the experiments with mss4-ts, we sought
to examine the effect of altered intracellullar PA levels on the
localization of GFP-Spo20p51-91. Mutation of the phospho-
lipase D encoded by SPO14, which hydrolyzes PC to make
PA, had no effect on the distribution of GFP-Spo20p51-91 (our
unpublished observations); however, this mutation does not
cause significant changes in the intracellular PA concentra-
tion in vegetative cells (Rudge et al., 2001). No other PA-
generating enzymes have been defined in S. cerevisiae. There-
fore, to alter intracellular PA levels the E. coli DAG kinase,
which synthesizes PA from DAG, was used.

Expression of DAG kinase in yeast is reported to result in
elevation of cellular PA levels (Kearns et al., 1997), although
which membranes contain the PA is not known. A plasmid
was constructed carrying the DAG kinase gene under the
control of the GAL1 promoter, and cotransformed into cells
along with either GFP-Spo20p51-91 or GFP-2 � PH(PLC�).
When the cells were grown on glucose medium, both GFP
fusions were found on the plasma membrane. The cultures
were then shifted to galactose medium to induce the expres-
sion of DAG kinase. The localization of GFP-2 � PH(PLC�)
was unaltered by induction of the DAG kinase (Figure 8, B
and E). By contrast, after 8 h in galactose medium, 	60% of
the cells expressing GFP-Spo20p51-91 displayed fluorescence
from intracellular membrane structures in addition to fluo-
rescence from the plasma membrane (Figure 8D). Approxi-

mately 40% of these structures could be costained with the
dye FM 4-64, indicating that some of them are endosomal
structures. These data indicate that the localization of GFP-
Spo20p51-91 is responsive to PA levels in vivo.

The Inhibitory Region of the Spo20p Amino Terminus
Sequesters the Protein in the Nucleus
As noted, the �3-51PSPS chimera expressed under the con-
trol of the SEC9 promoter complements both sec9-4 and
spo20� mutants. However, the full-length PSPS chimera res-
cues a spo20� mutant poorly and a sec9-4 mutant not at all
(Neiman et al., 2000). These observations define an inhibitory
function in the 4–50 region of the Spo20p amino terminus. In
constructing fusions of GFP to Spo20p amino-terminal frag-
ments, we found that fusions that contained amino acid
residues 1–50 of Spo20p never displayed plasma membrane
fluorescence. For example, in cells expressing GFP-
Spo20p1-51 or GFP-Spo20p1-91 very little fluorescence was
visible; only 2–6% of the cells displayed a fluorescence sig-
nal, and this was in a punctate, nuclear pattern (our unpub-
lished observations). The reason for this loss of fluorescence
is unclear, because both GFP-Spo20p1-51 and GFP-Spo20p1-91

were present in comparable abundance to GFP-Spo20p51-91

as determined by Western blotting with anti-GFP antibodies
(our unpublished observations).

To determine the intracellular localization of the fusions
including the 1–50 region, indirect immunofluorescence by
using an anti-GFP antibody was performed. When detected
by immunofluorescence, a majority of the cells displayed
staining, and GFP-Spo20p1-91 localized to the nucleus in
these cells (Figure 9A, b). By contrast, immunostaining of
cells expressing GFP-Spo20p51-91 displayed the same plasma
membrane localization seen with direct GFP fluorescence
(Figure 9A, c). Thus, the addition of amino acids 1–50 relo-
calized the fusion protein from the plasma membrane to the
nucleus.

Similarly, we observed that full-length Spo20p, when ex-
pressed from the TDH3 promoter in vegetative cells was
concentrated in the nucleus, but �3-51 Spo20p expressed in
the same way was localized either diffusely throughout the

Figure 7. Comparison of subcellular local-
ization of GFP-Spo20p51-91 and GFP-2 �
PH(PLC�). GFP fluorescence of GFP-
Spo20p51-91 (A–C) and GFP-2 � PH(PLC�)
(D–F) was observed in vegetatively growing
mss4ts cells (A, B, D, and E) and sporulating
AN120 (C and F).
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cytosol or concentrated at the plasma membrane (Figure 9B).
The inhibitory region, therefore, also functions as a nuclear
targeting domain in the context of the full-length protein.

