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Phosphoinositide lipids regulate complex events via the recruitment of proteins to a specialized region of the
membrane at a specific time. Precise control of both the synthesis and turnover of phosphoinositide lipids is
integral to membrane trafficking, signal transduction, and cytoskeletal rearrangements. Little is known about
the acute regulation of the levels of these signaling lipids. When Saccharomyces cerevisiae cells are treated with
hyperosmotic medium the levels of phosphatidylinositol 3,5-bisphosphate (PI3,5P,) increase 20-fold. Here we
show that this 20-fold increase is rapid and occurs within 5 min. Surprisingly, these elevated levels are
transient. Fifteen minutes following hyperosmotic shock they decrease at a rapid rate, even though the cells
remain in hyperosmotic medium. In parallel with the rapid increase in the levels of PI3,5P,, vacuole volume
decreases rapidly. Furthermore, concomitant with a return to basal levels of PI3,SP, vacuole volume is
restored. We show that Figdp, consistent with its proposed role as a PI3,5P, 5-phosphatase, is required in vivo
for this rapid return to basal levels of PI3,5P,. Surprisingly, we find that Figdp is also required for the
hyperosmotic shock-induced increase in PI3,5P, levels. These findings demonstrate that following hyperos-
motic shock, large, transient changes occur in the levels of PI3,5P, and further suggest that Figdp is important

in regulating both the acute rise and subsequent fall in PI3,5P, levels.

Regulation of the levels of phosphoinositide lipids is central
to understanding the spatial and temporal control of diverse
membrane-related events. In the yeast Saccharomyces cerevi-
siae, four phosphoinositides have been identified, phosphati-
dylinositol 3-phosphate (PI3P), PI4P, phosphatidylinositol 3,5-
biphosphate (PI3,5P,), and PI4,5P,. The most recently
identified phosphoinositide is PI3,5P, (7, 22, 34) and this phos-
pholipid is also found in plants and mammals.

In S. cerevisiae, the sole means of generating PI3,5P, is
through phosphorylation of PI3P at the D-5 position by the
kinase Fablp (35). The levels of PI3,5P, are approximately
20-fold lower than those of the other phosphoinositides (3).
Despite this low abundance, PI3,5P, is important for several
cellular processes. For example, PI3,5P, levels modulate vac-
uole volume. Cells defective in PI3,5P, production have grossly
enlarged vacuoles (12, 19). Conversely, when PI3,5P, levels
increase in response to hyperosmotic shock, vacuole volume
decreases (3). This decrease in volume is likely regulated by
PI3,5P,. Further support for this postulate comes from the
observation that the volume of grossly enlarged fabIA vacuoles
(no PI3,5P,) does not decrease after hyperosmotic shock (3).
PI3,5P, is also required for proper acidification of the vacuole.
However, the absence of PI3,5P, does not affect the localiza-
tion of the vacuolar ATPase (2, 12). PI3,5P, is also required for
vacuole fission and retrograde traffic from the vacuole to the
late endosome (3, 4, 9). In addition, PI3,5P, is required for
proper sorting of specific proteins into the lumen of the vacu-
ole (8, 19, 26).

One of the most striking characteristics of PI3,5P, is the
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dramatic increase in its levels that occurs following acute hy-
perosmotic stress (7). Cells exposed to high-osmolarity me-
dium for 10 min show a 20-fold increase in PI3,5P, levels (3).
This change is at least 10 times greater than the changes ob-
served for the other phosphoinositides (3). This suggests that
PI3,5P, plays an important role in cellular adaptation to changes
in extracellular osmolarity.

Two proteins, Vac7p and Vacl4p, have been identified as
potential activators of the PI3P 5-kinase Fablp. vac7A and
vacl4A strains have no detectable PI3,5P, under basal condi-
tions and are grossly defective in PI3,5P, elevation following
hyperosmotic shock (3, 8).

In addition to synthesis, turnover of phosphoinositides plays
an important role in the maintenance of steady-state levels of
these phospholipids. A strong candidate for PI3,5P, turnover is
Figdp. This protein contains a Sacl domain which has homol-
ogy to known phosphoinositide phosphatases. Importantly, re-
combinant glutathione S-transferase (GST)-Fig4p functions as
a PI3,5P,-specific 5-phosphatase in vitro (24) and Fig4p inter-
acts with the putative Fablp activator Vacl4p (8, 11, 24). Both
proteins localize to the yeast vacuole membrane, as does
Fablp and the other putative Fablp activator, Vac7p (2, 3, 8,
12, 24). Thus, Figdp is in close proximity to the site of PI3,5P,
synthesis. Despite the fact that Figdp has activity as a PI3,5P,
5-phosphatase in vitro, under basal conditions, fig4A and wild-
type cells have similar levels of PI3,5P, (11, 24). Therefore, it
has been unclear whether Figdp plays a major role in the
regulation of PI3,5P, levels in vivo.

