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The FABI gene of budding yeast is predicted to encode a protein of 257 kDa that exhibits
significant sequence homology to a human type II PI(4)P 5-kinase (PIP5K-II). The recently
cloned human PIP5K-II specifically converts PI(4)P to PI(4, 5)P2 (Boronenkov and Ander-
son, 1995). The region of highest similarity between Fablp and PIP5K-II includes a
predicted nucleotide binding motif, which is likely to correspond to the catalytic domain
of the protein. Interestingly, neither PIP5K-II nor Fablp exhibit significant homology
with cloned PI 3-kinases or PI 4-kinases. fabl mutations result in the formation of aploid
and binucleate cells (hence the name FAB). In addition, loss of Fablp function causes
defects in vacuole function and morphology, cell surface integrity, and cell growth.
Experiments with a temperature conditional fabl mutant revealed that their vacuoles
rapidly (within 30 min) enlarge to more than double the size upon shifting cells to the
nonpermissive temperature. Additional experiments with the fabl ts mutant together
with results obtained with fabl vps (vacuolar protein sorting defective) double mutants
indicate that the nuclear division and cell surface integrity defects observed in fabl
mutants are secondary to the vacuole morphology defects. Based on these data, we
propose that Fablp is a PI(4)P 5-kinase and that the product of the Fablp reaction, PIP2,
functions as an important regulator of vacuole homeostasis perhaps by controlling
membrane flux to and/or from the vacuole. Furthermore, a comparison of the pheno-
types of fabl mutants and other yeast mutants affecting PI metabolism suggests that
phosphoinositides may serve as general regulators of several different membrane traf-
ficking pathways.

INTRODUCTION

Phosphatidylinositol 4,5-bisphosphate (PIP2) is a mi-
nor, highly acidic phospholipid that is synthesized by
two successive phosphorylations of phosphatidylino-
sitol (PI). First, PI is phosphorylated by PI 4-kinase to
generate PI(4)P, and then PI(4)P is phosphorylated by
PI(4)P 5-kinase to generate PIP2. The biosynthesis of
PIP2 has attracted increasing interest because of
mounting evidence implicating metabolites of PIP2 as
important regulators of many cellular processes. For

§ Corresponding author.

example, the breakdown of PIP2 by phospholipase C
(PLC) generates diacylglycerol and inositol 1,4,5-
triphosphate (IP3) (Berridge and Irvine, 1989). Diacyl-
glycerol activates protein serine/threonine kinase C
(PKC) while IP3 stimulates the release of Ca21 from
intracellular storage sites. The activated kinase and the
rise in intracellular calcium are thought to play an
important role both in mediating signal transduction
from the cell surface to the nucleus and in regulating
nuclear events. PIP2 also can be further phosphory-
lated by PI 3-kinase to generate phosphatidylinositol
3,4,5-trisphosphate (PIP3) (Kapeller and Cantley,
1994). PIP3 has been implicated in stimulating kinases
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Table 1. Genotypes of strains

Strain Genotype Source

801-6-1 Mata barl ade3 trpl gall This study
4506-9-4 Mata his3 leu2 ura3 gall This study
5317-2-2 Mata leu2 gall This study
616-3-2 Mata fabl-l ade3 trpl canl cyhl gall This study
672-5-2 Mata fabl-2 his3 leu2 ura3 gall This study
663D-1-3 Mata fabl -Al his7 leu2 ura3 gall This study
660-6-1 Mata fabl-2 leu2 ural canl cyh2 gall This study
6742-1-1 Mata his3 leu2 Iys2 trpl ura3 suc2 This study
6742-1-2 Mata fabl:: LEU2 vpsl8:: TRP1 his3 leu2 lys2 trpl ura3 suc2 This study
6742-1-3 Mata fabl:: LEU2 ade2 his3 leu2 trpl ura3 suc2 This study
6742-1-4 Mata vpsl8::TRPI ade2 his3 leu2 trpl ura3 suc2 This study
JSR18A1 Mata vpsl8:: TRPl his3 leu2 Iys2 trpl ura3 suc2 Emr lab.
5309-100 Mata vps5::HIS3 his3 leu2 lys2 trpl ura3 suc2 Emr lab.
5313-100 Mata vpsl9-1 his3 leu2 lys2 trpl ura3 suc2 Emr lab.
5312-100 Mata vps33::HIS3 his3 leu2 lys2 trpl ura3 suc2 Emr lab.
PHY102 Mata vps34:: TRP1 his3 leu2 lys2 trpl ura3 suc2 Emr lab.
SY2623 Mata ste3:: URA3 GAL-STE3(myc tagged) renl-l adel ade2 his6 Nick Davis

leu2 metl4 trpl ura3 pep4A
7031 Mata fabl:: LEU2 vpsl8:: TRP1 his3 leu2 lys2 trpl ura3 suc2 This study
6752-1-3 Mata fabl:: LEU2 vps5::HIS3 his3 leu2 lys2 trpl ura3 suc2 This study
6772-1-3 Mata fabl:: LEU2 vps33::HIS3 his3 leu2 lys2 trpl ura3 suc2 This study
FV19-1 Mata fabl:: LEU2 vpsl9-1 his3 leu2 lys2 trpl ura3 suc2 This study
FV34-1 Mata fabl:: LEU2 vps34:: TRP1 his3 leu2 lys2 trpl ura3 suc2 This study
AY2623-1 Mata fabl:: LEU2 ste3:: URA3 GAL-STE3(myc tagged) renl-l This study

adel ade2 his6 leu2 metl4 trpl ura3 pep4A

necessary for mitogenic activation, and possibly mod-
ulating actin assembly (Lassing and Lindberg, 1988;
Janmey and Stossel, 1989; Kapeller and Cantley, 1994).
Finally, recent evidence indicates that PIP2 itself may
have important regulatory roles as it binds to several
actin-associated proteins and acts as a co-factor for
phospholipase D (janmey, 1994; Liscovitch et al., 1994).
Recent efforts have focused on the identification and

characterization of the enzymes involved in PIP2 me-
tabolism. PI 3-kinases, PI 4-kinases, and PI(4)P 5-ki-
nases as well as PLC have now been identified bio-
chemically in many organisms (Bazenet et al., 1990;
Carpenter and Cantley, 1990; Ling et al., 1990; Buxeda
et al., 1991; Flanagan and Thorner, 1992; Kapeller and
Cantley, 1994). With such enzymes in hand, it is pos-
sible to isolate the genes that encode them, and to use
genetics to begin to assess their function in vivo.
This strategy has been most successfully employed

in the yeast Saccharomyces cerevisiae. Two different PI
4-kinases have been identified in yeast. One is essen-
tial for growth (Piklp) whereas inactivation of the
other PI 4-kinase (Stt4p) results in osmosensitivity
similar to that seen in yeast PKC mutants (Flanagan et
al., 1993; Yoshida et al., 1994a). Osmosensitivity has
also been observed in yeast mutants defective for PLC
activity but these mutants also are impaired in some
nutritional responses and in chromosome transmis-
sion (Flick and Thorner, 1993; Payne and Fitzgerald-
Hayes, 1993). Mutants defective in a PI 3-kinase
(Vps34p) exhibit a severe defect in protein sorting to

