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Abstract In this study we identi¢ed a novel protein, Bsp1p,
that interacts directly with two yeast synaptojanins, Sjl2p and
Sjl3p, but not with Sjl1p. The interaction takes place via the
Sac1/polyphosphoinositide phosphatase domain, whose con-
served C-terminal region is important for binding. Subcellular
localization and genetic interactions revealed a function of
Bsp1p in the cortical actin cytoskeleton. A fraction of Bsp1p
was found to be membrane-associated. Studies with mutants of
phosphatidylinositol 4-kinase, PIK1, suggested that the interac-
tion with membranes is facilitated by phosphoinositides. We
propose that Bsp1p is an adapter that links Sjl2p and Sjl3p to
the cortical actin cytoskeleton.
) 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Inositol phosphates are among the most widespread second
messenger molecules in eukaryotic cell signaling. Growing evi-
dence suggests a key function for phosphoinositides in cell
physiology [1,2]. The phosphorylation state of phosphoinosi-
tides is regulated by lipid kinases, their dephosphorylation by
lipid phosphatases. Members of the synaptojanin family are
highly conserved inositol polyphosphate 5P-phosphatases that
are de¢ned by three domains: an N-terminal domain, homol-
ogous to the yeast Sac1 protein, that for some synaptojanin
members has been shown to exhibit polyphosphoinositide
phosphatase (PPIP) activity [3,4], a central 5P-phosphatase
domain, and a C-terminal proline-rich domain.
Mammalian synaptojanin 1 is highly enriched in brain, spe-

ci¢cally at nerve terminals. The localization of synaptojanin 1
on synaptic vesicles [5] and its interaction with proteins im-
plicated in synaptic vesicle endocytosis suggested that it plays
a role in the endocytosis of synaptic vesicles. In neurons of
synaptojanin 1-de¢cient mice, clathrin-coated vesicles accu-
mulate suggesting that the 5P-phosphatase is required for the
uncoating step [6]. In Caenorhabditis elegans, the unique syn-
aptojanin ortholog is de¢ned by the UNC-26 gene. Consistent
with the results from mammals, unc-26 mutants exhibit de-
fects in vesicle tra⁄cking in all tissues, but most profoundly in

synaptic termini [7]. Due to various defects in early steps of
endocytosis [7], C. elegans synaptojanin appears to facilitate
multiple steps of synaptic vesicle recycling.
The yeast Saccharomyces cerevisiae contains three synapto-

janin family members, designated Sjl1p, Sjl2p, and Sjl3p
(also known as Inp51p, Inp52p, Inp53p). Consistent with a
role in endocytosis, the vsjl2 vsjl3 and, more profoundly, the
vsjl1 vsjl2 mutant are defective in £uid phase uptake and
receptor-mediated endocytosis [8]. Both mutants were charac-
terized by other defects including an abnormal plasma mem-
brane morphology, loss of actin organization and cell polarity
[8^10].
Here we identify and characterize a novel protein, which

physically binds to the Sac1 domain of Sjl2p and Sjl3p, but
not to that of Sjl1p or Sac1p. Since this domain contains PPIP
activity we named the protein Bsp1p (binding protein of syn-
aptojanin PPIP domain). Localization studies and genetic
data suggest a function of Bsp1p in the cortical actin cyto-
skeleton.

2. Materials and methods

2.1. Strains, media, and plasmids
Unless otherwise indicated, strains (Table 1) were grown in com-

plete medium (YPD) or synthetic growth medium (SD medium) to
early logarithmic phase at 30‡C in a rotary shaker. DNA manipula-
tions were by standard techniques. The plasmids used are listed in
Table 2.

