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WIPI49 is a member of a previously undescribed family of WD40-repeat proteins that we demonstrate binds 3-phos-
phorylated phosphoinositides. Immunofluorescent imaging indicates that WIPI49 is localized to both trans-Golgi and
endosomal membranes, organelles between which it traffics in a microtubule-dependent manner. Live cell imaging
establishes that WIPI49 traffics through the same set of endosomal membranes as that followed by the mannose-6-
phosphate receptor (MPR), and consistent with this, WIPI49 is enriched in clathrin-coated vesicles. Ectopic expression of
wild-type WIPI49 disrupts the proper functioning of this MPR pathway, whereas expression of a double point mutant
(R221,222AWIPI49) unable to bind phosphoinositides does not disrupt this pathway. Finally, suppression of WIPI49
expression through RNAi, demonstrates that its presence is required for normal endosomal organization and distribution
of the CI-MPR. We conclude that WIPI49 is a novel regulatory component of the endosomal and MPR pathway and that
this role is dependent upon the PI-binding properties of its WD40 domain.

INTRODUCTION

Lysosomal biogenesis and homeostasis requires the sorting
of nascent lysosomal enzymes away from secretory cargo at
the trans-Golgi Network (TGN; Rohn et al., 2000). The man-
nose-6-phosphate recognition system is a critical component
of this trafficking pathway (Ghosh et al., 2003). Posttransla-
tionally, lysosomal enzymes acquire the mannose-6-phos-
phate marker and, subsequently, mannose-6-phosphate re-
ceptors (MPRs) coordinately bind to both this tag and
components of clathrin-coated vesicles (CCVs) such as the
coat adaptor protein-1 (AP-1) and also to GGA1 (Doray et al.,
2002). This capacity for dual interaction facilitates incorpo-
ration of lysosomal enzymes into endosome-bound trans-
port vesicles budding from the TGN. On fusion of transport
vesicles with endosomes the MPRs unload their bound li-
gands. Although soluble hydrolases released into the lumen
of endosomes are ultimately delivered to lysosomes, the
MPRs are retrieved from late endosomes back to the TGN
for utilization in further rounds of sorting. This recycling to
the Golgi requires the activity of both Rab9 and TIP47, a
cytosolic protein recruited specifically to late endosomal

membranes through its interactions with both Rab9 and
MPRs (Carroll et al., 2001).

A key component involved in endosomal operations is
phosphatidylinositol 3-phosphate (PtdIns3P). PtdIns3P has
been demonstrated to be involved in the processing of both
the early and later stages of internalized cargo (Li et al., 1995;
Futter et al., 2001). This effect is thought to be mediated
through its interaction with defined protein modules such as
the FYVE and PX domains (Misra et al., 2001). EEA1 and Hrs
are two endosomal proteins that both contain a FYVE do-
main (Simonsen et al., 1998; Urbe et al., 2000; Raiborg et al.,
2001). Although EEA1 is involved in mediation of early
endosomal functions relating to homotypic endosome fu-
sion as well as that of endocytosed vesicles with early en-
dosomes (Rubino et al., 2000; Lawe et al., 2002), Hrs is in-
volved in later events dealing with the sorting of cargo
destined for degradation away from recycling proteins (Rai-
borg et al., 2001; Raiborg et al., 2002). A further FYVE do-
main–containing protein is the PtdIns3P 5-kinase, PIKfyve/
p235 (McEwen et al., 1999; Sbrissa et al., 1999). PIKfyve has
been localized to trans-elements of the Golgi as well as late
endosomal compartments (Shisheva et al., 2001). Whether
the subcellular distribution of PIKfyve is dependent on the
FYVE domain or whether the FYVE domain is solely utilized
to facilitate processive phosphorylation is unclear (Sbrissa et
al., 2002a). PtdIns3,5P2 plays a role in late endosomal dy-
namics in both yeast and mammalian cells. In yeast, fab1
(fab1p is the yeast ortholog of PIKfyve) mutants display
vacuolar acidification defects and a dramatic increase in
vacuolar size (Gary et al., 1998). This is at least partially due
to a requirement for PtdIns3,5P2 in inward vesiculation
events in endosomal compartments (Odorizzi et al., 1998).
Although a direct role of PtdIns3,5P2 within the operations
of the mammalian endolysosomal system has not been
shown directly, expression of a dominant-negative PIKfyve
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within Cos7 cells leads to endomembrane swelling and vac-
uolation (Ikonomov et al., 2001). This effect can be rescued by
injection of PtdIns3,5P2 (Ikonomov et al., 2001). Further sup-
port for a role of PI derivatives in multivesicular body
(MVB) generation comes from microinjection studies using
inhibitory antibodies directed against the PI3Kinase, hVPS34
(Futter et al., 2001). Such treatment of Cos7 cells leads to an
abrogation of internal vesicle formation as well as a gross
swelling of endosomal compartments as assayed by EM.
Whether this phenotype reflects a direct role of PtdIns3P in
MVB generation or simply the failure to generate the sub-
strate for PIKfyve is unclear. PIKfyve has also been impli-
cated in insulin signaling (Shisheva et al., 2001), a cellular
event that includes recruitment of the GLUT4 glucose trans-
porter from internal endosomal regions to the plasma mem-
brane (Haruta et al., 1995).

Although numerous PtdIns3P binding proteins have been
identified, to date only the PX domain–containing protein
Sorting Nexin 1 has been reported to possess PtdIns3,5P2
binding potential (Cozier et al., 2002). In this study we report
the identification of a novel phospholipid binding protein,
WIPI49. WIPI49 binds PtdIns3P and, to a lesser extent,
PtdIns3,5P2 and PtdIns5P. WIPI49 is localized in a phospho-
inositide (PI)-dependent manner to both endosomal and
Golgi membranes within cells, where it has the capacity to
regulate the trafficking of proteins involved in the MPR
recycling pathway.

MATERIALS AND METHODS

Antibodies and Reagents
Antibodies against WIPI49 were raised in rabbits using a peptide correspond-
ing to its C-terminal 20 amino acids (NEFPPIILCRGNQKGKTKQS), which
had been conjugated to keyhole limpet hemocyanin (Calbiochem, La Jolla,
CA). Sera were immunopurified using standard procedures after the peptide
had been conjugated to actigel resin (Sterogene Bioseparations, Arcadia, CA).
Other antibodies used in this study were murine anti-GM130 (Transduction
Laboratories, Lexington, KY), murine anti-p230 (Transduction Laboratories),
murine antigamma adaptin (Transduction Laboratories), goat anti-EEA1
(Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-CI MPR (Gift of Dr
Sharon Tooze), monoclonal 9E10 antimyc and monoclonal 3E1 anti-GFP
(Central Services, CRUK, London).

