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ABSTRACT

We recently demonstrated that the S. cerevisiae INP51 locus (YIL002c) encodes an inositol polyphosphate
5-phosphatase. Here we describe two related yeast loci, INP52 (YNL106c) and INP53 (YOR109w). Like
Inp51p, the primary structures of Inp52p and Inp53p resemble the mammalian synaptic vesicle-associated
protein, synaptojanin, and contain a carboxy-terminal catalytic domain and an amino-terminal SAC1-like
segment. Inp51p (108 kD), Inp52p (136 kD) and Inp53p (124 kD) are membrane-associated. Single null
mutants (inp51, inp52, or inp53) are viable. Both inp51 inp52 and inp52 inp53 double mutants display
compromised cell growth, whereas an inp51 inp53 double mutant does not. An inp51 inp52 inp53 triple
mutant is inviable on standard medium, but can grow weakly on media supplemented with an osmotic
stabilizer (1 M sorbitol). An inp51 mutation, and to a lesser degree an inp52 mutation, confers cold-
resistant growth in a strain background that cannot grow at temperatures below 15°. Analysis of inositol
metabolites in vivo showed measurable accumulation of phosphatidylinositol 4,5-hisphosphate in the inp51
mutant. Electron microscopy revealed plasma membrane invaginations and cell wall thickening in double
mutants and the triple mutant grown in sorbitol-containing medium. A fluorescent dye that detects
endocytic and vacuolar membranes suggests that the vacuole is highly fragmented in inp51 inp52 double
mutants. Our observations indicate that Inp51p, Inp52p, and Inp53p have distinct functions and that
substrates and/or products of inositol polyphosphate 5-phosphatases may have roles in vesicle trafficking,

membrane structure, and/or cell wall formation.

PON agonist stimulation of mammalian cells,
phospholipase C hydrolyzes phosphatidylinositol
4,5-bisphosphate (PtdIns[4,5]P,) to produce the second
messengers, inositol 1,4,5-trisphosphate (Ins[1,4,5]P5)
and diacylglycerol. Diacylglycerol activates protein ki-
nase C, while Ins[1,4,5]P; mobilizes intracellular Ca**
(reviewed in Bansal and Majerus 1990; Berridge
1993; Hokin 1985; Majerus 1992; Majeruset al. 1990).
Inositol polyphosphate 3-kinases can convert Ins[1,4,5]P;
to Ins[1,3,4,5]P, (Irvine et al. 1988) and phosphatidyl-
inositol 3-kinases can convert PtdIns[4,5]P, to PtdIns-
[34,5]P; (Hawkins et al. 1992; Irvine et al. 1988). Evi-
dence indicates that Ptdins[4,5]P, and PtdIns[3,4,5]Ps,
and their derivatives, play roles in numerous cellular
processes, including secretion regulation (Hay et al.
1995) and modulation of the actin cytoskeleton (Hart-
wig et al. 1995; Janmey et al. 1992). Additionally, certain
protein structural elements, including Src-homology-2
(SH2), pleckstrin homology (PH), and phosphotyro-
sine-binding (PTB) motifs, can bind both soluble and
lipid-linked inositol polyphosphates (Harlan et al.
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1994; Rameh et al. 1995; Zhou et al. 1995). Hence,
the physiological effects of these compounds may be
mediated by direct association with certain target pro-
teins rather than by indirect effects on the biophysical
properties of membranes.

A balance of kinase, phosphatase, and phospholipase
activities regulates the cellular level of these soluble and
lipid-linked inositol phosphates. These activities include
the inositol polyphosphate 5-phosphatase (hereafter
5-Ptase) family (reviewed in Drayer et al. 1996; Irvine
1992; Majerus 1996; Mitchell etal. 1996). The 5-Ptases
are Mg?*-dependent enzymes that remove the phospho-
ryl moiety from the C5 position of the inositol ring
in inositol polyphosphate compounds. These enzymes
were first identified based on their ability to terminate
Ins[1,4,5]P;-mediated Ca?* release, since the product,
Ins[1,4]P,, is unable to mobilize Ca?* (Connolly et al.
1985). To date, at least ten mammalian 5-Ptases have
been identified. One hallmark of a 5-Ptase is the pres-
ence of two consensus sequences, WXGDXN(Y/F)Rand
P(A/S)W(C/T)DRIL (Jefferson and Majerus 1995).
Mutational analysis demonstrates that these residues
participate in substrate binding and/or catalysis (Com-
muni and Erneux 1996; Communi et al. 1996; Jefferson
and Majerus 1996).

The 5-Ptases are classified into four groups, based
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mainly on substrate specificity (Jefferson et al. 1997).
Type | enzymes act only on the soluble inositol polyphos-
phates Ins[1,4,5]P; and Ins[1,3,4,5]P,. Type | 5-Ptases
have been cloned and characterized from a number of
tissues (Connolly et al. 1985; De Smedt et al. 1994; De
Smedt et al. 1996; Laxminarayan et al. 1993; Laxmi-
narayanetal. 1994; Verjansetal. 1994). These enzymes
are thought to be responsible for termination of
Ins[1,4,5]Psinduced Ca*" mobilization.

Type Il enzymes can hydrolyze both Ins[1,4,5]P; and
Ins[1,3,4,5]P,, as well as PtdIns[4,5]P, and PtdIns[3,4,5]P;
(Jackson et al. 1995; Matzaris et al. 1994). The first
member of this class was identified in platelets (Jeffer-
son and Majerus 1995; Mitchell et al. 1989); however,
other isoforms have been identified in other tissues
(Palmer et al. 1994; Woscholski et al. 1995). This sub-
family contains the Golgi-asssociated 5-Ptase OCRL-1
(Olivos-Glander et al. 1995), which is defective in
patients with oculocerebrorenal, or Lowe’s, syndrome
(Attree et al. 1992). Another type Il enzyme is the
neuronal protein, synaptojanin, which is involved in
synaptic vesicle recycling (McPherson et al. 1994a,b;
McPherson et al. 1996). The N terminus of synapto-
janin is homologous to S. cerevisiae Saclp. The SAC1
gene was first identified as a suppressor of certain tem-
perature-sensitive actin alleles (Novick et al. 1989).
Since then, Saclp has been implicated in phospholipid
metabolism, vesicle-actin cytoskeleton interaction, and
secretory transport (Cleves et al. 1989; Kearns et al.
1997; Mayinger et al. 1995; Whitters et al. 1993).

Type 11l 5-Ptases only hydrolyze PtdIns[3,4,5]P; and
are associated with PtdIns 3-kinase (Jackson et al. 1995).
Finally, type IV 5-Ptases, which include the protein SHIP
and its alternative splice variants, SIP-110, SIP-130, and
SIP-145 (Damen et al. 1996; Lioubin et al. 1996) are
associated with tyrosine-phosphorylated growth factor
receptors (Jefferson et al. 1997). These enzymes can
hydrolyze both PtdIns[3,4,5]P; and Ins[1,3,4,5]P,.

It remains unclear why so many different 5-Ptases exist.
However, the importance of these enzymes is demon-
strated by examination of the S. cerevisiae genome se-
guence which revealed the presence of an open reading
frame, which we designated INP51, that bears striking
similarity to the synaptojanin subclass of 5-Ptases. De-
tailed characterization of INP51 is presented elsewhere
(L. E. Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon,
and J. D. York, unpublished results). With the comple-
tion of the entire S. cerevisiae genome, however, we
found two additional open reading frames, designated
INP52 and INP53, that are highly homologous to INP51.
We demonstrate here that these two loci encode func-
tional proteins of the predicted molecular weight. In
addition, we describe the growth properties, biochemi-
cal consequences, and morphological perturbations
that result from mutations in INP51, INP52, and INP53,
alone and in combination. We show that these three

genes comprise an essential gene family and provide
additional insightsabout the potential cellular functions
of these enzymes.

