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Multivesicular body morphology and size are controlled in part by PtdIns(3,5)P,, produced in mammalian
cells by PIKfyve-directed phosphorylation of PtdIns(3)P. Here we identify human Vacl4 (hVacl4), an evolu-
tionarily conserved protein, present in all eukaryotes but studied principally in yeast thus far, as a novel
positive regulator of PIKfyve enzymatic activity. In mammalian cells and tissues, Vacl4 is a low-abundance
82-kDa protein, but its endogenous levels could be up-regulated upon ectopic expression of hVacl4. PIKfyve
and hVac14 largely cofractionated, populated similar intracellular locales, and physically associated. A small-
interfering RNA-directed gene-silencing approach to selectively eliminate endogenous hVacl4 rendered HEK293
cells susceptible to morphological alterations similar to those observed upon expression of PIKfyve mutants
deficient in PtdIns(3,5)P, production. Largely decreased in vitro PIKfyve kinase activity and unaltered PIKfyve
protein levels were detected under these conditions. Conversely, ectopic expression of hVacl4 increased the intrinsic
PIKfyve lipid kinase activity. Concordantly, intracellular PtdIns(3)P-to-PtdIns(3,5)P, conversion was perturbed by
hVac14 depletion and was elevated upon ectopic expression of hVacl4. These data demonstrate a major role of the
PIKfyve-associated hVacl4 protein in activating PIKfyve and thereby regulating PtdIns(3,5)P, synthesis and endo-

membrane homeostasis in mammalian cells.

PIKfyve synthesizes phosphatidylinositol (3,5)P, [PtdIns
(3,5)P,] and PtdIns(5)P in mammalian cells (7, 17). Although
no direct information is presently available, the PtdIns(3,5)P,
and PtdIns(5)P pools within the cell periphery (i.e., outside the
cell nucleus) are likely restricted to the membranes of the late
endocytic structures where a subfraction of PIKfyve enzyme
resides (23). While PtdIns(5)P’s role at these locations is pres-
ently unknown, functional studies with PIKfyve point mutants
deficient in the PtdIns(3,5)P,-generating activity (7, 9) support
a critical role for PtdIns(3,5)P, in these structures. Thus, ec-
topic expression of these mutants in different mammalian cell
types induces a dramatic dominant-negative effect in the form
of dilated PIKfyve-positive vesicles along with a progressive
accumulation of large cytoplasmic vacuoles of endocytic origin,
with all defects being restored upon cytoplasmic microinjection
of PtdIns(3,5)P, but not PtdIns(5)P (7, 9). Ultrastuctural stud-
ies identified the dilated endocytic compartments as multive-
sicular bodies (MVBs), which, in addition to a significant gain
of limiting membranes, display a lower number of intralumenal
vesicles and membrane whorls (10). These data indicate that in
mammalian cells the PtdIns(3,5)P, pool regulates the mor-
phogenesis and function of MVBs. Upstream regulators of
PIKfyve activity and phosphoinositide (PI) product generation
in mammals are presently unknown.

PIKfyve belongs to an evolutionarily ancient gene family
with structurally related members that are present as single-
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copy genes in all eukaryotes with sequenced genomes (20).
Fabl, the yeast ortholog of PIKfyve, controls PtdIns(3,5)P,
synthesis in Saccharomyces cerevisiae (5, 14). The most prom-
inent phenotype resulting from FABI inactivation in S. cerevi-
siae includes a grossly enlarged and poorly acidified vacuole
concomitant with a depleted PtdIns(3,5)P, pool (5, 14). Be-
cause identical phenotypes, along with a depleted PtdIns
(3,5)P, pool, are manifested by deletion of VAC7 and VACI4
genes in S. cerevisiae, Fabl, Vac7, and Vacl4 likely function in
the same pathway (1, 2, 4, 6). The role of Vac14 as an upstream
activator of Fabl is further supported by data demonstrating
that overexpression of FABI suppresses vacuolar defects in
vacl4A and restores steady-state levels of PtdIns(3,5)P, (2, 4).
Likewise, expression of the fab! mutant allele that bypasses the
requirement for Vac7 suppresses the vacuolar morphology de-
fects and restores PtdIns(3,5)P, synthesis in vac7A cells (6).
The comparable phenotypic changes in yeast and mammalian
cells due to perturbed PIKfyve/Fabl-directed PtdIns(3,5)P,
production together with the structural similarity between
these orthologs suggest a common regulation of these en-
zymes. Whereas Vac7 has no structural homologue in any
database, homologues of yeast Vacl4 have been found in the
genome of all eukaryotes sequenced to date. With the premise
that Vacl4 could serve as a PIKfyve regulator, we have ob-
tained the cDNA of human Vacl4 (hVacl4). Here we report
characterization of mammalian Vacl4 protein and its identifi-
cation as a bona fide upstream activator of PIKfyve activity.

MATERIALS AND METHODS

hVacl4 antibody production and other antibodies. Clone MGC-984, carrying
the C-terminal region of hVacl4, was purchased from ATCC (GenBank acces-
sion number BC000536). The EcoRI-Xhol fragment (encompassing residues 523
to 782 of the hVacl4 sequence; accession number AK056433) was ligated with a

10437



10438 SBRISSA ET AL.

corresponding digestion of pGEX5X-3 in frame with glutathione S-transferase
(GST). Rabbit polyclonal anti-hVacl4 antiserum (Covance, Denver, Pa.) was
directed against the purified GST-Vacl4 (amino acids 523 to 782) peptide frag-
ment. Unless otherwise stated, the crude antiserum (WS047) was used for im-
munoprecipitation and the affinity-purified antibody (purified on the GST-Vac14
[523 to 782] peptide as described previously [22]) was used for Western blotting.
Polyclonal anti-PIKfyve (R7069 and R7096, directed against the N and C ter-
mini, respectively) and antihemagglutinin (anti-HA) antibodies (R4289; a gift of
Mike Czech) were described elsewhere (16, 24). Polyclonal antibodies against
Rab4, IRAP, and cation-independent mannose 6-phosphate receptor (CI-MPR)
were gifts of I. Mellman, P. Pilch, and B. Hoflack, respectively. Anti-green
fluorescent protein (GFP) and anti-myc monoclonal antibodies were from Clon-
tech and ATCC, respectively.