Cloning and Expression of WIPI49
A full-length ORF for WIPI49 was amplified from IMAGE clone 752767 by
PCR using the 5� primer WIPI49f, which contained a HindIII site, (GGAG-
GCAAGCTTCGATGGACGCTCCCCCGGGC) in combination with the 3�
primer WIPI49r, which contained an EcoRI restriction site, (GTGTGCGAAT-
TCAGTCATGACTGCTTCGTTTTGCC) (bold text refers to incorporated re-
striction site throughout). The resultant PCR product was cloned into pCR-
Script (Stratagene, La Jolla, CA). After sequencing to confirm fidelity of
amplification, the WIPI49 ORF was spliced into pEGFP-C1 and pDsRED2-C1
vectors (CLONTECH, Palo Alto, CA) by restriction digest with EcoRI and
HindIII. A Myc-tagged version of WIPI49 was constructed by amplification of
WIPI49 by the 5� primer MycWIPI49f, which contained an EcoRI site (CTC-
GAATTCGCGATGGACGCTCCCCCGGGCGGG) and the 3� primer MycWIPI49r,
which contained a HindIII site (GGTAAGCTTTGACTGCTTCGTTTTGC-
CCTTC), and the amplified product was cloned into pCR-Script, sequenced,
and subsequently inserted into pcDNA3.1-Myc by restriction digest with
EcoRI and HindIII. To express WIPI49 in mammalian cells as a GST fusion the
WIPI49 ORF was amplified by PCR using the 5� primer WIPIGSTf, which
contained a PstI site (TCGAGCCTGCAGTTATGGACGCTCCCCCGGGCG)
in conjunction with the 3� primer WIPIGSTr, which contained a NotI site
(TGCAGAGCGGCCGCGACTGCTTCGTTTTGCCC). The PX domain of
Snx3 was amplified using the primer combination gSnx3Pxf (GACGCCTAC-
CTGCAGATGAGCAACTTCCTCGAGATCGACG) and gSnx3Pxr (CGGAC-
CGTGCGGCCGCGCATGTCTTATTTTAGATGGAG).
Postamplification the PCR product was cloned into pCR-Script, sequenced to
confirm fidelity and subsequently spliced into pMT2-SM-GST by restriction
digest with the enzyme combination NotI and PstI.

The WIPI49 R226A, R227A mutant was generated by megaprimer mutagen-
esis PCR. The megaprimer was generated by amplification of the first 680
bases of NP_060453 with the 5� primer 49f (CGAGCTCAAGCTTCGATG-
GACGCTCCCCCGGGCG) and the 3� primer 49RRr (CACATACCTTT-
TCATCGCTGCAGCGGCCTCATAGAGCTTTTGCCC, mutated bases shown

in bold). The amplified product was gel-purified and used in a second round
of PCR in combination with 49r (ACTGCAGAATTCTCATGACTGCT-
TCGTTTTGCC). The resulting product (49RR) was digested with HindIII and
EcoRI before splicing into pEGFP or pDsRED2. For generation of the GST-
fusion vectors, 49RR was amplified using the primer combination WIPIGSTf
and WIPIGSTr (see above), and the product was inserted into pMT2-GST by
restriction digest with NotI and PstI.

Cell Culture and Transfection
African Green monkey (Cos7) cells were grown in DMEM supplemented with
10% FCS, 2 mM glutamine, 100 �g/ml penicillin, 100 �g/ml streptomycin at
37°C in a humidified atmosphere of 10% CO2. Cells were transiently trans-
fected with plasmids of interest using LIPOfectamine 2000 (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions. Cells were typically
analyzed 36 h posttransfection.

Bioinformatics
Sequences were aligned using ClustalX and alignments saved in GCG-MSF
format before preparation for presentation in MacBoxShade. Phylogenetic
trees were prepared by bootstrapping in ClustalX and presented using NJPlot.
Identity/similarity matrices were generated using MacBoxShade (www.
ISREC.ISB-S1B.CH/ftp-server/boxshade/macboxshade/). Structural predic-
tions were determined using the 3D-PSSM at URL: www.sbg.bio.ic.
ac.uk/3dpssm/.

Drug Treatments
For the inhibition of PtdIns3K cells were serum-starved for 1 h before treating
with 10 �M LY294002 for the times indicated. To disrupt the microtubule
cytoskeleton, cells were treated with 10 �g/ml nocodoazole for the times
indicated.

Immunofluorescence
Cells seeded on glass coverslips were washed with PBS before fixing in 4%
PFA for 10 min at room temperature. After fixation cells were rinsed with
PBS, permeabilized for 5 min in 0.2% Triton X-100, rinsed with PBS, and
blocked in 1% BSA for 30 min. Cells were subsequently incubated with
primary antibody for 2 h, washed four times with PBS, incubated with the
relevant secondary antibodies for 1 h, washed three times with PBS and once
with water, and finally mounted in Mowiol. 4–88 (Calbiochem). Slides were
examined using a confocal laser scanning microscope (Axioplan2 with
LSM510; Carl Zeiss, Thornwood, NY) equipped with a 63�/1.4 plan-APOC-
HROMAT oil immersion objective.

Live Cell Time-Lapse Imaging
For live cell imaging cells were grown on 35-mm glass-bottom microwell
dishes (Matec, Northborough, MA). Imaging was performed in an environ-
mental chamber at 37°C supplemented with 5% CO2. Cells were maintained
in phenol red–free DMEM containing 10% FBS. Cells were examined 20–24 h
posttransfection using an Olympus IX70 microscope fitted with a Wallac
UltraVIEW Confocal Scanner (Perkin Elmer-Cetus, Boston, MA), an E-662
LYPZT Amplifier Pieza Disk using the UltraVIEW Imaging Suite software
package in Temporal Module setting (Perkin Elmer-Cetus). DsRED2 chimeric
proteins were excited at 565 nm and detected at an emission wavelength of
583 nm, whereas GFP chimeras were excited at 488 nm and detected with a
split emission spectrum of 525/550 nm. Quicktime movies were constructed
from sets of sequential TIFFs using the AQM 2001 Kinetic Acquisition Man-
ager software (Kinetic Imaging Ltd., Liverpool, United Kingdom).