MATERIALS AND METHODS

Strains, media, and genetic methods: Yeast strains used in
this study are listed in Table 1. The cells were propagated in
standard rich (YPD) medium, or in complete minimal me-
dium (CM) lacking the appropriate nutrient(s) to maintain
selection for plasmids or markers. Standard procedures for
yeast genetic manipulations were used (Ausubel et al. 1995;
Guthrie and Fink 1991). The ability of a given yeast strain
to propagate at 12° was assessed by dispersing single cells on
a YPD plate using a micromanipulator and, after incubation
for an appropriate amount of time, observing the growth
under a microscope.

Gene disruption and strain construction: INP51 was dis-
rupted and replaced with the LEU2 gene as described else-
where (L. E. Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon,
andJ. D. York, unpublished results). The entire open reading
frame of INP52 was disrupted and replaced with HIS3 as fol-
lows. HIS3 was amplified from pRS303 (Sikorski and Heiter
1989) by PCR with the sense primer 5-CGAAACAGCAAAC
TAGAAAGATAGCAATAGTTTCAGAAACACATGGCAGATT
GTACTGAGAGTGC-3' and the antisense primer 5’-GTGGA
GGCCTTTGCTGGCTCAGGATCTTCTGTAGTGGACACAC
CTCCTTACGCATCTGTGCGG-3' (where the underlined bases
correspond to the INP52 coding sequence and the remainder
of the primer is common to the pRS series of plasmids) under
reaction conditions recommended by the Taq polymerase
manufacturer (Boehringer Mannheim Corp., Indianapolis).
The resulting inp52::HIS3 PCR product was used for DNA-
mediated transformation of strain W303 (MATa/MATa) using
the standard lithium acetate protocol (Ausubel et al. 1995).
Stable His* transformants were selected on ~His plates and
verified by PCR of the genomic DNA using a sense primer
complementary to the chromosomal region 5’ of the INP52
locus (5'-GGTCGAAGGTAAGAATGCTGCGGC-3") and an
antisense primer corresponding to a sequence in HIS3 (5'-
GCCTCATCCAAAGGCGC-3'). Heterozygous inp52::HIS3/
INP52 transformants were sporulated on 0.3% potassium ace-
tate plates (Guthrie and Fink 1991). The resulting tetrads
were dissected onto YPD plates, then replica-plated onto ~His
plates to identify haploid spores carrying the inp52::HIS3 al-
lele. These inp52::HIS3 spores were again verified by both
PCR, as above, and immunoblotting cell extracts (see below)
to confirm the absence of the INP52-encoded polypeptide.

The entire INP53 open reading frame was also disrupted
and replaced with the HIS3 gene as described above, except
that the template providing HIS3 was plasmid pJJ217 (Jones
and Prakash 1990), the sense primer was 5'-AGAAAATAAC
TGGGGCGAAGAATATCTAGTTATCCACTCCTTCATAGAG
CCTCCTCTAGTACACTC-3', and the antisense primer was
5'-AAAGGGATACAAACGGAACAACAACCACACTTCAAAG
ATAACATATTCGCGCGCCTCGTTCAGAAT-3" (where the
underlined bases correspond to the INP53 coding sequence
and the remainder correspond to sequences in pJJ217). The
resulting inp53::HIS3 PCR product was transformed as above,
and His* transformants were selected and verified by PCR, as
described above, except that the sense primer for amplifica-
tion of genomic DNA from candidate transformants was
complementary to the chromosomal region on the 5’-side of
the INP53 locus (5'-TAGGGATTTTTCGAGCACTACTGC-3).
Heterozygous inp53::HIS3/INP53 diploids were sporulated
and dissected as above. Haploid spores carrying the in-
p53::HIS3 allele were verified by both PCR, as above, and
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Strain Genotype Reference

W303 MATa/MAT«a ade2-1/ade2-1 ura3-1/ura3-1 his3-11,15/his3-11,15 a
trpl-1/trpl-1 leu2-3,112/leu2-3,112 can1-100/can1-100

JYY3 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 inp51::LEU2 Stolz et al. 1997

Jyy4 MAT« ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp51::LEU2 Stolz et al. 1997

LSY 66 MATa ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp52::HIS3 This study

LSY 67 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 inp52::HIS3 This study

LSY 75 MAT« ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp53:HIS3 This study

LSY76 MATa ade2-1 ura3-1 his3-11,15 trpl1-1 leu2-3,112 can1-100 inp53::HIS3 This study

LSY 69 MAT« ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 inp51::LEU2 This study

LSY 70 MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100 inp51::LEU2 This study
inp52:HIS3

LSY 103 MATa ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp51::LEU2 This study
inp53::HIS3

LSY 105 MATa ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp51::LEU2 This study
inp53::HIS3

LSY 176 MAT« ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp52::HIS3 This study
inp53::HIS3

LSY178 MATa ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp52::HIS3 This study
inp53::HIS3

LSY94 MAT« ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp51::LEU2 This study
inp52::HIS3 inp53::HIS3 pRSINP51

LSY98 MATa ade2-1 ura3-1 his3-11,15 trpl-1 leu2-3,112 can1-100 inp51::LEU2 This study
inp52::HIS3 inp53::HIS3 pRSINP51

LSY 193 MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11,15/his3-11,15 This study

trp1-1/trp1-1 leu2-3,112/Ieu2-3,112 can1-100/can1-100
inp51::LEU2/INP51 inp52::HIS3/INP52 inp53::HIS3/INP53

a Strain W303 was kindly provided by S. Wente (Washington University, St. Louis).

immunoblotting of cell extracts (see below) to confirm the
absence of the INP53 encoded polypeptide.

To construct inp51 inp52 and inp51 inp53 double mutants,
haploid cells carrying the inp51::LEU2 allele were mated with
cells of opposite mating type containing either the inp52::HIS3
allele or the inp53::HIS3 allele. The diploids were sporulated
and dissected, then replica plated onto selective media to
determine haploid double knockouts, which were verified one
more time with PCR. To construct the inp52 inp53 double
mutant, a haploid cell carrying the inp52::HIS3 allele was
mated with a haploid cell of the opposite mating type carrying
the inp53::HIS3allele. The His™ spores were verified as double
mutants by PCR.

To construct the inp51 inp52 inp53 triple mutant, a haploid
inp51::LEU2 inp52::HIS3 double mutant was mated with a hap-
loid inp53::HIS3 of the opposite mating type. Upon sporula-
tion of the resulting diploid on normal medium, no nonparen-
tal ditype tetrads were found in which His*:His~ segregrated
2:2 and cosegregated with Leu™, indicating that the triple
mutation is lethal. To verify that the triple mutant is inviable,
we introduced into the inp51::LEU2/INP51 inp52::HIS3/
INP52 inp53::HIS3/INP53 diploid strain a plasmid, designated
pRSINP51 (L. E. Stolz, W. J. Kuo, J. Longchamps, M. K.
Sekhon, and J. D. York, unpublished results), which carries
the wild-type INP51 gene driven by its endogenous promoter
in the URA3-containing CEN vector, pRS316 (Sikorski and
Heiter 1989). Upon sporulation and dissection, nonparental
ditype tetrads were obtained in which His*:His~ segregrated
2:2 and cosegregated with Leu* and Ura*. To confirm that the
Leu™ His* Ura™ spores represented authentic triple mutants,
their inability to grow on CM plates containing 1 mg/ml
5-fluoroorotic acid (5-FOA) was tested.