Vacl4 and other constructs. The cDNA clone (AK056433) representing full-
length hVacl4 was purchased from DOB and NBRC of NITE, Kisarazu-shi,
Chiba, Japan. The 5’ untranslated region was eliminated by PCR. A PCR
fragment was generated from nucleotide 269 (the initial Met) to the internal
Smal site at nucleotide 641 (sense primer, 5'-GCCGTCTAGAAATGAACCC
GGAGAAG, flanked by Xbal; antisense primer, 5'-GTATCCCGGGCCACCT
TGACGATG, flanked by Smal) with the AK056433 clone as a template.
pEGFP-HA-hVac14 was generated in a triple ligation consisting of the following
fragments: the Xbal/Smal-digested PCR product; Smal/Sall of a pCMVS5 con-
struct, in which the Smal/Xbal fragment of the AK(056433 clone was subcloned;
and Xbal/Sall of pEGFP-C2, engineered with the HA tag sequence next to and
in frame with GFP, as detailed elsewhere (23). pPCMV5-HA-hVac14 was gener-
ated by ligating the Xbal fragment from pEGFP-HA-hVAc14 into the Xbal-
digested pCMV5 engineered with the HA tag sequence in frame with hVac14.
The PCR-amplified fragment and the correct orientation of all constructs were
verified by sequencing and restriction endonuclease mapping. (His)s-hVacl4 was
generated in pRSETD (Invitrogen) by subcloning XhoI-KpnI (from pEGFP-HA-
hVAc14) and KpnI-HindIII fragments (from pBluescript IT SK+ hVAc14) into
Xhol-HindIII-digested pRSETb. The protein was produced in an Escherichia
coli strain (BL21DE3) and was purified as described previously (24).

Myc-tagged wild-type pCMV5-PIKfyve (pCMV5-PIKfyve™™) or pCMV5-
PIKfyve !®31F was generated by ligating the Xbal-Sall fragments from pCMV5-
HA-PIKfyve™WT or pCMV5-PIKfyve®!1831E | respectively (24), and a double-
stranded oligonucleotide flanked with EcoRI and Xbal sites, encoding the
12-amino-acid epitope of human c-myc oncogene product (EQKLISEEDLLR),
into EcoRI-Sall-digested pCMVS5. Expression of Myc-tagged proteins was con-
firmed by Western blotting.

Cell cultures and tissues. HEK293, stable HEK293 (TetOn) inducibly ex-
pressing PIKfyveVT, COS-7, PC12, HIRcB, Jurkat, and CHO-T cells or 3T3-L1
fibroblasts were cultured under conditions described in previous studies (7-10,
17, 24). Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCI [pH 8.0] containing 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate) supplemented with 1X protease inhibitor cocktail (1 mM phenyl-
methylsulfonyl fluoride, 5 pg of leupeptin/ml, 5 pg of aprotinin/ml, 1 wg of pep-
statin/ml, and 1 mM benzamidine) and 1X phosphatase inhibitor cocktail (25
mM B-glycerophosphate, 10 mM sodium pyrophosphate, 50 mM NaF, and 2 mM
NaVO3;) or were homogenized for fractionation (see below). Tissues dissected
from female or male mice were first homogenized in HES™ ™ buffer (20 mM
HEPES-NaOH [pH 7.5], 1 mM EDTA, and 255 mM sucrose, supplemented with
1X protease and 1X phosphatase inhibitor cocktails) and then lysed in RIPA
buffer.

vacl4 siRNA and cell transfection. Smart pool human vacl4 small interfering
RNA (siRNA) and cyclophilin A siRNA duplexes were designed and synthesized
by Dharmacon on a fee-for-service basis. HEK293 cells were transiently trans-
fected with siRNA duplexes (100 nM) with Lipofectamine 2000 (Invitrogen) as
a transfection reagent. Experiments were performed 72 h posttransfection.
HEK293 or COS-7 cells were transfected with the indicated cDNAs by Lipo-
fectamine 2000 (for biochemical assays) or Lipofectamine (for immunofluores-
cence) and were used 24 h posttransfection.

Confocal and light microscopy. For confocal microscopy, COS-7 cells grown
on coverslips were transfected with the constructs indicated in the respective
figure legend. Twenty four hours following transfections, cells were washed, fixed
in 4% formaldehyde, permeabilized, rewashed, and stained with monoclonal
anti-myc or polyclonal anti-CI-MPR antibodies as described elsewhere (10, 23).
Detection was achieved with Texas red-coupled goat anti-mouse immunoglobu-
lin G (IgG) (Molecular Probes) or CY3-coupled goat anti-rabbit IgG (Kirkeg-
aard & Perry Laboratories). Coverslips were mounted on slides by using a Slow
Fade Antifade kit (Molecular Probes). Slides were observed and photographed
with an LSM 510 confocal light microscope (Carl Zeiss, Thernwood, N.Y.) at the
John D. Dingell Veterans Affairs Medical Center (Detroit, Mich.) with a 40X
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1.2-numeric-aperture planapochromatic water immersion objective lens. The
confocal microscope was operated with pinhole settings between 1.1 and 1.4 Airy
units in each of the fluorescence channels. Images were recorded at 2,048 by
2,048 pixels at 12 bits/channel.

Light microscopy of live HEK293 cell lines was performed with a digital
imaging fluorescence microscope (Nikon Eclipse TE200) using a 40X Hoffman
Modulation Contrast objective. Images were captured by a SPOT RT Slider
charge-coupled device camera (Diagnostic Instruments) and were processed by
SPOT 3.2 software.

Subcellular fractionation and equilibrium centrifugation in iodixanol gradi-
ent. Transiently transfected HEK293 cells or HEK293 stable line cells induced to
express PIKfyve™T (clone 9) were homogenized in HES™™ buffer at 4°C and
were fractionated into total membranes and cytosols as described previously (8).
For equilibrium centrifugation, total membrane fractions resuspended in
HES" " buffer were mixed with iodixanol (OptiPrep; Sigma) in a Quick-Seal
centrifuge tube to 30% iodixanol and 128 mM sucrose concentrations. A self-
generating gradient was performed by centrifugation to equilibrium for 4 h as
specified previously (8). Fractions (~0.37 ml) collected from the bottom of the
tube were analyzed for protein concentration and by immunoblotting.