2.2. Two-hybrid screen
The reporter strain Y190 was sequentially transformed with pAS1-

Sjl2^588 and the S. cerevisiae library DNAs [11]. For each reading
frame, more than 2U106 transformants were screened for the expres-
sion of the lacZ gene after growth on SD-ura-trp-his/25 mM 3-amino-
1,2,4-triazole (3AT) plates, covering the entire library at a s 99%
con¢dence level.
To test for the interaction between BSP1 (pYPR171-C1#9) and the

indicated SJL constructs, L-galactosidase activity (¢lter assay) and
growth on SD-ura-trp-his/25 mM 3AT plates were analyzed. The ex-
pression of the Gal4-BD fusions was con¢rmed by immunoblotting
using an anti-HA antibody.

2.3. Epitope tagging of ORFs
A SJL1- and SJL2-speci¢c polymerase chain reaction (PCR) frag-

ment, generated by ampli¢cation from plasmid pBS1539 with oligo-
nucleotides described below, was inserted in the genome downstream
of, and in frame with, the SJL1 and SJL2 ORF, respectively, by
homologous recombination [12]. A similar PCR-based homologous
recombination was used to insert the 3UHA and the 13UMyc epi-
tope at the C-terminus of Bsp1p, respectively [13]. The selectable
markers were the Schizosaccharomyces pombe HIS5 and the kanr

gene, respectively. Transformants were puri¢ed and correct integra-
tion was veri¢ed by PCR.
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5P-TAP, SJL2 (5P-AACCCTGAACTAGAGAAGCTAAGCGTT-
CATCCATTGAAGCCTTGCGACCCCAATTCCATGGAAAAGA-
GAAG-3P) ; 3P-TAP, SJL2 (5P-GAACAACGGTATTTTCATAACA-
GCCATAGTAATACAGATCATGGTTTGAAAGGTCTACGACT-
CACTATAGGG-3P).
5P-TAP, SJL1 (5P-AGAGATCCCAATCCATTCGTTGAGAACG-

AAGATGAGCCACTTTTTATAGAAAGGTCCATGGAAAAGA-
GAAG-3P) ; 3P-TAP, SJL1 (5P-ACAATGATTTGGCAAAAAGTTC-
CAGCCAAAAATAGAGAGTACGCTCACAGCCGCTACGACT-
CACTATAGGG-3P).
5P-HA, YPR171 (5P-TTCACCCGAATAAAAATAGGACTCGT-

GGTCCCAGAAGAAAACTTCCAACACGCGTGGGAGCAGGG-
GCGGGTGC-3P) ; 3P-HA, YPR171 (5P-TGTTTCAGGGTTTGAA-
TAGCCTGTAATTTTACTGCTATTTTCTAATAAGGGAGGAA-
GAGGTCGACGGTATCGATAAG-3P).
5P-MYC, YPR171 (5P-TTCACCCGAATAAAAATAGGACTCG-

TGGTCCCAGAAGAAAACTTCCAACACGCGTGCGGATCCC-
CGGGTTAATTAAC-3P) ; 3P-MYC, YPR171 (5P-TGTACGTACAT-
ACATGTGTAAAATACGGAGGTCTACTCTGTAGTTACATCG-
ATGAATTCGAGCTCG-3P).

2.4. Co-immunoprecipitation experiments
Fifty OD600 units of BS906, BS1099 and BS1255 cells were lysed

with glass beads [12]. After extraction with 0.1% NP40 (¢nal concen-
tration) for 20 min on ice, the lysates were spun at 14 000 rpm for 20
min. The supernatants were subjected to a⁄nity puri¢cation via bind-
ing to IgG-Sepharose beads [12]. After extensive washing with IP
bu¡er (6U1 ml), bound proteins were released by the addition of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS^
PAGE) sample bu¡er at 95‡C. The presence of TAP-Sjl1p, TAP-
Sjl2p, and HA-Bsp1p in the immunoprecipitates was detected by im-
munoblotting using rabbit anti-mouse IgG and the monoclonal anti-
HA antibody 16B12 (Babco) as primary antibodies.