Previous studies measured PI3,5P, levels following a 10-min
exposure to hyperosmotic medium (3, 7, 12). The time it takes
to reach this level and the maximum level of PI3,5P, that is
achieved had not been determined. Similarly, while vac7A and
vacl4A mutants show little to no detectable PI3,5P, at 10 min
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TABLE 1. S. cerevisiae strains used in this study

Strain Relevant genotype Reference
LWY7217 MATa leu2,3-112 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 2
LWY7235 MATa leu2,3-112 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 2
LWY7240 MAT« leu2,3-112 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 This study
LWY6725 LWY7235 X LWY7240 This study
LWY2054 LWY7217 vac7A::HIS3 3
LWY2055 LWY7217 fablA:LEU2 3
LWY5177 LWY7235 vacl4A::TRP1 3
LWY6474 LWY7235 fig4A::TRP1 This study
LWY6830 LWY7235 HA-FABI This study

following hyperosmotic shock, it is not known whether this
represents a defect in maximum elevation of PI3,5P, or simply
a delay in the production of the phospholipid.

Here we show that the 20-fold rise in the level of PI3,5P,
following hyperosmotic shock is very rapid and transient. By 5
min the level of PI3,5P, had risen 20-fold and by 30 min it had
returned to basal levels, even though the cells remained in
hyperosmotic medium. Analysis of the decrease in the level of
PI3,5P, reveals that, in vivo, Figdp is the major PI3,5P, phos-
phatase required for this rapid turnover. In addition, we
present the surprising discovery that Figdp, like Vac7p and
Vacldp, is necessary for the 20-fold elevation of PI3,5P, levels
following hyperosmotic shock.

MATERIALS AND METHODS

Strains, media, and expression vectors. The strains used in this study are listed
in Table 1. Strains were grown at 24°C in either yeast extract-peptone-dextrose
or synthetic complete minimal medium. All plasmid expression was done with
the pRS400 series of vectors (5, 28).

Genetic manipulations. PCRs were performed using PfuUltra HF (Stratagene,
La Jolla, CA) according to the manufacturer’s instructions. Restriction enzyme
digests were performed using enzymes and buffers from New England Biolobs
(Beverly, MA) obtained through the University of Towa Tissue Culture/Hybrid-
oma Facility.

The FIG4 open reading frame was PCR amplified from LWY7235 using a GC
GAGGATCCCCCACGTATCTGATCTTCGC primer, which adds a BamHI site
1,200 bp upstream of FIG4, and a GCGCAAGCTTATGACAGCGATCGGGC
TTCC primer, which adds a HindIII site about 740 bp downstream of FIG4. The
PCR product was ligated into BamHI- and HindIII-gapped pRS415 to generate
pRS415_FIG4. The PCR product was also ligated into BamHI- and HindIII-
gapped pUCIS8 as a first step towards generating a FIG4 knockout strain (see
below).

Chromosomal deletion of FIG4 was generated by PCR amplifying the TRP1
marker from pRS424 and adding 5" Spel and 3" Swal sites. The PCR product was
ligated into Spel- and Swal-gapped pUC18-FIG4. This pUC18-fig4::TRP1 con-
struct was cut with BamHI and Pvul and the resulting 2.5-kb fragment was
transformed into the LWY6725 wild-type diploid. TRPI* transformants were
sporulated and tetrads were analyzed by PCR to verify correct integration of the
fig4::TRPI cassette.

The FIG4-HA (hemagglutinin tagged) construct was generated by PCR am-
plifying FIG4 plus the promoter sequence using the primers TACGATGCCCA
AGCTTGGGTAGTACATATCTTCTGTG and GTAACCTTTTGCGGCCGC
CAAGTTGTATATCTTTAG. This resulted in a product with a HindIII site at
the 5’ end and a NotI site at the 3’ end. This product was then ligated into a
HindIII- and Notl-gapped pRS415-3xHA plasmid, resulting in a FIG4-HA fusion
construct.

Chromosomal HA-FABI was generated by transposon insertion of a FABI-
specific construct obtained through the TRIPLES database (http://ygac.med.yale
.edu/triples/default.htm) (16, 23). Briefly, the transposon clone V24B2 was lin-
earized with NotI and the ~8-kb linearized transposon was transformed into the
LWY6725 wild-type diploid and transformants were selected on synthetic com-
plete-Ura plates. The transposon was then popped out through galactose-in-
duced cre recombinase activity, removing the URA3 marker and leaving behind
a 3X HA tag at amino acid position 112 of Fablp. Heterozygous diploid candi-

dates were sporulated and spores were tested for correct insertion of the 3X HA
construct, wild-type growth rate, normal vacuole morphology, and expression of
HA-Fablp.