Immunoblot analysis: Protein extracts were prepared from
yeast strains by lysis of spheroplasts (Ausubel et al. 1995).
Briefly, cells were grown in YPD to a density of 3 X 107 cells/
ml, harvested by centrifugation, washed with ice-cold H,0,
resuspended at 3 X 108 cells/ml in Z buffer (1 M sorbitol, 10
mm MgCl,, 50 mm Na-HEPES, pH 7.5) containing 30 mm
dithiothreitol (DTT), incubated with gentle agitation on a
rocker platform for 15 min at room temperature, collected
by centrifugation, resuspended in Z buffer containing 1 mm
DTT and 5 mg/ml Zymolyase 20T (Seikagaku Corp., Tokyo,
Japan), and incubated for an additional 40 min with gentle
agitation at room temperature. The resulting spheroplasts
were collected by centrifugation, washed twice with Z buffer
containing 1 mm DTT, and resuspended in 100 .l ice-cold
lysis buffer (1 mm EGTA, 5 mm MgCl,, 50 mm Na-HEPES, pH
7.5) containing 1 mm phenylmethylsulfonyl fluoride (PMSF).
The suspension was subjected to sonic irradiation for 20 sec
on ice, then the resulting crude lysate was separated into
soluble and particulate fractions by centrifugation at 20,000
X g for 5 min. The pellet fraction was resuspended in 100 .l
fresh lysis buffer and homogenized by brief sonication.

Soluble and particulate fractions were diluted in 2X sodium
dodecyl sulfate (SDS) gel sample buffer, resolved by electro-
phoresis on an 8% SDS polyacrylamide slab gel, and trans-
ferred electrophoretically to a nitrocellulose filter (Schleicher
and Schuell, Inc., Keene, NH) using established procedures
(Ausubel etal. 1995). Following transfer, the filter was blocked
by incubation with 2% bovine serum albumin (BSA) in TNT
buffer (50 mm TRIS-HCI, pH 7.4, 100 mm NacCl, 0.1% Triton
X-100) for 20 min at room temperature. After removal of the
blocking solution, the filter was incubated for 1-2 hr at room
temperature with TNT containing 2% BSA and either a 1:100
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dilution (for Inp51p) or a 1:30 dilution (for Inp52p and
Inp53p) of an affinity-purified preparation of the appropriate
rabbit polyclonal antibody. To remove the excess primary anti-
body, the filter was washed sequentially, for 10 min each, with
TN (50 mm TRIS-HCI, pH 7.4, 100 mm NaCl), with TNT, and
againwith TN, then incubated for 40 min at room temperature
with an appropriate volume of TNT containing 2% BSA and
a 1:5,000 dilution of donkey anti-rabbit 1gG conjugated to
horseradish peroxidase (Amersham, Arlington Heights, IL).
The excess secondary antibody was removed by washing, as
above, and the resulting immune-complexes were visualized
using the ECL detection system (Amersham), according to
the manufacturer. The rabbit polyclonal antibodies directed
against Inp51p, Inp52p, and Inp53p were raised againstappro-
priate C-terminal peptides using standard methods (Harlow
and Lane 1988).

Metabolic labeling and analysis of inositol-containing com-
pounds: Strains were inoculated at a density of 1 X 10° cells/ml
in CM containing 20 p.CiZml of myo-[2-*H(N)]inositol (Ameri-
can Radiolabeled Chemicals, St. Louis, MO), grown to a den-
sity of 1 X 107 cells/ml, collected by centrifugation, and
washed with ice-cold H,0O. Cells were resuspended in 100 1 0.5
N HCI, and, after the addition of 372 .l chloroform:methanol
(1:2,v/v) and 100 ng acid-washed glass beads (Sigma Chemi-
cal Co., St. Louis), extracted by vigorous vortex mixing (bead
beating) for 2 min. After addition of 125 .l each of chloroform
and 2 M KCI, the mixture was subjected to vigorous vortex
mixing for an additional 2 min. The resulting organic and
aqueous phases were separated by centrifugation at 20,000
X g for 5 min. Inositol-containing lipids in the organic phase
were resolved by thin layer chromatography on acid/oxalate-
impregnated silica gel 60 thin layer plates as previously de-
scribed (York and Majerus 1994). After spraying with En
[FH]ance (New England Nuclear, Boston), the plates were
subjected to autoradiography and the relative amount of radio-
activity in each species was quantitated by densitometric scan-
ning.

Electron microscopy: Cells were fixed at 4° overnight with
2% glutaraldehyde in 150 mm Na-cacodylate (pH 7.2), washed
with the same buffer lacking glutaraldehyde, postfixed on ice
for 4 hr in the same buffer containing 2% osmium tetroxide,
1% potassium ferrocyanide, and 2.5 mm CaCl,, washed again
in the cacodylate buffer lacking fixative, and finally washed
with 200 mm Na-acetate (pH 5.2). Samples of the resulting
cells were stained with 1% uranyl acetate in the acetate buffer
overnight, washed and dehydrated, sequentially, by incubation
(for 30 min each) in 30%, 60%, 80% and 95% ethanol, and,
finally, three times in absolute ethanol. The dehydrated cells
were impregnated for 1.25 hr in Spurr resin:ethanol (1:1), for
5 hrin two changes of undiluted Spurr resin, and embedded in
fresh resin, which was polymerized at 70° for 8 hr. Sections
(90 nm) were cut on a microtome (Reichert-Jung, Vienna,
Austria), stained with uranyl acetate, followed by Sato lead,
washed, and examined in an electron microscope (Philips
EM300; Philips Technologies, Cheshire, CT).

Staining with FM 4-64: Endocytic and vacuolar membranes
were visualized by staining with the fluorescent vital dye FM
4-64 as described (Vida and Emr 1995). Briefly, cells were
grown in YPD to midexponential phase, harvested by centrifu-
gation, and resuspended in fresh YPD to a density of 1 X 10°
cells/ml. FM 4-64 was added to a final concentration of 20
wm. The cells were then incubated either at 0° for 30 min
or at 30° for 15 min, collected by brief centrifugation, and
resuspended in fresh YPD at a density of 5 X 10° cells/ml.
The cells were again incubated at either 4° or 30° for 45 min,
recollected, placed on slides coated with gelatin, and viewed
under an epifluorescence microscope (Carl Zeiss, Inc.,
Thornwood, NY) using a 546-nm cutoff filter.