If the inhibitory activity of the Spo20p amino terminus
sequesters the protein into the nucleus, then this activity
must somehow be overcome during sporulation to allow
Spo20p to reach the prospore membrane. To examine the
behavior of the protein during sporulation, we expressed
GFP-Spo20p1-91 in sporulating cells under control of native
SPO20 promoter. Consistent with the sporulation-specific
regulation of this promoter, the fusion protein was first
detectable in cells during meiosis I and at that time the
fusion was localized to the nucleus, as it was when ex-
pressed in vegetative cells (Figure 10A). As cells proceeded
into meiosis II, however, localization to nascent prospore
membranes became apparent (Figure 10B) and by late mei-
osis II nuclear localization was lost and the fusion was found
exclusively on the prospore membrane where it remained in
mature spores (Figure 10, C and D). Exit from the nucleus
must be cued by a developmental signal and not simply the
appearance of a PA-rich membrane in the cytosol because
expression of DAG kinase does not cause exit of GFP-
Spo20p1-91 from the nucleus in vegetative cells (our unpub-
lished observations). These results indicate that the inhibi-
tory activity of the amino terminus sequesters Spo20p to the

nucleus when it is first synthesized, but nuclear targeting is
lost as cells enter meiosis II and Spo20p then localizes to the
prospore membrane by virtue of its lipid binding domain.

DISCUSSION

In this study, we have investigated the basis for the positive
and negative regulation of SNARE function by the Spo20p
amino terminus. A genetic screen was used to identify point
mutations in the Spo20p amino terminus that specifically
interfere with the fusion of vesicles at the prospore mem-
brane. The original mutation and further, targeted mutagen-
esis identified a probable amphipathic helix as the critical
feature of the amino terminus. A region as small as 20 amino
acids encompassing this helix was sufficient to target GFP to
the plasma membrane in vegetative cells and the prospore
membrane in sporulating cells. In vitro binding studies dem-
onstrated that this region binds to acidic phospholipids.
Mutations in the helical domain that eliminate membrane
targeting of GFP also eliminate lipid binding in vitro and
create a nonfunctional protein when introduced into full-
length Spo20p. Thus, positive regulation of Spo20p by the
amino terminus is mediated by localization of Spo20p to its
site of action.

Figure 8. Effects of expression of DAG kinase on GFP-Spo20p51-91 and GFP-2 � PH(PLC�) localization. GFP fluorescence of GFP-Spo2051-91

(A, C, D, and F) and GFP-2 � PH(PLC�) (B and E) was observed in W303-1A harboring pRS424GAL1pr-DGK. DAG kinase was repressed
in glucose medium (A–C) or expressed in galactose medium (D–F). Localization of GFP-Spo20p51-91 in W303-1A with empty vector
(pRS424GAL1pr) in glucose medium (C) and galactose medium (F) was examined as a control. The percentage of cells with internal
membrane fluorescence is given; 500 cells were counted for each culture.

H. Nakanishi et al.

Molecular Biology of the Cell1812



An important unresolved issue is the identity of the in
vivo ligand for this domain. In the in vitro binding studies,
no strong preference for PA over PI4,5P2 or PI4P was seen.
In vivo GFP-Spo2051-91 localized to the plasma membrane,
similar to a GFP fused to a known PI4,5P2 binding domain
and distinct from the intracellular Golgi pattern of GFP
fused to a PI4P binding domain (Figure 6; Stefan et al., 2002).
However, during sporulation the pattern of localization of
the PI4,5P2-binding fusion was distinct from that of GFP-
Spo2051-91. More strikingly, when PI4,5P2 was depleted us-
ing an mss4-ts mutant, localization of the PI4,5P2-binding
fusion to the plasma membrane was lost, whereas GFP-