the yeast vacuole/lysosome but not to the cell surface
(Herman and Emr, 1990; Schu et al., 1993). These re-
sults suggest that the product of Vps34p activity,
PI(3)P, may serve as a specific regulator of vesicle-
mediated protein traffic from the Golgi to the vacuole
(Herman et al., 1992). In summary, the diverse pheno-
types of yeast mutants defective in PI metabolism
suggest that phosphoinositides function as regulators
of many aspects of cell physiology.
Although rapid progress in understanding PIP2 syn-

thesis and function is being made, an important miss-
ing link in this endeavor is the identification and char-
acterization of PI(4)P 5-kinases. In this report, we
identify a yeast gene FAB1 (formation of aploid and
binucleates) that contains extensive similarity to a hu-
man PI(4)P 5-kinase. This gene was identified initially
because fabl mutations caused aberrant chromosome
segregation in budding yeast. Further analysis
showed that fabl mutants had additional defects in
cell surface integrity and in vacuole morphology- and
function. The mechanism by which the Fabl protein
affects multiple cellular processes is discussed in the
context of its putative PI(4)P 5-kinase activity.

MATERIALS AND METHODS
Yeast Strains and Media
Yeast strains and genotypes are shown in Table 1. YPD medium
contained 1% yeast extract, 2% peptone, and 2% glucose. Synthetic
medium was described previously (Rose et al., 1990).
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Reagents
4',6'-Diamidino-2-phenylindole (DAPI) and quinacrine were pur-
chased from Sigma Chemical (St. Louis, MO). 6-Carboxyfluorescein
diacetate (6-CFDA), and 5-(and 6-)carboxy-2',7'-dichlorofluorescein
diacetate (CDCFDA) were purchased from Molecular Probes (Eu-
gene, OR).

Isolation of Mutants
Wild-type strain 801-6-1 was mutagenized by ethylmethane sulfon-
ate to 50% viability. The mutagenized cells were spread on YPD
plates and tested for growth at 23°C and 37°C. About 800 mutants,
which grew at 23°C but not at 37°C, were isolated. The ts lethal
mutants were grown in YPD medium at 23°C to log phase and
shifted to 37°C. After a 4-h incubation at 37°C, cells were fixed by
adding 1/10 vol of 37% formaldehyde to the culture. Fixed cells
were washed with water and stained with DAPI at 100 ng/ml.
Abnormal nuclear segregation was analyzed using a Zeiss Axiophot
microscope equipped with epifluorescent and Nomarski optics. Iso-
lated mutants that showed abnormal nuclear segregation were
backcrossed five or six times to strains congenic to 801-6-1 to clean
up the genetic background.

Labeling of Vacuoles with Fluorescent Dyes
Cells were labeled with quinacrine or 6-CFDA as described by
Preston et al. (1992). Cells in log phase were incubated at 37°C for 4
h and harvested. Cells were resuspended in YPD medium contain-
ing 5 ,uM 6-CFDA and 50 mM citric acid (pH 3.0) and incubated at
37°C for 30 min. The labeled cells were cooled down to 0°C on ice
and resuspended in YPD medium at 0°C. 6-CFDA-labeled cells
were analyzed under a microscope or by flow cytometry within 2 h
after labeling (see below). Vacuoles were stained with CDCFDA as
described previously (Roberts et al., 1991).

Flow Cytometric Analysis
For the analysis of DNA content, cells were fixed with 70% ethanol
and stained with propidium iodide as described (Hutter and Eipel,
1978). The DNA content of 25,000 cells in each sample were deter-
mined with a Coulter EPICS 752 flow cytometer. For pH analysis of
vacuoles, cells were labeled with 6-CFDA as described above. The
fluorescence ratio between two emissions obtained by excitations at
458 nm and 488 nm was analyzed.

Indirect Immunofluorescence
Cells were processed for indirect immunofluorescent microscopy as
described (Kilmartin and Adams, 1984). Microtubules were detected
by rat monoclonal anti-a-tubulin antibody YOL1/34 (Kilmartin et
al., 1982) diluted 1-200 and rhodamine-conjugated goat anti-mouse
antibody (Cappel Labs., Cochranville, PA) diluted 1-200 in solution
F (0.1% bovine serum albumin, 0.1% sodium azide, 0.85% sodium
chloride, and 10 mM potassium phosphate, pH 7.4

Spotting Assay
Cultures containing different plasmids were grown in selective me-
dium to log phase at 23°C. Cultures at 7 x 10 cells/ml were serially
diluted to generate cell cultures whose cell densities differed by
fivefold. Five microliters of each diluted cell suspension was spotted
on the selective solid medium and the plate was incubated at 23°C
or 37°C for several days.

Cloning, Mapping, Sequence Analysis, and Plasmid
Construction of FAB1 gene
The FABI gene was cloned by complementation of the recessive ts
lethality associated with the fabl-l allele. 616-3-2 cells carrying the

fabl-1 mutation were transformed (Ito et al., 1983) with a yeast
genomic library constructed in the centromere-based plasmid
pRS200 (Connelly and Hieter, unpublished data). Approximately
3000 transformants were replica plated onto YPD plates and tested
for growth at 37°C. The plasmids containing identical -9-kb inserts
of yeast DNA were isolated from nine transformants that grew at
37°C. One of the plasmids, p6161-8-3, was processed for further
use. The DNA insert cut out from p6161-8-3 by Sall and BgiII was
recloned into pRS314 and the resultant plasmid was designated as
pAY11. A 6-kb PstI fragment of p6161-8-3, which was the shortest
DNA fragment retaining the complementation activity (see Figure
6), was subcloned into the PstI site of pRS314. Plasmids containing
the PstI fragment in the same or opposite direction to pAY11 were
designated as pAY36 or pAY33, respectively.
To verify that the insert contained the authentic FAB1 gene, the

-9-kb insert was cut out by EagI and SalI, and recloned into a
plasmid, pRS304, which contains ARS and TRP1 but not a yeast
centromere. This plasmid, designated as pAY3, was cut at a BamHI
site in the insert and transformed into a trpl wild-type strain 618-
4-2. The FABI gene was mapped by using a chromo blot and a
cosmid clone grid filter (gift of Linda Riles, University of Washing-
ton, St. Louis) probed by the 6-kb PstI fragment of the 9-kb DNA
insert.

For sequencing, a nested set of deletions of pAY11 and pAY33
was generated by digesting with ExoIII from the EcoRI site. The
DNA sequence of one strand of pAY1 1 and pAY33 were determined
as described by Applied Biosystems (Foster City, CA). Gaps be-
tween the DNA sequences were filled by additional sequencing
utilizing 18-base primers complementary to the sequence adjacent
to the gaps. The DNA sequence of the N-terminus of FABI gene was
obtained by sequencing both strands of a HindIII fragment of a
lambda phage clone I-1B12 (Yoshikawa and Isono, 1991). A homol-
ogy search was carried out by using a TBLASTN program.
The fragment excised from pAY33 by HindIII and EcoRI was

recloned between HindIII and EcoRI sites of pRS416 (pAY59). The
HindIll fragment of I-1B12 was inserted at the HindIII site of pAY59.
The resultant plasmid was designated as pAY60; it contained the
whole open reading frame of the FAB1 gene. A partial FABI gene,
which was originally cloned and lacked the N terminus, was cut out
from pAY36 by Sall and EagI and recloned between XhoI and Sall of
pRS416 to generate pAY64. pAY60 and pAY64 were tested for their
ability to complement the fabl-2 ts lethality by a spotting assay.