2.5. Immuno£uorescence microscopy
Indirect immuno£uorescence microscopy was performed as de-

scribed [14]. Mouse K-HA (1:1000), mouse K-GFP (Roche, 1:50),
and rabbit K-Myc (Santa Cruz Biotechnology, 1:100) were used as
primary antibodies, followed by CyTM3-conjugated anti-mouse Fab
fragment (Jackson ImmunoResearch) and Alexa 488-conjugated
anti-rabbit IgG (Molecular Probes).

2.6. Other methods
In vitro translated 35S-labeled Bsp1p was transcribed and translated

as described [15]. For glutathione S-transferase (GST) pulldown ex-
periments, soluble GST fusion proteins were puri¢ed under native
conditions according to the manufacturer’s instructions. GST pull-
down experiments were carried out as described [15]. Nycodenz gra-
dient centrifugation of a 100 000Ug pellet fraction was performed as
described [15]. Visualization of ¢lamentous actin with rhodamine
phalloidin (Molecular Probes) was performed according to [16].
Pheromone internalization assays were carried out with biosyntheti-
cally labeled [35S]K-factor using the ‘pulse-chase’ protocol [17].

3. Results

3.1. Identi¢cation of BSP1
We were interested in identifying proteins that are impli-

cated in the function of yeast Sjl2p/Inp52p. Since no proteins
were known that interact with the N-terminal Sac1 domain of
synaptojanins, this region of Sjl2p was fused to the Gal4
DNA binding domain to generate a bait protein used to
search for interacting proteins with the yeast two-hybrid sys-
tem. In a screen of approximately 9U106 transformants more
than 40 activating plasmids were isolated, of which at least 11
represented distinct clones. The sequence of all these clones
matched the open reading frame (ORF) of YPR171w. Because
of the interaction of the gene product with the PPIP domain
of synaptojanin (see below), we named it Bsp1p. The protein
has an apparent molecular weight of 65 kDa, a pI of 10.02
and contains no potential transmembrane domains. No ob-

vious homologies with other proteins could be recognized us-
ing the heuristic BLAST algorithm or HMMER pro¢le-based
search methods.

3.2. Bsp1p interacts directly with Sjl2p in vitro and in vivo
To con¢rm the two-hybrid interaction biochemically, we

measured the binding of in vitro translated 35S-labeled
Bsp1p to GST fusions that contained either the Sjl2p Sac1
domain (Sjl2^588), the Sjl1p Sac1 domain (Sjl1^524) or an
unrelated protein, Ypt51p. As shown in Fig. 1A, 35S-labeled
Bsp1p was speci¢cally recruited by GST-Sjl2^588 (lane 3,
100%), but not by the other two GST fusions (lane 1 [22%]
and lane 2 [18%]).
Next, we asked whether the complex formation between

Sjl2p and Bsp1p could be detected in vivo upon immunopre-
cipitation of epitope-tagged Sjl2p. To purify a potential com-
plex, we inserted the tandem a⁄nity puri¢cation (TAP) epi-
tope tag including two IgG binding units of protein A at the
3P end of the SJL2 ORF. This version of Sjl2p was functional,
because it could support normal growth in a strain lacking
both SJL1 and SJL2, which otherwise results in a strong
growth defect [8^10]. TAP-tagged Sjl1p was generated simi-