Spo2051-91 localization was unaffected. By contrast, overex-
pression of E. coli diacylglycerol kinase, which leads to an
increase in intracellular PA concentration, disturbed GFP-
Spo2051-91 localization without greatly affecting the PI4,5P2
binding protein, suggesting that GFP-Spo2051-91 might bind
PA in vivo. Analysis of the lipid composition of different
membrane compartments has shown that the plasma mem-
brane is enriched in PA relative to other intracellular com-
partments (Schneiter et al., 1999). Thus, binding to PA might
be reasonably expected to provide specific targeting to the
plasma membrane.

The phospholipase D enzyme Spo14p, which produces
PA, is localized to the prospore membrane during sporula-
tion (Rudge et al., 1998). Localization of Spo14p to the
plasma membrane has been shown to enhance the function
of the Spo20p SNARE domain in vegetative cells (Coluccio et
al., 2004), suggesting that Spo20p might operate most effi-
ciently in a PA-rich membrane environment. Thus, for a
variety of reasons PA is an attractive candidate for the in
vivo ligand. However, final demonstration of this will have
to await more sensitive genetic tools for specifically manip-
ulating intracellular PA pools.

An alternative possibility is that Spo2051-91 does not have
a specific ligand, but rather binds to acidic phospholipids
only when they are sufficiently concentrated. If so, then the
membrane preference of Spo20p51-91 would not be defined
by one specific phospholipid, but rather clustering or spatial
concentration of acidic phospholipids might be the critical
determinant of membrane association. Such a model would
explain why GST-Spo2061-91 only bound to liposomes in
vitro containing relatively high concentrations of acidic
phospholipid.

Regardless of the specific lipid bound, Spo20p resembles
the vacuolar SNARE Vam7p in that it contains a lipid bind-
ing motif in its amino-terminal region. In the case of Vam7p,
binding of PI3P by its amino-terminal PX domain is impor-
tant for localization to the vacuolar membrane and function
and, as with Spo20p, overexpression of Vam7p can compen-
sate for the mutation of the lipid binding site (Cheever et al.,
2001). This similarity to Vam7p raises the possibility that the
lipid binding domain of Spo20p plays a role in vesicle fusion
beyond simply recruiting Spo20p to its appropriate mem-
brane compartment. For Vam7p, biochemical reconstitution
of vacuolar fusion indicates that the PX domain is required
for an on/off cycle of localization necessary for the complete
fusion reaction (Boeddinghaus et al., 2002). For Spo20p, the
K66E, K68E, R71E, K73E mutations that abolish lipid bind-
ing and membrane localization can still suppress spo20�
when overexpressed. By contrast, �3-95 Spo20p that com-
pletely lacks the activating region cannot rescue sporulation
well, even when overexpressed. This result suggests that the

Figure 9. Intracellular localization of GFP-Spo20p1-51, GFP-
Spo20p1-91, �3-51 Spo20p, and full-length Spo20p in vegetative cells.
(A) Localizations of GFP alone (a), GFP-Spo20p1-91 (b), and GFP-
Spo20p51-91 (c) were determined by indirect immunofluorescence by
using anti-GFP antibodies. (d–f) DAPI staining of corresponding
cells in a–c. (B) Localizations of full-length Spo20p (g) and �3-51
Spo20p (h) expressed from the TDH3 promoter in vegetative cells
were determined by indirect immunofluorescence by using anti-
Spo20p antibodies. (i and j) DAPI staining of corresponding cells in
g and h.