Construction of AFABI Strains
To delete the C-terminal region of Fablp (Figure 7C, fabl::LEU2), a
BgiII fragment encoding the LEU2 gene was inserted at the BamHI
site of the FAB1 open reading frame on the p6161-8-3 plasmid. A
PstI-SphI fragment of the FAB1 gene containing the LEU2 insertion
plasmid was ligated between the PstI and SphI sites of a bacterial
plasmid pUC19. The resultant plasmid pAY10 was digested with
PstI and MluI, and transformed (Ito et al., 1983) into leu2 strains. To
delete almost the entire region of the FAB1 open reading frame
(Figure 7C, fabl-Al), a SalI-SmaI fragment encoding the LEU2 gene
was inserted between one of the Sall sites closer to the N-terminus
and the NruI site of the FAB1 open reading frame on pAY60. An
ApaI-PstI fragment of the FABI gene containing the LEU2 insertion
was purified and transformed into leu2 strains. Deletions of the
genomic FABI gene in leu+ transformants were confirmed by South-
ern blot analysis (Rose et al., 1990).

Cell Labeling and Immunoprecipitation
For analysis of CPY processing, whole yeast cells were labeled
essentially as described (Herman and Emr, 1990). Cells were pulse-
labeled with Expre35S-label (NEN Radiochemicals, Boston, MA) for
15 min at either 23°C (Afab) or 37°C (SEY6210 and fabl-2) and
chased at the same temperatures for the indicated times by the
addition of methionine and cysteine to 5 mM and 1 mM, respec-
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tively. After the chase, the proteins were precipitated by the addi-
tion of trichloroacetic acid to a final concentration of 6%. Immuno-
precipitation of CPY was performed as described previously
(Herman and Emr, 1990) and samples were electrophoresed on 10%
sodium dodecyl sulfate-polyacrylamide gels. After electrophoresis,
gels were fixed in 40% methanol/10% acetic acid, washed twice
with water, incubated in 1.0 M sodium salicylate/1% glycerol, then
dried and subjected to autoradiography.

Vacuole Size Measurement
The fabl-2 ts strain was grown to mid-log phase at 23°C and shifted
to 37°C for the indicated times. Vacuole measurements were taken
from photographs of cells affixed to glass slides (using Nomarski
optics) or from images generated by electron microscopy.

RESULTS

Isolation of fab Mutants
When the orientation of the mitotic spindle is defec-
tive in S. cerevisiae, both sets of replicated chromo-
somes are inherited by either the mother or the bud
(Palmer et al., 1990). This aberrant event leads to the
formation of aploid and binucleate cells (fab pheno-
type). To isolate fab mutants, we made a collection of
742 mutants that were temperature sensitive (ts) for
growth. Cultures of these mutants were exposed to the
restrictive temperature (370C) for 4 h, fixed, stained
with a DNA-specific dye (DAPI), and then examined
under the microscope for the fab phenotype. Seven
mutants showed a temperature-dependent fab pheno-
type. Both the ts-growth and temperature-dependent
fab phenotype of these mutants were recessive and
cosegregated during multiple backcrosses. In the pro-
cess of backcrossing these mutants, we discovered two

additional ts phenotypes of fab mutants, enlarged
vacuoles and aberrant cell shape. All mutant pheno-
types co-segregated with each other and segregated
2:2 from the corresponding wild-type phenotype.
Therefore, the mutant phenotypes were caused by a
mutation(s) at a single locus. All seven fab mutants
also failed to complement one another for any of the
mutant phenotypes, suggesting that they contained
alleles of a common gene. We named this gene FABI.
As the phenotypes of the seven fabl mutants appeared
indistinguishable, most subsequent experiments were
carried out with strains bearing fabl-2.

Analysis of ts Growth of fabl Strains
To assess whether the function of the FABI product is
essential for growth, we cloned the FABI gene (see
MATERIALS AND METHODS) and used it to con-
struct a deletion allele (fabl-Al) that removed all but
41 of the 2279 residues encoded by the putative FABI
ORF (see below). The deletion initially was introduced
into a diploid strain. Haploid segregants containing
fabl-Al grew slowly at 23°C and did not grow at 37°C
(Figure 1). Similar results were obtained with
fabl::LEU2, another putative disrupting allele of the
FABI gene (see below). These results demonstrated
that the FAB1 gene is important for growth at 23°C
and essential at 370C.
To further assess the consequences of shifting the

fabl-2 mutant to 37°C, the mutant was examined in
the light microscope after exposure to the nonper-
missive temperature. The mutant cells did not arrest
at a specific point in the cell cycle. However, after 4

YPD YPD
YPD +0.5M KCI + 0.5M caE1h

230C

370C
Figure 1. Ts lethality, osmoreme-
diation, and Ca sensitivity of fabl
mutants. Wild-type (4506-9-4),
fabl-2 (672-5-2), and fabl-Al (663D-
1-3) cells were streaked onto YPD
agar plates with or without CaCl2 or
KCl as indicated. Plates were incu-
bated at 23'C or 37°C and photo-
graphed after colonies were visible.
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h at the nonpermissive temperature, -25% of the
fab cells had lysed as evidenced by staining with
trypan blue. This result suggested that fab mutants
had a cell surface defect. As the ts-lethality of other
cell lysis mutants can be suppressed by changes in
osmolarity (Yoshida et al., 1994a), we compared
the ability of fabl and wild-type cells to form colo-
nies on solid medium supplemented with different
osmotic supports. The presence of 0.5 M KCl (Fig-
ure 1) or 1 M sorbitol (Yamamoto and Koshland,
unpublished results) in the growth medium signif-
icantly suppressed the ts-growth defect of the
fabl-2 mutant and partially suppressed the ts-
growth defect of the fabl-Al mutant. In contrast, 0.5
M CaCl2 inhibited the growth of the fabl-Al strain
but not the fabl-2 or FABI strains (Figure 1). There-
fore, fabl mutants appeared osmoremedial and Ca-
sensitive.

fabl Mutants Accumulate very large Vacuoles
Vacuole morphology in fabl mutants and wild-type
cells was characterized using a vacuole-specific vital
dye CDCFDA (Roberts et al., 1991). When wild-type
cells were grown at 23°C, vacuoles appeared as
several small organelles that occupied a small frac-
tion of the total cell vol (Figure 2). At 37°C the
number of vacuoles decreased while their size in-
creased slightly. In contrast, when fabl-2 cells were
grown at 23°C, vacuoles were already larger than
vacuoles in wild-type cells at 37°C. In addition,
when a fabl-2 culture was grown at 37°C for 4 h,
>90% of the cells contained a single large vacuole.
The vacuole morphology in fabl-Al and fabl::LEU2
cells was similar to fabl-2 cells except that large
vacuoles were already present at 23°C in the fabl-Al
and fabl::LEU2 cells. Hence, fabl mutations result in
a vacuole morphology defect.

