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The Saccharomyces cerevisiae inositol polyphosphate 5-phosphatases (Inp51p, Inp52p, and Inp53p) each
contain an N-terminal Sac1 domain, followed by a 5-phosphatase domain and a C-terminal proline-rich
domain. Disruption of any two of these 5-phosphatases results in abnormal vacuolar and plasma membrane
morphology. We have cloned and characterized the Sac1-containing 5-phosphatases Inp52p and Inp53p.
Purified recombinant Inp52p lacking the Sac1 domain hydrolyzed phosphatidylinositol 4,5-bisphosphate
[PtdIns(4,5)P2] and PtdIns(3,5)P2. Inp52p and Inp53p were expressed in yeast as N-terminal fusion proteins
with green fluorescent protein (GFP). In resting cells recombinant GFP-tagged 5-phosphatases were expressed
diffusely throughout the cell but were excluded from the nucleus. Following hyperosmotic stress the GFP-
tagged 5-phosphatases rapidly and transiently associated with actin patches, independent of actin, in both the
mother and daughter cells of budding yeast as demonstrated by colocalization with rhodamine phalloidin. Both
the Sac1 domain and proline-rich domains were able to independently mediate translocation of Inp52p to actin
patches, following hyperosmotic stress, while the Inp53p proline-rich domain alone was sufficient for stress-
mediated localization. Overexpression of Inp52p or Inp53p, but not catalytically inactive Inp52p, which lacked
PtdIns(4,5)P2 5-phosphatase activity, resulted in a dramatic reduction in the repolarization time of actin
patches following hyperosmotic stress. We propose that the osmotic-stress-induced translocation of Inp52p
and Inp53p results in the localized regulation of PtdIns(3,5)P2 and PtdIns(4,5)P2 at actin patches and
associated plasma membrane invaginations. This may provide a mechanism for regulating actin polymeriza-
tion and cell growth as an acute adaptive response to hyperosmotic stress.

The actin cytoskeleton plays a fundamental role in regulat-
ing cytokinesis and organelle transport. In the budding yeast
Saccharomyces cerevisiae genetic and morphological evidence
indicates that actin regulates cell growth. In yeast filamentous
actin is found in two morphologically identified forms, cables
and patches (1, 24). Actin cables are found mainly in the
mother cell and extend along the axis of growth, which is
asymmetrical to the emerging daughter cell. Cables are in-
volved in regulating organelle inheritance and vesicle target-
ing. Actin patches are associated with plasma membrane in-
vaginations and are motile structures that move along the
plasma membrane in response to osmotic stress (6, 33, 47). It
has been speculated that actin patches may be necessary ma-
chinery for maintaining secretion or endocytosis. Actin cables
and patches may form part of an integrated system, as their
distributions often change simultaneously (23). However, the
signaling mechanisms regulating the assembly and movement
of actin cables and patches in response to osmotic and other
stimuli are not well understood.

The phosphoinositides are ubiquitous components of eu-

karyotic membranes and are critical regulators of the actin
cytoskeleton and membrane trafficking (reviewed in references
11, 12, and 45). Phosphatidylinositol 4,5 bisphosphate [PtdIns
(4,5)P2] serves as a precursor to a variety of second-messenger
molecules and, via interactions with actin binding proteins, plays
a critical role in regulating actin cytoskeletal rearrangement. The
synthesis and degradation of PtdIns(4,5)P2 are mediated by a
series of lipid phosphorylation and dephosphorylation reactions,
governed by specific lipid kinases and phosphatases.

The enzyme family of inositol polyphosphate 5-phospha-
tases (5-phosphatases) regulate cellular PtdIns(4,5)P2 concen-
trations by dephosphorylating the position-5 phosphate from
the inositol ring, forming PtdIns(4)P (28, 30). In addition,
mammalian 5-phosphatases dephosphorylate other position-5
phosphate phosphoinositides and inositol phosphates in a se-
ries of signal-terminating reactions that control intracellular
calcium oscillations, apoptosis, synaptic vesicle recycling, and
actin cytoskeletal rearrangement (28, 30). In S. cerevisiae, four
genes encoding enzymes with amino acid sequence homology
to the mammalian 5-phosphatases have been identified. Three
of these enzymes exhibit a structure similar to that of the
mammalian 5-phosphatase, synaptojanin, and contain an N-
terminal Sac1 domain, a central 5-phosphatase domain, and a
C-terminal proline-rich domain. The coding sequences for
these loci are designated SJL1, SJL2, and SJL3, respectively,
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for “synaptojanin-like” or INP51, INP52, and INP53, respec-
tively, for inositol polyphosphate 5-phosphatases 1 to 3 (42,
43). A fourth 5-phosphatase, encoded by INP54, contains sig-
nificant homology to mammalian 5-phosphatases but has no
Sac1 or C-terminal proline-rich domain and specifically hydro-
lyzes only PtdIns(4,5)P2 (39).

Several studies of S. cerevisiae have investigated the pheno-
type associated with deletion of genes encoding Sac1-contain-
ing 5-phosphatases (42, 43). Single-gene disruption of any
5-phosphatase produces little change in the phenotype, sug-
gesting the functional redundancy of these enzymes. Disrup-
tion of any two genes results in a phenotype comprising vacu-
olar fragmentation, abnormal plasma membrane morphology
with massive plasma membrane invaginations, disorganization
of polymerized actin, and cell wall thickening. Recent studies
have also noted receptor-mediated and fluid-phase endocytosis
abnormalities, which correlate with the severity of actin and
polarity defects (41). Disruption of all three Sac1 domain-
containing 5-phosphatases is lethal.

The biochemical mechanisms mediating the observed phe-
notype in the 5-phosphatase double mutants are currently be-
ing delineated. Disruption of the Sac1-containing 5-phospha-
tases, individually or in pairs, results in decreased total cellular
PtdIns(4,5)P2 5-phosphatase activity and variable increases in
[3H]PtdIns(4,5)P2 levels (42, 43). The cellular requirement for
four yeast 5-phosphatases with overlapping phosphoinositide
substrate specificities may be to localize each isoform to dis-
crete intracellular compartments; however this has yet to be
shown. In this study we investigated the intracellular location
of the Sac1-containing 5-phosphatases Inp52p and Inp53p. We
present evidence that in the resting cell these enzymes localize
to the Triton X-100-insoluble fraction of the cell, consistent
with a cytoskeletal location. Following hyperosmotic stress,
Inp52p and Inp53p enzymes translocate rapidly and transiently
to actin patches in the mother and daughter cells. We propose
that 5-phosphatase localization at actin patches facilitates the
localized hydrolysis of PtdIns(4,5)P2 and thereby actin rear-
rangement, which may in turn transiently regulate cell growth
during hyperosmotic stress.

MATERIALS AND METHODS

Materials. DNA-modifying and restriction enzymes were from New England
Biolabs. [ortho-32P]phosphoric acid, [g-32P]ATP, [3H]PtdIns(4)P, and [3H]
PtdIns(4,5)P2 were from NEN Life Science Products. Oligonucleotides were
obtained from Bresatec (Adelaide, Australia) and the Department of Microbi-
ology, Monash University, Clayton, Australia. The pMALC2T vector was a gift
from Jim Goding, Monash University; plasmid pJJ242 was a gift from Doris
Germain, Peter MacCallum Cancer Institute; the pRS416 vector was from Mark
Prescott, Monash University; the pPS1303 green fluorescent protein (GFP) ex-
pression vector was from Pam Silver, Dana Farber Cancer Institute, Harvard
University. All other reagents were from Sigma Chemical Company (St. Louis,
Mo.) unless otherwise stated. Yeast strains used in the study are listed in Table
1. Yeast strains were propagated at 30°C in standard yeast extract-peptone-

dextrose (YPD) media or complete minimal media lacking nutrients to maintain
selection of markers where appropriate.