Figure 10. Intracellular localization of GFP-
Spo20p1-91 in sporulating cells. Sporulating
cells expressing GFP-Spo20p1-91 under con-
trol of the SPO20 promoter were examined by
indirect immunofluorescence by using anti-
GFP antibodies. (A–D) Anti-GFP staining. (E–
H), DAPI staining of corresponding cells in
A–D.
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activating region might play some role in the fusion process
beyond simply localizing Spo20p to the membrane.

When expressed in vegetative cells all GFP fusions to
Spo20p that included residues 1–50 of the amino terminus
were found to localize to the nucleus rather than the plasma
membrane. Strikingly, a fusion of residues 1–91 of Spo20p
was localized to the nucleus in vegetative and early meiotic
cells, but left the nucleus and localized to the prospore
membrane at the onset of membrane formation in meiosis II.
These results indicate that inhibition by the amino terminus
is due to sequestration of the protein into the nucleus and
that the protein is released from the nucleus when it is
needed for prospore membrane formation.

One remaining question is why Spo20p contains an inhib-
itory region. Although this region serves to inhibit Spo20p in
vegetative cells, the gene itself is expressed specifically in
meiotic cells, so the need for inhibition in mitotic growth is
not clear. During sporulation, however, induction of SPO20
expression precedes the onset of prospore membrane forma-
tion and retargeting of secretory vesicles away from the
plasma membrane (Figure 10; our unpublished observa-
tions). It may, therefore, be important to keep Spo20p inac-
tive until the appropriate moment. Although this is an at-
tractive hypothesis, cells expressing �3-50 SPO20 that lacks
the inhibitory domain, sporulate normally (Neiman et al.,
2000). Thus, at the moment the significance of Spo20p se-
questration remains unclear.

Previous studies have identified autoinhibitory regions in
a number of different SNARE molecules (Nicholson et al.,
1998; Dulubova et al., 2001; Tochio et al., 2001; Antonin et al.,
2002). In these instances, however, the inhibitory region
seems to interfere directly with the ability of the inhibited
SNARE to oligomerize with partner proteins. Although
there are many examples of regulated nuclear localization
(Schwoebel and Moore, 2000; Schuller and Ruis, 2002),
Spo20p is the first SNARE protein reported to be regulated
in this manner.

At least one other secretory pathway protein has been
shown to exhibit similar behavior. The Schizosaccharomyces
pombe homologue of S. cerevisiae SEC14 (confusingly named
spo20�) encodes a PI transfer protein that localizes to the cell
periphery in vegetatively growing cells and to the forespore
membrane, the S. pombe equivalent of the prospore mem-
brane, during sporulation (Nakase et al., 2001). On transfer
of cells to sporulation medium the protein disappears from
the cell periphery and accumulates in the nucleus. After
meiosis, the S. pombe Spo20p exits the nucleus and localizes
to the forespore membrane. The significance of the nuclear
localization of S. pombe Spo20p is not yet known, but these
observations suggest that sequestration to the nucleus could
be a common regulatory mechanism for secretory pathway
functions during sporulation, and perhaps under other con-
ditions as well.

Could control of intracellular localization be a more gen-
eral strategy for the regulation of SNARE molecules? Cer-
tainly, it seems likely to be an effective strategy only for
those SNAREs, such as SNAP-25 family members, that lack
transmembrane domains. As noted, localization of Vam7p to
the vacuolar membrane requires a PX domain (Cheever et
al., 2001). Furthermore, localization of SNAP-25 to the
plasma membrane requires palmitoylation and an associ-
ated, conserved motif (Schwoebel and Moore, 2000; Schuller
and Ruis, 2002). Recently, the prenylated SNARE Ykt6p has
been shown to localize predominantly to an unidentified
membrane compartment in rat neurons (Hasegawa et al.,
2003). This localization is conferred by an amino-terminal
region of Ykt6p. Thus, targeting of nontransmembrane do-

main SNAREs to their site of action by cis-sequence motifs
seems to be a common strategy. Given our results with
Spo20p, whether the localization of any of these other
SNARE proteins is regulated bears closer examination.
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