Fig. 1. Bsp1p interacts with the Sac1 domain of Sjl2p and Sjl3p,
but not with that of Sjl1p and Sac1p. A: Puri¢ed GST fusions were
immobilized onto glutathione S-transferase beads and incubated
with in vitro translated [35S]Bsp1p. After washing, bound proteins
were eluted in SDS^PAGE sample bu¡er and separated by SDS^
PAGE. Gels were stained with Coomassie brilliant blue (Co) to re-
veal the GST fusions, and processed for autoradiography (au) to
visualize Bsp1p. The presence of two Bsp1p bands is due to a sec-
ond methionine; asterisks indicate possible breakdown products.
B: Co-immunoprecipitations were performed with cell extracts car-
rying the indicated epitope-tagged proteins. Proteins bound to IgG-
Sepharose beads were released by boiling in SDS^PAGE sample
bu¡er and detected by immunoblotting as described in Section 2.
C: Two-hybrid interactions between combinations of pYPR171-
C1#9 and pAS1-Sjl2^588, pAS1-Sjl2^438, pAS1-Sjl2^161, pAS1-
Sjl1^524, pAS1-Sjl3^563, or pAS1-Sac1^552, respectively (as indi-
cated in the schematic representation; the black bar represents the
conserved CX5R(T/S) motif implicated in PPIP activity).
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larly. To follow Bsp1p, a triple hemagglutinin (HA) epitope
was inserted at its C-terminus.
TAP-Sjl1p and -Sjl2p assemblies were puri¢ed from total

cellular lysates by a⁄nity puri¢cation via IgG-Sepharose. The
puri¢ed protein assemblies were separated by SDS^PAGE
and analyzed by immunoblotting. HA-Bsp1p clearly copuri-
¢ed with TAP-Sjl2p (Fig. 1B, lane 1). The background of
unspeci¢cally bound HA-Bsp1p using an extract that con-
tained non-tagged Sjl2p was very low (lane 2). As expected
from the results in Fig. 1A, precipitation of TAP-Sjl1p did not
lead to the co-puri¢cation of HA-Bsp1p (lane 3). Therefore,
Bsp1p interacts with Sjl2p, but not Sjl1p, in vivo. The TAP-
Sjl2p and HA-Bsp1p interaction was fully preserved when
performing the original two-step tandem a⁄nity puri¢cation
[12] (data not shown), supporting the high e⁄ciency and spec-
i¢city of the interaction.
To de¢ne in more detail the region of the Sjl2-Sac1 domain

that interacts with Bsp1p, a truncated version was generated
in which the highly conserved CX5R(T/S) motif implicated in
the PPIP activity of Sjl2p [3] was missing (Sjl2^438, Fig. 1C)
and one in which only the N-terminal 161 amino acids re-
mained (Sjl2^161). No two-hybrid interaction was observed
between the truncated Sjl2p constructs and Bsp1p (Fig. 1C).

Since the fusions were properly expressed, this suggested that
the C-terminal end of the Sjl2p Sac1 domain may be relevant
for the interaction with Bsp1p. However, it was not su⁄cient,
since the 157 C-terminal amino acids of the Sjl2p Sac1 domain
(amino acids 432^588) did not bind to Bsp1p (data not
shown). Interestingly, Bsp1p also interacted with the PPIP-
active Sjl3p Sac1 domain (Fig. 1C), but not with the PPIP-
inactive Sjl1p Sac1 domain, either in the two-hybrid system
(Fig. 1C), or in vitro or in vivo (Fig. 1A and B). Finally, the
N-terminal domain of Sac1p did not interact with Bsp1p (Fig.
1C), although it was well expressed and contains PPIP activity
[3]. Therefore, Bsp1p recognizes exclusively the Sac1 domains
of two synaptojanin family members, Sjl2p and Sjl3p.

3.3. Bsp1p localizes to cortical actin patches
Localization of HA-Bsp1p by indirect immuno£uorescence

revealed a punctate staining pattern with cytoplasmic dots
distributed over the entire cell. In small-budded cells the
HA-Bsp1p-positive dots were brighter and more abundant
within bud tips and at the cell periphery, suggesting a more
concentrated localization at sites of active growth (Fig. 2A,
arrowheads). HA-Bsp1p staining was also observed at the bud
neck of large-budded cells (Fig. 2A, asterisks). Since the local-

Table 1
Strains used

Yeast strain Genotype Source

BS64 MATa his4 ura3 leu2 lys2 bar1-1 [14]
RH1201 MATa/K his4/his4 ura3/ura3 leu2/leu2 lys2/lys2 bar1-1/bar1-1 H. Riezman, Basel, Switzerland
BS323 MATK his4 ura3 leu2 lys2 rvs167 bar1-1 [16]
BS906 MATK ura3 leu2 lys2 BSP1: :3UHA-HIS5 (Schizosaccharomyces pombe) SJL2: :TAP-URA3