Immunoblotting, immunoprecipitation, and PIKfyve kinase activity. Immu-
noblotting with the indicated antibodies was performed subsequent to protein
separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrotransfer onto nitrocellulose membranes as previously de-
scribed (7-9). A chemiluminescence kit (Pierce) was used to detect horseradish
peroxidase-bound secondary antibodies. Endogenous PIKfyve and Vacl4 or
their HA-tagged forms were immunoprecipitated from RIPA lysates (supple-
mented with 1X protease and 1X phosphatase inhibitor cocktails) of tissues and
cells by using anti-PIKfyve, anti-Vacl4, or anti-HA antibodies. Control immu-
noprecipitates with preimmune sera were run in parallel. Immunoprecipitations
were carried out for 16 h at 4°C, with protein A-Sepharose CL-4B added in the
final 1.5 h of incubation. Immunoprecipitates were washed with RIPA buffer plus
1X protease inhibitor cocktail and then were processed by Western blotting. For
the lipid kinase assay, washed immunoprecipitates were subjected to 15 min of
incubation at 30°C in an assay buffer (25 mM HEPES [pH 7.4], 120 mM NaCl,
2.5 mM MgCl,, 2.5 mM MnCl,, 5 mM B-glycerophosphate, and 1 mM dithio-
threitol) supplemented with 50 uM ATP, [y->*P]JATP (12.5 wCi), and 100 uM
PtdIns (from soybean; Avanti Polar Lipids, Inc). Lipids were extracted and
analyzed by thin-layer chromatography with the acidic solvent system (acetic
acid-propanol), except for experiments presented in the supplemental figures,
where a chloroform-methanol-water-ammonia solvent system was used as de-
scribed previously (16). The presence of MnCl, (2.5 mM) and relatively low
concentrations of MgCl, (2.5 mM) during the kinase reaction completely elim-
inates PtdIns 3-P synthesis by PI 3-kinase activity that may present in PIKfyve
immunoprecipitates. This precludes the contribution of PI 3-K activity to
PtdIns(3,5)P, production, as has been shown elsewhere (18) and is further
detailed here (compare Fig. S1 and S2 in the supplemental data). PIKfyve
displays a preference to use natural instead of synthetic PtdIns or PtdIns(3)P,
even if the latter presents at a minute quantity, as has been previously shown and
is detailed here (16, 21) (see Fig. S1 and S2 in the supplemental data). This is
most likely due to an inadequate quality of the synthetic substrate preparations,
i.e., presence of catalysts, unnatural lipid side chain, etc., to optimally support
PIKfyve activity. The natural PtdIns substrate used in the in vitro assay contains
PtdIns(3)P as a contaminant, and therefore both PtdIns(5)P and PtdIns(3,5)P,
could be synthesized at high levels and monitored simultaneously. Generated
lipid products were detected by autoradiography. Protein or lipid levels were
quantified from the intensity of the bands or spots with a laser densitometer
(Molecular Dynamics) by volume integration. Several films of different exposure
times were quantified to assure that the signals were within the linear range of
the film.

[32P]orthophosphate labeling, lipid extraction, and HPLC. HEK293 cells
(transfected with vacl4 or control cyclophilin A siRNA duplexes) or the stable
HEK293-PIKfyve ™" cell line (transiently transfected with pEGFP-HA-hVac14)
was labeled in phosphate- and serum-free Dulbecco’s modified Eagle medium
(DMEM) for 2.5 h at 37°C with [*>P]orthophosphate as described previously (7,
17). Cells were washed in the presence of 1X phosphatase inhibitors and were
scraped with CH;0H-1 M HCI (1:1) in the presence of 5 mM EDTA and 5 mM
tetrabutylammonium hydrogen sulfate. Extracted radiolabeled lipids were deacy-
lated and analyzed by high-performance liquid chromatography (HPLC) on a
Whatman 5-p. Partisphere SAX (H,PO, ™) column eluted with a shallow ammo-
nium phosphate gradient as detailed elsewhere (7, 16, 17). Radioactivity was
analyzed with an online Radiomatic 525TR flow scintillation analyzer (Packard).
(Glycerophosphorylinositol  ([*H]GroPIns) 4-P, [*H]GroPIns 4,5-P,, and
[*H]GroPIns 3-P deacylated from [*H]PtdIns(4)P (NEN), [*H]PtdIns(4,5)P,
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FIG. 1. hVacl4 electrophoretic mobility and protein knockdown by
siRNA. (A) COS-7 cell lysates derived from two 100-mm confluent
dishes/condition were immunoprecipitated with preimmune (lane 1) or
anti-hVacl4 sera (lane 2) as described in Materials and Methods. Im-
munoprecipitates were resolved by SDS-PAGE (6% acrylamide) along
with the input (lanes 3 and 4) or lysates of HA-hVacl4-expressing
COS-7 cells as a molecular size marker (lane 5) and then were immu-
noblotted with anti-hVac14 antibodies. The arrowhead shows the en-
dogenous Vacl4 band determined by the position of HA-hVac14. (B)
Lysates derived from COS-7 cells transiently transfected with pCMV5-
HA-hVacl4 (+) or pCMVS5 alone (—) were immunoprecipitated with
the indicated antibodies (equivalent to 1/3 of confluent 100-mm-diam-
eter dish/condition). Immunoprecipitates were resolved by SDS-
PAGE (6% acrylamide) and immunoblotted with anti-hVacl4 anti-
bodies. The two arrowheads point to a doublet in lane 3 consisting of
immunoprecipitated HA-hVacl4 and endogenous Vacl4 that is in-
creased under transfection. In nontransfected cells, only a faint band of
endogenous Vacl4 could be seen due to the small amount of protein
subjected to immunoprecipitation (lane 4). (C) HEK293 cells were
transfected with the indicated siRNA duplexes. Seventy-two hours
posttransfection, cell lysates were resolved by SDS-PAGE (6% acryl-
amide) and immunoblotted with anti-hVacl4 antibodies. The arrow-
head depicts endogenous hVacl4 and its selective elimination by vac14
siRNAs directed to the human sequence. In all three panels, shown are
chemiluminescence detections of representative immunoblots out of
four to five independent experiments with similar results. IP, immu-
noprecipitate; WB, Western blot; Preimm, preimmune.
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(NEN), and [*H]PtdIns(3)P, respectively, were coinjected as internal HPLC
standards. [>?P]GroPIns 3,5-P, and [>?P]GroPIns 3,4-P, external standards were
deacylated from [*?P]PtdIns(3,5)P, and [**P]PtdIns(3,4)P,, which were enzymat-
ically synthesized with PIKfyve and PI 3-kinase as described previously (16, 17).
FLO-ONE radiochromatography software (Packard) was used for data evalua-
tion and documentation. Individual peak radioactivity was quantified by area
integration and is presented as a percentage of the combined radioactivity from
the 3?P-labeled GroPIns 3-P, GroPlIns 4-P, GroPIns 3,5-P,, GroPlIns 3,4-P,, and
GroPlIns 4,5-P, peaks (total radioactivity).

Quantitation of endomembrane vacuolation by neutral red. Seventy-two hours
posttransfection with the siRNA duplexes, HEK293 cells were treated with
NH,CI (10 mM) for 40 min at 37°C. Cells were then allowed to take up neutral
red for 4 min as detailed previously (11). Following washings, neutral red was
extracted from cells with acidified alcohol. The absorbance (540 nm) of the
samples was measured with a spectrophotometer (Beckman DU-50). The net
neutral red accumulation was calculated by subtracting the absorbance values for
nontreated cells from those of NH,Cl-treated cells.