Purification of GST-fusion Proteins
GST-fusion proteins were expressed in Cos7 cells transfected with pMT2-SM
constructs containing the ORF of interest. Cells were allowed to express the
fusion protein for 36 h after transfection before harvest in lysis buffer (150 mM
NaCl, 50 mM Tris-HCl, pH 7.4, 0.5% NP40). Lysates were clarified by cen-
trifugation at 25,200 � g for 10 min at 4°C before addition to GSH-Sepharose
beads (Amersham, Amersham, UK), which had been washed previously in
lysis buffer. GST-fusion proteins were incubated with beads overnight at 4°C
with tumbling on a rotary wheel. After binding, beads were washed five times
with 10 volumes of lysis buffer, and GST-fusion protein was eluted with 10
mM reduced GSH, 50 mM Tris-HCl, pH 8.0.

Liposome-binding Assay
Liposomes were prepared according to a protocol based on that of Cozier et
al. (2002). Briefly, lipid mixtures of brain-derived phosphatidylethanolamine
(Avanti, Birmingham, AL), synthetic dioleyl-phosphatidylserine (Avanti) and
synthetic 1-palmitoyl-2-oleyl-phosphatidylcholine (Avanti) supplemented
with specific diC16 phosphoinositides (Cell Signaling Technology, Beverly,
MA) were dried under a stream of nitrogen in glass tubes to form a film of
lipid. A 10� lipid stock buffer (20 mM KCl, 20 mM HEPES, pH 7.4, 0.2 mM
EDTA) was added to the dried lipids and liposomes generated in a bath
sonicator adaptor of a Branson Sonifier 250 sonicator (Danbury, CT). Aggre-
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Figure 1. Identification of a novel family of mammalian WD-40 repeat containing proteins. (A),
Sequence alignment of the four mammalian Aut10p homologues. Sequences were aligned using
ClustalX and displayed using MacBoxShade. Normal residues are black text on white back-
ground, conserved residues are white text on black background, similar residues are white text on
gray background, and identical residues are yellow text on black background. The predicted
location of the seven WD40 motifs inferred by 3D modeling of the protein sequences are indicated
by both the blue and yellow bars, whereas the location of WD40 repeats identified through
primary sequence analyses are represented by yellow bars only. Double asterisks (**) indicate the
position of a RR motif conserved throughout the protein family shown (B). Phylogenetic analysis
of the evolutionary relationship between NP_009006, NP_062559, NP_056425, NP_060453, and
Aut10p indicates that the human homologues of Aut10p comprise two separate lineages. (C).
Similarity and identity matrix derived from protein sequences using MacBoxShade algorithms.
Both the phylogenetic tree shown in B and the similarity/identity matrix presented in C indicate
that all four human Aut10p homologues are approximately equally distant in terms of divergence
from Aut10p.
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gated material was removed by centrifugation of lipids in an Eppendorf
centrifuge at 14,000 rpm for 10 min before dilution of liposomes into a 1�
reaction buffer (0.12 M NaCl, 0.1 mM EGTA, 0.2 mM CaCl2, 1.5 mM MgCl2,
1 mM DTT, 5 mM KCl, 20 mM HEPES, pH 7.4, 1 mg/ml ovalbumin). Protein
(250–500 ng) was incubated with liposomes for 10 min at room temperature
before centrifugation at 100,000 � g for 30 min in a TL100 bench-top ultra-
centrifuge. Supernatants were removed and pelleted material resolved by
SDS-PAGE.

Biosynthetic Labeling of Cathepsin D
Cathepsin D was labeled with [35S]methionine (Amersham) essentially as
previously described (Davidson, 1995). Briefly, transfected Cos7 cells grown
on 35 � 10-mm Petri dishes were starved for 3 h in DMEM lacking methio-
nine, supplemented with 10% FCS, which had been dialyzed, for 3 h. Cells
were then labeled with 125 �Ci [35S]methionine for 30 min. Postlabeling cells
were washed twice with DMEM/10%FCS and then chased for 3 h in normal
media. Subsequent to chasing, cell media was collected and reserved, and
cells were washed twice in PBS and lysed in lysis buffer (150 mM NaCl, 50
mM Tris-HCl, 0.5% NP40, mini-complete protease inhibitors; Sigma, St. Louis,
MO) and clarified by centrifugation for 10 min. Then equivalent amounts of
cellular media and cell lysates were precleared with protein A before immu-
noprecipitation with monoclonal anti-cathepsin D (Serotec, Oxford, UK) at
4°C overnight. Postprecipitation antibody-protein conjugates were harvested
using protein A-Sepharose beads, and beads then were washed extensively in
lysis buffer before resolution of immunoprecipiates by SDS-PAGE. After
electrophoresis gels were stained with Coomassie, treated with ENHANCE
(New England Nuclear, Boston, MA), dried down, and then exposed to a
phosphoimager.

Isolation of Clathrin-coated Vesicles from Rat Brain
Ten rat brains were washed in buffer 1 (25 mM HEPES, pH 7.4; 125 mM
potassium acetate; 5 mM magnesium acetate; 1 mM DTT), resuspended to a
volume of 40 ml and homogenized with 20 strokes of a Potter homogenizer.
Homogenates were spun at 8000 � g in an SS34 rotor for 20 min, and
supernatant was collected and ultracentrifuged at 150,000 � g for 40 min in a
70Ti rotor. The pellet was resuspended in 10 ml of buffer 1, homogenized, and
added to an equal volume of buffer 1 containing 12.5% Ficoll and 12.5%
sucrose. The resultant solution was spun in a 70Ti rotor at 46,000 � g for 20
min, and the supernatant was diluted 1:5 in buffer 1 and ultracentrifuged at
95,000 � g for 60 min in a 45Ti rotor. The pellet was homogenized in 15 ml of
buffer 1 and left on ice for 1 h after which it was spun at 16,000 � g for 10 min.
Finally the supernatant was spun at 80,000 � g in an SW40 rotor for 2 h to
pellet CCVs.

Preparation of Cos7 Cell Lysate Fractions
For examination of endosomal densities, Cos7 cells were scraped and washed
in PBS before resuspension in homogenization buffer (HB; 0.25 M sucrose, 0.5
mM EDTA). Cells were burst by passing through a Cellcracker (HGM) and a
postnuclear supernatant (PNS) prepared. The PNS was layered onto a con-
tinuous sucrose gradient ranging from 21% sucrose to 54% sucrose and
centrifuged in a SW40 rotor at 87,000 � g overnight. After centrifugation 24
fractions were collected and each resolved by SDS-PAGE.