(Kluyveromyces lactis)
this study

BS1099 MATa ura3 leu2 lys2 BSP1: :3UHA-HIS5 (S. pombe) this study
BS1148 MATa ura3 leu2 lys2 pik1-83: :TRP1 BSP1: :3UHA-HIS5 (S. pombe) this study
BS1149 MATa ura3 leu2 lys2 pik1-63: :TRP1 BSP1: :3UHA-HIS5 (S. pombe) this study
BS1161 MATa ura3 leu2 bsp1: :kanr abp1: :kanr this study
BS1173 MATa his4 ura3 leu2 lys2 bsp1: :kanr rvs167 bar1-1 this study
BS1255 MATa ura3 leu2 lys2 BSP1: :3UHA-HIS5 (S. pombe) SJL1: :TAP-URA3 (K. lactis) this study
BS1261 MATa ura3 leu2 lys2 BSP1: :3UHA-HIS5 (S. pombe) vark1: :HIS3 vprk1: :LEU2 this study
BS1265 MATa his4 ura3 leu2 lys2 BSP1: :13UMyc-kanr bar1-1 this study
Y190 MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,-112+URA3: :GALClacZ,

LYS2: :GALCHIS3 cyhr
Steve Elledge, Houston, TX,
USA

Table 2
List of plasmids

Plasmid name Characteristics Source

pFA6a-13Myc-
kanMX6

contains 13UMyc-kanr [13]

p3UHA-HIS5 contains 3UHA-HIS5 (S. pombe) in pBSK-II S. Munro,
UK

pBS1539 contains TAP-URA3 (K. lactis) [12]
pDD667 contains GFP-ACT1 URA3 CEN D. Drubin,

USA
pAS1-Sjl2^588 BamHI/SalI fragment of SJL2 (encodes amino acids 1^588) in pAS1 this study
pAS1-Sjl2^438 like pAS1-Sjl2^588, but encoding amino acids 1^438 this study
pAS1-Sjl2^161 like pAS1-Sjl2^588, but encoding amino acids 1^161 this study
pAS1-Sjl1^524 BamHI/SalI fragment of SJL1 (encodes amino acids 1^524) in pAS1 this study
pAS1-Sjl3^563 BamHI/SalI fragment of SJL3 (encodes amino acids 1^563) in pAS1 this study
pAS1-Sac1^552 BamHI/SalI fragment of SAC1 (encodes amino acids 1^552) in pAS1 this study
pYPR171-C1#9 contains YPR171w in a modi¢ed pGAD424 [11] this study
pYPR171#18 BSP1/YPR171w in pSEY8 (URA3, 2 Wm), isolated from genomic pSEY8 library, includes EcoRI/NruI

fragment of YPR171w
this study

pGEX5-Ypt51 BamHI/SalI fragment of YPT51 (encodes amino acids 1^210) in pGEX5-3 this study
pGEX5-Sjl2^588 SJL2 subclone of pAS1-Sjl2^588 in pGEX5-3 this study
pGEX5-Sjl1^524 SJL1 subclone of pAS1-Sjl1^524 in pGEX5-3 this study
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Fig. 2. Bsp1p is localized to actin cortical patches. A: Cells (BS64 and BS1099) were stained for HA-Bsp1p by indirect immuno£uorescence as
described in Section 2. Arrowheads and asterisks point to most intensive Bsp1p staining at the bud tips and necks, respectively; bar, 5 Wm.
B: Double indirect immuno£uorescence using anti-Myc antibody to detect Myc-Bsp1p and anti-GFP antibody to detect GFP-Act1p. C: Local-
ization of HA-Bsp1p in vark1 vprk1 cells was performed as described in A.