FM4-64 labeling of yeast vacuoles. Approximately 0.3 units of cells at an
optical density at 600 nm (ODg) were collected and resuspended in 600 pl fresh
medium. To this solution was added 2 nl of FM4-64 (2 pg/pl dissolved in
dimethyl sulfoxide) (Molecular Probes, Eugene, OR) and 50 pl 1 M piperazine-
N, N'-bis(2-ethanesulfonic acid) (PIPES), pH 6.8. The mixture was incubated at
24°C for 15 min. Cells were washed twice with fresh medium and allowed to
chase for 2.5 h. Following this chase cells were untreated or subjected to hyper-
osmotic shock by resuspension in medium containing 0.45 M NaCl. This con-
centration of NaCl elicits the same changes in vacuole volume as 0.9 M NaCl
(data not shown) but causes less perturbation of the refractive index of the
medium, which leads to better imaging. Cells were viewed on a Zeiss Axioplan
II microscope, and images were captured with an RT-Spot camera (Diagnostic
Instruments) and subsequently analyzed with Metamorph software (Universal
Imaging Corporation).

Inositol extraction. Cells were labeled with [*H]inositol, and total cellular
phosphatidylinositol was extracted, deacylated and measured as described pre-
viously (3) with the following changes. Cells were lysed in the presence of 0.5-mm
zirconia beads (Biospec, Bartlesville, OK) on a Beadbeater (Biospec) for 2 min
at room temperature followed by 2 min on ice. This was repeated two more
times. The value of each phosphatidylinositol (PI3P, PI4P, P13,5P,, and P14,5P,)
reported here is its percent of total phosphatidylinositol (PI, PI3P, PI4P, PI3,5P,,
and PI4,5P,) extracted for each sample. Thus, each sample is normalized for
number of cells and incorporation of [*H]inositol.

Preparation of antibodies to Vac7p. To obtain antigen for generation of
anti-Vac7p sera we constructed a pGEX-KG-GST-VAC?7 vector. The full-length
VAC7 open reading frame was PCR amplified using the primers GGGGGTGA
TGACAGAAGAAGATAGA and ACGCGTCGACTCACTTCTTACCAGGA
TGGA. This product was ligated into Smal-cut pGEX-KG and transformed into
Escherichia coli DH5a. Since full-length GST-Vac7p was insoluble, the pGEX-
KG-VAC7 construct was cut with Sacl and religated. The result was a vector
expressing GST fused to the first 152 amino acids of Vac7p. Soluble GST-Vac7p
was isolated on glutathione-Sepharose beads and this antigen was used to gen-
erate Vac7p antibodies in rabbits.

Immunofluorescence. Immunofluorescence was carried out as described pre-
viously (2). Briefly, 37% formaldehyde was added to 5 ODg, units of log-phase
cells for 50 min at 24°C. Cells were treated with Oxalyticase (Enzogenetics,
Eugene, OR) for 15 min at 30°C. Spheroplasts were then fixed on slides and
blocked with 1% bovine serum albumin—-phosphate-buffered saline for 15 min.
Primary antibodies were added for 2 h at 24°C, diluted 1:25 in 1% bovine serum
albumin-phosphate-buffered saline. The primary antibodies used were goat anti-
Vacldp (3) and mouse anti-Vphlp (Molecular Probes) for wild-type cells or
rabbit anti-Vac8p (32) and mouse anti-HA (Covance, Princeton, NJ) for
FIG4-HA cells. Secondary antibodies were added for 1 h at 24°C, diluted 1:100
in 1% bovine serum albumin—phosphate-buffered saline. These included donkey
anti-goat-Alexa Fluor 488 (Molecular Probes) and donkey anti-mouse-rhoda-
mine red (Jackson ImmunoResearch Laboratories, West Grove, PA) for wild-type
cells or goat anti-rabbit-Alexa Fluor 488 (Molecular Probes) and donkey anti-
mouse-rhodamine red (Jackson ImmunoResearch Laboratories) for FIG4-HA
cells. Images were collected using a Bio-Rad 1024 confocal microscope and
analyzed using Metamorph software (Universal Imaging Corporation).

Subcellular fractionation. Cells were grown at 24°C to log phase and 12.5
ODy units of cells were harvested. All subsequent steps were carried out on ice.
Pelleted cells were resuspended in 250 pl cold cytosol buffer (20 mM HEPES
[pH 6.8], 0.15 M potassium acetate, 10 mM MgCl,, 0.25 M sorbitol) containing
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FIG. 1. Both PI3,5P, levels and vacuole volume transiently change after hyperosmotic shock. (A) Wild-type (LWY7235) cells were labeled with
[*Hlinositol for 12 h and then treated with NaCl for the indicated times. Total cellular phosphatidylinositol was extracted, deacylated, and analyzed
by high-pressure liquid chromatography. To normalize each data point for number of cells and [°H]inositol incorporation, each value is shown as
the percent of total [*H]phosphatidylinositol extracted. Each data point is an average of at least two independent experiments. (B) Wild-type cells
were labeled with FM4-64 dye to visualize vacuole volume and number of vacuole lobes. Cells were then treated with NaCl for the indicated times
and viewed by fluorescence microscopy. Representative fields are shown. (C) Vacuole membranes undergo scission as vacuole volume is reduced
following hyperosmotic shock. Mutant cells (fig#A) which have basal and hyperosmotic shock-induced PI3,5P, levels that are lower than normal
and thus larger vacuoles were labeled with FM4-64 dye to visualize vacuole volume and number of vacuole lobes. Cells were then treated with NaCl
for 10 min and viewed by fluorescence microscopy. Representative fields are shown.