Disruption of INP51, INP52, and INP53 in S. cerevisiae. An internal fragment
of INP51 corresponding to nucleotides (nt) 472 to 1947 (where the 11 nt
corresponds to the first base for the initiating methionine) was amplified by PCR
(incorporating an XbaI site at the 59 end and a HindIII site at the 39 end) and
cloned into the XbaI/HindIII site of Bluescript. The construct was digested with
EcoRV and EcoRI to release a 231-bp fragment (nt 1218 to 1449), which was
replaced with a URA3 expression cassette obtained by digesting plasmid pJJ242
with EcoRI and PvuII (22). The URA3 gene flanked by the INP51 sequence was
excised from the plasmid with NotI and XhoI, the fragment was used to transform
W303 diploid cells by electroporation as described previously (3), and transfor-
mants were selected on complete minimal media lacking uracil and supple-
mented with 1 M sorbitol. Transformants were screened for homologous inte-
gration of the targeting construct by PCR.

The open reading frame of INP52 from nt 1747 to 2721 was replaced with a
HIS3 gene. HIS3 was amplified from plasmid pRS303 (40) by PCR using sense
primer GATCCAATCTGCGAATACGTCAATGAAAGGCTGTTAGAGTCA
GAGTTGTACTGAGAGTGCACCAT and antisense primer TGCATGAGAA
AGTTCGTCAGGACCTGTAGTTAGTGCTTCGGGATGGGTATTTCAC
ACCGCATA, which each incorporate 45 bp of the INP52 sequence (underlined)
flanking the HIS3 gene. W303 diploid cells were transformed with the PCR
product by electroporation as described previously (3), and transformants were
selected on complete minimal media lacking histidine and supplemented with 1
M sorbitol. Transformants were screened for homologous integration of the
HIS3 marker by PCR.

The open reading frame of INP53 was disrupted by the replacement of nt 1913
to 2821 with a TRP1 gene. TRP1 was amplified by PCR from plasmid pRS304
(40) using primers GCTCTTTCTGGGAAAACTTAGTGGGTGATTGCTTAA
ACCAGTATGTTGTACTGAGAGTGCACCAT (sense) and TACGCGACTG
GCTACTGTTTTGAGTTCTGACAGGTTGTAGTGAAGGGTATTTCACA
CCGCATA (antisense), which each include 45 bp of the INP53 sequence (un-
derlined). W303 cells were transformed as described above, and recombinants
were selected on tryptophan-deficient media and screened by PCR.

Heterozygous diploid colonies were sporulated to obtain haploid homozygous
deletion mutants. Double-deletion mutant strains were constructed by mating
haploid strains together and selecting for diploids in appropriate selective media.
Diploids were sporulated and microdissected to obtain the haploid double-
deletion mutants.

Cloning of INP52. INP52 was amplified from SEY6210 genomic DNA by PCR
using synthetic oligonucleotides S-5 (CGCTCTAGAATGTACATCAACAATT
TTG) and S-3 (CGTCTAGATTAATGATGATGATGATGATGATTGGGGTC
GCAAGGCTTCAA). S-5 and S-3 amplified INP52 nt 1609 to 3552, encoding
the 5-phosphatase and proline-rich regions, and incorporated XbaI restriction
enzyme sites for cloning (boldface) and a sequence encoding six-His tag for
purification (underlined). The PCR product was blunt end ligated into the vector
pCRBlunt (Invitrogen), and the identity of the PCR product was confirmed as
INP52 by dideoxy sequence analysis. The INP52 insert was released from the
vector via an XbaI restriction digest and subcloned into the XbaI sites of vector
pMALC2T to give the construct INP52-Sac12-pMALC2T. A catalytically inac-
tive 5-phosphatase Inp52p mutant was generated by site-directed mutagenesis of
INP52-Sac12-pCRBlunt using the primers listed in Table 2, which substitutes an
alanine residue for histidine 730 in the 5-phosphatase domain. The mutant insert
was cloned into the XbaI site of pMALC2T.

Expression of recombinant Inp52p protein. Four 100-ml cultures of cells
containing INP52-Sac12-pMALC2T or INP52-Sac12-H730A-pMALC2T were
grown at 37°C to an optical density at 600 nm of 0.5 to 0.6 in Luria broth
supplemented with 2% glucose prior to induction with 0.1 mM IPTG (isopropyl-
b-D-thiogalactopyranoside) for 2 h at 26°C. Following induction, cells were pel-
leted and soluble proteins were extracted in 1/10 volume of buffer A (20 mM Tris
[pH 8], 10% sucrose, 12 mM b-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride, 2 mg of aprotinin/ml, 2 mg of leupeptin/ml, 1 mM benzamidine)–1%
Triton X-100 at 4°C overnight with gentle agitation. Triton X-100 extracts were
centrifuged at 15,000 3 g for 15 min, and then the 40-ml supernatant was

TABLE 1. Yeast strains used in this studya

Strain Genotype

W303......................................................................MATa/MATa ade2-1/ade2-1 trp1-1/trp1-1, leu2-3,112/leu2-3,112 his3-11,15/his3-11,15 ura3-1/ura3-1
W303a ...................................................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1
inp51 mutant .........................................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp51::URA3
inp52 mutant .........................................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp52::HIS3
inp53 mutant .........................................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp53::TRP1
inp51 inp52 mutant ..............................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp51::URA3 inp52::HIS3
inp51 inp53 mutant ..............................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp51::URA3 inp53::TRP1
inp52 inp53 mutant ..............................................MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 inp52::HIS3 inp53::TRP1

a All strains were from this study except for W303 and W303a, which were kind gifts from D. Germain.
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incubated with 4 ml of Talon resin (Clontech) at 4°C overnight with gentle
agitation. The resin was poured into a column and washed with 20 column
volumes of buffer A. Bound proteins were eluted with 4 column volumes of buffer
A at pH 6.5 supplemented with 50 mM imidazole, and 1-ml fractions were
collected. Fifteen-microliter aliquots of the starting material and flowthrough
and eluted fractions were separated by sodium dodecyl sulfate–7.5% polyacryl-
amide gel electrophoresis (SDS–7.5% PAGE) (26) and either transferred to
nitrocellulose membranes and immunoblotted with an affinity-purified Inp52p
antibody according to standard protocols (46) or stained with Coomassie brilliant
blue. The concentrations of recombinant protein in the eluted fractions were
determined by comparing the results of a densitometric analysis of the Coo-
massie-stained gels with a standard amount of protein loaded on the gels. Im-
munoblots were developed using enhanced chemiluminescence (NEN Life Sci-
ence Products).

Ins(1,4,5)P3, Ins(1,3,4,5)P4, PtdIns(4,5)P2, and PtdIns(3,5)P2 5-phosphatase
enzyme assays. Inositol 1,[4-32P,5-32P]-trisphosphate {Ins(1,[4-32P,5-32P])P3}
was isolated from erythrocyte ghosts as previously described (14). Hydrolysis of
Ins(1,[4-32P,5-32P])P3 was measured by extraction of released 32PO4 according to
the method of Connolly et al. (9) using a substrate concentration of 30 mM and
three linear protein concentrations in triplicate. Inositol 1,3,4,5-tetrakisphos-
phate [Ins(1,3,4,5)P4] 5-phosphatase assays were performed as described by
Mitchell et al. (31) utilizing 5 mM [3H]Ins(1,3,4,5)P4 as the substrate. Assays were
performed in triplicate using three linear protein concentrations. PtdIns(4,5)P2
5-phosphatase assays were performed as described by Matzaris et al. (29) using
5 to 250 mM [3H]PtdIns(4,5)P2 (3,500 cpm/nmol) with or without the addition of
Cos-7 cell membranes prepared as described previously (29). Assays were per-
formed for 10 min at 37°C using three linear protein concentrations in triplicate.
PtdIns([3-32P],5)P2 assays were performed as described by Jackson et al. (20)
except that PtdIns(5)P (Echelon Research Laboratories) was used as the sub-
strate for PtdIns 3-kinase. Assay mixtures were incubated for 30 min at 37°C.