RNAi
RNAi was conducted using the pSUPERpuro system (OligoEngine, Seattle,
WA). Three specific 23-base long regions were selected from the DNA se-
quence of WIPI49. These were incorporated into a synthetic 64mer oligonu-
cleotide designed for hairpin RNA expression. Both sense and antisense
oligonucleotides were made. The three pairs of oligonucleotide were an-
nealed to each other and subsequently inserted into pSUPERpuro. The primer
combinations used are as follows: for pSUPERpuro-WIPI49I, RNAiWIPI49f2 g
a t c c c c g t t a t t c c t g a a c a t g a g t t t c a a g a g a a c t c a t g t t c a g g a a t
a a c t t t t t g g a a a and RNAiWIPI49r2 a g c t t t t c c a a a a a g t t a t t c c t g a
a c a t g a g t t c t c t t g a a a c t c a t g t t c a g g a a t a a c g g g, for
pSUPERpuro-WIPI49II, RNAiWIPI49r8 a g c t t t t c c a a a a a g g t a t g t g a c
a a t c a g c t c t c t c t t g a a g a g c t g a t t g t c a c a t a c c g g g and RNAiWIPI49f8
ga t c c c c g g t a t g t g a c a a t c a g c t c t t c a a g a g a g a g c t g a t t g t c a c
a t a c c t t t t t g g a a a, for pSUPERpuro-WIPI49III, RNAiWIPI49f13 g a t c c c
c g c c t g a c t t c a g g g g a g a t t t c a a g a g a a t c t c c c c t g a a g t c a g g c t
t t t t g g a a a and RNAiWIPI49r13 a g c t t t t c c a a a a a g c c t g a c t t c a g g
g g a g a t t c t c t t g a a a t c t c c c c t g a a g t c a g g c g g g. After confirmation
of the constructs Cos7 cells were transfected with the appropriate plasmid,
and transformants were selected for in media containing 2.5 �g/ml puromy-
cin.

RESULTS

WIPI49, a Novel PtdIns3P-binding Protein
A novel mammalian gene family encoding potential phos-
pholipid-binding proteins was identified on the basis of

homology to the yeast PtdIns3,5P2-binding protein SVP1
(Dove et al., 2004), a protein also identified as being involved
in autophagy, Aut10p (Barth et al., 2001). The mammalian
gene family comprises four members (Entrez protein iden-
tifiers NP_056425, NP_060453, NP_062559, and NP_009006).
Although examination of these primary sequences with
Pfam indicates the presence of three putative WD40 repeats
(Figure 1A), inspection of each protein using structural pre-
diction programs intimates that they fold to form �-propel-
lers (confidence limit at least 95%), structural domains typ-
ically composed of six or seven WD40 repeats (Fulop and
Jones, 1999). There are no other obvious domains present
when NP_056425, NP_060453, NP_062559, and NP_009006
are aligned (Figure 1A), although the four proteins appear to
form two subgroups with NP_009006 clustering with
NP_062559, whereas NP_056425 groups with NP_060453.
This subgrouping is corroborated both by phylogenetic tree
analysis (Figure 1B) and by determination of the percentage
similarity and identity between the sequence of each protein
(Figure 1C). The yeast homolog, Aut10p, is approximately
equidistant from all four mammalian proteins in terms of
phylogenetic tree construction (Figure 1B), percentage sim-
ilarities, and percentage identities (Figure 1C).

BLAST analysis of the mammalian SVP1 family ORFs
using the TIGR Gene Indices EST analysis tool demonstrates
that these genes are ubiquitously expressed (our unpub-
lished data). Northern analysis using a multiple tissue ex-
pression array and a probe designed against the nucleotide

Figure 2. WIPI49 binds to PtdIns3P, PtdIns3,5P2, and PtdIns5P in
vitro. (A) Liposomes of defined phosphoinositide content were
generated as described in MATERIALS AND METHODS and sub-
sequently incubated with purified GST-WIPI49 or GST-SNX3-PX
(�250 ng) for 10 min at 37°C. Resultant lipid complexes were
pelleted by centrifugation, separated from supernatants, and re-
solved by SDS-PAGE and Western blotted using GST-specific anti-
sera. Lane 1, base lipids; lane 2, PtdIns3P; lane 3, PtdIns4P; lane 4,
PtdIns5P; lane 5, PtdIns3;4P2; lane 6, PtdIns4,5P2; 7, PtdIns3,5P2;
lane 8, PtdIns3,4,5P3. (B) Data from seven independent liposome-
binding experiments with GST-WIPI49 was quantified using NIH
Image 1.6 and is presented using arbitrary binding values where
material bound to PtdIns3P is equivalent to one unit. Error bars, SE.
Lane 1, base lipids; lane 2, PtdIns3P; lane 3, PtdIns4P; lane 4,
PtdIns5P; lane 5, PtdIns3,4P2; lane 6, PtdIns4,5P2; 7, PtdIns3,5P2;
lane 8, PtdIns3,4,5P3.
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sequence of NP_060453 confirms this ubiquitous expression
profile, although NP_060453 has the highest levels of mRNA
in tissues of the heart and skeletal muscle (our unpublished
results).

To begin characterization of this mammalian protein fam-
ily, NP_060453 was cloned by PCR from the full-length
IMAGE clone 752767.

To assess phosphoinositide binding potential, the associ-
ation of purified NP_060453-GST to liposomes was investi-
gated. As a positive control the PX domain of Snx3 (a do-
main previously identified as binding specifically to

PtdIns3P) was expressed as a GST fusion (PX-Snx3-GST),
and its phosphoinositide binding capabilities were tested in
parallel. As expected, PX-Snx3-GST specifically bound to
liposomes containing PtdIns3P (Figure 2). NP_060453-GST
pelleted with liposomes that had incorporated a range of
phosphoinositides (Figure 2). The highest levels of binding
were observed with liposomes containing PtdIns3P, and, to
a lesser extent, PtdIns5P and PtdIns3,5P2.

Because of the phosphoinositide binding properties, as
well as its predicted structure, NP_060453 is referred to as
WD40 repeat protein Interacting with PhosphoInositides of
49kDa (WIPI49).