Fig. 3. Genetic interactions between BSP1 and genes encoding actin cortical patch components. A,B: Overexpression of BSP1 in wild-type cells
results in a growth delay at 37‡C (A) and in the mislocalization of actin cortical patches (B). In B, transformants, obtained after growth at
30‡C, were ¢xed and stained with rhodamine-phalloidin; bar, 5 Wm. C: [35S]K-factor internalization assays were performed with the indicated
strains as described in Section 2. D: A dilution series of rvs167 and rvs167 vbsp1 cells after growth at 35‡C and 37‡C on YPD plates is shown.
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ization pattern was similar to that of the cortical actin cyto-
skeleton, to which synaptojanins are functionally connected
[8,18], we determined whether the HA-Bsp1p-positive struc-
tures contained actin. Cells expressing HA-Bsp1p and GFP-
Act1p were stained by double indirect immuno£uorescence.
There was a striking similarity between the staining patterns
of HA-Bsp1p and GFP-Act1p (Fig. 2B). In particular, the
dotted structures concentrated in bud tips and at the pre-
sumptive bud sites were mostly positive for both Bsp1p and
Act1p.
Further independent evidence for a localization of Bsp1p to

actin cortical patches came from analyzing the HA-Bsp1p
staining pattern in the kinase-de¢cient vark1 vprk1 mutant,
in which the formation of cortical patch structures is drasti-
cally impaired [19]. In this mutant the HA-Bsp1p staining
pattern collapsed into large aggregates (Fig. 2C) similar to
the cytoplasmic actin clumps, to which other cortical patch
components were found to mislocalize as well [19].

3.4. Bsp1p is functionally connected to actin cortical patches
In contrast to BSP1-deleted cells that exhibited no growth

defects under a variety of conditions (data not shown), the
overexpression of BSP1 from a multicopy 2 Wm plasmid led to
a number of physiological alterations. Upon growth at 37‡C
BSP1-overexpressing cells were slightly temperature-sensitive
(Fig. 3A) and in liquid culture at 30‡C the generation time of
BSP1-overexpressing cells increased to 3.6 h as compared to
2.1 h for cells containing the vector alone (data not shown).
Because Bsp1p localizes to actin cortical patches (Fig. 2), we
investigated the physiological consequence of BSP1 overex-

pression on actin organization. In wild-type, the majority of
cells with small and medium size buds (98%, n=153) dis-
played actin cables in the mother cell aligned toward cortical
actin patches concentrated in the bud, similar to previously
published staining patterns (Fig. 3B). In contrast, in cells
overexpressing BSP1 the highly polarized arrangement of cor-
tical patches was impaired. Approximately 45% (n=158) of
BSP1-overexpressing cells with small and medium size buds
exhibited a mislocalization of cortical actin patches into the
mother cells (Fig. 3B).
Because mutants in actin patch components are frequently

defective in endocytosis [20], the endocytic internalization of
the pheromone K-factor was analyzed. vbsp1 (not shown) and
BSP1-overexpressing cells (Fig. 3C) revealed no change in the
kinetics of K-factor internalization. This suggested that either
Bsp1p is not required for this transport reaction or its func-
tion in endocytosis is redundant. This is for example the case
for the cortical patch component Abp1p [21], whose deletion
causes no endocytic defect [22]. To test for a redundant func-
tion of Abp1p and Bsp1p in endocytosis, the kinetics of
K-factor internalization were analyzed in the vabp1 vbsp1
strain. The rate of endocytosis was slightly but reproducibly
reduced as compared to wild-type (Fig. 3C). Therefore, Bsp1p
and Abp1p appear to have related functions in early steps of
endocytosis. The combined deletion of BSP1 and ABP1 is,
however, not yet su⁄cient to cause strong phenotypes.
Rvs167p, homologous to mammalian amphiphysin, is an-

other cortical patch component that displays multiple two-
hybrid interactions with proteins of related function [23].
While at 35‡C, vbsp1 rvs167 cells grew indistinguishably