230C 370C

lwt~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

fabi-2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4

fabi 2A

S*?2|S;t9z S js > *. ?,ge!%%D .................................. eli~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~..

----. 7

jabl- 1 _ :X

Figure 2. Vacuoles visualized by CDCFDA staining and Nomarski optics. Wild-type cells (4506-9-4; A, B, C, and D), fabl-2 mutant cells
(672-5-2; E, F, G, and H), and fabi-Al cells (663D-1-3 I and J) were grown to log phase at 230C (A, B, E, F, I, and J) and incubated at 370C
for 4 h (C, D, G, and H). Cells were stained with CDCFDA and vacuolar morphology was analyzed (see MATERIALS AND METHODS).
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In fabl cells, the vacuole was visible by Nomarski
optics (compare Nomarski and CDCFDA images in
Figure 2) allowing us to use Nomarski images
(N>100) to quantitate vacuole size. When fabl-2
cells were grown at 23°C, the average diameter of
the vacuole was 1.6 ,um (+ 0.4). When these cells
were grown at 37°C for 30 min, the average diame-
ter increased to 2.4 ,um (+ 0.5), and then remained
constant for at least 2 h. No significant change in
average diameter of the cell was observed over the
same time course. Similar results were obtained
when vacuole diameter was followed in electron
micrographs (data not shown). This difference in the
average diameter predicts a 250% increase in the
average vacuole surface area. Therefore, upon tem-
perature shift, the enlargement of the vacuole in
fabl-2 cells is both significant and rapid.
Abnormal vacuole morphology is also a phenotype

of some vacuole protein sorting (vps) mutants (Klion-
sky et al., 1990). These mutants missort and secrete
precursor forms of soluble vacuolar hydrolases like
carboxypeptidase Y (CPY). Because CPY undergoes a
series of compartment-specific modifications as it tran-
sits the early stages of the secretory pathway, its sort-
ing or missorting is easily scored by following its
processing and maturation via pulse-chase immuno-
precipitation experiments (Klionsky et al., 1990). To
address whether fabl mutants had both vacuole mor-
phology and protein sorting defects like vps mutants,
we examined CPY processing and maturation in fabl
mutants.

In the experiment shown in Figure 3, wild-type and
fabl-2 cells were grown at 25°C, then preshifted to
37°C for 60 min before labeling. In both cell types the
major precursor forms of CPY (plCPY and p2CPY)
and a small amount of mature CPY (mCPY) were
found after labeling for 15 min with [35Slmethionine/
cysteine at 37°C (T = 0, Figure 3). Chase was initiated
by addition of excess unlabeled methionine and cys-
teine. Thirty minutes after the chase was added (T =

30, Figure 3), most of the CPY was fully processed to
the mature form, and no CPY was missorted to the cell
surface (DeWald and Emr, unpublished results).
Therefore, the enlargement of the vacuole, which oc-
curs in fabl-2 mutants 30 min after shift to the non-
permissive temperature, does not appear to be caused
by a defect in the processing or sorting of vacuolar
proteins.

In the fabl::LEU2 strain labeled and chased at 25°C,
however, a defect in CPY maturation was observed
(Figure 3). Even after 60 min of chase, less than 20% of
CPY was converted to the mature form. An aberrantly
processed form (*) accumulated distinct from plCPY
and p2CPY. The failure to process CPY properly in
fabl::LEU2 strains indicates that the loss of FABI ac-
tivity eventually leads to a defect in vacuolar protein
maturation. This defect may reflect a problem with

Wildtype ftabtS Afab
~I i I i 1

370C 60'
chase O' 10 ' 30'

6(0'

0' 10't 30' 0' 10' 60'

p2CPY = a _- _ _ _

mCPY _

Figure 3. CPY sorting in wild-type and fab mutant strains. Intra-
cellular sorting of CPY was assessed in whole cells by preincubating
cells at 37'C (wild type and fab ts for 60 min) before pulse labeling
for 15 min. Cells were then chased with excess unlabeled methio-
nine and cysteine, proteins were precipitated with TCA, and CPY
was immunoprecipitated and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and autoradiography. plCPY
and p2CPY refer to precursor forms and mCPY corresponds to the
mature protein, which has arrived at the vacuole.

CPY maturation in the vacuole or with CPY localiza-
tion to the vacuole. The fabl::LEU2 mutants did not
secrete CPY (DeWald and Emr, unpublished results);
therefore, if CPY is mislocalized in this mutant, it is
not secreted as has been observed in the vps mutants.

fabl Mutants Exhibit Defects in Vacuole Function
In the Nomarski images, the refractivity of the vacuole
differed between fabl-2 and wild-type cells both at
23°C and 37°C (Figure 2). This result suggested that
fabl mutations potentially affected vacuole content
and/or function as well as its size. One parameter of
vacuole function is its pH, which can be assessed
qualitatively using quinacrine, a dye that exhibits pH-
dependent staining of the vacuole. When wild-type
and fabl cells were stained with quinacrine, fabl-2
vacuoles did not stain as well as wild-type vacuoles
at both 23°C and 37°C (data not shown). This obser-
vation suggested that the pH of vacuoles in fabl
mutants was partially affected even at the permis-
sive temperature.
We quantified the pH of vacuoles using the dye

6-CFDA and dual-excitation flow cytometry (Figure
4). Fluorescent ratio profiles were obtained for wild-
type and fabl-2 cells grown at 37°C. To generate stan-
dard profiles, wild-type cells were allowed to accumu-
late the dye in their vacuoles, and then the pH of the
vacuole was equilibrated with different buffers con-
taining a proton-pump uncoupler (see MATERIALS
AND METHODS). A comparison of these profiles
showed that the pH of the wild-type vacuole was
around 6.0 whereas the pH of fabl vacuoles was 7.0 or
higher. The pH for wild-type vacuoles was similar to
the previously reported values (Preston et al., 1992).
These results demonstrated that fabl mutants had de-
fects in acidification of vacuoles.
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U,~~~~w

z

B pH 7.0Q~~~

Relative Fluorescence Ratio
Figure 4. Flow cytometric analysis of the pH of vacuoles. Wild-
type cells (4506-9-4) and fabl-2 cells (672-5-2) were grown to log
phase at 23'C, exposed to 37'C for 3 h, and labeled with 6-CFDA
(see MATERIALS AND METHODS). The labeled cells were ana-
lyzed by dual-excitation flow cytometry (A). For standards, the
labeled wild-type cells were resuspended in different buffers in the
presence of proton-pump uncouplers and processed for flow cyto-
metric analysis (B).