RESULTS

A family of inositol polyphosphate 5-phosphatases in
yeast: We initially identified a yeast gene highly related
to mammalian 5-Ptases by comparing the deduced amino
acid sequences of three mammalian 5-Ptases, 5-Ptase |
(Z31695), 5-Ptase Il (M74161), and OCRL-1 (M88162)
(with the indicated GenBank accession numbers), to
the predicted open reading frames in the then available
S. cerevisiae genomic sequence. This gene, which we des-
ignated INP51, resides on chromosome IX, corresponds
to locus YIL002c, and encodes a predicted product of
946 residues which we characterized in detail, as de-
scribed elsewhere (L. E. Stolz, W. J. Kuo, J. Long-
champs, M. K. Sekhon, and J. D. York, unpublished
results). With the completion of the S. cerevisiae genome
sequence, we found two additional open reading frames
highly homologous to INP51. The INP52 gene, locus
YNL106¢c, lies on chromosome XIV and encodes a de-
duced product of 1183 residues. INP53, locus YOR109w,
is situated on chromosome XV and encodes a predicted
product of 1107 residues. If conservative amino acid
substitutions are considered, Inp52p and Inp53p share
~70% similarity, whereas Inp51p is less related (~30%
similarity) to the other two INP5 gene products. None-
theless, the presumptive C-terminal catalytic domains
of all three gene products possess the signature motifs
of demonstrated 5-Ptases (Figure 1). For example, iden-
tity to the consensus sequence, HDVIFWLGDLNYRI, is
71% for Inp51p and 85% for both Inp52p and Inp53p.
Likewise, identity to a second highly conserved motif,
PAWTDRILY is 100% for Inp51p and 77% for both
Inp52p and Inp53p. In addition, the amino terminal
halves of all three proteins share detectable similarity
to the entire length of the 623-residue S. cerevisiae SAC1
gene product (Figure 1). Although SAC1 is not an essen-
tial gene, sac1A mutants are inositol auxotrophs and are
cold-sensitive; moreover, particular sacl alleles suppress
certain actl® alleles (Novick et al. 1989) and a saclA
mutation bypasses the effects of the sec14-1° mutation
(Clevesetal. 1989; Whitterset al. 1993). The segment
of Inp51p, Inp52p, and Inp53p with greatest similarity
to Saclp (100% identity for Inp52p and Inp53p; see
Figure 1) corresponds to the portion of SACL that is
altered for suppression of actl and secl4 mutations
(Cleves et al. 1989). The amino terminal halves of
Inp51p, Inp52p, and Inp53p are also similar to the 879-
residue product of the YNL325c locus (Figure 1), which
acts as a dosage suppressor of sacl mutations, although
a ynl325¢ null mutation does not bypass sec14 mutations
(Kearns et al. 1997). The mammalian homolog of
INP51, INP52, and INP53 appears to be synaptojanin,
which is a 5-Ptase associated with synaptic vesicles, that
possesses a very similar domain structure (Figure 1).
Finally, the C terminus of INP52 contains a potential
CAAX box or isoprenylation motif (CDPN-cooh)
(Zhang and Casey 1996), like the mammalian 5-Ptase
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Saclp RTNCMDCLDRTN OCRL-1
Ynl325cp RSNCiDCLDRTN Type II
Inp52p RTNCMDCLDRTN @ .cceoes
Inp53p RTNCMDCLDRTN  ccav.e..
InpS51lp RisafDSIEKPN @ ...ce0.
Synaptojanin RTNCMDCLDRTN  .......

InpS4p

‘ Type I

...HDVIIWLGDLNYRI..
«+ .HDSIFWLGDmMNYRI. .
.. .HDaIiWmGDEfNYRI. .
« « .HDYVFWCcGDENYRI. .

Type I, Inp54p
OCRL-1, Typell

Saclp, Ynl325¢cp

Inp51p, Inp52p, Inp53p,
Synaptojanin

%

HEVViWLGDLNYRL. . . PAWCDRILW
HDVIFWLGDLNYRI...PAWcDRILW
«PSWTDRIIY
.PSWTDRIIY
.PAWTDRILS
« PAWTDRVLW
.PSWCDRILY
« PAWCDRILm

sDhf FFLGDLNFRYV. .
kvsyFvEiGDENFRL. .

Figure 1.—Schematic representation of the domain structure of Inp51p, Inp52p, Inp53p, and Inp54p. The catalytic domains
of known 5-Ptases (5-Ptase I, OCRL-1, 5-Ptase Il, and synaptojanin) are shown as solid bars. The relative positions, consensus
sequences, and alignment with Inp51p, Inp52p, Inp53p, and Inp54p of two sequence motifs diagnostic of 5-Ptases are indicated.
The arrows in this domain indicate residues that are critical for catalytic activity. The Saclp-like domain present in synpatojanin
and in Inp51p, Inp52p, and Inp53p is shown as the open bar. The position, consensus sequence, and alignment to Inp51p,
Inp52p, and Inp53p, of a characteristic feature of the Saclp-like domain is also indicated. The arrow in this domain indicates
the conserved D residue (corresponding to the D*? in Saclp; see Kearns et al. 1997) that is necessary for the suppression activities

of Saclp.

I and 5-Ptase Il (De Smedt et al. 1996; Jefferson and
Majerus 1995).

Additionally, we have identified a fourth putative
5-Ptase open reading frame in the S. cerevisiae genome
which contains the two catalytic motifs described above.
This open reading frame, which we designate INP54,
corresponds to locus YOL065c on chromosome XV and
encodes a predicted product of 384 residues. Signifi-
cantly, Inp54p differs from the other three yeast 5-Ptases
in that it lacks the Saclp-like domain and based on
its smaller size most resembles the mammalian Type |
5-Ptase (Figure 1).

Genetic analysis of INP51, INP52, and INP53 function:
To ascertain the roles that the INP51, INP52, and INP53
gene products play in the physiology of the yeast cell,
we constructed mutant strains deficient in one or more
of these proteins and examined their phenotype. A null
mutation, inp51::LEU2, was constructed previously
(L. E. Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon,
and J. D. York, unpublished results). As described in
materials and methods, we also generated null muta-
tions, inp52::HIS3 and inp53::HIS3, in the other two
loci. Upon sporulation and tetrad dissection of each
heterozygous diploid, four-spored tetrads were readily
recovered in which the marker (either Leu™ or His*)
segregated 2:2. Hence, inp51, inp52, and inp53 single
mutants are all viable. The inp51::LEU2 and inp52::HIS3

spore clones appeared normal. In contrast, inp53::HIS3
spores yielded very small colonies compared to their
sister His~ (INP53%) spores. Upon restreaking, however,
the inp53::HIS3 cells grew at a rate comparable to the
wild-type cells (data not shown), suggesting that loss of
Inp53p may cause a defect in germination.

To verify that INP51, INP52, and INP53 are expressed
and to confirm that the null mutations prevented pro-
duction of the corresponding polypeptides, we raised
specific rabbit polyclonal antibodies directed against the
Inp51p, Inp52p, and Inp53p proteins. Extracts of a wild-
type haploid derived from the parental strain and of
each single mutant were prepared and separated into
soluble and particulate fractions. The proteins present
were resolved by SDS-PAGE and examined by immu-
noblotting. In wild-type cells, each of the three proteins
was found primarily in the particulate fraction and dis-
played an apparent molecular mass—Inp51p (108 kD),
Inp52p (133-136 kD), and Inp53p (124-125 kD)—
consistent with the molecular weight calculated from
its deduced amino acid sequence (Figure 2). Since the
extracts examined were prepared by lysis of thoroughly
washed spheroplasts (see materials and methods),
this distribution suggests that all three proteins are
membrane-associated. As expected, the inp51 mutant
lacked the 108 kD species but retained the 133 and 125
kD species; likewise, the inp52 mutant only lacked the
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Figure 2.—Immunoblot analysis of Inp51p, Inp52p, and Inp53p expression. (A) Samples of spheroplast lysates of the parental
strain (wild type) and the indicated inp51, inp52, or inp53 null mutants were fractionated by differential centrifugation into a
pellet (P) and a soluble (S) fraction. Portions of these fractions were resolved by SDS-PAGE, transferred to a nitrocellulose filter,
and probed simultaneously with both anti-Inp51p and anti-Inp52p antibodies. (B) As in A, except that the blots were probed
with anti-lnp53p antibodies. Positions of molecular weight markers are given. Relative migration (arrowheads) and apparent
molecular masses are indicated for Inp51p (108 kD), Inp52p (133 kD), and Inp53p (125 kD).