2.5 ul protease inhibitor cocktail (Sigma catalog no. P8215) and 1 pl chymostatin
(Sigma catalog no. C7268). To this slurry was added 0.1 g acid-washed glass
beads. Cells were lysed using a microtube mixer (Tomy Tech, Fremont, CA) at
maximum speed for 2 min followed by 2 min of rest. This was repeated four
times. Lysates were spun at 300 X g for 1 min to clear extracts and the super-
natant was spun again at 13,000 X g for 10 min. The resulting supernatant (S13)
was harvested and the pellet (P13) was resuspended in an equal volume of fresh
cytosol cocktail. A unique recipe of 5X Laemmli sample buffer was used when
working with high-molecular-weight proteins, containing 62.5 mM Tris (pH 6.8),
15% glycerol, 5% sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, and
bromophenol blue. This sample buffer was added to the fractions and heated at
80°C for 5 min before subjecting the samples to SDS-polyacrylamide gel elec-
trophoresis. Gels were wet transferred to nitrocellulose for >800 Vh to ensure
transfer of the higher-molecular-weight proteins analyzed in this study.
Western blot analysis of proteins was performed using goat anti-Vacl4p,

mouse anti-HA (Covance), or rabbit anti-Vac7p sera as primary antibodies.
Horseradish peroxidase-conjugated donkey anti-goat, rabbit anti-mouse, or goat
anti-rabbit antibodies (Molecular Probes) were used as secondary antibodies
along with SuperSignal chemiluminescence (Pierce, Rockford, IL) to visualize
immunoreactive proteins.

RESULTS

PI3,5P, levels increase transiently in response to hyperos-
motic shock. A detailed analysis of changes in the level of
PI3,5P, following hyperosmotic shock revealed that initiation
of the change is rapid. At the earliest time point measurable, 1
min after introduction into hyperosmotic medium, the cellular
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FIG. 2. PI4P and PI4,5P, levels change transiently in response to hyperosmotic shock. Total phosphatidylinositol was extracted from wild-type
(LWY7235) cells labeled with [*H]inositol as described in the legend for Fig. 1. The percentages of PI4P and P14,5P, in the cells after hyperosmotic
stimulation are shown here. Each data point is an average of at least two independent experiments.

level of PI3,5P, rose fivefold (Fig. 1A). Surprisingly, the max-
imum increase (20-fold) in PI3,5P, level occurred within 5 min
of exposure to hyperosmotic medium. This maximum level
persisted for 10 min. Strikingly, the PI3,5P, level then de-
creased at a rate similar to its increase. By 30 min following
hyperosmotic shock, PI3,5P, levels returned to near the basal
level. The rapid decrease in PI3,5P, level occurred even
though the cells remained in hyperosmotic medium. This sug-
gests that PI3,5P, is part of a rapid response to acute changes
in the osmolarity of the environment.

Vacuole volume parallels PI3,5P, levels. Hypoosmotic shock
induces vacuole fusion and a subsequent increase in vacuole
volume (33). Therefore, we tested the effect of hyperosmotic
shock on vacuole volume. Ten minutes following hyperosmotic
shock, vacuole volume decreased greatly (Fig. 1B). Thirty min-
utes following hyperosmotic shock, when the level of PI3,5P,
had returned close to the original level, vacuoles returned close
to their original volume. In addition, mutants that lack PI3,5P,
have unusually large vacuoles, whereas strains with elevated
levels of PI3,5P, have vacuoles that are smaller than normal
(3). These studies suggest that one of the downstream conse-
quences of the acute regulation of PI3,5P, levels is the regu-
lation of vacuole volume.

The hyperosmotic shock-induced decrease in vacuole vol-
ume is likely due to transport of water and osmolytes out of the
vacuole to help minimize changes in cytoplasmic osmolarity.
PI3,5P, may play a role in this process by activating water
channels (see Discussion). Similarly, PI3,5P, may help accom-
modate the water loss by increasing vacuole fission. This would
result in a decrease in vacuole volume without a decrease in
membrane surface area. Due to the small size of wild-type
vacuoles, it is difficult to determine if membrane fission in-
creases following hyperosmotic shock (Fig. 1B). Therefore, we
used a mutant (fig4A) that has larger vacuole lobes under basal
conditions but has a fourfold increase in PI3,5P, level in re-
sponse to hyperosmotic shock. We observed that the number

of vacuole lobes increased upon salt treatment (Fig. 1C). This
is consistent with an increase in vacuole membrane fission.
These results demonstrate a strong correlation between PI3,5P,
level and the degree of vacuole fission.