GFP-tagged Inp52p and Inp53p constructs. Full-length INP52 and INP53 and
deletion constructs were amplified by PCR using the primers listed in Table 2.
The primers incorporated a BamHI site for cloning and were in-frame with the
coding sequence for the C-terminal GFP in expression vector pPS1303. PCR
products were blunt end ligated into the vector pCRBlunt (Invitrogen), and then
BamHI-digested INP52 and INP53 inserts were cloned into the BglII site of
pPS1303 and sequenced by dideoxy sequencing to confirm the identity of the

products and ensure they were in-frame with the GFP coding sequence. A
full-length catalytically inactive 5-phosphatase Inp52p mutant was constructed by
replacing an SspI/ScaI fragment (nt 1650 to 3246) of full-length INP52-pCRBlunt
with the corresponding fragment from INP52-Sac12-H730A-pCRBlunt (de-
scribed above). The mutant INP52 was excised from pCRBlunt with BamHI and
cloned into the BglII site of pPS1303. Constructs were transformed into the
corresponding null mutant cells using an S. cerevisiae EasyComp transformation
kit (Invitrogen), and transformants were selected on complete media lacking
uracil.

Expression of GFP-tagged 5-phosphatases. Single colonies were inoculated
into 5 ml of complete media lacking uracil supplemented with 2% glucose and
incubated overnight at 30°C. Cultures were diluted 1/150 into 5 ml of complete
media lacking uracil supplemented with 2% raffinose and incubated at 30°C until
they reached mid-log phase, and then the cells were resuspended in complete
media lacking uracil supplemented with 2% galactose and induced for 4 h at
30°C. For NaCl stress of yeast cells, 0.9 M NaCl was added to the cultures for the
appropriate time at the end of the induction. For latrunculin-A induced disas-
sembly of the actin cytoskeleton, 100 mM (final concentration) latrunculin A
from a 10 mM stock of latrunculin A (Molecular Probes) was added to cultures
for 15 min at 30°C. Cells were fixed with 3.7% formaldehyde for 30 min at room
temperature, pelleted, and incubated for 2 h in 1/10 volume of phosphate-
buffered formaldehyde (35 mM K2HPO4-KH2PO4 [pH 6.5], 5 mM MgCl2, 3.7%
formaldehyde). The fixed cells were washed twice with phosphate-buffered saline
(PBS) and resuspended in 1 ml of PBS. One hundred-microliter aliquots of cells
were treated with 1.2 mM rhodamine-phalloidin (Sigma) for 90 min or 8 U of
Texas red-phalloidin (Molecular Probes)/ml for 1 h, washed three times with
PBS, and then allowed to settle for 10 min on poly-L-lysine-coated slides (1
mg/ml). Excess cells were removed by washing with PBS, and then coverslips
were mounted with SlowFade (Molecular Probes). Cells were analyzed with a
Leica TCS-NT confocal microscope with Ar-Kr triple-line laser, with green
fluorescence collected in channel 1 (488-nm excitation, 530 6 30-nm emission)
and red fluorescence collected in channel 2 (568-nm excitation; LP, 590 nm).

Expression of GFP-tagged Inp52p and Inp53p under the control of their
native promoters. The pRS416-GFP vector was constructed by cloning a BamHI/
BglII GFP gene fragment from vector pFA6a-GFP(S65T)-HIS3MX6 (27) into
the BamHI site of pRS416. Full-length INP52 and INP53 were amplified with 521
and 574 bp, respectively, of sequence upstream of the initiating methionine

TABLE 2. Constructs used in this studya

Construct Features Primers (59-)

pPS1303 GFP

Inp52-pPS1303 Full-length Inp52p-GFP GCGGATCCAAACAATGAAAATACTCCTATCG
GCGGATCCCATTGGGGTCGCAAGACTT

Inp5274-1183-pPS1303 Inp52p N terminus deleted-GFP GCGGATCCAAACAATGTTCATAGCAACCATAACAGGT
GCGGATCCCATTGGGGTCGCAAGACTT

Inp52537-1183-pPS1303 Inp52p Sac1 domain deleted-GFP GCGGATCCAAACAATGTACATCAACAATTTTGTA
GCGGATCCCATTGGGGTCGCAAGACTT

Inp521-1179-pPS1303 Inp52p CAAX motif deleted-GFP GCGGATCCAAACAATGAAAATACTCCTA
GCGGATCCCAGGCTTCAATGGATGAACGCT

Inp521-593-pPS1303 Inp52p N-terminus 1 Sac1 domain-GFP GCGGATCCAAACAATGAAAATACTCCTATCG
GCGGATCCCCAAATTTATGTTAGAATGAGT

Inp52884-1154-pPS1303 Inp52p proline-rich domain-GFP CGGGATCCAAACAATGAATGTGAAATTTGTTGAC
CGGGATCCCGCAAGGGAGTTCCTCTTC

Inp521-158-pPS1303 Inp52p N terminus-GFP GCGGATCCAAACAATGAAAATACTCCTATCG
CGGGATCCCTTGTTCTTGAGCATTCAA

Inp52H730A-pPS1303 Full-length Inp52p 5-phosphatase dead-GFP TCGTTAATACAGCTTTATCAGCAGGTG
CTGCTGATAAAGCTGTATTAACGAAACAG

Inp52-pRS416-GFP Inp52p native promoter GCGGATCCGTGATTCTTCAGTGAGAGCC
GCGGATCCCATTGGGGTCGCAAGACTT

Inp531-1107-pPS1303 Full-length Inp53p-GFP GCGGATCCAAACAATGATTATCTTTGTTTCAGAA
GCGGATCCCTTTTGGGGTCAATGGCTGCCA

Inp53512-1107-pPS1303 Inp53p Sac1 domain deleted-GFP CGGGATCCAAACAATGATATATATTAACAATTTC
GCGGATCCCTTTTGGGGTCAATGGCTGCCA

Inp531-568-pPS1303 Inp53p N terminus 1 Sac1 domain-GFP GCGGATCCAAACAATGATTATCTTTGTTTCAGAA
GCGGATCCCCAAGTTAATGTTGGAGGTTGA

Inp53859-1107-pPS1303 Inp53p proline-rich domain-GFP CGGGATCCAAACAATGAAAATAACTTTTGTTGAT
GCGGATCCCTTTTGGGGTCAATGGCTGCCA

Inp531-133-pPS1303 Inp53p N terminus GFP GCGGATCCAAACAATGATTATCTTTGTTTCAGAA
CGGGATCCCGGCGTCTTGATATTCAGT

Inp53-pRS416-GFP Inp53p native promoter GCGGATCCAAGGACATCAATAATCATGC
GCGGATCCCTTTTGGGGTCAATGGCTGCCA

a All constructs were developed in this study except for pPS1303, which was a kind gift from P. Silver.
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codon using primers shown in Table 2. PCR products were cloned into the
BamHI site of pRS416-GFP in-frame with the C-terminal GFP gene. Constructs
were transformed into the corresponding null mutant cells using an S. cerevisiae
EasyComp transformation kit (Invitrogen), and transformants were selected on
complete media lacking uracil. Single colonies were inoculated into complete
media lacking uracil and incubated at 30°C until the cultures reached mid-log
phase. Cells were hyperosmotically stressed with 0.9 M NaCl for 10 min, fixed,
colocalized with phalloidin as described above, and visualized by confocal mi-
croscopy.