RESULTS

Identification of endogenous Vacl4 in mammalian cells and
tissues. Although sequences homologous to that of yeast
Vacl4 have been identified in the genome of mammals, infor-
mation about Vacl4 protein distribution, abundance, and
function in mammalian cells and tissues is unavailable. To
address these questions we first generated anti-hVacl4 anti-
bodies. The electrophoretic mobility of immunoreactive en-
dogenous Vacl4 was assessed relative to the mobility of ec-
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topically expressed HA-hVac14 in COS-7 cells. A single band
that migrated in SDS-PAGE gels identically with the 82.5-kDa
prestained protein standard (Invitrogen) was detected by anti-
hVac14 antibodies in control or HA-hVac14-transfected COS-
7 cells (Fig. 1A). Such a mobility is in the range of the pre-
dicted molecular weight of 87,972 for the deduced protein
sequence of full-length hVac14 (782 amino acids). The authen-
ticity of the 82-kDa band as endogenous mammalian Vacl4
was confirmed by two additional experimental approaches.
First, anti-hVacl4 antiserum, but not the preimmune serum,
immunoprecipitated the 82-kDa protein band from COS-7 cell
lysates (Fig. 1A, lanes 1 and 2). A single band, slightly above
the 82-kDa marker, was detected in anti-HA immunoprecipi-
tates derived from lysates of HA-hVacl4-transfected cells but
not from nontransfected cells (Fig. 1B). As expected, the 82-
kDa band appeared as a doublet if anti-hVacl4 antibodies
were used for immunoprecipitation, consistent with the subtle
mobility differences between endogenous Vacl4 and HA-
hVacl4 (Fig. 1B). Second, a selective and almost complete
knockdown of the anti-hVacl4-immunoreactive 82-kDa pro-
tein band was seen in lysates of HEK293 cells transfected with
human vacl4 siRNA duplexes but not with control siRNA
duplexes derived from cyclophilin A (Fig. 1C). Thus, the 82-
kDa protein band represents the authentic endogenous mam-
malian Vacl4.

Consistent with Vacl4 being an evolutionarily conserved
protein present in all genome or expressed sequence tag data-
bases from yeast to humans, we documented protein expres-
sion in several cultured mammalian cells, including COS-7,
HEK?293, PC12, HIRcB, and 3T3-L1 fibroblasts, but we did so
only if substantial amounts of the proteins of the lysates were
analyzed by Western blotting (Fig. 2A). In CHO-T and Jurkat
cells, however, endogenous Vacl4 was below the detectability
of Western blotting (Fig. 2A). The protein was, however, de-
tected in those cell types if it was concentrated by immunopre-
cipitation with anti-hVacl4 antibodies prior to immunoblot-
ting (data not shown). Quantitative Western blot analysis using
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FIG. 2. Vacl4 is ubiquitously expressed in mammalian cells and
tissues. Lysates derived from indicated cell lines (A, 200 pg of protein)
or mouse tissues (B, 120 wg of protein) were analyzed by SDS-PAGE
(6% acrylamide) and immunoblotting with anti-hVacl4 antibodies.
Shown are chemiluminescence detections of representative immuno-
blots out of two to three independent experiments for the indicated
cell lines or tissues yielding similar results. st., standard; sk, skeletal;
mam., mammary; WB, Western blot.
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increasing amounts of recombinantly produced (His),-hVacl4
estimated the hVacl4 endogenous levels to be at 25 to 50 ng
of the RIPA-soluble proteins from HEK293 cells per mg
(data not shown). Vacl4 was also present in all mouse tissues
examined, with relatively higher levels in kidney, brain, mam-
mary gland, and spleen and lower levels in liver, muscle, and
fat (Fig. 2B). Thus, our data are consistent with the conclusion
that mammalian Vacl4 is a widespread but relatively low-
abundance protein.

Very intriguing is our observation that, for reasons presently
unknown, ectopic transfection with either pPCMV5-HA-Vacl4
(Fig. 1B, lane 3 versus lane 4) or pPEGFP-HA-Vacl14 (Fig. 3A,
upper panel, lane 4 versus lane 1, and 3B, left panel, lane 3
versus lanes 1 and 2) in both COS-7 or HEK293 cells dramat-
ically (more than eightfold) up-regulated endogenous Vacl4
protein expression. The effect was specific, because expression
of other enhanced green fluorescent protein (EGFP)-tagged
(Fig. 3A, lane 5) and EGFP-HA-tagged proteins (data not
shown) or EGFP protein alone (Fig. 3B, lane 2) had no effect
on endogenous Vacl4. The increment in the endogenous levels
was completely eliminated if HEK293 cells were cotransfected
with siRNA duplexes directed against human vacl4 (Fig. 3A,
lane 3). The possibility of a cleavage was ruled out by the lack
of detectable peptide bands, other than EGFP-Vacl4, specif-
ically immunoreacting with the anti-GFP antibody (Fig. 3B,
lane 3). These data suggest that ectopically expressed hVacl4
positively feeds back on the endogenous protein expression
under a mechanism that is presently unknown. Together, these
results are consistent with the conclusion that in mammalian
cells the steady-state expression of endogenous Vacl4 protein
is at relatively low levels but, under stimuli that remain to be
identified and for reasons that we touch upon below, it could
be dramatically up-regulated.

Vacl4 cofractionates and colocalizes with PIKfyve
contrast to yeast Vacl4, no transmembrane domain is predict-
ed for the mammalian orthologs by any available algorithm.
Therefore, if it is membrane associated, mammalian Vacl4 is
expected to be peripherally bound. To gain insight into the
intracellular distribution of endogenous hVac14, HEK293 cells
were fractionated into cytosols and total membranes and were
analyzed by immunoblotting. About one half of total hVacl4
was detected in the membrane fraction (Fig. 4A). Ectopically
expressed EGFP-HA-hVac14 in the HEK293-PIKfyve™" cell
line paralleled the distribution of endogenous hVacl4 and was
equally partitioned between total membranes and cytosol,
much like PIKfyve™ ™ (Fig. 4B). To obtain further character-
istics for the membrane-associated hVacl4 structures in the
context of PIKfyve membranes, we used a recently character-
ized equilibrium density gradient sedimentation of HEK293
cells stably expressing PIKfyve™™ (8). Consistent with pre-
vious studies, we recovered immunoreactive PIKfyve™™ in
the denser bottom half of the 30% iodixanol gradient, whereas
endosomal proteins IRAP and Rab4 were found essentially in
the top, lighter fractions (Fig. 4C). Importantly, both endo-
genous and ectopically expressed hVacl4 that was detect-
ed with anti-HA antibodies almost fully cofractionated with
PIKfyve™T (Fig. 4C). Clearly, the results from the equilibrium
sedimentation in density gradients are consistent with the no-
tion that hVacl4 and PIKfyve may reside at the same intracel-
lular membranes.

VT In

MoL. CELL. BIOL.

N EGEPipIG = = = = +§
EGFP-HA- ) e
hVac14 + + §
vac14siBNA - 4+ + - - «

kDa T
115-
82-
68-
WB: anti-hVac14
82-
68—
1 2 3 4 5 6
WB: anti-GFP

B

EGFP-HA-

hVac14

EGFP
kDa

EGFP-HA-
115 - < hVac14
82 - < Vaci4
68 -
42 -
959 <EGFP
25-
17=
14—

1 2 3 1 2 3
WB: anti-hVac14 WB: anti-GFP

FIG. 3. Ectopic expression of Vacl4 triggers endogenous protein
expression. (A) HEK293 cells first transfected with the indicated
pEGFP constructs were cotransfected with the human vacl4 siRNA
duplexes 5 h later as indicated. Cell lysates, collected 72 h post-
transfection, were resolved along with an HA-hVac14 molecular size
marker by SDS-PAGE (6% acrylamide) and were immunoblotted
with the indicated antibodies, with a stripping step in between. The
arrowheads in the upper panel depict the mobility of expressed EGFP-
hVacl4 or endogenous hVacl4 and their selective elimination by
Vacl4 siRNAs. The arrowheads in the lower panel depict equal ex-
pression of EGFP-hVac14 and control EGFP-p40, yet only the former
increases endogenous hVacl4 levels (upper panel). (B) COS-7 cells
were transfected with the indicated pEGFP constructs. Cell lysates,
collected 40 h posttransfection, were resolved by SDS-PAGE (12%
acrylamide) and immunoblotted with the indicated antibodies, with a
stripping step in between. WB, Western blot.