PI3P levels decrease as the levels of PI3,5P, increase fol-
lowing hyperosmotic shock. Following hyperosmotic shock, the
level of PI3P decreased at a rate similar to the rate of PI3,5P,
increase (Fig. 1A). This decrease in the levels of PI3P could be
due to increased conversion to PI3,5P,, supporting the hypoth-
esis that Fab1p activity is increased. Alternatively, the decrease
in the level of PI3P may indicate that the level of PI3,5P,
increases because PI3,5P, turnover is inhibited, suppressing
generation of PI3P from PI3,5P,. This second hypothesis is
improbable because it is highly unlikely that the cell uses turn-
over of PI3,5P, as a significant means of generating PI3P.
Specifically, when PI3,5P, is absent from the cell, as in the
fabIA mutant, PI3P levels under basal conditions are normal
and then increase following hyperosmotic shock (3). Further-
more, PI3,5P, levels are normally 20-fold lower than those of
PI3P, making turnover of PI3,5P, a poor source for PI3P
production. These observations taken together strongly sup-
port the hypothesis that the depletion of PI3P following hy-
perosmotic shock is due to the activation of Fablp and subse-
quent synthesis of PI3,5P,.

Note that the decrease in the level of PI3P following hyper-
osmotic shock is half of what would be expected from the
increase in PI3,5P,. This is likely due to a stimulation in the
synthesis of both PI3P and PI3,5P,. This hypothesis is sup-
ported by the observation that total PI3P levels, assessed as the
sum of PI3P and PI3,5P,, increased in a wild-type strain (Fig.
1A). These observations demonstrate that hyperosmotic shock
increases the rate of synthesis of PI3P via activation of Vps34p
and increases the rate of synthesis of PI3,5P, via activation of
Fablp.

Rates of synthesis and turnover of macromolecules are often
measured directly via pulse-chase experiments. However, this



VoL. 5, 2006

A No Salt Salt
P13 S13 P13 S13

HA-Fab1p b; : ’r :
Vac7p e -
Vac14p| eums a .. .

Figdp-HA | 0 suusCUED s

B aVaci14p aVph1p Merge

ACUTE CHANGES IN PI3,5P, LEVELS 727

C oFigdp-HA  aVac8p Merge

FIG. 3. Fablp and its putative activators localize on the vacuole membrane. (A) Wild-type (LWY7235), chromosomal HA-FABI (LWY6830),
and fig4A cells expressing FIG4-HA were lysed in the absence of detergent and extracts were separated into membrane (P) and soluble (S) fractions
by centrifugation at 13,000 X g. The P13 fraction contains large organelles such as the vacuole, Golgi apparatus, endoplasmic reticulum, and
nucleus. Western blot analysis revealed the levels of the proteins in each fraction. The same strains were also treated with NaCl for 10 min prior
to lysis. Data are representative of three independent experiments.(B) Vacl4p colocalizes with the vacuole membrane. Wild-type (LWY7235) cells
were fixed with formaldehyde and probed with anti-Vacl4p and anti-Vphlp sera. (C) Figdp-HA colocalizes with the vacuole membrane. fig4A cells
expressing FIG4-HA were treated as described above and probed with anti-Vac8p serum and anti-HA monoclonal antibody.

is not technically feasible for studies of metabolites of PI.
Nonphosphorylated PI constitutes roughly 95% of the phos-
phoinositides in yeast. Moreover, the PI pool changes rapidly
due to interconversion between phosphoinositide species.
Thus, rates of synthesis and turnover of PI3,5P, must be
inferred indirectly from changes in the steady-state level of
the lipid.

PI4P and PI4,5P, levels also change in response to hyper-
osmotic shock. Following hyperosmotic shock, the levels of
PI4P and PI4,5P, also change. Within 1 min there was a very
rapid increase in PI4P level (Fig. 2). At 5 min there was a
subsequent increase in PI4,5P, level. Note that as PI4,5P,
levels increased, levels of its precursor PI4P decreased. This
suggests that the increase in PI4,5P, likely depends on the
initial increase in PI4P. This analysis also suggests that PI4P
and PI4,5P, are part of a response to hyperosmotic shock.
Since PI4P and PI4,5P, are reported to localize almost exclu-
sively to the Golgi apparatus and plasma membrane (1, 29),
they are unlikely to be involved in the vacuole response to
hyperosmotic shock.

In strains lacking Fablp or any of its putative activators,
hyperosmotic shock-induced changes in PI4P and PI4,5P, lev-
els are similar to those observed in a wild-type strain (data not
shown). The regulation of PI4P and PI4,5P, levels following
hyperosmotic shock appears to be independent of the regula-
tion of PI3,5P, levels.

Membrane localization of Fablp, Vac7p, Vacl4p, and Figdp
does not change upon hyperosmotic shock. The requirement
for PI3,5P, in several vacuole-related functions suggests that
the vacuole is the site of PI3,5P, synthesis and turnover. In
addition, Fablp, along with its putative activators Vac7p and
Vacl4p, is found on the vacuole membrane (2, 3, 8, 12). Fur-
thermore, the PI3,5P, 5-phosphatase Fig4p is also found on
the vacuole membrane (24). We tested whether, concomitant
with a hyperosmotic shock-induced change in vacuole volume
(Fig. 1B and C), there is a change in the localization of any of
the proteins that regulate PI3,5P, levels.