Preparation of yeast extracts. Following induction of GFP-tagged 5-phospha-
tases, cells were resuspended in 1 ml PBSM (1 3 PBS, 5 mM MgCl2, 0.2 mg of
aprotinin/ml, 0.2 mg of leupeptin/ml, 1 mM benzamidine, 1 mM phenylmethyl-
sulfonyl fluoride, 3 mg of pepstatin A/ml). An equal volume of glass beads was
added, and the cells were lysed by vortexing for 12 cycles of 30 s. Lysates were
centrifuged at 15,000 3 g for 15 min to obtain the cytosolic fraction (superna-
tant). Pellets were resuspended in 1 ml of PBSM with 1% Triton X-100 added,
incubated overnight at 4°C with gentle agitation, and then centrifuged at
15,000 3 g for 15 min to obtain the Triton X-100-soluble (supernatant) and
-insoluble (pellet) fractions. One-hundred-microliter samples were separated by
SDS–7.5% PAGE, transferred to nitrocellulose, and immunoblotted with an
antibody specific for GFP (P. Silver) according to standard protocols (46).

Osmohomeostasis assays. YPD plates were supplemented with the various
salts to the final specified concentrations shown in Table 3 by adding salts or
sorbitol to the autoclaved media immediately prior to pouring the plates. Yeast
strains were grown overnight and diluted to an optical density at 600 nm of 0.7,
and 2.5-ml serial dilutions (1021 to 1026) of cultures were plated in duplicate and
incubated overnight at 30°C. Plates were scored for growth of each mutant versus
that of the wild-type strain at each dilution.

Time course of hyperosmotic stress response. Single colonies of wild-type and
null mutant strains were inoculated in 5 ml of YPD and incubated at 30°C until
the cultures reached mid-log phase. Strains overexpressing GFP-tagged con-
structs under the control of the GAL promoter were induced as described above.
Cells were hyperosmotically shocked with NaCl at a final concentration of 0.9 M

for 0 to 120 min and then fixed, counterstained with Texas red-phalloidin, and
analyzed by confocal microscopy as described above. Budding cells with buds less
than half the size of the mother cell were scored for the presence of depolarized
actin patches. For cells overexpressing GFP-tagged constructs, only cells that
demonstrated expression of the recombinant protein were scored for depolarized
actin patches. For each yeast strain at least 40 to 50 cells were counted in each
of two separate experiments.

RESULTS

Characterization of Inp52p phosphoinositide substrate spe-
cificity. Biochemical characterization of Inp51p, Inp52p, and
Inp53p phosphoinositide and inositol phosphate substrate
specificity has been reported (16, 44). Each of these enzymes
specifically hydrolyzes PtdIns(4,5)P2 forming PtdIns(4)P. Inp54p
has recently been shown to be a specific PtdIns(4,5)P2 5-phos-
phatase (39). In addition, recent studies have shown the Sac1p-
like domains of Inp52p, Inp53p, and mammalian synaptojanin
have intrinsic polyphosphoinositide phosphatase activity, con-
verting PtdIns(3)P, PtdIns(4)P, and PtdIns(3,5)P2 to PtdIns
(16). To determine the kinetics of Inp52p-mediated hydrolysis
of PtdIns(4,5)P2, the 5-phosphatase and proline-rich region
coding sequences of INP52 were cloned into expression vector
pMALC2T. Following induction, the maltose binding protein–
5-phosphatase recombinant fusion protein was purified from
Triton X-100-extracted Escherichia coli lysates by affinity chro-
matography. Proteins in the starting material and flowthrough
and eluted fractions were separated by SDS–7.5% PAGE and

TABLE 3. Growth of wild-type and single and double 5-phosphatase null mutants on YPD and hyperosmotic media

Strain Medium
Growtha at a dilution of:

Neat 1021 1022 1023 1024 1025 1026

W303 YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 1 1 1
YPD 1 1 M sorbitol 1 1 1 1 1 1 1
YPD 1 1.4 M sorbitol 1 1 1 1 1 1 1

inp51 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 1 1 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 0
YPD 1 1.4 M sorbitol 1 1 1 1 1 1 1

inp52 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 1 1 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 1
YPD 1 1.4 M sorbitol 1 1 1 1 1 1 1

inp53 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 1 1 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 0
YPD 1 1.4 M sorbitol 1 1 1 1 1 1 1

inp51 inp52 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 0 0 0 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 0
YPD 1 1.4 M sorbitol 1 1 1 1 0 0 0

inp51 inp53 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 1 0 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 1
YPD 1 1.4 M sorbitol 1 1 1 1 1 0 0

inp52 inp53 mutant YPD 1 1 1 1 1 1 1
YPD 1 0.9 M NaCl 1 1 1 1 0 0 0
YPD 1 1 M sorbitol 1 1 1 1 1 1 1
YPD 1 1.4 M sorbitol 1 1 1 1 0 0 0

a 1, growth; 0, no growth.
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visualized by Coomassie brilliant blue staining. A single poly-
peptide corresponding to the predicted size of 115 kDa was
present in purified fractions 4 to 12. Western blot analysis us-
ing affinity-purified antipeptide antibodies to Inp52p demon-
strated the elution of a single polypeptide species of 115 kDa
(data not shown).

Purified recombinant Inp52p was assayed for Ins(1,4,5)P3,
Ins(1,3,4,5)P4, and PtdIns(4,5)P2 5-phosphatase activity as
described in Materials and Methods. Partially purified 5-
phosphatases I and II were used as a positive control for the
reactions. No hydrolysis of Ins(1,4,5)P3 or Ins(1,3,4,5)P4 was
observed regardless of the amount of recombinant protein
present in the assay. However, significant PtdIns(4,5)P2 5-
phosphatase activity was demonstrated; this activity correlated
with increasing amounts of purified recombinant Inp52p (re-
sults not shown). The kinetics of PtdIns(4,5)P2 hydrolysis by
Inp52p were determined using a constant amount of recombi-
nant Inp52p and increasing concentrations of [3H]PtdIns
(4,5)P2 (5 to 250 mM; 3,500 cpm/nmol) as described previously
(29). The Vmax of the reaction was 125 nmol of PtdIns(4,5)P2
hydrolyzed/min/mg of recombinant Inp52p. The Km of the
reaction, calculated from a Lineweaver-Burk plot, was 60 mM
(results not shown). This is comparable to that for platelet
cytosol 5-phosphatase II, which has an affinity constant of 45
mM for PtdIns(4,5)P2 (29). A mutation of His730 to Ala in the
5-phosphatase domain resulted in complete loss of PtdIns
(4,5)P2 5-phosphatase activity, consistent with the proposed
catalytic mechanism of action of the 5-phosphatases (48) (data
not shown).