This important question was further addressed by confocal
microscopy in COS-7 cells ectopically expressing pEGFP-HA-
hVacl4 and Myc-PIKfyve™" (or the dominant-negative mu-
tant Myc-PIKfyve™'®*'F) Tt should be noted that the low levels
of both endogenous PIKfyve and hVac14 in cells hamper the in
situ detection of the authentic proteins. On the other hand,
COS cells are convenient for fluorescence microscopy, first
because of the large cell size and second because the localiza-
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FIG. 4. Vacl4 and PIKfyve partition similarly between cytosol and
membranes and cofractionate in equilibrium gradient sedimentation.
(A) HEK293 cells were fractionated into cytosol (Cyt) and total mem-
branes (TM). Aliquots of the fractions along with an HA-hVacl4
molecular size marker were resolved by SDS-PAGE and immunoblot-
ted with anti-hVac14. The loading in TM versus Cyt is threefold more
on the basis of cell number. Shown is a chemiluminescence detection
of a representative blot out of three independent fractionations with
similar results. (B and C) HEK293 stable cell line (clone 9) transient-
ly transfected with pEGFP-HA-hVac14 and induced to express PIK
fyve™T was fractionated into TM and Cyt. Both fractions were ana-
lyzed by immunoblotting with anti-HA to detect expressed EGFP-HA-
hVAc14 or HA-PIKfyve as indicated (B). The loading in TM versus
Cyt is twofold more on the basis of cell number (B). TM fractions
derived from the stably induced and transiently transfected conditions
were subjected to equilibrium sedimentation in 30% iodixanol, as
described in Materials and Methods. (C) Fractions were collected
from the bottom of the gradient. Aliquots were analyzed by SDS-
PAGE (6% acrylamide for PIKfyve, hVac14, EGFP-HA-hVacl4, and
IRAP or 10.5% acrylamide for Rab4) and immunoblotting with the
indicated antibodies, with a stripping step in between. The anti-HA
blot depicts the sedimentation profile of expressed EGFP-HA-hVacl14.
Shown are chemiluminescence detections of blots from a representa-
tive experiment out of three independent fractionations yielding sim-
ilar results. WB, Western blot.

tion of ectopically expressed PIKfyve™™ most likely reflects
that of the endogenous protein, as has been previously con-
cluded based on data obtained in 3T3-L1 adipocytes (23). As
shown in Fig. 5, colocalization of PIKfyve™" (or PIKfyve '3'F)
and hVac14™" was markedly pronounced, particularly at the
perinuclear region, as assessed on the merged images showing
a substantial population of vesicles in yellow. However, distinct
populations of single-positive green- or red-stained vesicles
were also observed, indicating that although the two proteins
largely overlap, a unique localization pattern is associated with
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each of them. Because PIKfyve partly resides on MVBs in
transfected COS cells (23), we next examined possible local-
ization of hVacl4 to MVBs by staining for CI-MPR that lo-
calizes predominantly on membranes of late endosomes or
MVB:s in cells of kidney origin. As illustrated in Fig. Se to h,
the substantial overlap of the fluorescence staining for the
CI-MPR marker and expressed GFP-hVacl4 is consistent with
the notion that a significant population of membrane-bound
hVacl4 localizes to late endosomes or MVBs. Because PIKfyve
is one of the proteins that maintain MVB integrity, morphol-
ogy, and size (7, 9), we anticipated that hVacl4 may also be
engaged in this function.

Vacl4 protein knockdown renders cells prone to vacuola-
tion. Based on data for yeast documenting similar phenotypes
in vacl4A and fablA mutants (2, 4) and on the above demon-
strated colocalization, we expected that hVacl4 protein elim-
ination would dilate MVB-related membrane structures and
induce cytoplasmic vacuolation in cells, much like the dom-
inant-negative PIKfyve mutants that are deficient in PtdIns
(3,5)P, production. Therefore, we tested whether hVac14 pro-
tein knockdown will induce the characteristic abnormal phe-
notype in HEK293 cells (7, 9). As demonstrated above (Fig. 1C
and 3A), HEK293 cell transfection with human vacl4 siRNA
Smart pool duplexes arrested efficiently (more than 85%) and
selectively both endogenous and ectopic hVacl4 protein ex-
pression. Expression of other proteins (Fig. 1 and 3A, see
unchanged nonspecific bands) or PIKfyve (see Fig. 7B) was
practically unaltered by the vacl4 siRNA duplexes. Under
conditions of endogenous hVacl4 protein knockdown, we ob-
served no obvious changes of normal HEK293 cell morphology
24 to 72 h posttransfection. However, these cells were highly
susceptible to developing cytoplasmic vacuoles upon short
treatment with low concentrations of weak bases (NH,CI, 10
mM, 40 min) (Fig. 6). Importantly and consistent with previous
results (7), these mild conditions of NH,CI treatment did not
produce any phenotypic changes in control HEK293 cells
transfected with cyclophilin A siRNAs (Fig. 6). Quantitation of
the extent of the endomembrane vacuolation by neutral red
uptake assay (11) demonstrated a 2- = 0.3-fold increase of the
optical density in vacl4 siRNA- versus cyclophilin A siRNA-
transfected cells in response to NH,Cl treatment. These data
indicate that the elimination of hVacl4 protein renders cells
prone to developing an abnormal endomembrane phenotype
seen upon expression of kinase-deficient dominant-negative
PIKfyve mutants (7, 9).