fabl Mutant Shows Abnormal Chromosome
Transmission and Spindle Morphology
The formation of aploid and binucleate cells by fabl
mutants suggested a defect in nuclear division. To
examine this phenotype more extensively, the dis-
tributions of chromosomes and microtubules were
examined in fabl-2 mutants and wild-type cells by
standard microscopic methods (Table 2 and Figure
5). When fabl-2 and wild-type cells were grown at
23°C, no differences in the distribution of chromo-
somes and microtubules were observed. By 4 h after
shift to 37°C, 56% of fabl-2 cells exhibited hetero-
geneous chromosome (Table 2) and microtubule
(Figure 5) distributions that were rarely if ever ob-
served in wild-type cells. For example, more than
20% of the cells became aploid and binucleate (Fig-
ure 5, C and D, large arrowheads and arrows),
which was an increase of at least 100-fold compared
with wild-type cells (Palmer et al., 1990; Sullivan
and Huffaker, 1992). Even in cells containing only a
single nucleus, the positions of the chromosomal
mass and spindles were often aberrant (see legend
to Figure 5). These results suggested that fabl mu-
tants were defective in spindle position and chro-
mosome segregation. Similar results were obtained
with cultures of fabl-Al (Table 2) and fabl::LEU2
(Yamamoto and Koshland, unpublished results)
mutants except some cells in these cultures exhib-
ited abnormal chromosome segregation even at
230C.
Further evidence of abnormal chromosome trans-

mission in fabl-2 cells was obtained when the DNA

Table 2. Distribution of cell types in fabl-2

(2)e
(1) C-f(3)

(2E~)0 MD cd Others

Genotype Temp (°C) Time (hr) (%)
FAB1a 23 39 33 29 3 8 0 0 0 0

37 4 39 28 13 2 9 0 0 0 0
fabl-2b 23 34 36 22 2 7 0 0 0 0

37 2 36 29 13 4 2 0 5 6 9
37 4 23 15 5 2 2 9 15 16 16

fabl-lvc 23 20 30 18 3 4 7 9 5 4

Cells were grown in YPD medium at 23°C to log phase and shifted to 37°C.
Aliquots were fixed, and stained by DAPI at designated times. Cell types of 200 cells were analyzed and shown in percentage.
aStrain 4506-0-4
bStrain 672-5-2
cStrain 663D-1-3
(1) Aploid cells.
(2) Binucleate cells.
(3) Large budded cells containing single nucleus off the bud neck.
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Microtubules DAPI+Nomarski

Nomarski
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content of fabl-2 and wild-type cells was examined
by flow cytometry (Yamamoto and Koshland, un-
published results). In fabl-2 at 23°C and in wild-
type cells at 23°C or 37°C, peaks of 1C and 2C DNA
were observed, which corresponded to DNA con-
tent of haploid cells in Gl and G2, respectively. In
contrast, 4 h after shifting the fabl-2 culture to 37°C,
cells with 1C DNA disappeared while those with
more than 2C appeared. This loss of cells with Gl
haploid DNA content was not the consequence of
cells arresting at other stages of the cell cycle, as
more than 20% of the cells in the mutant culture had
the morphology of Gl cells (a single nucleus and no
bud) (Table 2). Many of the Gl cells contained extra
spindle pole bodies (data not shown). Taken to-
gether these results suggest that Gl cells with
greater than haploid DNA content arose by the

Figure 5. Micrographs showing nuclear
and microtubule morphology of fabl and
wild-type cells. Wild-type (4506-9-4; A and
B) and fabl-2 (660-6-1; C, D, E, F, and G)
cells were fixed and processed for indirect
immunofluorescent microscopy after incu-
bation at 37°C for 4 h (see MATERIALS
AND METHODS). Microtubules were visu-
alized with anti-tubulin antibodies, chromo-
somal DNA was visualized with DAPI, and
cell shape was visualized with Nomarski.
fabl cells with aberrant nuclear distribution
and microtubule morphology are visible:
aploid (large arrowheads) and binucleate
(large arrows) cells, cells containing a U-
shape nucleus (small arrows), unbudded
mononucleate cells containing multiple
spindle pole bodies (small arrowheads), an
indented cell (E, F, and G, top cell), a small
budded cell in which a single chromosome
mass was in the bud (E, F, and G, middle
cell), and a large budded cell which had a
single chromosome mass located off the
neck (E, F, and G, bottom cell).

asymmetric inheritance of spindle pole bodies and
chromosomes. These data support the conclusion
that many fabl cells undergo improper chromosome
segregation at 37°C.

Spindle and Nuclear Phenotypes of fabl Mutants
Are Suppressed by a Subset of vps Mutations
Affecting Vacuole Morphology
Several observations suggested that the aberrant
chromosome segregation observed in fabl cells at
37°C might be an indirect consequence of abnormal
vacuole structure or function. First, in a fabl-2 cul-
ture, the DAPI staining pattern (Table 2 and Figure
5) and the FACS profile were normal at 23°C and
did not become abnormal in the majority of cells
until 4 h after temperature shift to 37°C. In contrast,
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vacuole morphology and acidification were par-
tially aberrant in some fabl-2 cells at 23°C, and
became dramatically aberrant in most cells by 30
min after the temperature shift (see above). In ad-
dition, the presence of U-shaped chromosomes and
bent spindles at the cell periphery correlated with
the proximity of a very enlarged vacuole.
To further analyze the relationship between aber-

rant chromosome segregation and vacuole morphol-
ogy in fabl mutants, we examined chromosome seg-
regation in double mutants containing the fabl::LEU2
insertion and various vps mutations. The fabl::LEU2
mutant had phenotypes indistinguishable from the
fabl-Al allele described above, i.e., abnormal vacuoles
and chromosome distribution were apparent in a sig-
nificant fraction of fabl::LEU2 cells at 23°C, and this
fraction increased dramatically at 37°C. The chromo-
some distribution in all vps single mutants was normal
even in vps mutants that accumulate large vacuoles
(though not as large as fabl-2). Double mutants har-
boring fabl::LEU2 and either A vpsl8 (class C), A vps33
(class C), or renl/vps2 (class E) showed similar chro-
mosome distribution to wild-type cells at 23°C and
37°C and had either no vacuoles (A vpsl8 fabl or A
vps33 fabl) or vacuoles of reduced size (renl fabl)
(Figure 6 and data not shown). In contrast, double
mutants of fabl and Avps34 (Class D) or vpsl9 (Class
D) had enlarged vacuoles and the fab phenotype was
like that of the fabl single mutant. The fact that abnor-
mal chromosome distribution in fabl mutants is elim-
inated by mutations in three different vps genes that
reduce the fab vacuole morphology defect supports
the hypothesis that the chromosome defect of fabl
mutants results from the presence of an enlarged
vacuole.