Protein distribution was measured using cellular fraction-
ation because fluorescence microscopy cannot accurately mea-
sure the distribution of proteins between the membrane and



728 DUEX ET AL.

| — P]sp ---------- wild’type P[3P
- — Wild-type PI3,5P,
3.5 I f ablA

Percent total Pl

EUKARYOT. CELL

Percent total Pl

0 10 20 30 40 50 60
Hyperosmotic shock (Min)

L ————

10 20 30 40 50
Hyperosmotic shock (Min)

FIG. 4. Vac7p and Vacl4p play a role in PI3,5P, synthesis and possibly turnover. (A to C) fabIA (LWY2055), vac7A (LWY2054), and vacI4A
(LWY5177) cells were labeled with [*H]inositol for 12 h and total phosphatidylinositol was extracted. PI3P and P13,5P, levels are shown for each
strain after exposure to 0.9 M NaCl for the indicated times. These levels are superimposed over wild-type PI3P and PI3,5P, levels (dotted lines).
Each data point is an average of at least two independent experiments. (D) Data from panel C rescaled to show that the low level of PI13,5P, does

not decrease after 30 min.

cytoplasm; the membrane pool is more concentrated, leading
to a higher fluorescence signal. In fractionation experiments,
large organelles, such as the vacuole, Golgi apparatus, endoplas-
mic reticulum, and nucleus pellet after brief centrifugation at
13,000 X g (P13). We observed that, under basal conditions,
Fablp, Vac7p, Vacldp, and Figdp associated with the vacuole-
rich fraction (Fig. 3A). In addition, a small amount of Figdp also
localized to a soluble fraction. Hyperosmotic shock did not affect
the distribution of Fablp, Vac7p, Vacldp, or Figdp (Fig. 3A).
Thus, the hyperosmotic shock-induced changes in the level of
PI3,5P, are likely due to regulation of the enzymatic activity of
Fablp and/or Figdp.

The localization of Vacl4p and Figdp as assessed by immu-
nofluorescence microscopy was consistent with the fraction-
ation studies and showed that Vacl4p and its binding partner
Figdp localize on the vacuole membrane (Fig. 3B and C). Some
Figdp was present in the cytoplasm (Fig. 3C).

Vac7p and Vacl4p are required for the hyperosmotic shock-
induced increase in the level of PI3,5P, but not PI3P. The
changes in the levels of PI3P and PI3,5P, following hyperos-
motic shock were assessed for strains lacking Fablp, Vac7p, or
Vacl4p. In both a fabIA and a vac7A strain there was no
detectable PI3,5P, (Fig. 4A and B). The vacl4A strain pro-
duced no detectable PI3,5P, under basal conditions (Fig. 4C).
However, following hyperosmotic shock, a low level of PI3,5P,
was observed (Fig. 4D). Consistent with this ability to produce

a low level of PI3,5P,, the phenotypes observed in the vacl4A
strain are less severe than those found in vac7A or fablA
strains (3). Note that the low level of PI3,5P, observed in the
vacl4A strain was only 2% of the level observed in wild-type
cells.

The mutants defective in PI3,5P, synthesis showed an in-
crease in PI3P level following hyperosmotic shock (Fig. 4A to
C). This again demonstrates that PI3P synthesis is also stimu-
lated by hyperosmotic shock. Note that neither Fablp nor its
putative activators Vac7p and Vacl4p play a role in the hyper-
osmotic shock-induced increase in PI3P synthesis.

Figdp and Vacl4p are required for rapid turnover of PI3,5P,
following hyperosmotic shock. Recombinant Figdp catalyzes
the conversion of PI3,5P, to PI3P in vitro. Yet, in a figéA
mutant, the basal levels of PI3,5P, are the same as in a wild-
type strain (Fig. 5A) (see also reference 24). Likewise, vacuole
volume in a fig4A strain is similar to that of the wild type (Fig.
5B). These findings suggest that Figdp may not catalyze the
conversion of PI3,5P, to PI3P in vivo. However, following
hyperosmotic shock, turnover of PI3,5P, is defective. At 30
min there was very little decrease in the hyperosmotic shock-
induced level of PI3,5P, (Fig. 5C). This provides the first evi-
dence that Figdp functions in vivo as a PI3,5P, 5-phosphatase.
This also strongly suggests that Figdp is the major enzyme that
functions in the rapid disappearance of PI3,5P, following hy-
perosmotic shock. Since PI3,5P, levels in a fig4A strain return
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FIG. 5. Figdp is required for both PI3,5P, synthesis and turnover. (A) PI3,5P, levels were determined for wild-type (LWY7235) and fig4A
(LWY6474) cells. The data are averages of three independent experiments. (B) Wild-type and fig4A cells were labeled with FM4-64 to visualize
vacuole membranes. Images were captured by fluorescence microscopy. Representative fields are shown. (C) Time course of PI3P and PI3,5P, level
changes in fig4A cells after exposure to NaCl. These levels are superimposed over the PI3P and PI3,5P, levels in the wild type (dotted lines). Each
data point is an average of at least two independent experiments. (D) Vacl4p is partially mislocalized in fig4A and fabIA cells. Cells were lysed
under nondetergent conditions and extracts were spun at 13,000 X g to determine the extent of membrane distribution. Protein levels were
determined using Western blot analysis. The data are representative of three independent experiments.