Vacl4 regulates PIKfyve activity in vitro. Although we did
not observe cytoplasmic vacuoles upon attenuation of hVacl4
protein expression, the cell susceptibility to such changes implies
that the hVacl4 protein knockdown may have affected PIKfyve
kinase activity. Consistent with this prediction, we found that
hVacl4 protein elimination (see Fig. 1C) resulted in a marked
decrease of the PIKfyve lipid kinase activity in vitro without af-
fecting PIKfyve protein levels (Fig. 7A and B). Parallel transfec-
tion with control cyclophilin A siRNAs did not result in significant
changes in PIKfyve lipid kinase activity or protein levels (Fig. 7A
and B). Quantitation of three separate experiments revealed a
decrease of 3.2- = (.3-fold in both PtdIns(3,5)P, and PtdIns(5)P
production due to siRNA-directed vacl4 gene silencing, as cal-
culated from the intensity of the radioactive PI spots on thin-layer
chromatography plates. This result is consistent with the notion
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FIG. 5. Confocal microscopy reveals substantial colocalization of ectopically expressed hVac14 with PIKfyve or MPR. Twenty-four hours
posttransfection with pPEGFP-HA-hVac14 alone or together with pCMV5-Myc-PIKfyve ™! or pCMV5-Myc-PIKfyveX1831E COS-7 cells were
fixed in formaldehyde and permeabilized. Expressed Myc-PIKfyve ™ or Myc-PIKfyve®!831E was detected with anti-myc monoclonal antibody
and Texas red-conjugated secondary anti-mouse antibody, whereas CI-MPR was detected with the polyclonal anti-MPR and CY3-conjugated
secondary anti-rabbit antibodies. Expression of EGFP-HA-hVac14 was visualized by GFP fluorescence. Cells were viewed in a Zeiss LSM
510 confocal microscope. Merged images of the green and red channel, presented in panels a, e, and i, illustrate a typical expressing and
coexpressing cell per condition and depict a substantial area of colocalization of hVacl4 with PIKfyve™T, CI-MPR, or PIKfyve®1831E
(yellow). The boxed areas in panels a, e, and i are enlarged images, the green (b, f, and j) or red (c, g, and k) channels and their respective
merge (d, h, and 1). Note that the yellow signal appears on the limiting membrane of perinuclear vesicles (representative vesicles are pointed
to by arrowheads in panels d, h, and I).

that, in a cellular context, hVacl4 is upstream of PIKfyve and
regulates the PIKfyve enzymatic activity. The observed ~30%
residual PtdIns(3,5)P,-producing activity of PIKfyve re-
maining despite the hVacl4 protein knockdown may explain
why the abnormal cell phenotype was not manifested under
these conditions. Indeed, studies with Fab1 as well as our data
with PIKfyve mutants selectively defective in PtdIns(3,5)P,
production (5, 9) revealed the necessity of a drastic loss in

PtdIns(3,5)P, production (88% or more) to render cells mor-
phologically abnormal.

Having established that low levels of hVacl4 protein negatively
regulate PIKfyve activity in vitro, we next examined whether in-
creased protein expression of hVacl4 could have the opposite
effect. This was tested in anti-PIKfyve or anti-HA immunopre-
cipitates derived from lysates of an HA-hVacl4-transfected
HEK?293 stable cell line in the presence or absence of induced
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FIG. 6. hVacl4 protein knockdown renders cells susceptible to vac-
uolation. HEK293 cells were transfected with siRNA Smart pool di-
rected to human vacl4 or cyclophilin A as indicated. Seventy-two
hours posttransfection, cells were treated with NH,Cl (10 mM) for 40
min at 37°C and then observed live by a light microscope (TE200;
Nikon) with a 40X Hoffman modulation contrast objective. Shown are
images of live cells captured by a SPOT RT Slider camera. NH;
treatment induced multiple cytoplasmic vacuoles in cells transfected
with vacl4 siRNAs (seen in 85% * 10%, mean = standard errors of
the mean; n = 3) but was completely ineffective in cells transfected
with cyclophilin A siRNAs.

HA-PIKfyve™T expression (Fig. 7C and D). Intriguingly, we ob-
served 2.5- = 0.5-fold induction of the in vitro synthesis of
PIKfyve lipid products in anti-PIKfyve immunoprecipitates due to
HA-hVacl4 expression, seen in four independent experiments.
The possibility that this increase is due to Vacl4-dependent ac-
tivation of PI 3-kinase, found associated with PIKfyve under cer-
tain conditions (16, 18), was ruled out by the inability of wort-
mannin added to the in vitro assay to eliminate the increment in
PtdIns(3,5)P, (Fig. 7E). In anti-HA immunoprecipitates, HA-
hVacl4 expression also increased lipid production, but it did so
only under induced HA-PIKfyve™" expression, indicating that
this effect is strictly PIKfyve related. Because PIKfyve protein lev-
els, either induced or noninduced, remained unchanged under
HA-hVacl4 ectopic expression (Fig. 7D), the likely expla-
nation is that overexpressed hVacl4 increases the intrinsic
activity of PIKfyve.

Vac14 controls intracellular PtdIns(3)P consumption and
PtdIns(3,5)P, accumulation. To understand whether Vacl4-
dependent regulation of PIKfyve activity controls PtdIns(3,5)P,
intracellular production, we examined the PI levels in vivo by
HPLC-inositol head group analysis. As illustrated in Fig. SA
and B, elimination of hVacl4 protein expression achieved by
vacl4 siRNA-directed silencing in HEK293 cells resulted in a
small but significant decrease in [**P]PtdIns(3,5)P, accumula-
tion. Intriguingly, [**P]PtdIns(3)P was found elevated under
hVacl4 protein depletion, consistent with its accumulation due
to down-regulated conversion into PtdIns(3,5)P,. PtdIns(3,4)
P, was also significantly elevated under these conditions, most
likely due to PtdIns(3)P mass action (Fig. 8). The opposite
changes were seen in the PIKfyve™ -HEK293 cell line trans-
fected with pEGFP-HA-hVacl4. A small but significant in-
crease in PtdIns(3,5)P, was documented in both induced and
noninduced coexpression of PIKfyve™ . [**P]PtdIns(3)P and
[*?P]PtdIns(3,4)P, accumulation were slightly reduced due to
EGFP-HA-hVacl4 expression (Fig. 8B). Together these re-
sults indicate that modulations in hVacl4 protein expression
affect intracellular PtdIns(3,5)P, levels, consistent with Vacl4
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functioning as a regulator of the PtdIns(3,5)P,-synthesizing
enzyme PIKfyve in a mammalian cell context.

Physical interaction of PIKfyve and hVacl4. PIKfyve and
hVacl14 colocalization observed by biochemistry and morphology,
together with the alterations of PIKfyve enzymatic activity in vitro
by modulating hVacl4 protein expression demonstrated above,
suggest physical association between the two proteins. However,
no physical interaction has been found for the two yeast orthologs
by coimmunoprecipitation (2, 4). To test whether this holds true
for the mammalian counterparts, we performed coimmunopre-
cipitations for both ectopically expressed proteins in the HEK293
stable cell line and endogenous forms in PC12 cells, a cell type
found to contain authentic PIKfyve and Vacl4 (see Fig. 2) in
substantial amounts. To our surprise, we observed unequivocal
coimmunoprecipitation of PIKfyve with anti-hVacl4 and, vice
versa, of mammalian Vac14 with anti-PIKfyve in both native cells
and transfected cell systems expressing either one of the proteins.
As illustrated in Fig. 9A and B, immunoreactive endogenous
Vacl4 was detected in PIKfyve immunoprecipitates derived from
lysates of PC12 cells. Importantly, the endogenous Vacl4 protein
band was apparent in immunoprecipitates of two unrelated
anti-PIKfyve antibodies directed to the C or N terminus of the
molecule (Fig. 9A and B), eliminating any possibility for cross-
reactivity. Likewise, endogenous hVacl4 immunoreactive with
anti-hVacl4 antibodies on Western blots was found in anti-HA
immunoprecipitates derived from the HEK293 cell line stably
expressing HA-PIKfyve™™ (Fig. 9C and D). Concordantly, in
reciprocal immunoprecipitations with anti-hVac14 in PC12 cells
and the HEK293 cell line stably expressing HA-PIKfyve™™, we
have detected immunoreactive PIKfyve (Fig. 9A and C). Control
coimmunoprecipitations with corresponding preimmune sera
coupled with Western blotting with the reciprocal antibodies were
negative (Fig. 9A to D). Together these results are consistent with
the notion that in a cellular context, PIKfyve and Vacl4 are
assembled in a complex.