133 kD protein (Figure 2A), and the inp53 mutant was
only missing the 125 kD band (Figure 2B).

Since all three genes are expressed, the lack of overt
phenotype of the three single mutants, and their homol-
ogy to each other, suggested that the genes might be
functionally redundant. To test this possibility, we used
pairwise crosses and tetrad dissection (see materials
and methods) to isolate all three double mutant combi-
nations. Like the single mutants, we found that inp51
inp52, inp51 inp53, and inp52 inp53 double mutant
sporeswere obtained at the expected frequency, indicat-
ing that cells lacking two of the three gene products
are still viable. However, the inp51 inp52 and the inp52
inp53 double mutant spores both grew distinctly slower
than wild-type spore clones; the inp51 inp52 clones ex-
hibited a greater degree of growth inhibition. These
growth properties were reproducibly observed upon re-
streaking the double mutants onto growth media at 30°
(Figure 3), and thus do not reflect effects on spore
germination. In contrast, the inp51inp53 double mutant
germinated and grew at rates indistinguishable from
wild-type cells (Figure 3).

We have noted previously that our parental strain
(W303) grows poorly at temperatures below 15°, while
the inp51 null mutation confers the ability to grow vigor-
ously at such low temperatures (“cold tolerance™) (L. E.
Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon, and
J. D. York, unpublished results). Therefore, we exam-
ined both the inp52 and inp53 single mutants, and the
three double mutants, for their ability to grow at a variety
of temperatures (12°, 18°, 23° 30° and 37°) on rich
medium. There were no growth differences between
the single mutant cells and the wild type cells at 18°,
23° 30° and 37° (data not shown). Unlike the inp51
mutation, neither the inp52 nor the inp53 mutation
exhibited a dramatic improvement in growth at 12° (al-

though the inp52 mutation had some modest effect)
(Figure 3A). The inp51 inp53 and the inp52 inp53 dou-
ble mutants showed at least as vigorous growth at 12°
as the inp51 single mutant, whereas the inp51 inp52 cells
grew no better than the inp52 single mutant (Figure
3A). To confirm that these growth effects were not sim-
ply due to differences in the number of viable cells
applied to the plates, we dispersed individual cells using
a micromanipulator and followed their growth under
the microscope. At least five different cells were followed
for each strain tested at 12° and 30°. We consistently
observed, in agreement with the streak tests, that inp51
single mutants and inp51 inp53 and inp52 inp53 double
mutants are able to grow at 12° (Figure 3B and Table
2). In addition, the inp52 single mutants and the inp51
inp52 double mutants demonstrate some mild cold tol-
erance, whereas the parental strain and the inp53 single
mutants do not grow at 12°. Collectively, the growth
phenotypes of the single mutants, and the genetic inter-
actions observed in the double mutants, suggest that
Inp51p, Inp52p, and Inp53p have some distinct roles
in the cell, despite their sequence relatedness and pre-
sumed catalytic function.

Loss of Inp51p detectably increases the cellular pool
of PtdIns[4,5]P,: If Inp51p, Inp52p, and Inp53p serve
as 5-Ptases in vivo, then the loss of these enzymes might
lead to detectable perturbations in the cellular levels of
PtdIns[4,5]P, or Ins[1,4,5]P; (or both). Such changes
could provide some insight into the phenotypes of the
mutants. Indeed, we report elsewhere that inp51 mu-
tants do exhibit an increase in both the PtdIns[4,5]P,
and Ins[1,4,5]P; pools as compared to wild-type cells
(L. E. Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon,
and J. D. York, unpublished results). It was of obvious
interest to determine if the loss of Inp52p and Inp53p,
alone or in combination with each other or Inp51p,
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might also have some effect. Cultures of the parental
strain, the three single mutants, and the three double
mutants were labeled with [*H]inositol to a steady-state.
The incorporation of *H into PtdInsP, was analyzed by
an oxalate-TLC method capable of resolving PtdIns,
PtdInsP and PtdInsP,, as described in materials and
methods. In each of the strains carrying the inp51 null
mutation (Table 3), the level of PtdInsP, (presumably
PtdIns[4,5]P,) was elevated two- to threefold as com-
pared to the control cells, whereas the loss of either
inp52 or inp53, or both, had no detectable effect. More-
over, neither the inp52 mutation nor the inp53 muta-
tion, when combined with the inp51 mutation, caused
any further increase in the accumulation of PtdinsP,
(above the inp51 single mutation). Likewise, examina-

12°C
wt
inp51
Figure 3.—Analysis of the
cold-+tolerant phenotype. (A)
The indicated strains were
5 streaked on YPD plates and
inp52  incubated for 2 days (at 30°)
or for two weeks (at 12°).
Each picture is representa-
tive of a large number of
independent streaks. (B)
. Individual cells were distrib-
inp53  ted with a micromanipula-
tor and incubated at either
30° for two days or at 12° for
two weeks, and then ob-
served under the 40X objec-
tive of a dissection micro-
inp51  scope (Carl Zeiss, Inc.) and
inp52  photographed. Each pic-
ture is representative of five
individual colonies viewed.
inp51
inp53
inp52
inp53

tion of the inositol phosphates in the soluble fraction by
HPLC, showed an increase in the levels of Ins[1,4,5]P; in
the inp51 cells as compared to the wild-type control;
however, the inp52 and inp53 single mutants showed
no detectable increase (data not shown). These results
suggest that Inp51p is the major 5-Ptase in S. cerevisiae
and/or that the bulk of the cellular pool of Ptdins-
[4,5]P, is accessible to Inp51p, but not to Inp52p or
Inp53p. It is noteworthy that during revision of this
manuscript Dove et al. (1997) reported the identifica-
tion of PtdIns[3,5]P, in S. cerevisiae which is transiently
formed in response to hyperosmotic stress. Thus, an
alternative possibility is that Inp52p and/or Inp53p uti-
lize PtdIns[3,5]P, and not PtdIns[4,5]P,. Since our label-
ing studies were performed in the absence of hyper-
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TABLE 2

Growth of yeast colonies at 12°

Average colony

Fold increase

diameter (two-tailed t-test
Strain (pm)? P value)
W303 24 = 0.182 1
inp51::LEU2 366 * 3.318 15.3 (< 0.001)
inp52::HIS3 65 = 0.158 2.7 (< 0.001)
inp53::HIS3 31 +£0.311 1.3 (n/a)
inp51::LEU2 inp52::HIS3 83 = 0.914 3.4 (< 0.001)
inp51::LEU2 inp53::HIS3 434 + 4.341 18.1 (< 0.001)
inp52::HIS3 inp53::HIS3 514 + 3.737 21.4 (< 0.001)

@ Represents the average and standard deviation from a minimum of 5 colonies. P value derived from two-

tailed student’s t-test.

osmotic stress, accumulation of this species in the
appropriate inp5 null strains may have been missed.
Evidence that INP51, INP52, and INP53 have an over-
lapping function: Certain physiological functions in S.
cerevisiae are carried out by related genes comprising an
essential gene set. For example, there are three genes
(TPK1, TPK2, and TPK3) that encode the catalytic sub-
unit of cAMP-dependent protein kinase, and there are
three genes that encode the G1 cyclins (CLN1, CLN2,
and CLN3). To definitively establish whether INP51,
INP52, and INP53 might constitute an essential gene
set, we carried out appropriate genetic crosses (see ma-
terials and methods) to generate a diploid strain
heterozygous for all three null mutations. After sporula-
tion and dissection, many of the tetrads segregated 3:1
for live:dead spores (Figure 4A) while the deduced tri-
ple mutant spores were always inviable (Figure 4A). To
confirm that this segregation pattern was due exclusively
to loss of the three gene products, the same heterozy-
gous diploid was transformed with a URA3-marked CEN
plasmid (pRS316) carrying the INP51 gene driven by
its own promoter. As expected, upon sporulation and
dissection of the plasmid-containing diploid, the major-
ity of tetrads now segregated 4:0 for live:dead (Figure