Fig. 4. The association of HA-Bsp1p with membranes and cortical patches is dependent on phosphoinositides. A: The 100 000Ug pellet frac-
tions generated from di¡erent cell lysates (BS1099 and BS1148) were each subjected to £otation into a Nycodenz gradient as described in Sec-
tion 2. The presence of HA-Bsp1p and Vps10p in each fraction was determined by immunoblotting using [125I]protein A. The immunoreactive
bands were quanti¢ed with the phosphorimager (Molecular Dynamics). #14, fraction 14 (non-£oated); F, fractions 1^13 (£oated). B: After
growth at the permissive temperature, cells were processed either directly for indirect immuno£uorescence or shifted to 37‡C for 2 h prior to
the ¢xation and staining as described in Fig. 2. Arrowheads point to regions of intense Bsp1p staining; bar, 5 Wm.
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from rvs167 cells, at 37‡C the double mutant exhibited an
enhanced temperature sensitivity when compared to the
rvs167 strain (Fig. 3D). Consistent with the localization of
Bsp1p to the cortical actin cytoskeleton, the harmful e¡ect
of BSP1 overexpression on polarized actin patch localization
and the genetic interactions between BSP1 and genes encod-
ing cortical patch components further corroborate a function
of Bsp1p in the cortical actin cytoskeleton.

3.5. E¡ect of reduced levels of phosphatidylinositol (PtdIns)
(4)P and PtdIns(4,5)P2 on the subcellular localization of
Bsp1p

Although Bsp1p is predicted to contain no transmembrane
domains, upon subcellular fractionation it did not fractionate
like a soluble, cytosolic protein but was found to sediment
(data not shown). To further prove an association with mem-
branes, the 100 000Ug pellet (P3), in which Bsp1p was found,
was subjected to £otation into a Nycodenz density gradient.
This showed that approximately 70% of the P3-associated
HA-Bsp1p £oated with membranes that contained the late
Golgi marker Vps10p (Fig. 4A), Kex2p and the early endo-
some marker Ypt51p (data not shown). Due to the physical
interaction between Bsp1p and synaptojanin proteins, we an-
alyzed whether the membrane association of Bsp1p was de-
pendent on phosphoinositides. PIK1 encodes a PtdIns(4)P ki-
nase which is implicated in membrane tra⁄cking from the
Golgi complex, but not in the organization of actin [24^26].
Interestingly, in cells carrying a mutant allele of PIK1, pik1-
83, in which the levels of PtdIns(4)P and PtdIns(4,5)P2 drop
by 45^60% [24,26], the fraction of HA-Bsp1p that £oated was
signi¢cantly reduced (Fig. 4A). In contrast, the £otation of an
integral membrane protein, Vps10p, was unaltered in the mu-
tant.
To con¢rm this result with an alternative method, the local-

ization of HA-Bsp1p was analyzed in two pik1 mutants by
indirect immuno£uorescence after growth at 25‡C, or after a
2 h shift at 37‡C. While in wild-type the HA-Bsp1p staining
pattern was not a¡ected at 37‡C (Fig. 4B), pik1-63 cells incu-
bated at the non-permissive temperature exhibited a clear re-
duction in the staining intensity of the larger Bsp1p-positive
dots concentrated within bud tips (Fig. 4B, 37‡C). At 25‡C,
the staining pattern was not yet a¡ected. However, in agree-
ment with reduced PtdIns(4)kinase activity in pik1-83 already
at 25‡C [26], a diminished Bsp1p staining was already seen at
the permissive growth temperature and at 37‡C (Fig. 4B).
Therefore, the association of Bsp1p with membranes and cor-
tical patches correlated with the levels of PtdIns(4)P and
PtdIns(4,5)P2.