If PIKfyve associates with Vacl4, one would expect that
Vacl4 immunoprecipitates will display the ability to generate
PIKfyve lipid products when subjected to a lipid kinase assay.
We examined this important question with the endogenous
proteins in PC12 cells to avoid any adverse interaction due to
large amounts of proteins under ectopically expressed condi-
tions. As illustrated in Fig. 9E, like anti-PIKfyve, anti-hVacl4
immunoprecipitates derived from PC12 cell lysates readily syn-
thesized both PtdIns(5)P and PtdIns(3,5)P,. In contrast, par-
allel immunoprecipitates of preimmune serum or irrelevant
antiserum did not generate any lipid product (Fig. 9E). These
data indicate that PIKfyve-Vacl4 association could also be
demonstrated by the presence of PIKfyve enzymatic activity
coimmunoprecipitated with Vacl4. These results also imply
that the PIKfyve-Vacl4 complex is rather stable, sustaining
multiple washes at high-salt concentration involved in the lipid
kinase assay.

DISCUSSION

Here we have identified and characterized mammalian Vacl4,
a structural homologue of yeast Vacl4, as a positive regulator
of the PtdIns(3,5)P,/PtdIns(5)P-producing enzyme PIKfyve.
The protein is evolutionarily conserved, found in all eukaryotes
with a sequenced genome, and expressed as an 82-kDa protein
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FIG. 7. Modulations in hVacl4 protein expression levels affect
PIKfyve lipid kinase activity. (A and B) HEK293 cells were transfected
with the indicated siRNAs. PIKfyve lipid kinase activity (A) or protein
expression levels (B) were assayed 72 h posttransfection as described
below. (C to E) HEK293 cell line (clone 9) was transfected or not
transfected with pCMV5-HA-hVacl4 and then was treated with or
without doxycycline to induce HA-PIKfyve™" protein expression as
indicated. PIKfyve lipid kinase activity (C and E) or protein expression
levels (D) were assayed 40 h posttransfection or induction. (A, C, and
E) Immunoprecipitates of cell lysates prepared with the indicated
antibodies or preimmune sera (Pre) were immobilized on protein
A-Sepharose beads and, after washings, were subjected to lipid kinase
assay as described in Materials and Methods. (E) Samples were first
preincubated with or without wortmannin (20 nM, 15 min) and then
were subjected to lipid kinase assay. Shown are autoradiograms of the
thin-layer chromatography-resolved lipids from representative experi-
ments out of three (A) and six (C) experiments with similar results. (B
and D) Lysates derived from cells in panels A and C were analyzed by
SDS-PAGE (6% acrylamide) and immunoblotting with the indicated
antibodies. Shown are chemiluminescence detections of representative
immunoblots out of three to five experiments for each condition. IP,
immunoprecipitate.

at various levels in numerous mammalian cells and tissues (Fig.
1 and 2). Based on quantitative estimation of hVacl4 concen-
tration in HEK293 cells, the protein could be categorized as
being low in abundance. Mammalian Vacl4 colocalized and
physically associated with PIKfyve to up-regulate PIKfyve ac-
tivity in vitro and PtdIns(3,5)P, production in a cellular context
(Fig. 5 and 7 to 9). hVacl4 elimination rendered cells suscep-
tible to morphological alterations (Fig. 1C, 3A, and 6) sim-
ilar to those observed upon expression of PIKfyve dominant-
negative mutants deficient in PtdIns(3,5)P,-producing activity
(7, 9). Thus, hVacl4 represents the first known associated
regulator of PIKfyve enzymatic activity.

Besides structural homology, the hVacl4/PIKfyve/PtdIns
(3,5)P, pathway in mammalian cells shares many functional
similarities with the Vacl4/Fabl/PtdIns(3,5)P, pathway in
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yeast (1, 2, 4-10, 14). Thus, they both control MVB (mammals)
or vacuole (yeast) size and morphology, as well as sorting and
trafficking to lysosomes of a specific subset of proteins (Fig.
10). Furthermore, both yeast and mammalian cells display re-
lated phenotypes upon protein interference and gene inactiva-
tion of PIKfyve and FABI or VACI4 in the form of dilated
MVBs (mammalian cells) or swollen vacuoles (yeast). How-
ever, a principal divergence of the two pathways is the sensi-
tivity to osmoregulation. Unlike yeast cells, where steady-state
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levels of PtdIns(3,5)P, rise 18- to 28-fold (2), many mammalian
cells, including COS cells, CTLL2 cells (3, 12), 3T3-L1 fibro-
blasts, HEK293 cells (D. Sbrissa and A. Shisheva, unpublished
observations), and likely others (13), do not increase PtdIns
(3,5)P, in response to hyperosmotic stress. Thus, the yeast path-
way appears to be a mechanism for adaptation to sudden
changes in the osmolarity of the environment, whereas the mam-
malian hVacl4/PIKfyve/PtdIns(3,5)P, pathway likely evolved
in the relatively constant environment to serve specific roles
related to MVB function, biogenesis, or other yet-to-be-iden-
tified cellular processes. Consistent with this notion, PIKfyve
expressed in a fabIA strain from a yeast promoter restores
basal levels of PtdIns(3,5)P, but does not respond to hyperos-
motic shock, whereas Fabl expression complements this os-
motic defect (13). Moreover, at least in vitro, hVacl4 also
increases PtdIns(5)P production by PIKfyve (Fig. 7 and 10),
which adds another level of divergence within the pathways in
yeast and mammalian cells, the latter but not the former show-
ing PtdIns(5)P natural occurrence (13, 17). Furthermore, ex-
pression of Fabl in yeast does not increase steady-state levels
of PtdIns(3,5)P,, whereas PIKfyveWT expression elevates basal
PtdIns(3,5)P, production in several mammalian cell types (5,
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FIG. 8. Modulations in hVacl14 protein expression levels alter in-
tracellular PtdIns(3,5)P, in *?P-labeled HEK293 cells. (A) HEK293
cells were transfected with the indicated siRNAs derived from the
corresponding sequences of human vacl4 or cyclophilin A. Seventy-
two hours posttransfection, cells were labeled with [*?P]orthophos-
phate as described in Materials and Methods. Cell lipids were ex-
tracted, deacylated, and coinjected with [*H]GroPlns 4-P,
[*H]GroPIns 3-P, and [?’H]GroPlIns 4,5-P, as internal HPLC stan-
dards (elution times are indicated by arrows). The elution times of
[**P]GroPIns 3,5-P, and [**P]GroPIns 3,4-P, standards (arrows) were
determined from parallel HPLC runs. Fractions were monitored for
3H and *?P radioactivity by an online flow-scintillation analyzer. Shown
are HPLC elution profiles of a typical labeling experiment out of five
experiments with similar results. (B) Quantitation of results shown
in panel A (siRNAs). Also presented is the quantitation of three
independent labelings in the HEK293 cell line (clone 9) expressing
PIKfyve™™, cotransfected with a control pEGFP vector or pEGFP-
HA-hVacl4, and labeled 24 h posttransfection with [>P]orthophos-
phate as shown in panel A. For quantitation, the radioactive peaks
were first calculated as a percentage of total PI radioactivity and then
were expressed as a percentage of the PtdIns(3)P, PtdIns(3,5)P,, or
PtdIns(3,4)P, relative level in the corresponding control condition.
Data are presented as means * standard errors of the means.