Figure 3. WIPI49 localizes to trans-Golgi and endosomal mem-
branes. An antibody directed against the C-terminus of WIPI49 was
raised in rabbits and affinity-purified. (A) Western blot analysis
demonstrates anti-WIPI49 recognizes a single band of immunore-
activity 49 kDa in wild-type Cos7 lysates resolved by SDS-PAGE
(lane 1). In COS7 cells transiently transfected with a plasmid encod-
ing GFP-WIPI49, anti-WIPI49 detects both endogenous WIPI49 and
a stronger second band of immunoreactivity at approximately 77
kDa that corresponds to GFP-WIPI49 (lane 2). (B) Cos7 cells were
fixed in paraformaldehyde and processed for immunofluorescence
using monoclonal anti-GM130 (a and d) and anti-WIPI49 (b and e).
Merged images are shown in c and f. The cell shown in panels d, e,
and f has been treated with nocodazole for 30 min before fixation to
induce formation of Golgi ministacks. Cos7 cells transiently express-
ing Hrs-myc (g–i) were processed for immunofluorescence using
murine anti-Myc (g and red in i) and rabbit anti-WIPI49 (h and
green in i). The overexpression of Hrs results in WIPI49 accumulat-
ing in the Hrs-induced swollen endosomes. In addition, in Cos7
cells transfected with GFP-Rab5 (j–l) the Golgi localized pool of
WIPI49 (k and red in l) is apparently redistributed to Rab5-positive
endosomal regions. Asterisk (*) indicates position of the nucleus.
Scale bar, 5 �m.

Figure 4. Transfected GFP- and DsRED2- tagged WIPI49 localize to
the Golgi and endosomal membranes. Cos7 cells transiently expressing
GFP-WIPI49 (a–c and d–f) were processed for immunofluroescence
and stained with either murine anti-p230 to detect trans-Golgi elements
(a and red in c) or goat anti-EEA1 to detect early endosomes (d and red
in f). GFP-WIPI49 is observed to partially colocalize with p230 as well
as a subpopulation of EEA1-positive membranes. To examine the
relationship of WIPI49 to endosomes in more detail Cos7 cells were
cotransfected with either Hrs-myc and GFP-WIPI49 (g–i) or with GFP-
Rab5 and DsRED2-WIPI49 (j–l). Hrs-myc was detected by staining
with murine anti-Myc (g and red in i) and observed to colocalize
substantially with GFP-WIPI49 (h and green in i). In those cells ex-
pressing GFP-Rab5 (j and green in l) the DsRED2-WIPI49 (k and red in
l) was seen to be localized predominately to Rab5-positive membranes
with a significant reduction in the Golgi localized pool. To determine
the relationship between the peripheral WIPI49 membranes and
PtdIns3P-enriched regions Cos7 cells were cotransfected to express
FYVEx2-GFP (m and green in o) in conjunction with DsRED2-WIPI49
(n and red in o). Although the perinuclear WIPI49 fluorescence is
separated from the FYVEx2-GFP, there is some colocalization between
the peripheral elements.
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WIPI49 Is Localized to the Golgi and Peripheral
Endosomes
The specific binding of WIPI49 to PtdIns3P and to both
PtdIns5P and PtdIns3,5P2 suggested that this protein may
localize to endosomal membranes. This possibility was ex-
plored by the generation of polyclonal antisera against the
unique C-terminal 20 amino acids of WIPI49. Affinity-puri-
fied antibodies recognized a single immunoreactive band of
approximately 49 kDa when used in Western blotting of
whole Cos7 cell lysates (Figure 3A, lane 1). Furthermore,
Western blot analysis of whole Cos7 cell lysates transfected
with a GFP-WIPI49 fusion recognized a further band of 70
kDa, which corresponds to the predicted size of the GFP
fusion protein (Figure 3A, lane 2). Both of these signals could
be abrogated by prior addition of the immunizing peptide to
the primary antiserum incubations (unpublished data). Af-
ter establishing specificity of the anti-WIPI49 antibody with
regards to Western blotting, the intracellular localization of
endogenous WIPI49 was investigated (Figure 3B). Staining
of Cos7 cells with anti-WIPI49 demonstrates two main foci
of immunoreactive structures. The first resides in a perinu-
clear position and partially colocalizes with the Golgi resi-
dent protein GM130 (Figure 3B, a–c). Treatment of Cos7
cells with nocodazole to induce formation of Golgi mini-
stacks indicates that this perinuclear WIPI49 immunofluo-

rescence most likely represents trans-elements of the Golgi
(Figure 3B, d–f). The second locus of anti-WIPI49 immuno-
reactivity comprises numerous punctate peripheral struc-
tures (Figure 3B, b). Although we were unable to satisfacto-
rily identify these peripheral structures as representing
endosomal compartments, when the subcellular localization
of WIPI49 was investigated in Cos7 cells overexpressing
Hrs, WIPI49 was observed to accumulate in the elaborated
Hrs-positive endosomes (Figure 3B, g–i). Additionally, in
Cos7 cells overexpressing GFP-Rab5 there is a depletion of
the Golgi-localized WIPI49 and an accumulation in periph-
eral Rab5-positive endosomes (Figure 3B, j–l). Thus the dis-
persed punctate WIPI49 has the characteristics of represent-
ing an endosomal compartment.

Immunofluorescence analysis of Cos7 cells transiently ex-
pressing GFP-WIPI49 showed that the recombinant protein
localized to subcellular structures very similar to those pos-
itive for endogenous WIPI49 (Figure 4). GFP-WIPI49 par-
tially colocalizes with both the trans-Golgi marker p230 and
EEA1 (Figure 4, a–c and d–f, respectively). This Golgi and
peripheral membrane localization was also observed with
recombinant DsRED2-WIPI49 (unpublished data). Coex-
pression of GFP-WIPI49 and Hrs-myc causes an accumula-
tion of GFP-WIPI49 in Hrs-elaborated endosomes, whereas
coexpression of GFP-Rab5 with DsRED2-WIPI49 saw an

Figure 5. Dynamic relationship between
DsRED2-WIPI49– and GFP-Rab5–positive
membranes. See also Supplementary Video 4.
Cos7 cells transfected with plasmids encoding
DsRED2-WIPI49 (red) and GFP-Rab5 (blue)
were analyzed by fluorescence microscopy.
(A) DsRED2-WIPI49 (left), GFP-Rab5 (mid-
dle), and the merged image (right) in trans-
fected cells. The arrow indicates a membrane
compartment positive for both Rab9 and
WIPI49 that undergoes coordinate movement
and then segregation of the Rab9 and WIPI49
signals about two thirds of the way through
the film. The boxed region in c relates to Fig-
ure 5B. (B) Enlarged selected video images
from a time-lapse series corresponding to the
boxed region from the cell represented in A.
Overlay images show prolonged association
of GFP-Rab5 with DsRED2-WIPI49 mem-
branes before segregational movement of GFP-Rab5 away from the DsRED2-WIPI49 (arrowhead). Subsequent to this segregation, a second
GFP-Rab5 structure transiently associates with the DsRED2-WIPI49 membrane and then trafficks away (arrow). *, nucleus. Bar, 3 �m. Frame
time indicated relates to seconds.