TABLE3

Measurement of PtdIns(4,5)P, levels in vivo

Strain PtdIns(4,5)P,?
W303 52.2
inp51::LEU2 105.2 (P = 0.02)
inp52::HIS3 45.6
inp53::HIS3 47.8

inp51::LEU2 inp52::HIS3 103.8 (P = 0.02)
inp51::LEU2 inp53::HIS3 110.5 (P = 0.02)
inp52::HIS3 inp53::HIS3 44.4

2 Levels of lipid from 3 experiments are expressed as arbitrary
densitometry units normalized with respect to 20,000 PtdIns
units. Less than 10% standard deviation was observed. P value
derived from two-tailed student’s t-test.

4B). The deduced triple (Leu™ His™) mutant spores
were viable (Figure 4C), and always Ura*. The plasmid-
containing triple mutant strain was unable to grow on
plates containing 5-FOA (Figure 4D), whereas control
cells grew well on this medium (Figure 4E).

Examination of the presumptive inp51 inp52 inp53
spore clones under the microscope revealed that the
cells proceed through four or five divisions before
growth ceases when germinated on YPD medium (Fig-
ure 4F). However, when triple mutant spores were ger-
minated on YPD plates supplemented with 1 M sorbitol
and incubated at 23°, the cells were able to propagate
continuously (Figure 4G), although at a rate much
slower than that of wild-type cells.

Morphological effects of the loss of INP51, INP52,
and INP53: Because both lipid-linked and soluble inosi-
tol phosphates have been implicated in membrane traf-
ficking and other processes that might affect cell mor-
phology, we used electron microscopy to examine the
effects of inp51, inp52, and inp53 mutations at the ultra-
structural level. Cells were grown to midexponential
phase at 30° and prepared for electron microscopy, as
described in materials and methods. Compared to
the parental strain (W303), which had a large central
vacuole and a smooth interface between the plasma
membrane and the relatively thin (~200 nm) cell wall
(Figure 5A), the inp51 and inp52 single mutants dis-
played no obvious differences (data not shown). In
marked contrast, the inp53 single mutant and all three
of the double mutants manifested, to different degrees,
readily observable abnormalities, especially in the
plasma membrane and the cell wall. In the inp53 mu-
tant, and the inp51 inp53 double mutant, the wall (most
prominently in the mother cell) is noticeably thicker
(~300 nm), the plasma membrane appears to have in-
creased in-pocketing, and the vacuole seems irregularly
shaped (Figure 5, B and D). Gross morphological de-
fects were found in the inp51 inp52 double mutant,
wherein the plasma membrane displays enormous inva-
ginations and convolutions, with corresponding abnor-
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mal depositions of cell wall material, and vesiculation
of other cellular membranes (Figure 5C). These effects
appear to be largely confined to mother cells, suggesting
that this phenotype is the result of cumulative or age-
related damage. In support of this hypothesis, we ob-
served that, in exponentially growing cultures, only
about 20% of the population displayed striking morpho-
logical defects, whereas 70% were mildly deformed, and
10% appeared relatively normal. Equally dramatic, the
inp52 inp53 double mutant displayed clearly fragmented
internal membranes and a pronounced thickening of

C

the cell wall (=500 nm), which was detectable in both
the mother and daughter cells (Figure 5E). Finally, we
examined the inp51 inp52 inp53 triple mutant, which
was propagated on medium containing 1 M sorbitol.
These cells (both mother and bud) were clearly mis-
shapen, containing markedly thickened (and even dou-
ble-layered) cell walls, grossly distorted plasma mem-
branes, and fragmentation of internal membranes
(Figure 5F). The phenotype of the triple mutant sug-
gests that loss of all three enzymes greatly exacerbates
the effects of the absence of any individual enzyme.
Recently, Luo and Chang (1997), using a mutant
form of the plasma membrane H*-ATPase (Pmalp) that
is shunted to the vacuole instead of its normal destina-
tion, selected suppressor mutations that allow for nor-
mal trafficking of Pmalp. Presumably, suppressors per-
turb the normal cellular mechanisms that ensure that
defective plasma membrane proteins are endocytosed
and diverted to the vacuole for destruction. Indeed,
among the mutations isolated in this selection were
various VPS loci that prevent normal vacuolar biogene-
sis, other loci that interfere with endosome-to-vacuole
traffic, and a third class that appears to perturb endo-
some-to-Golgi recycling. One of the genes in this third
class was SOP2, which is identical to the INP53 gene
we describe here. As a result, we wanted to determine
whether loss of Inp51p, Inp52p, and Inp53p, causes
abnormalities in endocytosis. Therefore, we stained cells
with the fluorophor FM 4-64, which binds specifically
to the membranes of endocytic vesicles and vacuoles
(Vida and Emr 1995). We found that compared to the
parental cells (Figure 6, A and B), the inp51, inp52, and
inp53 (Figure 6, C and D) single mutants, and inp51
inp53 and inp52 inp53 double mutants (data not shown),
had no obvious defect in endocytosis. However, in
agreement with the observations made from the elec-
tron microscope, the inp51inp52 double mutants exhib-
ited small, highly fragmented vacuoles, indicating a de-

Figure 4—Segregation analysis of the inp51 inp52 inp53
triple mutant. (A) Tetrads from dissection of an inp51::LEU2/
INP51 inp52::HIS3/INP52 inp53::HIS3/INP53 heterozygous
diploid. Note that live:dead segregated 3:1 in the majority (5-
out-of-8) of the asci shown. (B) Tetrads from dissection of
aninp51::LEU2/INP51 inp52::HIS3/INP52 inp53::HIS3/INP53
heterozygous diploid carrying the INP51 gene expressed from
its own promoter on the URA3-marked CEN vector, pRS316.
Note that live:dead segregates 4:0 in the majority (6-out-of-
8) of the asci shown. The inp51 inp52 inp53 triple mutant
containing the complementing INP51 plasmid is able to grow
when streaked on YPD plates (C), but unable to grow on
medium containing 5-FOA (D), whereas the parental cells-
grow normally on 5-FOA-containing medium (E). Growth of
the deduced inp51 inp52 inp53 spore clones on YPD plates
(F) and on the same medium supplemented with 1 M sorbitol
(G), was photographed as described in the legend to Figure
3B.
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fect in vacuole formation and/or in maintenance of
vacuolar integrity (Figure 6, E and F).