7). Finally, yeast Vac14 and hVac14 are both positive upstream
regulators of Fabl and PIKfyve, yet the mechanism of this
activation appears to be different. Thus, whereas yeast Vacl4-
Fabl physical association has not been detected by various
techniques, such as immunoprecipitation, cross-linking, and
two-hybrid systems (2, 4), hVacl4 readily associates with
PIKfyve, as was unequivocally seen here, by coimmunoprecipi-
tation with a number of different antibodies against the endog-
enous proteins or the HA epitope of ectopically expressed HA
forms as well as by detecting PIKfyve lipid products in immu-
nopurified Vacl4 (Fig. 9). The challenge remains to identify
physiological regulators of the hVacl4/PIKfyve/PtdIns(3,5)P,
pathway.

One intriguing, although not unexpected, result in our
study is that the dramatic decrease of PIKfyve activity in vitro
(>3.5-fold) under conditions of almost complete hVac14 pro-
tein elimination was not paralleled by a similar reduction in
intracellular PtdIns(3,5)P, levels (Fig. 7 and 8). Instead, we
observed a 30% decrease in basal PtdIns(3,5)P, under these
conditions (Fig. 8B). Consistent with this modest reduction of
intracellular PtdIns(3,5)P, accumulation upon hVacl4 protein
knockdown, we observed the characteristic phenotype of mas-
sive cytoplasmic vacuolation only after a short cell pretreatment
with weak bases at low doses (Fig. 6). A likely explanation of
this phenomenon is a possible decrease in PtdIns(3,5)P, turn-
over due to mistargeting PtdIns(3,5)P,-specific phosphatases.
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FIG. 9. hVacl4 physically associates with PIKfyve. (A and B) PC12 cells, abundant in endogenous PIKfyve and Vacl4 (lane 1 in panels A and
B), were lysed in RIPA buffer and were immunoprecipitated with the preimmune serum from the Vacl4 antibody production, anti-hVac14, and
two anti-PIKfyve antibodies against the N terminus and C terminus (anti-PIKfyvey and anti-PIKfyve, respectively) as indicated. Immunopre-
cipitates were resolved by SDS-PAGE (6% acrylamide) and were immunoblotted with anti-PIKfyve (A) and anti-hVacl4 antibodies (B), with a
stripping step in between. Shown are chemiluminescence detections of a blot from a representative experiment out of five independent
coimmunoprecipitation experiments in this cell type yielding similar results. (C and D) Lysates of an HEK293 cell line (clone 9) induced to express
HA-PIKfyve™" that were immunoprecipitated with anti-hVac14 (affinity purified), anti-HA antiserum, or preimmune serum from the Vacl4
antibody production, as indicated, were resolved by SDS-PAGE (6% acrylamide) and were immunoblotted as described for panels A and B.
(E) Immunoprecipitates of PC12 cell lysates prepared with anti-hVac14, anti-PIKfyve (against the N terminus), or irrelevant antisera (Non-imm)
as well as with the preimmune serum of anti-hVacl4 production were immobilized on protein A-Sepharose beads and, after washings, were
subjected to lipid kinase assay as described in Materials and Methods. Extracted lipids were resolved by thin-layer chromatography. Shown is an
autoradiogram from a representative experiment out of three with similar results. WB, Western blot; Preimm, preimmune; IP, immunoprecipitate.

This is supported by studies both of yeast and mammalian cells
(15, 25). Thus, in COS cells, PtdIns(3,5)P, directs the local-
ization of a PtdIns(3,5)P,-specific phosphatase, myotubula-
rin, through the PtdIns(3,5)P,-binding GRAM domain of
the enzyme (25). In yeast, Vacl4 relays a complex regulation

where it not only controls the steady-state and hyperosmoti-
cally increased levels of PtdIns(3,5)P, through stimulating
Fabl1 activity but also activates and directs targeting of Fig4, a
Sac domain-containing Mg?*-dependent PtdIns(3,5)P,-spe-
cific phosphatase (15). Biochemically uncharacterized mam-
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FIG. 10. Model for PIKfyve enzymatic activities, their regulation by
hVacl4, and intracellular roles of phosphorylated products. PIKfyve is
a dual-specificity enzyme that synthesizes PtdIns(3,5)P, or PtdIns(5)P
in a cellular context (7, 17) and phosphorylates protein substrates in
vitro, including itself (8, 20). PIKfyve-phosphorylated products likely
control distinct intracellular functions. PIKfyve-catalyzed synthesis of
PtdIns(3,5)P,, positively regulated by physically associated hVacl4,
controls MVB size, MVB morphology, and traffic of fluid-phase mark-
ers at later stages of the endocytic pathway (9 and this study). hVac14’s
regulatory role in PIKfyve-catalyzed synthesis of PtdIns(5)P is con-
firmed only in vitro (this study). A possible role for PIKfyve-directed
PtdIns(5)P synthesis in actin remodeling and GLUT4 dynamics has
been suggested (19). PIKfyve-directed phosphorylation of the kelch
B-propeller transport factor p40, a Rab9 effector that controls late
endosome-to-TGN transport, is documented in vitro (8), and no direct
evidence is presently available for the role of PIKfyve activity in this
transport step. Possible activation of PIKfyve protein kinase by hVac14
has not been examined.

malian orthologs of yeast Figd are found in databases. Future
studies will reveal whether mammalian Fig4 antagonizes
PIKfyve action and whether this is dependent on hVacl4.

In summary, we have identified and functionally character-
ized mammalian Vacl4, an 82-kDa protein. Yeast Vacl4 and
hVac14 are structural homologues that have both common and
distinct functional features. By physically associating with and
activating PIKfyve, hVac14 controls intracellular PtdIns(3,5)P,
production. Elimination of hVacl4 protein expression is asso-
ciated with cell susceptibility to phenotypic changes, seen upon
expression of PIKfyve mutants deficient in PtdIns(3,5)P, pro-
duction.
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