Figure 6. Migration of DsRED2-WIPI49
membranes to, and association with, Rab9-pos-
itive structures. See also Supplementary Video
5. Cos7 cells transfected with plasmids encod-
ing DsRED2-WIPI49 (red) and YFP-Rab9 (blue)
were analyzed by fluorescence microscopy. (A)
DsRED2-WIPI49 (left), YFP-Rab9 (middle), and
the merged image (right) in transfected cells. (B)
Enlarged selected video images from a time-
lapse series corresponding to the boxed region
from the cell represented in A. Overlay images
show directional trafficking of a DsRED2-
WIPI49–positive vesicle (arrowhead) to, in ad-
dition to association and potential fusion with, a
YFP-Rab9/DsRED2-WIPI49 endosome (arrow).
Bar, 3 �m. Frame time indicated relates to sec-
onds since commencement of filming.
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attenuation in the perinuclear pool of DsRED2-WIPI49 and
an apparent increase in the Rab5-positive endosomal pool
(Figure 4, j–l). Furthermore, coexpression of, and subsequent
colocalization between, DsRED2-WIPI49 with the PtdIns3P
marker GFP-FYVEx2 further indicated that the peripheral
WIPI49 membranes are endosomal in nature (Figure 4,
m–o). The immunofluorescent examination of both endog-
enous WIPI49 and recombinant WIPI49 fusions indicates
that WIPI49 is localized to both endosomal and trans-Golgi
membranes, although there appears to be a higher ratio of
peripheral material to perinuclear GFP-WIPI49 cells than to
endogenous protein.

The epistatic relationship between WIPI49 and both Hrs
and Rab5 suggested that WIPI49 may be cycling between the
Golgi and endosomes, a possibility explored by live cell
imaging of Cos7 cells transiently expressing GFP-WIPI49 or
DsRED2-WIPI49. Live cell imaging of Cos7 cells transfected
with GFP-tagged WIPI49 echoes the immunofluorescent
data obtained from fixed cells in that WIPI49 is localized to
both a perinuclear compartment (presumably the Golgi) and
to peripheral structures (see Supplementary Videos 1 and 2).
There is however a reduction in the number of cells with a
discernable perinuclear focus of fluorescence, �20% of

transfectants have a clear perinuclear signal. The peripheral
structures are motile and undergo both long- and short-
range movements in a bidirectional manner (Supplementary
Video 1).

Kinetic analyses of the WIPI49-positive structures indicate
that they move with velocities very similar to those previ-
ously described for endosomal membranes (unpublished
data and Gasman et al., 2003) The movements of the WIPI49-
positive compartments were investigated further by tran-
siently coexpressing DsRED2-WIPI49 and a �-tubulin GFP
chimera (GFP-Tub). The peripheral WIPI49 structures mi-
grate along microtubules (Supplementary Video 3).

WIPI49 Is Involved in MPR Trafficking
The identity of the peripheral WIPI49 structures was inves-
tigated by comparison of the subcellular distribution and
movement of ectopic WIPI49 against a range of endosomal
Rab GFP constructs (specifically Rab 5, 7, 9 and 11). As noted
above, cotransfection of Cos7 cells with both DsRED2-
WIPI49 and GFP-Rab5 led to the ectopic WIPI49 being
mainly concentrated within peripheral elements of the cell.
Some of these structures were juxtaposed to and, partially

Figure 7. Perturbation of the mannose-6-
phosphate pathway in Cos7 cells overexpress-
ing WIPI49. (A) The subcellular distribution
of the CI-MPR and �-adaptin was examined
in Cos7 cells transfected with either GFP-
WIPI49 (a–c) or DsRED2-WIPI49 (d–f and
g–i). In Cos7 cells transfected with GFP-
WIPI49 (b and green in c) the CI-MPR (a and
red in c) is observed to be localized in com-
partments positive for GFP-WIPI49. In Cos7
cells transiently expressing DsRED2-WIPI49
(e and red in f) there is again colocalization
between the recombinant protein and CI-
MPR, predominately in the perinuclear Golgi
compartment. Examination of the �-adaptin
subunit of AP1 (g and green in i) in Cos7 cells
expressing DsRED2-WIPI49 demonstrates
substantial colocalization between the two
proteins. (B) Overexpression of DsRED2-
WIPI49 causes an increased secretion of ca-
thepsin D precursor forms compared with
cells transfected with DsRED2 only. Cos7
cells were transfected with either DsRED2 or
DsRED2-WIPI49 were pulse-chased with 35S-
Met, and then cell-associated (C) and secreted
(S) forms of cathepsin D were immunopre-
cipitated and resolved by SDS-PAGE before
gel drying and exposure to a phosphoimager
cassette.
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colocalized with, GFP-Rab5 (Figure 5 and Supplementary
Video 4). Over time these structures moved coordinately
with the GFP-Rab5 endosomal regions (see Supplementary
Video 4) and some of the double-labeled endosomes under-
went segregation events such that GFP-Rab5–enriched
membranes migrated away from DsRED2-WIPI49 structures
(Supplementary Video 4 and Figure 5B). Considering that
Rab5-positive domains typically represent early endosomal
structures involved in the initial processing of internalized
material, we hypothesized that those peripheral DsRED2-
WIPI49 structures not associated with GFP-Rab5 represent
compartments involved in later cargo processing. To this
end the relationship of DsRED2-WIPI49 with Rab7-positive
lysosomes (Bucci et al., 2000), Rab9-positive late endosomes
(Lombardi et al., 1993), and Rab11-positive recycling endo-
somes (Ullrich et al., 1996) was investigated. There was a
minimal relationship between DsRED2-WIPI49 structures
with both GFP-Rab7 and GFP-Rab11 (aside from some jux-
taposition with GFP-Rab7 structures; Supplementary Videos
5 and 6); in contrast, there was colocalization and juxtapo-
sition between the ectopic WIPI49 and YFP-Rab9 (Figure 6
and Supplementary Video 7). These colocalizing and juxta-
posed structures moved coordinately in both a Brownian
manner and the stop-and-go manner characteristic of micro-
tubule based movements. Notably, DsRED2-WIPI49 struc-
tures can be seen to traffic to and associate with YFP-Rab9
endosomes (Figure 6B).