Cloning and Sequence Analysis of the FAB1 Gene
The FABI gene was cloned by transforming fabl-l
cells with a yeast genomic DNA library contained on
a centromere-based vector (see MATERIALS AND
METHODS). Ten transformants that complemented
the ts growth of fabl-l were analyzed. Of these trans-
formants, nine contained an identical plasmid with a
9-kb insert (Figure 7A, gray bar). Subclones of this
insert and flanking DNA were used to map the com-
plementing activity to a 4.8-kb BamHI-PstI fragment.
The insert was shown to carry the authentic FABI
gene by linkage analysis. The TRPI gene was directed
into the genome of a trpl haploid cell adjacent to the
site of the insert (see MATERIALS AND METHODS).
This strain was mated with a fabl-2 strain, and the
resulting diploid was sporulated. In 12 tetrads where
the Fab and Trp phenotypes segregated 2:2, the Fab'
phenotype always co-segregated with Trp+ pheno-
type. These results demonstrated that this clone was
derived from the FAB1 locus. The FAB1 clone was

mapped to the right arm of chromosome VI about 40
kb from the centromere (see MATERIALS AND
METHODS).
The DNA sequence of the FAB1 locus revealed a

single ORF of 6.8 kb (Figure 7A, large arrow; Figure 8).
An mRNA of sufficient length to encode this ORF has
been detected in the FABI region of chromosome VI
(Yoshikawa and Isono, 1991). However, a 4.8-kb
BamHI-PstI fragment that lacked 2 kb from the 5' end
of this 6.8-kb ORF was capable of complementing the
fabl-Al phenotypes (Figure 7, A and B). Apparently,
the amino-terminal one-third of Fablp is not needed
for its function. The region of similarity between
Fablp and PIP5K maps to the 3' end of the 6.8-kb ORF.
The amino acid sequence deduced from the 6.8-kb

ORF predicted a protein of 2279 amino acids with a
predicted size of 257 kDa (Figure 8A). This amino acid
sequence was compared with those generated by
translation of the GenBank nucleic acid data base. A
300 aa domain (between 1911 and 2233) of Fablp
exhibits 35% identity with one human protein that has
been shown to have PI(4)P 5-kinase activity (Bazenet
et al., 1990; Boronenkov and Anderson, 1995). This
region is also very similar to a region in Mss4p, a
protein that was identified as a suppressor of a muta-
tion in STT4, a gene that encodes one of the two
known PI 4-kinases in yeast (Yoshida et al., 1994a).
This similarity suggests that Fablp and Mss4p may
have PI(4)P 5-kinase activity (Boronenkov and Ander-
son, 1995). The 300 aa region of similarity between
Fablp, Mss4p, and PIP5K-II includes a predicted nu-
cleotide binding motif that is likely to be required for
the activity of these proteins. Downstream of the nu-
cleotide binding motif, sequences conserved among
each of the proteins were identified that exhibited
weak but intriguing homology to sequence motifs that
are highly conserved among the family of protein
kinases (Figure 8B). Mutagenesis of these conserved
sequence elements will be required to address their
role in the catalytic activity of these proteins.
Residues between 237 and 268 of the putative Fablp

showed significant similarity to four sequences in the
data base that together appear to define a new motif
(Figure 8C). The significance of this similarity was
evident from the absolute conservation of the position
of many rare residues, including tryptophan, cysteine,
and histidine. One of the proteins with this motif,
p162, appears to be an endocytic protein (accession
number X78998) whereas the other, Pep7p/Vaclp/
Vpsl9p (Jones, 1977; Weisman and Wickner, 1992), is
involved in vacuole inheritance and vacuolar protein
sorting. The phenotype of fabl mutants suggests that
Fablp may also regulate some aspect of vacuole func-
tion. Therefore, the presence of this motif in p162,
Vaclp, and Fablp may reflect some vacuole/endo-
some-specific function. However, because this motif is
missing from FABI subclones that retain complemen-
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Wt

fabl:.*LEU2

Avpsl8

Figure 6. Vacuolar and nuclear morphol-
ogy of cells with deletions of VPS18 and
FABI genes. Wild-type cells (6742-1-1; A
and B), fabl-Al cells (6742-1-3; C and D),
vpsl8A cells (6742-1-4; E and F), and fabl-Al
vpsl8A cells (6742-1-2; G and H), were
grown to log phase at 23°C and incubated at
37'C for 4 h. The cell cultures were split into
two and were processed for vacuolar stain-
ing with CDCFDA (A, C, E, and G) and for
DNA staining with DAPI (B, D, F, and H).
Composite fluorescent and Nomarski im-
ages were generated. Arrowheads indicate
typical binucleate cells in fabl mutants.

fabl:.LEU2
Avpsl8

tation activity, this motif is not essential for, at least,
the FAB1 functions we assayed (cell growth, vacuole
morphology, and nuclear segregation). In addition,
other similarities with less obvious significance were
also identified including the following: 1) a limited
similarity to TCP1 proteins, 2) a motif between 1919 to
1929 that conforms to a consensus sequence (P-[SAP]-
[IV]-[DN]-X-X-X-S-X-S) found in a and ,3 subunits of
vacuole ATP synthase (Senior, 1988; Futai et al., 1989;
Gogarten et al., 1989; Nelson, 1989; Vogler et al., 1991),
and 3) an asparagine-rich region (from 576 to 590
residue) containing 15 contiguous asparagine resi-
dues.

DISCUSSION

In this study, we have analyzed the function of the
FABI gene of S. cerevisiae by the characterization of
fabl mutants. The loss of Fablp activity causes de-
fects in the following: 1) the size and acidity of the
vacuole, 2) chromosome segregation, and 3) cell
surface integrity. However, the vacuole defects of
fabl mutants are the most penetrant; a dramatic
increase in vacuole size is evident in the fabl-2 ts
mutant shortly after shift to the nonpermissive tem-
perature, long before the appearance of chromo-
some missegregation and cell lysis. These results
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fabl-2 pAY60 (FABI, CEN)
pAY64 (FAll partial, CEN)
pRS416 (CEN)

Wt pRS416 (CEN)

fabi-AI fabi::LEU2

BI

Figure 7. Cloning of FABI gene. (A) Restriction analysis of region containing FABI gene is shown at the top. Restriction sites are BI, BamHI;
BLI, BglII; E, EcoRI; H, HindIII; K, KpnI; M, MluI; P, PstI; Pll, PvuII; Nh, NheI; Nr, NruI; Sa, Sall; Sm, SmaI; Sp, SphI; and X, XhoI. The arrow

indicates putative FAB1 ORF. Several subclones of this region (indicated by the bars) were scored for their ability to complement (+) or not
complement (-) the ts lethality of fabl-1 (616-3-2). The gray bar indicates the insert in pAY64. (B) Qualitative comparison of the
complementation of fabl-2 by plasmids containing either the entire FABI ORF (pAY60) or the minimal complementing clone (pAY64). fabl-2
cells with the indicated plasmids were grown to log phase in selective medium at 23°C and diluted to 7 x 106 cells/ml. The cell suspensions
were serially diluted by fivefold and 5 ,ul of each suspension was spotted on solid selective medium. The plates were incubated at 23°C or