Recent studies have demonstrated that a novel PtdIns des-
ignated PtdIns(3,5)P2 is rapidly but transiently formed in
yeast in response to osmotic stress (13). Purified recombinant
Inp52p dephosphorylated PtdIns([3-32P],5)P2 forming PtdIns
([3-32P])P, with little hydrolysis observed in the absence of
Inp52p (data not shown). High-pressure liquid chromatogra-
phy analysis of the reaction products confirmed that the
5-phosphatase domain of Inp52p hydrolyzes PtdIns(3,5)P2 to
form PtdIns(3)P. Other potential substrates such as PtdIns(4)P,
which is hydrolyzed by synaptojanin (7), and PtdIns(3)P were
not metabolized by recombinant Inp52p, which lacks the Sac1
domain (data not shown). Collectively, these studies demon-
strate that the 5-phosphatase domain of Inp52p demonstrates
a unique substrate specificity for a member of this enzyme
family, as it hydrolyzes the position-5 phosphates from PtdIns
(4,5)P2 and PtdIns(3,5)P2. The kinetics of PtdIns(4,5)P2 hydro-
lysis are comparable to those of mammalian homologues.

Intracellular localization of Inp52p and Inp53p. The char-
acterization of the intracellular location of the three Sac1-
containing 5-phosphatases may help delineate the cellular
mechanisms mediating the phenotype associated with the dou-
ble-null mutant 5-phosphatase strains, i.e., thick cell walls and
massive plasma membrane invaginations.

To define the intracellular localization of the three Sac1
domain-containing 5-phosphatases, Inp51p, Inp52p, and Inp53p
were expressed as N-terminal fusion proteins with GFP, under
the control of a galactose-inducible promoter, in the correspond-
ing 5-phosphatase null mutant strains. Following induction of
fusion protein expression, fractionated yeast cell lysates were an-
alyzed by Western blotting using antibodies to the GFP tag to
confirm that the recombinant proteins were intact. Inp52p-GFP
and Inp53p-GFP were expressed as 159- and 151-kDa polypep-
tides respectively, consistent with their predicted molecular
masses (data not shown). Recombinant Inp51p-GFP was exten-
sively proteolyzed and therefore was not further characterized
(results not shown). Other studies have also reported difficulties

in expressing a full-length intact recombinant Inp51p (44), sug-
gesting that this protein is extremely sensitive to degradation.

Characterization of the intracellular location of Inp52p and
Inp53p was undertaken by confocal microscopy of yeast ex-
pressing recombinant GFP-tagged 5-phosphatases. In the pres-
ence of 2% raffinose, which does not induce the GAL pro-
moter, Inp52p-GFP and Inp53p-GFP were not expressed.
Following incubation in the presence of galactose for 4 h,
Inp52p-GFP and Inp53p-GFP were both expressed diffusely
through the cell but were excluded from the nucleus as deter-
mined by colocalization with propidium iodide (Fig. 1). Nei-
ther recombinant 5-phosphatase clearly colocalized with actin
patches, which were visualized by staining the cells with phal-
loidin (Fig. 1) (47). In control studies GFP was expressed
diffusely throughout the cell including the nucleus, when ex-
pressed in either inp52 (Fig. 1) or inp53 null mutant cells (data
not shown).

We have demonstrated that recombinant Inp52p-GFP and
Inp53p-GFP are functional 5-phosphatases, as expression of
these recombinant proteins rescued the delocalized actin patch
phenotype of inp52 inp53 double-null mutant 5-phosphatase
strains. In addition, expression of either of these two recom-
binant proteins was able to rescue the lethal phenotype of the
inp51 inp52 inp53 triple-null mutant strain (results not shown).

Localization of Inp52p and Inp53p in response to hyperos-
motic stress. S. cerevisiae demonstrates stereotypic patterns of
budding, with haploid cells showing an axial budding pattern,
while diploids display a bipolar pattern from either pole (5).
Yeast cells respond to osmotic stress by rearrangement of actin
in an acute adaptive response. A rapid change in the actin
cytoskeleton, comprising collapse of actin cables and delocal-
ization of cortical actin patches from sites of active growth in
the bud to the mother cell, is observed (6). As PtdIns(4,5)P2
regulates actin polymerization and Inp52p and Inp53p have
been shown to hydrolyze this phosphoinositide, we investigated
the effects of osmotic stress on the intracellular location of
these 5-phosphatases.

Expression of Inp52p-GFP and Inp53p-GFP was induced by
galactose treatment for 4 h, followed by hyperosmotic NaCl
treatment to a final concentration of 0.9 M for 5, 10, 15, 20, or
30 min. Cells were fixed by the addition of formaldehyde di-
rectly to the culture. Cortical actin patches were visualized by
counterstaining with phalloidin. In the nonstressed cell, actin
patches were concentrated at the growing bud. In budding
cells, hyperosmotic stress treatment resulted in actin patch
translocation from sites of active cell growth in the bud to the
mother cell (Fig. 2 and 3A) (6). Nonbudding cells showed little
change in actin patch localization. The intracellular location
of both Inp52p-GFP and Inp53p-GFP changed significantly
within 5 min of hyperosmotic stress in both budding and non-
budding cells. Both recombinant enzymes rapidly translocated
to an intracellular location that colocalized with cortical actin
patches in both the mother and daughter cells (Fig. 2 and 3A).
In addition, Inp52p-GFP and Inp53p-GFP colocalized with
cortical actin patches in nonbudding cells. Cells expressing
Inp53p-GFP demonstrated fewer, larger actin patches follow-
ing stress than Inp52p-GFP-expressing cells (see below). The
association of the 5-phosphatases with actin patches was tran-
sient, and within 20 min of treatment both Inp52p-GFP (Fig. 2)
and Inp53p-GFP (data not shown) relocated back to a diffuse
cellular distribution in more than 50% of cells.

In control studies no change in the cytosolic location of
recombinant GFP was observed in response to hyperosmotic
stress when GFP was expressed in either inp52 (Fig. 3B) or
inp53 (data not shown) null mutant cells, indicating that the
translocation of GFP–5-phosphatase fusion proteins to actin
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FIG. 1. Intracellular localization of Inp52p and Inp53p in unstressed cells. Inp52p and Inp53p were cloned in-frame with GFP under the control of a galactose-
inducible promoter and induced in the corresponding null mutant 5-phosphatase yeast strains. Expression of GFP, Inp52p-GFP, and Inp53p-GFP recombinant proteins
was induced by growing the cells in galactose for 4 h. Nuclei were visualized by counterstaining with propidium iodide. Actin patches were stained with phalloidin. Bar, 5 mm.
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patches was not due to the GFP moiety. In addition, recom-
binant GFP-tagged Inp54p, which does not contain an N-ter-
minal Sac1 domain or C-terminal proline-rich domain, did not
relocate to actin patches following stress treatment (results not
shown). To further establish that GFP does not mediate
5-phosphatase translocation to actin patches, cells expressing
N-terminal or C-terminal hemagglutinin (HA)-tagged Inp52p
were treated with 0.9 M NaCl for 10 min and analyzed by
confocal microscopy. The HA-tagged constructs displayed sim-
ilar hyperosmotic stress responses, with the recombinant
5-phosphatase colocalizing with actin patches (results not
shown).

To ensure that overexpression of the GFP-tagged 5-phos-
phatases did not result in aberrant translocation to actin
patches in response to stress, both 5-phosphatases were ex-
pressed as GFP fusion proteins under the control of their
native promoters and subjected to 10 min of 0.9 M NaCl stress.
The 5-phosphatase–GFP fluorescence was significantly less in-
tense than when the 5-phosphatases were overexpressed under
the control of the GAL promoter; however both 5-phospha-
tases still formed patches that colocalized with actin patches, as
demonstrated by counterstaining with phalloidin following hy-
perosmotic stress (Fig. 4). It is also noteworthy that decreased
expression of Inp53p resulted in actin patches that resembled
those of wild-type and Inp52p-expressing cells, suggesting that
overexpression of Inp53p affects the number and size of delo-
calized actin patches.