The localization of WIPI49 to the Golgi, Rab5-endosomal
regions and Rab9-positive structures suggested that this
protein may operate within the MPR cycling pathway. Con-
sequently the subcellular distribution of the CI-MPR was
examined in the context of the ectopic expression of either
GFP-WIPI49 or DsRED2-WIPI49 (Figure 7A). In Cos7 cells
transiently expressing GFP-WIPI49, the CI-MPR partially
colocalized with the ectopic protein, whereas in Cos7 cells
expressing DsRED2-WIPI49 there was a greater colocaliza-
tion between the CI-MPR and ectopic WIPI49. In cells ex-
pressing GFP-WIPI49 and those expressing DsRED2-
WIPI49, there was an abberant localization of the CI-MPR.

Rather than being distributed between the Golgi and endo-
somes, the MPR was found to reside predominately in pe-
rinuclear structures (Figure 7A, a–c and d–f).

Cells expressing DsRED2-WIPI49 had a more exacerbated
phenotype in this respect than with GFP-WIPI49. The per-
turbation in the arrangement of CI-MPR immunoreactivity
in Cos7 cells transfected with DsRED2-WIPI49 was exam-
ined further by comparison of the subcellular localization of
the AP1 complex in DsRED2-WIPI49 transfectants (Figure
7A, g–i). The AP1 complex is involved in MPR trafficking
and has been implicated in both anterograde and retrograde
trafficking events between the trans-Golgi and endosomes
(for review see Hinners and Tooze, 2003). In cells expressing
DsRED2-WIPI49 it is clear that in a manner similar to that of
CI-MPR, AP1 has a perturbed intracellular distribution such
that it colocalizes with the perinuclear DsRED2-WIPI49
structure and lacks its wild-type distribution between the
trans-Golgi network and endosomes (Figure 7A, g–i).

As immunofluorescence suggested there may be a defect
in the MPR trafficking pathway in WIPI49 overexpressors,
we examined the effect that overexpression of WIPI49 may
have upon the delivery of cathepsin D to the lysosomes.
Cathepsin D is a lysosomal hydrolase initially synthesized
as a 53-kDa glycosylated precursor protein. After synthesis
it is delivered to the lysosomes predominately via endo-
somes. Within lysosomes pro-cathepsin D undergoes degly-
cosylation and proteolysis to generate the mature form of
the enzyme approximately 30 kDa in size. If the delivery of
cathepsin D to the lysosomes is perturbed, for example in
mice defective for AP1 functioning (Meyer et al., 2000), then
there is a concomitant increase in the secretion of precursor
forms of cathepsin D into the cellular medium. Consistent
with the hypothesis derived from immunofluorescent exam-
inations of the subcellular localization of the CI-MPR in cells
transiently expressing DsRED2-WIPI49 there was indeed an
increase in the level of secreted precursor forms of cathepsin
D into the cellular medium in those Cos7 cells transiently
expressing DsRED2-tagged WIPI49 compared with those
Cos7 cells transiently expressing DsRED2 alone (Figure 7B).

The relationship between WIPI49 and the MPR pathway
was examined further by investigating whether WIPI49 is
present in CCVs. Because WIPI49 seems to be traversing the
MPR pathway in a manner that mimics the CI-MPR, then it
should be packaged into CCVs. Comparison of the relative
amount of WIPI49 between CCVs prepared from rat brain
and whole brain homogenate shows that there is enrichment
of endogenous WIPI49 with CCVs (Figure 8). This associa-
tion with CCVs is consistent with all the evidence presented
on the behavior of WIPI49, indicating that it traffics through
the MPR pathway. The ability of WIPI49 to actively influ-
ence this traffic is evidenced by the disruption of MPR and
AP-1 distribution on overexpression of WIPI49. To distin-
guish between a specific, compartment-associated effect of
WIPI49 and a nonspecific effect, a mutant of WIPI49 was
identified that had lost the ability to bind PIs (Figure 9A).
This double arginine mutant (R226A, R227A) failed to inter-
act with any of the three PIs identified for the wild-type
protein. Expression of this mutant in Cos7 cells demon-
strated that the loss of PI binding lead to a loss of membrane
association and consequent to this the R226A, R227A WIPI49
mutant no longer influenced the distribution of MPR or
�-adaptin. Thus the specific compartment and traffic of
WIPI49 requires the PI binding capacity of the protein, as
does its influence on the behavior of this traffic. To corrob-
orate the PI dependence of WIPI49 localization, the
PI3Kinase inhibitor LY294002 was used to determine its
effect on distribution. As shown in Figure 9C and Supple-

Figure 8. WIPI49 is enriched in clathrin-coated vesicles. An en-
riched CCV fraction was prepared from rat brain as described in the
MATERIALS AND METHODS. After purification the relative
amounts of clathrin, �-adaptin, and WIPI49 were determined from
equivalent levels of starting brain homogenate, and the initial pellet
was retrieved after clarification of the homogenate and the enriched
CCV fraction. Both clathrin and �-adaptin are enriched in CCVs
over the starting material, whereas WIPI49 has a lower degree of
enrichment.
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mentary Video 8, acute treatment lead to a rapid loss of
WIPI49 membrane localization.

To further investigate the role played by WIPI49 in endo-
somal dynamics RNA interference was used to knock down
expression of the protein in Cos7 cells. Cells were trans-
fected with either empty pSUPERpuro or pSUPERpuro con-
structs containing specific 64mer oligos designed to effect
silencing of WIPI49 (pSUPERpuro-WIPI49I, II and III; see
MATERIALS AND METHODS for details). After transfec-
tion and selection in puromycin for 2 weeks cell lysates were
prepared and the degree of knockdown in WIPI49 levels
was assessed by Western blotting. Figure 10A demonstrates
that although both empty pSUPERpuro and pSUPERpuro-
WIPI49I did not apparently affect protein levels of WIPI49,
pSUPERpuro-WIPI49 II and III reduced the levels of protein
by �80%. Examination of WIPI49 knock-down cells by im-
munofluorescence suggested that the early endosomes were
more elaborated than in wild-type cells, although the Golgi
appeared normal (Figure 10B). The aberration in early en-
dosomal architecture was confirmed by comparing the rel-
ative densities of early endosomes in knock-down cells with

those isolated from wild-type cells by use of continuous
sucrose density gradients. Figure 10C shows that in WIPI49
knock-down cells there is a shift of early endosomes to
heavier fractions when compared with early endosomes
isolated from wild-type cells. Finally, we examined whether
WIPI49 knock-down cells also displayed alterations in the
distribution of the CI-MPR across sucrose gradients. The
CI-MPR is present across several fractions (presumably rep-
resenting Golgi and late endosomal membranes in addition
to early endosomal ones), and there is a shift of the CI-MPR
to heavier fractions in the knockdown cells when compared
with wild-type cells (Figure 10C).