37°C until patches were visible. As controls the same protocol was used to follow the growth of wild-type cells (c) and fabl-2 cells with the
vector pRS416 (d). (C) Two different disruptions of the FAB1 gene. Almost the entire coding region of the FABI gene was deleted by inserting
a LEU2 fragment between one of the SaI sites close to the N-terminus and the NruI site (fabl-Al). The C-terminal region was disrupted by
inserting a LEU2 fragment at the BamHI site closer to the C-terminus (fabl::LEU2). These disruptions were introduced into haploids or

diploids by the method of one-step gene replacement (Rothstein, 1983) and their structure was verified by Southern analysis.

suggest that the primary function of Fablp is likely
to be at the level of the vacuole. This conclusion is

supported by several additional observations that
associate Faplp with the vacuole. The amino termi-
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nus of Fablp appears to contain a new motif found
in other proteins implicated in vacuole or endosome
function (see Figure 8C). Furthermore, preliminary
localization of a Fablp-f-galactosidase hybrid sug-
gests that it is associated with the vacuole
(Yamamoto and Koshland, unpublished results).
A significant clue to the molecular function of Fablp

comes from the observation that a 300-amino acid
region of Fablp and a human PIP5K-II share extensive
similarity (Boronenkov and Anderson, 1995). PIP5K-II
has been shown to be the catalytic subunit responsible
for PI(4)P 5-kinase activity as its expression in Esche-
richia coli is sufficient to generate kinase activity (Bor-
onenkov and Anderson, 1995). The region of similarity
contains a nucleotide binding motif as well as other
less stringent similarities to kinases (Figure 8B). These
data suggest that the product of the FAB1 gene
(Fablp) encodes a PI(4)P 5-kinase.

In support of this conclusion, the putative kinase
domain of Fablp and PIP5K-II is also found in Mss4p,
another yeast protein. Indeed, Mss4p was placed in
the PIP2 metabolic pathway because its overexpres-
sion could suppress defects that resulted from low-
ered activity of the STT4-encoded PI 4-kinase (Yoshida
et al., 1994b). It is reasonable that lower PIP2 levels
caused by Stt4p defects could be compensated in part
by elevated levels of Mss4p if Mss4p is a PI(4)P 5-ki-
nase. The existence of at least one additional PI(4)P
5-kinase in yeast besides Fablp is supported by the
detection of significant PI(4)P 5-kinase activity in total
cell extracts of fablA strains (Anderson and Emr, un-
published data). Furthermore, precedent exists for
multiple PI(4)P 5-kinases in mammalian cells (Jenkins
et al., 1994). PI(4)P 5-kinase activities with distinct
biochemical properties have been identified in human
erythrocytes (Bazenet et al., 1990; Jenkins et al., 1994).
The vacuole, like all other organelles, is highly dy-

namic with regard to the influx and efflux of mem-
branes. The regulation of these dynamic processes is
critical to the maintenance of organelle size and integ-
rity. The extreme enlargement of the vacuole in fabl
mutants indicates an imbalance in vacuole membrane
flux and suggests that PIP2, the putative product of
Fablp, may be critical to the regulation of vacuole
membrane homeostasis. Although a defect in the pro-
cessing and possibly sorting of vacuolar proteins is
also observed in fabl-/l mutants (this study), this
defect appears to be a secondary consequence of the
loss of fabl function, as it appears much later than
defects in vacuole pH or morphology. Furthermore,
we have been unable to detect a defect in endocytosis
in the fabl-2 ts mutant (Yamamoto and Koshland,
unpublished results) or secretion (DeWald and Emr,
unpublished results). These results suggest that en-
largement of the vacuole in the fabl-2 mutant does not
reflect a defect in global membrane trafficking pro-
cesses like endocytosis or secretion. Rather, we sug-

A
1 MSSEEPHASISFPDGSHVRSSSTGTSSVNTIDATLSRPNY

41 IKKPSLHIMSTSTTSTTTDLVTNPILSNISVPKISPPTSS
81 SIATATSTSHVTGTASHSNIKANANTSTSVNKKNLPPTTS

121 GRIPSSTIKRYPSRYKPSHSLQLPIKNDSNFKRSSIYASK
161 STVTAIPIRNNRPISMQNSYARTPDSDHDDVGDEVSSIKS
201 ASSSLTASLSKSFLFAFYNNRKKDKTSNNGVLSKEY WMKD
241 ESSKECFSCGKTFNTFRRKHHCRICGOIFCSSCT LLIDGD
281 RFGCHAKMRVCYNCYEHADTYEDSSDEENDSTMQLNEPRS
321 RSRSRSSNTNPYSHSHSHLHLISQDNHNGTDLHDPVAATD
361 NPQQQNEVYLLNDDDVQSIMTSGEDSKLFISTPPPPPKMA
401 IPATKQGGSLEISFDSENDRALHYQDDNPGRHHHLDSVPT
441 RYTIRDMDNISHYDTNSNSTLRPHYNTNNSTITINNLNNT
481 TSNNSNYNNTNSNSNINNPAHSLRRSIFHYVSSNSVNKDS
521 NNSSATPASSAQSSSILDPANRIIGNYAHRNYKFKFNYNS
561 KGPSQQNDTANGNND NNNNNNNNNNNNNNNSASGIADNNN
601 IPSNDNGTTFTLDKKKRNPLTKSKSTSAYLEYPLNEEDSS
641 EDEGSMSIYSVLNDDHKTDNPIRSMRNSTKSFQRAQASLQ
681 RMRFRRKSKSKHFPNNSKSSIYRDLNFLTNSTPNLLSVVS
721 DDNLYDDSSPLQDKASSSAASRLTDRKFSNSSGSNNNSNS
761 NSNINTDPWKRIASISGFKLKKEKKRELNEVSLLHMHALL
801 KQLLNDQEISNLQEWITLLDGALRKVLRTILNARDLNTLD
841 FRQTYVKIKRISGGSPQNSEYIDGVVFSKALPSKTMPRHL
881 KNPRILLIMFPLEYQKNNNHFLSIESVFRQEREYLDKLVS
921 RLKSLHPDIIYVGANVSGYALELLNDSGIVVQFNMKPQVI
961 ERIAKLTEADIAISVDKLATNIKMGECETFEVKSYIYGNI