DISCUSSION

Mammalian cells possess at least ten distinct 5-Ptase
isoforms (reviewed in Drayer et al. 1996; Irvine 1992;
Majerus 1996; Mitchell et al. 1996). Some of this
complexity can be attributed to tissue- and/or develop-
ment-specific enzyme functions. However, since at least
four different representatives of 5-Ptases are present in
budding yeast, a unicellular eukaryote, these enzymes

Figure 5—Analysis of the
effects of inp51, inp52, and
inp53 mutations on cell
morphology. Cultures of the
mutants shown were grown
to midexponential phase
and prepared for electron
microscopy, as described in
materials and methods.
Micrographs are represen-
tative of numerous cells of
each strain examined. (A)
Wild-type (INP51* INP52°*
INP537) cells; (B) an inp53
single mutant; (C) an inp51
inp52 double mutant; (D)
an inp51 inp53 double mu-
tant; (E) an inp52 inp53
double mutant; and (F) the
inp51 inp52 inp53 triple mu-
tant propagated in medium
containing 1 M sorbitol.

must have distinct and conserved functions in eukaryo-
tic cell physiology. Indeed, our genetic analysis of the
S. cerevisiae INP51, INP52, and INP53 genes supports the
view that the corresponding enzymes are not simply
redundant isozymes. First, although inp51, inp52, and
inp53 single mutants are all viable, only the inp53 muta-
tion appeared to affect germination. Second, whereas
an inp51 mutation conferred cold tolerance in our strain
background, inp52 and inp53 mutations did not. Third,
although the primary structures of Inp52p and Inp53p
are more closely related to each other than either pro-
tein is to Inp51p, loss of Inp52p and Inp53p did not
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yield equivalent phenotypes when combined with an
inp51 mutation. For example, an inp51 inp52 double
mutant displayed much more severe morphological de-
fects than did an inp51 inp53 double mutant. Con-
versely, some of our observations support the conclusion
that Inp52p and Inp53p do share some functional relat-
edness, since an inp52 mutation significantly potenti-
ated the mild morphological defect of an inp53 mutant,
but an inp51 mutation did not. Finally, since INP54 is
unable to compensate for the lethality of the inp51 inp52
inp53 triple mutant and, since it lacks the Sacl-like do-
main, it appears to be functionally distinct. The pheno-
types of our mutant strains are summarized in Table 4.

One possible model to explain these differential ef-
fects is that Inp51p acts in pathways or processes largely
(but not completely) distinct from those involving
Inp52p, and that Inp53p has a minor role (in terms of
amount or activity) in both pathways, at least in vegeta-
tively-growing cells. Inp54p has a completely distinct
function in the cell. By this model, an inp51 single mu-
tant survives because it can still carry out Inp52p-depen-
dent events and, through Inp53p, can bypass the need
for Inp51p. Likewise, an inp52 single mutant survives
because it can carry out Inp51p-dependent events, and

Figure 6.—Analysis of vac-
uolar and endocytic mem-
branes with a fluorescent
dye. Images show bright
field (left column) and flu-
orescent (right column)
views of the following strains,
which we stained with the
vital dye, FM 4-64, and
observed as described in
materials and methods.
Wild-type cells (A and B);
inp53 single mutants (C and
D); and inp51 inp52 double
mutants (E and F).

through Inp53p, can bypass the need for Inp52p. An
inp53 single mutant survives because it can carry out
both Inp51p- and Inp52p-dependent events. The fact
that inp53 single mutants showed a mild germination
defect and a mild morphological defect, especially in
older mother cells, suggests that Inp53p may normally
function primarily at stationary phase and/or under
conditions of nutritional stress. Again, according to the
proposed model, since the INP51 and INP52 gene prod-
ucts are postulated to have roles in two, largely separa-
ble, cellular pathways, combining null mutations in
these two genes would be expected to yield the most
severe phenotype, aswas observed. In contrast, removal
of INP53, since it is presumed to play a minor role in
the INP51-dependent pathway would not be expected
to markedly exacerbate the phenotype of an inp51 muta-
tion; however, since Inp53p has some functional redun-
dancy with Inp52p, removal of both INP52 and INP53
would completely block the INP52-dependent pathway,
leading to a readily detectable growth phenotype, as we
also found.

The fact that yeast can survive without all three en-
zymes, as long as osmotic support (1 M sorbitol) was
provided in the medium, suggests that the major effect
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TABLE 4

Summary of phenotypes of mutant yeast strains

Phenotype?
Cold PtdIns(4,5)P,
Strain Growth tolerance levels Morphology
W303 (wt) ++++ - 1.0 Thin cell wall, smooth PM,
large, round vacuole
inp51 ++++ +++ 2.0 Wild-type-like
inp52 ++++ + 0.87 Wild-type-like
inp53 +4+++, - 0.92 Slightly thickened cell wall,
germination PM invaginations,
defect irregularly shaped vacuole
inp51 inp52 ++ + 2.0 Abnormal cell wall depositions,
highly disrupted PM,
small, fragmented vacuole
inp51 inp53 ++++ +++ 2.1 Slightly thickened cell wall,
PM invaginations,
irregularly shaped vacuole
inp52 inp53 +++ +++ 0.85 Very thick cell wall,
PM invaginations and
distortions, fragmented
internal structures
inp51 inp52 inp53 - ND ND Inviable
inp51 inp52 inp53, + ND ND Thick/double layer of cell wall,
grown in presence of PM invaginations and
1 M Sorbitol distortions, fragmented
internal structures,
misshapen cells
2 In the growth and cold tolerance columns, + indicates growth, — indicates no growth, and ND, not

determined. Levels of PtdIns(4,5)P, are standardized to wild-type levels (see Table 3 for further information).

of the absence of these enzymes is a defect in membrane
and/or cell wall structure and function, as was clearly
confirmed by our ultrastructural analysis. However, sor-
bitol has been reported to have rather pleiotropic ef-
fects. In at least one strain background, 1 M sorbitol
can rescue the lethality of a null mutation (stt4A) in
a demonstrated PtdIns 4-kinase (Yoshida et al. 1994).
Other studies suggest that sorbitol can alter actin cy-
toskeleton organization (Chowdhury et al. 1992), in-
duce expression of some heat shock genes (Varela et
al. 1992), increase the cytosolic glycerol concentration
(Reedetal. 1987), and ameliorate the deleterious effects
of the loss of certain phosphoprotein phosphatases and
protein kinases (McLaughlin et al. 1996; Posas et al.
1993), including PKC1 (Levin and Bartlett-Heu-
busch 1992), which participates in a signal transduction
pathway necessary for the maintenance of cell wall integ-
rity.

Inp51p, Inp52p, and Inp53p are all expressed in ex-
ponentially-growing cells and seem to be associated
largely with the particulate fraction, suggesting that
each is membrane-associated. However, only inp51 mu-
tations caused a detectable elevation in the total cellular
pool of PtdIns[4,5]P, and showed no further elevation
when combined with either inp52 or inp53 mutations,
suggesting that Inp51p is either responsible for the bulk

of the PtdIns[4,5]P,specific 5-Ptase activity in the cell
or, alternatively, that it is localized to the cellular mem-
branes that contain the highest PtdIns[4,5]P, content.
In this regard, it would be useful to determine the sub-
cellular localization of these three enzymes. However,
despite affinity-purification of the polyclonal antibodies,
the expression level of each protein is too low to allow
reliable detection by indirect immunofluorescence.
Other approaches are in progress to address this impor-
tant question, as well as related issues, such as the role,
if any, of the potential CAAX box at the C terminus of
Inp52p in its subcellular targeting. Another possibility
to explain the inositol labeling results is that Inp51p is
specific for PtdIns[4,5]P, as a substrate, while Inp52p
and Inp53p might act only on soluble inositol 5-phos-
phates. However, loss of Inp52p or Inp53p, or both,
did not detectably elevate the cellular content of
Ins[1,4,5]Ps.