Cytoskeletal rearrangement occurs in response to other sol-
utes in addition to NaCl (6). The ability of Inp52p-GFP to
translocate to actin patches following different hyperosmotic

stimuli was examined at 5 and 10 min after addition of a
number of solutes. Glucose (0.6 M) or glycerol (0.76 M) had
no effect on the localization of the Inp52p-GFP protein or on
the normal distribution of actin patches within yeast. KCl (0.6
M) treatment caused partial delocalization of actin patches to
the mother cell in budding yeast but no change in the distri-
bution of Inp52p-GFP. Treatment of cells with 1 M sorbitol
had no effect on the polarized localization of the actin patches
or on the location of Inp52p. However, hyperosmotic shock
using 1.4 M sorbitol or 0.5 M CaCl2 resulted in delocalization
of actin patches to the mother cell in budding yeast and trans-
location of Inp52p-GFP to actin patches (data not shown).

Translocation of Inp52p and Inp53p to actin patches is
independent of actin. Cortical actin patch assembly is a hier-
archical process in which assembly factors initially associate
with the plasma membrane, followed by recruitment of actin-
nucleating factors and incorporation of actin filaments and
finally actin-dependent proteins (38). In order to determine
whether the translocation of Inp52p and Inp53p to patches
following hyperosmotic stress is dependent on an intact actin
cytoskeleton, cells expressing the GFP-tagged 5-phosphatases
were treated with latrunculin-A. In previous studies latruncu-
lin-A has been shown to completely disrupt the yeast actin
cytoskeleton within minutes (4). In nonstressed cells exposed
to latrunculin-A for 15 min, Inp52p-GFP and Inp53p-GFP
displayed an apparent cytosolic localization similar to that of
nontreated cells (Fig. 5). Cortical actin patches were not de-
tected by phalloidin staining. Following 10 min of hyperos-
motic stress, both 5-phosphatases localized to patch-like struc-
tures identical to those observed in nontreated cells (Fig. 5),

FIG. 3. Inp53p-GFP localizes to actin patches after hyperosmotic stress. (A) Cells expressing Inp53p-GFP were treated with 0.9 M NaCl for 5 min, formaldehyde
fixed, stained with rhodamine-phalloidin, and then analyzed by confocal microscopy. Regions of colocalization between Inp53p-GFP and rhodamine-phalloidin appear
yellow in the merged images. (B) inp52 null mutant cells expressing GFP alone were treated with 0.9 M NaCl for 10 min, fixed, and stained with phalloidin.
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implying that the translocation of Inp52p and Inp53p is actin
independent. Several other proteins such as Sla1 and Sla2 form
patches in the absence of an intact actin cytoskeleton following
latrunculin-A treatment, suggesting that these proteins localize
to patches upstream of actin in patch assembly (4).

Analysis of motifs within Inp52p and Inp53p regulating
enzyme localization in response to hyperosmotic stress. In
order to determine which domains within Inp52p and Inp53p
are responsible for the intracellular location of these enzymes,
in particular, the hyperosmotic stress-induced translocation to
actin patches, various regions of the INP52 gene (Fig. 6A) or
INP53 gene (Fig. 7A) were cloned upstream of the GFP gene
in vector pPS1303 and the constructs were transformed into
the corresponding null mutant cells. Expression of the mutant
recombinant proteins was induced with galactose for 4 h, and
recombinant proteins were analyzed by confocal microscopy.

A mutant Inp52p lacking the N-terminal 111 amino acids
colocalized with actin patches following hyperosmotic stress,
indicating that this region is not required for actin patch asso-
ciation (Fig. 6B). Deletion of the putative CAAX motif from
Inp52p did not alter the localization of recombinant Inp52p in
hyperosmotically stressed yeast (Fig. 6B). The CAAX motif
therefore is not predicted to play a role in the translocation of
Inp52p to actin patches. These results are consistent with our
observation that the proposed Inp52p CAAX motif does not
conform to the consensus sequence for a CAAX box, as it lacks
the aliphatic residues in the middle of the motif.

To determine whether the Sac1 domain of Inp52p plays a
role in the localization of the protein, a construct lacking the N
terminus and Sac1 domain, containing the 5-phosphatase and
proline-rich domains alone, and a construct consisting of the N
terminus and Sac1 domain were expressed in inp52 null mutant
cells. Removal of both the N-terminal 111 amino acids plus the
Sac1 domain resulted in expression of the mutant recombinant
Inp52p in the nuclei of stressed cells and diffusely throughout
the cytosol, as determined by colocalization with propidium
iodide (Fig. 6B). As this recombinant protein at 83 kDa is too
large to enter the nucleus by passive diffusion, a putative nu-
clear localization signal (KKKSKPK, amino acids 1155 to
1161) may mediate nuclear relocation following removal of the
Sac1 domain. The protein containing only the N terminus and
Sac1 domain translocated to actin patches following 10 min of

hyperosmotic stress (Fig. 6B). However, some recombinant
protein remained in an apparently cytosolic localization. De-
letion of the proline-rich domain of Inp52p resulted in the
formation of large protein aggregates in both nonstressed and
hyperosmotically stressed yeast cells probably due to protein
misfolding (data not shown).

The proline-rich domain alone translocated to actin patches
following hyperosmotic stress; however this recombinant pro-
tein did not localize to patches as efficiently as the full-length
protein (Fig. 6B). These results suggest that both (i) the N
terminus and Sac1 domain and (ii) the proline-rich domain of
Inp52p play a role in mediating the translocation of the protein
to actin patches following hyperosmotic stress.

To determine whether similar domains also mediate trans-
location of Inp53p to actin patches, a number of deletion
constructs were generated (Fig. 7A) and expressed in inp53
null mutant cells. The Inp53p N terminus and Sac1 domain did
not translocate to actin patches following hyperosmotic stress
(Fig. 7B). A longer deletion mutant, which included the
5-phosphatase domain (proline-rich domain deleted) was also
constructed to ensure that the lack of translocation did not
result from the misfolding of the truncated protein. However,
this mutant lacking the proline-rich domain also failed to lo-
calize to actin patches under hyperosmotic stress conditions
(Fig. 7B), indicating that the N terminus and Sac1 domain of
Inp53p do not play a role in mediating 5-phosphatase translo-
cation to actin patches.

To determine whether the proline-rich domain of Inp53p is
responsible for mediating actin patch localization, two con-
structs, one with the N terminus and Sac1 domain deleted and
one consisting of the proline-rich domain alone, were gener-
ated and expressed in inp53 null mutant cells. Both these
mutant recombinant proteins translocated to actin patches fol-
lowing stress (Fig. 7B), suggesting that the Inp53p proline-rich
domain localizes the enzyme to actin patches.

As the N terminus and Sac1 domain of Inp52p, but not of
Inp53p, contributed to actin patch localization, we analyzed
the amino acid sequences of both Inp52p and Inp53p for vari-
ations that may explain these differences. A serine-rich se-
quence in the Sac1 domain of Inp52p between amino acids 132
and 150, which is not present in Inp53p, was identified. In
order to determine whether this motif mediates translocation

FIG. 4. Inp52p and Inp53p expressed under the control of their native promoters localize to actin patches following hyperosmotic stress. Cells expressing
Inp52p-GFP or Inp53p-GFP under the control of the respective native 5-phosphatase promoter were treated with 0.9 M NaCl for 10 min, formaldehyde fixed, stained
with phalloidin, and then analyzed by confocal microscopy. Bar, 5 mm.
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to actin patches, constructs comprising amino acids 1 to 158 of
Inp52p and the corresponding region of Inp53p, (amino acids
1 to 133), were expressed as GFP fusion proteins. Neither
construct translocated to actin patches upon hyperosmotic
stress (Fig. 6B and 7B), suggesting that other sequences within
Inp52p are required for relocation of the 5-phosphatase.