to normal by 60 min, other pathways must exist that are capa-
ble of rapidly degrading PI3,5P, (see Discussion). This redun-
dancy is likely to be the reason why fig4A cells have a nearly
normal level of PI3,5P, under basal conditions.

Figdp is not required for the rapid turnover of PI3P follow-
ing hyperosmotic shock (Fig. 5C). This is consistent with the
observation that, in vitro, Figdp removes the 5’ phosphate from
PI3,5P, but not the 3’ phosphate from PI3P (24). PI3P levels
are quite similar in the absence of Figdp (fig4A) (Fig. 5C) and
in the presence of Figdp (fabIA, vac7A, and vacl14A) (Fig. 4),
before and after hyperosmotic shock.

Since Figdp physically associates with Vacl4p it is possible
that Vacl4p also plays a role in the turnover of PI3,5P,. In-
deed, the low level of PI3,5P, produced in the vacl4A strain
following hyperosmotic shock was subsequently turned over
more slowly than in the wild-type strain (Fig. 4D). This delay in
the turnover of PI3,5P, may be due to the absence of Vacl4p-
dependent regulation of Figdp and/or to the mislocalization of
Figdp in the absence of Vacldp. In fact, the level of Figdp
protein in a vacI4A strain is greatly reduced (see Fig. 5C in
reference 10). Thus, Vacl4p appears to be important for the

stability of Figdp and at a minimum plays an important role in
the regulation of PI3,5P, turnover via the localization of Figdp.

Figdp plays a role in the hyperosmotic shock-induced in-
crease in PI3,5P, levels. Surprisingly, fig4A cells synthesize
only 25% of the wild-type PI3,5P, level following hyperosmotic
shock (Fig. 5C). This suggests Figdp also plays a role in the
hyperosmotic shock-induced elevation of PI3,5P, levels. This
role may be direct or indirect. For example, all of the proteins
required for PI3,5P, metabolism may form a complex and, in
the absence of one protein, the other proteins may not localize
properly. Indeed, Vacl4p localization to the vacuole is par-
tially defective in fabIA cells (Fig. 5D) (3). In addition, about
25% of Vacl4p is mislocalized in fig4A cells compared to
wild-type cells (Fig. 5SD). Thus, Vacl4p associates with both
Fablp and Fig4p on the vacuole membrane.

While 25% of Vacl4p is mislocalized in fig4A cells, this small
degree of mislocalization is unlikely to be the sole cause of the
large defect in hyperosmotic shock-induced PI3,5P, level ele-
vation. This raises the possibility that Figdp has a more direct
role in increasing Fablp activity.

We have recently found that a previously identified Figdp
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point mutation (figd“°’%) (24) and a second mutation
(fig4”#°°N) do not affect the localization of Vacl4p (10). These
point mutants are defective in PI3,5P, 5-phosphatase activity
(10, 24). Notably, these mutants also have a defect in the
hyperosmotic shock-induced elevation in PI3,5P, (10). These
findings support the hypothesis that Figdp likely has dual roles
and functions in both the synthesis and turnover of PI3,5P,.

DISCUSSION

Regulation of PI3,5P, levels plays an important role in an
array of organisms and cell types. In plants, as in yeast, the
level of PI3,5P, changes in response to an acute hyperosmotic
challenge (7, 18, 37). In mammalian cells, PI3,5P, functions in
both endomembrane maintenance and intracellular trafficking.
Reduced levels of this phospholipid result in abnormally large
endosomal structures (14, 15, 31). In addition, tight control of
the levels of PI3,5P, and other phosphoinositides is important
for mammalian cell resistance to selected bacterial pathogens.
Some pathogens have evolved mechanisms to subvert this re-
sponse. For example, Salmonella species secrete SopB (13), a
phosphoinositide phosphatase which uses PI3,5P, as one of its
substrates (17). Secretion of such phosphoinositide phosphata-
ses likely impedes trafficking of the phagocytosed pathogen to
the lysosome, thereby promoting survival of the pathogen in
the host cell (reviewed in reference 21).