We have demonstrated elsewhere that the cold-toler-
ant phenotype of inp51 null strain correlates with the
accumulation of PtdIns[4,5]P, and does not require the
production of soluble inositol phosphates (L. E. Stolz,
W. J. Kuo, J. Longchamps, M. K. Sekhon, and J. D.
York, unpublished results). Consistent with this obser-
vation, inp52 or inp53 null strains do not show measur-
able increases of PtdIns[4,5]P, and do not exhibit cold-
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tolerant growth. Furthermore, the inp51 inp52 and the
inp51 inp53 double mutants do not exhibit additive in-
creases in either PtdIns[4,5]P, or in growth rates at cold
temperatures. A notable exception is the inp52 inp53
double mutant which is cold-tolerant despite the fact
that increases in PtdIns[4,5]P, were not detected. This
leaves open the possibilities that either some other me-
tabolite or changes in a minor pool of PtdIns[4,5]P,
(which are undetectable by our method) are sufficient
for enabling the cold-tolerant growth. The mechanism
by which cold resistance occurs is uncertain. We were
unable to find reports of yeast deletion mutations that
resulted in cold-tolerance; however, many mutations
have been shown to result in cold-sensitivity. Mutations
in the tryptophan biosynthetic pathway result in cold-
sensitivity, presumably because the tryptophan perme-
ase cannot function at cold temperatures (Singh and
Manney 1974). Since our background W303 strain car-
ries a trpl-1 allele, its cold-sensitivity may likely be due
to a defect in this permease. We suggest that loss of
certain 5-ptase activities may result in restoring trypto-
phan permease function at cold temperatures.

Inp51p, Inp52p, and Inp53p are most closely related
to mammalian synaptojanin both because of sequence
relatedness and because synaptojanin and the three
yeast proteins all contain an N-terminal domain homol-
ogous to Saclp, which, in S. cerevisiae, is an integral
membrane protein associated primarily with the Golgi
compartment. Synaptojanin is colocalized to synaptic
vesicles in presynaptic nerve terminals with the coated
pit-associated GTPase, dynamin, and interacts with the
SH2- and SH3-domains of Grb2 (McPherson et al.
1994a,b). It has been proposed that synaptojanin links
phosphoinositide metabolism with synaptic vesicle recy-
cling, an endocytic process (McPherson et al. 1996;
Stack et al. 1995), because PtdIns[4,5]P, plays a role
in stimulus-coupled secretion (Hay et al. 1995), synapto-
janin can utilize PtdIns[4,5]P, as a substrate, and synap-
tojanin contains a Saclp-related domain. Our results,
and those of Luo and Chang (1997), suggest that, like
neuronal synaptojanin, Inp51p, Inp52p, and Inp53p
may play roles in vesicle trafficking. However, inp51,
inp52, and inp53 mutants do not exhibit any defects in
carboxypeptidase Y sorting, a marker for vacuolar sort-
ing defects (Srinivasan et al. 1997).

The function of the Saclp-like domain in synapto-
janin and in Inp51p, Inp52p, and Inp53p is unclear.
Null mutations in the SAC1 gene suppress Golgi trans-
port defects and the inviability of a sec14® mutation at the
restrictive temperature (Cleveset al. 1989; Whitters et
al. 1993). Secl4p is a phospholipid transfer protein
specific for Ptdlns and phosphatidylcholine. Likewise,
loss of function sacl alleles suppress the secretory trans-
port defects manifested by certain actin (act1®) alleles
and exacerbate the effects of others (Cleves et al. 1989;
Novick etal. 1989). It has also been reported that Saclp
is a transport protein responsible for the entry of ATP

into the lumen of the endoplasmic reticulum, where
the nucleotide is needed for the translocation of nascent
secretory proteins (Mayinger et al. 1995). However,
more recent evidence indicates that defects in Saclp
bypass the requirement for Secl4p by causing an in-
crease in the pool of diacylglycerol in Golgi membranes
(Kearnset al. 1997). Nevertheless, unlike a sac1A muta-
tion, inp51A, inp524A, and inp53A mutations fail to “by-
pass” the Secl4p requirement, suggesting that despite
the sequence similarity of the N-terminal domains of
Inp51p, Inp52p, and Inp53p to Saclp, these regions in
the 5-Ptases may have a different function. We report
elsewhere that deletion of the Saclp-like domain (resi-
dues 2 to 490) of Inp51p results in a twofold increase
in the level of PtdIns[4,5]P, in vivo, consistent with the
notion that this domain is required for proper cellular
5-Ptase function accumulation (L. E. Stolz, W. J. Kuo,
J. Longchamps, M. K. Sekhon, and J. D. York, unpub-
lished results). However, it is unclear whether the loss
of function of the Sacl-less Inp51p is due to a loss of
intrinsic activity or improper localization. In addition,
a D**—A point mutation in the Saclp-like domain of
Inp51p does not result in lipid accumulation (L. E.
Stolz, W. J. Kuo, J. Longchamps, M. K. Sekhon, and
J. D. York, unpublished results). This is of interest be-
cause the mutations of the cognate D residue in Saclp
to N (indicated by the arrow in Figure 1) as found in
the sac1-8 and sac1-22 alleles are able to create a “bypass”
phenotype (Kearns et al. 1997). Thus, this residue in
5-Ptase does not appear to be required for function.
Experiments to further explore the role of the Saclp-
like domains in Inp51p, Inp52p, and Inp53p are in
progress.

There is considerable evidence that Ptdins[4,5]P,
modulates the activity of certain actin-binding proteins,
such as profilin. It was conceivable, therefore, that loss
of INP51, INP52, and/or INP53 might cause defects in
the actin cytoskeleton. However, staining of inp51,
inp52, and inp53 mutants, and all three double mutants,
with rhodamine-phalloidin did not reveal any obvious
abnormality in the distribution of filamentous actin in
these cells (unpublished observations). In this same re-
gard, another enzyme responsible for the removal of
PtdIns[4,5]P, is the Plclp phospholipase (Flick and
Thorner 1993). However, an inp51 plcl double mutant
(and an inp51 inp53 plcl triple mutant), in which it
might be anticipated that the cellular PtdIns[4,5]P, pool
has a further elevation over that caused by an inp51
mutation alone (although this supposition was not ex-
amined by direct chemical analysis) did not show any
obvious enhancement of the growth phenotypes associ-
ated with either the inp51 single mutation or the inp51
inp53 double mutation (unpublished observations). In
contrast to the loss of these degradative enzymes, inacti-
vation of the genes for either of the demonstrated
PtdIns 4-kinases, PIK1 (Flanagan et al. 1993) and STT4
(Yoshida et al. 1994), necessary for the synthesis of
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PtdIns[4,5]P,in S. cerevisiae, is lethal. Likewise, the genes
for other presumed lipid kinases in yeast, such as TOR2
(Kunz et al. 1993), are essential for viability.

During preparation of this manuscript, it came to our
attention that an independent study (Srinivasan et al.
1997) has also concluded that the INP51, INP52, and
INP53 genes (which were designated SJL1, SIL2, and
SJL3) constitute an essential gene family and that muta-
tions in these genes display phenotypes with respect to
both growth and morphology in substantial agreement
with the results we have presented here.

Finally, during revision of this manuscript the exis-
tence of PtdIns[3,5]P, in yeast was reported (Dove et
al. 1997). Under conditions of hyperosmotic stress as
induced by high concentrations of sorbitol or sodium
chloride, yeast transiently form PtdIns[3,5]P,, a new
potential substrate for the INP5 genes. It is intriguing
to speculate that Inp52p, Inp53p or Inp54p may be
specific for the PtdIns[3,5]P, isomer, while Inp51p ex-
clusively works on PtdIns[4,5]P,. High resolution HPLC
studies of in vivo labeled inositol metabolites generated
from hyperosmotically stressed inp5 null strains may
provide insights into the distinct roles of the INP5 genes
in yeast and mammalian cells.
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