Collectively, these results indicate that Inp52p and Inp53p
translocate to actin patches following hyperosmotic shock. Se-
quences within the N terminus and Sac1 domain of Inp52p and
the proline-rich domains of both Inp52p and Inp53p play a
critical role in mediating the translocation of Inp52p and
Inp53p to actin patches following hyperosmotic stress.

Growth of single and double 5-phosphatase null mutants on
hyperosmotic media. We investigated the ability of 5-phospha-
tase null mutant strains to grow under hyperosmotic condi-
tions. Serial dilutions of mid-log-phase cultures of wild-type
and single and double 5-phosphatase null mutants were plated
on YPD, YPD plus 0.9 M NaCl, YPD plus 1 M sorbitol, or

YPD plus 1.4 M sorbitol. Wild-type cells grew equally well on
all media to a dilution of 1026 (Table 3). Cells containing a null
mutation of any one Sac1 domain containing 5-phosphatase
displayed growth comparable to that of wild-type yeast in YPD
and hyperosmotic media, with colonies detected in 1025 to
1026 dilutions. Although all double knockouts grew on YPD
and YPD plus 1 M sorbitol to dilutions of 1025 to 1026, these
mutant yeasts demonstrated a significantly reduced ability to
grow on YPD plus 0.9 M NaCl and YPD plus 1.4 M sorbitol.
The inp51 inp52 null mutant was the most severely affected
(1022 dilution for YPD plus 0.9 M NaCl; 1023 dilution for 1.4
M sorbitol), followed by the inp52 inp53 mutant (1023 dilution)
with the inp51 inp53 mutant (1024 dilution) moderately im-
paired. We noted a consistent correlation between the concen-
trations of hyperosmotic media (0.9 M NaCl or 1.4 M sorbitol)
required to induce the translocation of the 5-phosphatases
Inp52p and Inp53p to actin patches and the osmosensitive
phenotype of null mutant stains. For example lower concen-
trations of sorbitol (1 M), which did not induce relocation of
5-phosphatases to actin patches, did not induce osmosensitivity
in 5-phosphatase double-null mutants. Srinivasan et al. (42)
previously reported only the inp51 inp52 double mutant was
inhibited by NaCl; however this study did not quantitate the
growth of yeast strains using serial dilutions and may therefore
have missed the impaired growth of the other 5-phosphatase
mutants on hyperosmotic media.

Overexpression of Inp52p and Inp53p reduces the duration
of the osmotic stress response. Following hyperosmotic shock,
actin patches depolarize from sites of growth in the bud to the
mother cell. Over time this phenomenon is reversed as the
osmotic gradient is restored and actin patches repolarize to the
bud. As Inp52p and Inp53p localize to cortical actin patches
following stress, we investigated the temporal correlation of
stress-induced depolarization and repolarization in wild-type
cells versus that in 5-phosphatase null mutants and cells over-
expressing Inp52p or Inp53p or mutant Inp52p (H730A),
which lacks PtdIns(4,5)P2 5-phosphatase activity. As shown by
previous studies (6), the majority of osmotically stressed yeast
cells showed evidence of depolarized actin patches after 20 min
of treatment, and these patches remained depolarized until 60
min poststress and then returned to a polarized state over the
next 60 min (Fig. 8A). Cells containing a single inp52 or inp53
null mutation or overexpressing GFP alone exhibited a re-
sponse similar to that of wild-type cells (Fig. 8). Cells lacking
both INP52 and INP53, however, did not demonstrate normal
polarization of actin patches at any point during osmotic stress
(Fig. 8A), suggesting that the 5-phosphatases play a role in
cytoskeletal polarity.

Overexpression of either Inp52p or Inp53p resulted in a
dramatic decrease in the time required for the actin patches to
repolarize to the bud (Fig. 8B). At 10 min poststress ;70% of
the cells expressing Inp52p or Inp53p exhibited depolarized
actin patches. Within 30 min of initiation of osmotic stress, a
large proportion of the cells exhibited repolarized actin
patches, in contrast to wild-type cells, almost all of which main-
tained depolarized patches. This suggests that Inp52p and
Inp53p play a significant role in the repolarization of actin
patches. In order to determine whether the enzyme activity
encoded by the 5-phosphatase domain was essential for the
reduction in the duration of the stress response, a single point
mutation was made in the 5-phosphatase domain of Inp52p.
This mutation, which substitutes an alanine residue for histi-
dine 730 in the conserved 5-phosphatase catalytic domain,
results in complete loss of PtdIns(4,5)P2 hydrolyzing activity.
Overexpression of this catalytically inactive mutant resulted in
a response similar to that observed in wild-type cells (Fig. 8B),

FIG. 5. Inp52p-GFP and Inp53p-GFP translocate to patches independent of
actin. Cells expressing Inp52p-GFP or Inp53p-GFP were treated with 100 mM
latrunculin-A for 15 min at 30°C and then either left untreated or treated with 0.9
M NaCl for 10 min, formaldehyde fixed, stained with phalloidin, and analyzed by
confocal microscopy. Bar, 5 mm.
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FIG. 6. Analysis of Inp52p domains which mediate the intracellular localization in hyperosmotically stressed cells. Inp52p-GFP deletion mutant constructs were
generated as described in Materials and Methods. (A) Schematic representation of wild-type and mutant Inp52p-GFP fusion proteins. 5-ptase, 5-phosphatase. (B)
Confocal microscopy of yeast expressing mutant Inp52p-GFP fusion proteins (middle panels) as shown in Fig. 7A. Cells were treated for 10 min with 0.9 M NaCl prior
to fixation. All cells were stained with phalloidin (right panels) except cells expressing Inp52p-GFP with the N terminus and Sac1 domain deleted, which were stained
with propidium iodide to visualize the nucleus. Bar, 5 mm.
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FIG. 7. Analysis of the domains mediating translocation of Inp53p to actin patches following hyperosmotic stress. Inp53p-GFP deletion mutant constructs were
prepared as described in Materials and Methods. (A) Schematic diagram of the Inp53p mutant constructs. 5-ptase, 5-phosphatase; proline, proline-rich region. (B) Cells
expressing Inp53p-GFP mutants (middle panels) were analyzed by confocal microscopy following 10 min of 0.9 M NaCl stress, fixed, and stained with phalloidin (right
panels). Bar, 5 mm.
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indicating that PtdIns(4,5)P2 5-phosphatase activity plays a
critical role in the repolarization of actin patches within the
cell, independent of the Sac1 domain.

DISCUSSION

We have shown that the yeast 5-phosphatases Inp52p and
Inp53p translocate transiently to actin patches in both budding
and nonbudding yeast during hyperosmotic stress. Overexpres-
sion of these 5-phosphatases results in a rapid repolarization of

actin patches which is dependent on PtdIns(4,5)P2 5-phospha-
tase enzyme activity. The proline-rich domains of these pro-
teins and the Sac1 domain of Inp52p appear to be important
for localization to actin patches. Recombinant Inp52p hydro-
lyzes PtdIns(4,5)P2 with kinetics similar to those of mammalian
5-phosphatases and also hydrolyzes the recently identified
phosphoinositide PtdIns(3,5)P2. It is noteworthy that PtdIns
(3,5)P2 is generated transiently in yeast following hyperosmotic
stress. Previous studies have shown that Inp53p also hydrolyzes
PtdIns(4,5)P2 (16). Collectively, these studies suggest that the
relocation of Inp52p and Inp53p to actin patches during os-
motic stress may result in the localized hydrolysis of PtdIns
(4,5)P2, thereby regulating cytoskeletal organization.