The rapid, large, and transient changes observed in the level
of PI3,5P, in yeast following hyperosmotic shock make it
tempting to speculate that in higher eukaryotes there may be
many signaling pathways that use PI3,5P, where response to a
specific stimulus occurs within minutes. Indeed, epidermal
growth factor-induced degradation of the epidermal growth
factor receptor is significantly decreased in mammalian cells
which overexpress the PI3,5P, binding domain of mVps24
(36). Also, a defect in production of PI3,5P, in mammalian
cells causes a defect in insulin-induced GLUTH4 trafficking from
endosomal stores to the plasma membrane (14, 25).

In yeast cells, within minutes following hyperosmotic shock,
PI3,5P, is used to decrease vacuole volume. This control of
vacuole volume may be achieved in part by Atgl8p (Svplp).
Atgl8p binds PI3,5P, and is required for retrograde traffic
from the vacuole (9). Likewise, an atg/SA mutant has grossly
enlarged vacuoles. For both retrograde traffic and vacuole vol-
ume control, Atgl8p may function in vacuole membrane fis-
sion and be directly regulated by the level of PI3,5P,.

Vacuole volume may also be controlled in part by the move-
ment of ions, osmolytes, and water to and from the vacuole
interior. In support of this hypothesis, maximum release of
vacuolar Ca*”" through Yvclp occurs at 1 min following hyper-
osmotic shock (6), a time at which the PI3,5P, level has already
risen fivefold. Similarly, within 1 min following hyperosmotic
shock, the glycerol export channel at the plasma membrane
(Fpslp) becomes inactivated (30), allowing glycerol to accu-
mulate as the cell responds to the dramatic change in intracel-
lular osmolarity. Both Fpslp inactivation and PI3,5P, synthesis
are independent of the well-characterized osmotic stress HOGI
mitogen-activated protein kinase pathway (7, 30).

Detailed analysis of PI3,5P, levels following hyperosmotic
shock in the fig4A mutant demonstrates that Figdp functions in
vivo as the primary PI3,5P, 5-phosphatase. In wild-type cells,
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FIG. 6. Model for the roles of the Vacl4p/Figdp complex in both
synthesis and turnover of PI3,5P,. Hyperosmotic shock increases the
levels of PI3P and PI3,5P,. The PI3,5P, increase is dramatically com-
promised in the absence of Figdp, Vac7p, or Vacl4p, demonstrating
that all three proteins are important for Fablp activation. Turnover of
PI3,5P, following hyperosmotic stimulation is compromised in the
absence of Figdp and Vacl4p. Turnover of PI3P in the absence of any
Fablp activator or Fablp is normal.

the hyperosmotic shock-induced 20-fold increase in PI3,5P, is
degraded by 30 min. In contrast, in cells lacking Figdp, the
30-min time point shows very little decrease in the hyperos-
motic shock-induced PI3,5P, level. In addition, the absence of
Vacl4p, a Figdp binding partner, also leads to a dramatic
defect in PI3,5P, turnover.

While Fig4p is the primary means of PI3,5P, turnover, there
also appears to be a secondary mechanism. In S. cerevisiae, this
secondary means of degradation is likely carried out by phos-
phoinositide 5-phosphatases and/or polyphosphatases. PI3,5P,
is unlikely to be degraded by a phospholipase because no
PI3,5P,-specific phospholipase has been found nor has soluble
inositol 1,3,5-trisphosphate been discovered (27). Similarly,
PI3,5P, is unlikely to be turned over by a phosphoinositide
3-phosphatase because no PISP has been detected in S. cerevi-
siae. Like Figdp, the proteins Saclp, Sjllp, SjI2p, Sjl3p, and
Inp54p have a Sacl phosphoinositide polyphosphatase and/or
a synaptojanin-like phosphoinositide 5-phosphatase domain.
Moreover, PI3,5P, levels are elevated under basal conditions
when multiple combinations of these genes are knocked out
(11, 20, 29). However, none of these other phosphatases local-
izes to the vacuole membrane. Thus, they likely provide only a
secondary means to break down PI3,5P,.

Surprisingly, our studies also revealed that Fig4p is neces-
sary for proper elevation of PI3,5P, levels in response to hy-
perosmotic shock (Fig. 6). There are several possible explana-
tions. Since Figdp and Vacl4p form a complex, the absence of
Figdp may result in defects in Vacl4p-dependent Fablp acti-
vation. In this scenario Figdp does not play a role in Fablp
activation other than to help localize Vacl4p. However, be-
cause 75% of Vacl4p is localized to the vacuole membrane
even in the absence of Figdp, it is likely that Figdp plays a more
direct role.

Figdp may have a direct role in Fablp activation and func-
tion as a protein phosphatase that activates Vacl4p and/or
Fablp. Recent studies from our laboratory (10) have analyzed
the in vivo roles of Vac7p, Vacl4p, and Figdp in hyperosmotic
shock-induced elevation of the PI3,5P, level. These studies
confirm that Vac7p, Vacl4p, and Figdp are all required for the
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normal elevation of PI3,5P, induced by hyperosmotic shock
and support the model that Figdp has a direct role in the
activation of Fablp. In vitro assays will provide a direct ap-
proach to test these possibilities.
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