4. Discussion

In this study we identi¢ed a novel protein, Bsp1p, which
directly interacts with the Sac1 domain of Sjl2p as detected by
three independent assays: the two-hybrid system, an in vitro
binding assay and co-immunoprecipitation. This is strong evi-
dence for a physiologically relevant interaction between the
two proteins. Interestingly, Bsp1p was also found to interact
with the Sac1 domain of Sjl3p, but not with that of Sjl1p or
Sac1p. It is possible that the Bsp1p^Sjl2p/Sjl3p interaction is
somehow connected to the intrinsic PPIP activity of these two
family members, because removal of the critical C-terminal
region of the Sjl2 Sac1 domain implicated in this activity [3]

abolished the interaction with Bsp1p. In this case, another
synaptojanin-speci¢c feature of the Sjl2p and Sjl3p Sac1 do-
mains may be additionally required, because the PPIP-active
Sac1 domain of Sac1p did not interact. This would also be
consistent with the ¢nding that the C-terminal end of the Sjl2
Sac1 domain with the PPIP consensus was not su⁄cient to
allow binding to Bsp1p. It is also conceivable that Bsp1p
recognizes a similar three-dimensional structure inherent to
Sjl2p and Sjl3p independent of their PPIP activity. Further
studies will be required to understand the functional basis
for these speci¢c interactions.
Our results and data from other laboratories strongly indi-

cate that Bsp1p functions in the cortical actin cytoskeleton.
The evidence ranges from localization to cortical patches and
colocalization with actin (Fig. 2) and Abp1p [22] to the im-
pairment of polarized actin organization in cells overexpress-
ing BSP1 (Fig. 3B). Furthermore, we provide evidence for
genetic interactions between BSP1 and ABP1, RVS167, and
ARK1PRK1, respectively, while in a previous screen Bsp1p
showed a two-hybrid interaction with the cortical patch com-
ponents Cap1p, Rvs167p, and Sla1p [22]. Bsp1p seems to
ful¢ll a function that is redundant with several other cortical
patch components, since growth and endocytosis were only
partially impaired in the double mutants that were studied.
This supports the notion of a very large and complex network
of interacting components within actin cortical patches. The
challenge will be to elucidate the separate functions of indi-
vidual components within this system.
The evidence for a direct physical interaction between syn-

aptojanin proteins and a cortical patch component is novel.
Although circumstantial evidence implicated synaptojanin
proteins in the organization of the actin cytoskeleton, to our
knowledge a physical interaction between a synaptojanin fam-
ily member and a protein implicated in actin dynamics has
been identi¢ed only in the case of mammalian synaptojanin 2
and the small GTPase Rac1 [27]. In yeast, rapid translocation
of yeast Sjl2p and Sjl3p to actin cortical patches was previ-
ously described under conditions of hyperosmotic stress, but
was found to occur independently of the polymerization state
of actin by an unknown mechanism [18]. Thus, Bsp1p repre-
sents the ¢rst actin cortical patch component for which a
direct physical link to Sjl2p (and probably Sjl3p) has been
revealed under physiological conditions.
The ¢nding that Bsp1p also interacts with membranes is

interesting. Our results with the PtdIns(4)P kinase-de¢cient
pik1 mutants hint at a role of phosphoinositides in mediating
the interaction with Bsp1p. Since the actin cytoskeleton is not
a¡ected in pik1 mutants [26], the decreased Bsp1p patch-like
staining was probably not caused by the mislocalization or
dissociation of cortical patch components. Rather, we assume
that the reduced PtdIns(4)P and PtdIns(4,5)P2 levels a¡ected
the membrane association of Bsp1p either directly or via
another linker. It is unlikely that Bsp1p interacts with mem-
branes solely via synaptojanins, because of their lipid phos-
phatase activity. Rather, phospholipids and membrane-asso-
ciated Sjl2p (and potentially also Sjl3p) may provide
independent attachment sites for Bsp1p. Thus, Bsp1p could
act as an adapter between the cortical actin cytoskeleton and
sites of endocytic membrane tra⁄c.
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