Regulation of PtdIns(3,5)P2 by Inp52p and Inp53p. PtdIns
(3,5)P2 is a recently identified phosphoinositide present in both
yeast and higher eukaryotic cells. The lipid is synthesised in
yeast by the actions of Fab1p, a specific PtdIns(3)P 5-kinase,
from a preexisting pool of PtdIns(3)P (10). A role for PtdIns
(3,5)P2 in regulating the actin cytoskeleton has not been
shown; rather the phenotype associated with loss of function of
Fab1p is a dramatic enlargement of the vacuole (50), indicating
that PtdIns(3,5)P2 plays a role in regulating vacuole membrane
homeostasis. We have been unable to show localization of
Inp52p or Inp53p with vacuole membranes using a variety of
conditions, in particular, hyperosmotic stress, despite the dem-
onstration that the Sac1 domains of both enzymes hydrolyze
this phosphoinositide. In resting yeast we have demonstrated a
diffuse expression of these GFP-tagged recombinant 5-phos-
phatases throughout the cytoplasm.

The osmotic stress-induced localization of these 5-phospha-
tases to the actin cytoskeleton, and in particular actin patches,
does not preclude an association with the vacuole membrane.
In budding yeast a small proportion of the vacuole is polarized
along actin cables to the emerging bud site, consistent with
actin playing a primary role in vacuole movement (18). Elec-
tron microscopy studies have also revealed that cytoskeletal
fibers extend into the vacuolar space (37). In addition, in non-
budding yeast colocalization studies have revealed that the
vacuoles associate with many of the actin cables and cortical
actin patches at the site of bud emergence (18). Therefore the
relocation of Inp52p and Inp53p to actin patches following
hyperosmotic stress should allow access of these 5-phospha-
tases to PtdIns(3,5)P2 as it is rapidly synthesized in the vacuole
membrane. It is tempting to speculate that the abnormal actin
polymerization associated with 5-phosphatase null mutant
yeast may lead to fragmentation of the vacuoles as they move
along actin cables during yeast budding. This hypothesis may
explain the fragmented vacuoles observed in 5-phosphatase
disruptants.

Role of the Sac1 and proline-rich domains in 5-phosphatase
intracellular location. We have shown that the Sac1 domain of
Inp52p and the proline-rich regions of both Inp52p and Inp53p
mediate the association of the proteins with actin patches dur-
ing periods of osmotic stress. The Sac1 domain represents a
300-amino-acid conserved protein module that is present in
the product of the SAC1 gene, three of the four yeast 5-phos-
phatases, and the mammalian homologue synaptojanin. Re-
cent studies have indicated the Sac1 domains of Inp52p,
Inp53p, and synaptojanin contain phosphoinositide phospha-
tase activity. In addition, loss of function of Sac1p results in
a dramatic accumulation of PtdIns(4)P, PtdIns(3)P, and
PtdIns(3,5)P2 (16). It is noteworthy that although the yeast
Sac1 protein has been localized to the endoplasmic reticulum
and Golgi (49), it plays a role in the regulation of the actin
cytoskeleton. Temperature-sensitive sac1 mutants grown at the
nonpermissive temperature demonstrate loss of visible cables

FIG. 8. Time course of actin patch depolarization and repolarization in re-
sponse to hyperosmotic stress. Cells were treated with 0.9 M NaCl for 0 to 120
min, fixed, stained with phalloidin, and analyzed by confocal microscopy. The
percentages of budding cells with buds less than half the size of the mother cell
exhibiting depolarized actin patches were determined as described in Materials
and Methods. For each yeast strain 40 to 50 cells were counted. Results shown
are from one representative experiment of two. In overexpression studies only
cells that demonstrated expression of the GFP-tagged recombinant protein were
scored for depolarized actin patches.
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and delocalized actin patches randomly distributed between
the mother cell and the bud (8, 35). Similarly, various spliced
variants of synaptojanin are localized via the distinct C-termi-
nal proline-rich regions to various compartments including the
mitochondria; however the translocation of either of these
Sac1-containing proteins has not been determined under stress
conditions (34). The proline-rich domains of Inp52p and
Inp53p contain multiple proline-rich motifs which could po-
tentially allow interactions of the 5-phosphatases with a num-
ber of different proteins, in particular, with SH3 domains. We
propose that under conditions of hyperosmotic stress, Inp52p
and Inp53p translocate to actin patches, where they interact
with patch proteins and regulate phosphoinositides and
thereby the actin cytoskeleton.

Colocalization of actin patches and finger-like invagina-
tions. We investigated the intracellular location of Inp52p and
Inp53p in an attempt to further define the cellular mechanisms
mediating the thickened cell wall and massive plasma mem-
brane invaginations observed in 5-phosphatase null mutant
yeast. Mulholland et al. (33), using immunoelectron micros-
copy of ultrathin sections, demonstrated a relationship be-
tween plasma membrane invaginations and the accumulation
of cortical actin observed in actin patches. In nonstressed cells,
actin patches display a polarized localization, being present at
sites of active cell growth (1, 24). These patches surround
plasma membrane invaginations and appear to be attached to
cables, which extend into the cell and which are postulated to
transport cell wall components and possibly endocytic vesicles
(21, 25, 33). In addition, it has been suggested that the plasma
membrane invaginations are sites of cell wall synthesis (15) and
are surrounded by cortical actin patches, which play an impor-
tant role in the construction of the cell wall (25, 33). Patch
components have also been postulated to be present in low
concentrations at sites on the plasma membrane other than
cortical actin patches, where they may contribute to receptor
internalization (32, 38).

In yeast, PtdIns(4,5)P2 is localized predominantly in the
plasma membrane (36) and binds to actin-regulatory proteins
such as profilin, cofilin, and capping protein to inhibit their
functions (2, 17, 19). Hydrolysis of PtdIns(4,5)P2 releases ac-
tin-regulatory proteins resulting in actin reorganization. There
is a striking similarity between the phenotype of cortical actin
patch component null mutants and that of double 5-phospha-
tase null mutants, both of which comprise cell wall thickening,
depolarized actin patches under nonstressed conditions, osmo-
sensitivity, and defects in endocytosis (reviewed in reference
38). We propose that the yeast 5-phosphatases Inp52p and
Inp53p regulate PtdIns(4,5)P2 at actin patches at the plasma
membrane to regulate cytoskeletal polarization, endocytosis,
and localized cell wall generation.

Role of the 5-phosphatases in the yeast hyperosmotic stress
response. Yeasts respond to osmotic pressure with changes in
the actin cytoskeleton resulting in collapse of the osmotic gra-
dient and disorganization of the actin cytoskeleton (6, 21).
Cortical actin patches depolarize away from sites of active cell
growth and actin cables collapse, resulting in a temporary
pause in cell growth. The translocation of increased concen-
trations of 5-phosphatases to actin patches in response to hy-
perosmotic stress may mediate the localized hydrolysis of
PtdIns(4,5)P2 and thereby provide a mechanism allowing rapid
repolarization of the actin cytoskeleton following hyperos-
motic stress. Loss of function of both Inp52p and Inp53p is
associated with depolarization of the actin cytoskeleton, while
overexpression of 5-phosphatases results in a dramatic repo-
larization of actin patches in response to osmotic stress, which
is dependent on PtdIns(4,5)P2 5-phosphatase activity. Collec-

tively, these studies provide evidence for the mechanisms by
which inositol polyphosphate 5-phosphatases may serve to reg-
ulate actin cytoskeletal reorganization following hyperosmotic
stress.
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