1001 SKTYTFLRGCNPELGGTILLRGDSLENLRKIKQVSEFMVY
1041 AIFSLKLESSFFNDNFIQLSTDVYLKRAESKKLQVFEGYF
1081 ADFLIKFNNRILTVSPTVDFPIPFLLEKARGLEKKLIERI
1121 NQYESESDLDRQTQLNMLQGLESTITKKHLGNLIKFLHEM
1161 EIENLELEFQKRSRQWEVSYSSSQNLLGTGSHQSITVLYS
1201 MVSTKTATPCVGPQIVTIDYFWDSDISIGQFIENVVGTAR
1241 YPCQQGCNGLYLDHYRSYVHGSGKVDVLIEKFQTRLPKLK
1281 DIILTWSYCKKCGTSTPILQISEKTWNHSFGKYLEVMFWS
1321 YKDSVTGIGKCPHDFTKDHVKYFGYNDLVVRLEYSDLEVH
1361 ELITPPRKIKWKPHIDIKLKVELYYKILEKINNFYGSVLS
1401 RLERIKLDSMTKDKVLSGQAKIIELKSNATEEQKLMLQDL
1441 DTFYADSPCDQHLPLNLVIKSLYDKAVNWNSTFAIFAKSY
1481 LPSETDISRITAKQLKKLFYDSSRKDSEDKKSLHDEKAKT
1521 RKPEKNELPLEGLKDVEKPKIDSKNTTENRDRTNEPQNAV
1561 TITTFKDDTPIIPTSGTSHLTVTPSASSVSSSLTPQTEER
1601 PPISRSGTGISMTHDKSTRPNIRKMSSDSSLCGLASLANE
1641 YSKNNKVSKLATFFDQMHFDALSKEFELERERERLQLNKD
1681 KYQAIRLQTSTPIVEIYKNVKDAVDEPLHSRSSGNNLSSA
1721 NVKTLEAPVGEHSRANNCNPPNLDQNLETELENSISQWGE
1761 NILNPSGKTTASTHLNSKPVVKETSENPKSIVRESDNSKS
1801 EPLPPVITTTTVNKVESTPQPEKSLLMKTLSNFWADRSAY
1841 LWKPLVYPTCPSEHIFTDSDVIIREDEPSSLIAFCLSTSD
1881 YRNKMMNLNVQQQQQQQTAEAAPAKTGGNSGGTTQTGDPS
1921 VNISPSVSTTSHNKGRDSEISSLVTTKEGLLNTPPIEGAR
1961 DRTPQESQTHSQANLDTLQELEKIMTKKTATHLRYQFEEG
2001 LTVMSCKIFFTEHFDVFRKICDCQENFIQSLSRCVKWDSN
2041 GGKSGSGFLKTLDDRFIIKELSHAELEAFIKFAPSYFEYM
2081 AQAMFHDLPTTLAKVFGFYQIQVKSSISSSKSYKMDVIIM
2121 ENLFYEKKTTRIFDLKGSMRNRHVEQTGKANEVLLDENMV
2161 EYIYESPIHVREYDKKLLRASVWNDTLFLAKMNVMDYSLV
2201 IGIDNEGYTLTVGIIDFIRTFTWDKKLESWVKEKGLVGGA
2241 SVIKQPTVVTPRQYKKRFREAMERYILMVPDPWYREGNZ

Figure 8. (A) Amino acid sequence of Fablp, predicted from the
nucleotide sequence of the putative FABI ORF, is shown by single
letters. The nucleotide sequence is available under the GenBank
accession number U01017. A stretch of 15 asparagine amino acids is
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gest that the enlargement of the vacuole occurs be-
cause Fablp is required for the efficient efflux/
turnover of vacuole membrane.
The idea that PIP2 might be an important regulator

of vacuole membrane homeostasis may reflect a more
general role of PIP2 as a regulator of membrane traf-
ficking events. Interestingly, other mutants with de-
fects in PI metabolism have been identified that alter
membrane trafficking events. Secl4p, a PI/PC transfer
protein, is required for secretion by maintaining the
proper lipid content of the Golgi (Cleves et al., 1991).
Vps34p, a PI 3-kinase, is required for proper sorting of
proteins to the vacuole (Herman and Emr, 1990; Schu
et al., 1993). Finally the cell lysis defects associated
with other PIP2 metabolic enzymes may reflect an
imbalance of plasma membrane flux and cell wall
synthesis.

If Fablp function is restricted primarily to the vac-
uole, why do fabl mutants show defects in cell surface
integrity, spindle orientation, and nuclear division?
One explanation for these secondary defects is that the
extreme size of the vacuoles in fabl mutants sterically
interferes with cell surface and nuclear processes. This
model is supported by the observation that the spindle
misorientation and nuclear division defects of fabl
mutants are eliminated when vacuole size is reduced
by specific vps mutations.
Another explanation for the secondary defects ex-

hibited by fabl mutants is that PIP2 regulates cell
surface and nuclear functions as well as vacuole func-
tions, perhaps by compartmentalization of PIP2 meta-
bolic isozymes to each of these organelles. The block-
age of the vacuole PIP2 pathway by fabl mutations
may generate aberrant signals that eventually inter-
fere with the nuclear and/or cell surface PIP2 path-

ways, hence the secondary defects. The existence of
PIP2 metabolic pathways dedicated to cell surface and
nuclear processes is supported by the observation that
mutations in other PIP2 metabolic enzymes cause pri-
mary defects in cell lysis, recombination, and chromo-
some segregation but not vacuoles (Levin and Bartlett-
Heubusch, 1992; Flanagan et al., 1993; Flick and
Thorner, 1993; Payne and Fitzgerald-Hayes, 1993; Nu-
ange and Symington, 1994; Yoshida et al., 1994a). Fur-
thermore, at least one of these enzymes (Piklp) has
been localized to the nucleus (Garciabustos et al.,
1994).
The model of multiple sites for PIP2 metabolism

predicts that several isozymes of PI(4)P 5-kinase may
exist that have different functions depending upon
their site of action. In fact, MSS4, the other gene en-
coding a putative PI(4)P 5-kinase, is essential for via-
bility unlike FABI (Yoshida et al., 1994b). Furthermore,
Fablp and Mss4p share no similarity outside of the
kinase domain (this study). These results are consis-
tent with the idea that Mss4p and Fablp have distinct
biological roles, perhaps by acting at different sites. As
the MSS4 gene was identified as a high copy suppres-
sor of a stt4 mutation (Yoshida et al., 1994b), it is
possible that Mss4p and Stt4p may function at the
same site. The products of the TORI and TOR2 genes
share homology with PI 3- or PI 4-kinases and are
likely also to be PI kinases. Interestingly, when galac-
tose-regulated Tor2p expression is turned off in a torli
tor2 double mutant background, cells acquire very
enlarged vacuoles similar to those observed in fabl
mutants (Kunz et al., 1993). Based upon this pheno-
typic similarity, it is possible that Tor2p may act at the
same site as Fablp. The construction and phenotypic
characterization of fabl mss4 and fabl tor2 mutants

B
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PIP5K-II - 0 A
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Figure 8 cont. indicated in bold. (B) Sequence identities are shown between a subset of highly conserved motifs found in protein kinases

(Hanks et al., 1988) [like the cAMP dependent protein kinases (PKA)] and highly conserved regions of Fablp, Mss4p, and PIP5K-II. (C)
Alignment showing similarity of residues of putative Fablp to Vaclp, p162, and several partial ORF's from Caenorthabditis elegans (ZK632.12)
and S. cerevisiae (N2038). The zinc-finger-like domain was highlighted with dots. Accession numbers of p162, ZK632.12, and N2038 are

X78998, Z22181, and X77395, respectively.
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should help to elucidate the functional interactions
between Fablp, Mss4p, and Tor2p.

In conclusion the complex phenotype of fabl mu-
tants suggest that the synthesis of PIP2 is an important
metabolite for the function and morphology of the
vacuole as well as cell surface and nuclear processes.
Unraveling the specific biological function of Fablp
will require additional characterization of its cellular
location, its precise biochemical activity, and the iden-
tification of the specific targets of its product, "PIP2".
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