DISCUSSION

The present study has described a novel phospholipid bind-
ing protein, WIPI49. WIPI49 is the defining member of a
family of at least four mammalian genes, all of which share
the same predicted seven-bladed beta propeller structure.
Although the yeast homolog, Aut10p/Svp1p, groups
weakly with NP_062559 and NP_009006 by phylogenetic

Figure 9. The PtdIns binding ability of
WIPI49 is required for perturbation of the
MPR pathway. (A) The ability of both GST-
WIPI49 and GST-WIPI49 R226A, R227A
to bind to base liposomes or liposomes that
had incorporated PtdIns3P, PtdIns5P, or
PtdIns3,5P2 was compared. Material pelleting
with liposomes (P) was resolved against the
supernatant remaining after liposome pellet-
ing (S). GST-WIPI49 binds to PtdIns3P con-
taining liposomes (and to a lesser extent
PtdIns5P/PtdIns3,5P2 containing liposomes),
whereas GST-WIPI49 R226A, R227A does not.
(B) Ectopic expression of WIPI49 R226A,
R227A does not disrupt the MPR pathway.
When Cos7 cells are transfected with
DsRED2-WIPI49 R226A, R227A (b and e and
red in c, f) both the CI-MPR (a and green in c)
and �-Adaptin (d and green in f) have a nor-
mal subcellular distribution. Thirty-six hours
posttransfection cells were fixed and stained
with either rabbit anti-CI-MPR or mouse anti–
�-adaptin. (C) The requirement of WIPI49 in-
teracting with PtdIns3P for its recruitment to
membranes is supported by inhibition of
PtdIns3P generation by the 3-kinase inhibitor
LY294002. Cos7 cells expressing GFP-WIPI49
were treated with LY294002 for either 0, 5, or
15 min. After treating, cells were fixed and
observed by immunofluroescence. Over time
there is a loss of membrane-associated
WIPI49.

T.R. Jeffries et al.

Molecular Biology of the Cell2660



analysis, comparison of percentage similarities and identi-
ties suggests it is more homologous in terms of sequence to
NP_056425 and WIPI49. By these sequence analyses we
conclude that Aut10p/Svp1p is equally distant, in evolu-
tionary terms, from all four mammalian proteins. Because
both WIPI49 and the yeast homolog (Dove et al., 2004) can
bind phosphoinositides, we consider it likely that all the
WIPIs will have this capacity (see below) and that this
mammalian gene family therefore constitutes a new class of
phospholipid-binding proteins, which we refer to as the
WIPIs.

A number of lines of evidence indicate that WIPI49 is a
component of the Golgi–early endosome–late endosome–
Golgi cycling pathway that is followed by receptor proteins
involved in the delivery of lysosomal resident proteins
(Ghosh et al., 2003). Endogenous WIPI49 is localized to trans
elements of the Golgi, endosomal membranes and is en-
riched in CCVs. The disruption in the localization of endog-
enous WIPI49 seen when either Hrs or Rab5 is overex-
pressed supports the notion that WIPI49 is dynamically
cycling through these compartments and is therefore sus-
ceptible to conditions that modulate membrane flux through
these compartments. This dynamic nature is further high-
lighted by videomicroscopy of Cos7 cells expressing fluo-
rescent WIPI49 chimeras. WIPI49-positive membranes move
in a microtubule-dependent manner with kinetics similar to
those previously described for endosomes in HeLa cells
(Gasman et al., 2003). The WIPI49 chimeric proteins are
found on at least two distinct sets of endosomal membranes.
Ectopically expressed WIPI49 partially colocalizes and
moves coordinately with both Rab5-positive and Rab9-pos-
itive endosomes in live cells. Importantly, WIPI49 can be
seen to segregate away from Rab5-positive structures as well
as trafficking to and associating with Rab9-positive mem-
branes.

Role of Phospholipids in the Endolysosomal Pathway
The binding of WIPI49 to liposomes incorporating PtdIns3P
(or other 3-phosphorylated PIs) can be inhibited by mutation
of arginine residues R221 and R222. This mutant fails to
localize to membranes, a property also observed for
wtWIPI49 when PtdIns3K activity is inhibited. These phe-
notypes lead us to conclude that WIPI49 is a novel PtdIns3P
binding module. The complete conservation of the two crit-
ical arginine residues in the WIPI family is indicative of a
conservation of PI-binding function for the entire WIPI fam-
ily. The demonstration that the yeast ortholog Svp1 also
binds a 3-phosphorylated PI (PtdIns3,5P2) is entirely consis-
tent with this conclusion. Alongside the FYVE domain, the
PX domain and the KKPAKK motif of Etf1p (Wurmser and
Emr, 2002), the identification of WIPI49 brings the total
number of PtdIns3P binding modules identified to four.
Although these motifs all allow interaction with PtdIns3P
and a general localization to endosomal membranes, this
lipid interaction alone is insufficient for a protein’s precise
subcellular address. For example, Hrs, EEA1, and PIKfyve
all possess a FYVE finger motif, yet Hrs and EEA1 are
localized to nonoverlapping early endosomal membranes,
whereas PIKfyve has been localized to late endosomes (Shi-
sheva et al., 2001). Clearly other factors must be involved in
the further compartmentalization of these proteins. The in-
tracellular localization of WIPI49 is dependent on its ability
to bind PIs. The fact that it can bind to PtdIns3P, PtdIns5P,
and PtdIns3,5P2 in vitro raises the question of which of these
PI interactions are relevant in vivo. The metabolic interrela-
tionship of these lipids makes it impossible currently to
distinguish which lipid interaction dominates; however, the
capacity to bind this range of interconverted PI species may
explain the sequential localization of WIPI49 across at least
three discrete types of membranes. This behavior would be
consistent with the notion of sequential PI-dependent sort-
ing functions.

Figure 10. Suppression of WIPI49 expres-
sion by RNAi. (A) Cos7 cells transfected
with either pSUPERpuro, pSUPERpuro-
WIPI49I, pSUPERpuro-WIPI49II, or pSU-
PERpuro-WIPI49III were grown in media
supplemented with 10 �g/ml of puromycin
for 3 weeks before harvesting in sample
buffer and resolution by SDS-PAGE. Subse-
quent to transfer to PVDF, the samples were
probed with rabbit anti-WIPI49. It is clear
that although neither pSUPERpuro nor
pSUPERpuro-WIPI49I caused a reduction in
the protein levels of WIPI49, both pSUPER-
puro-WIPI49II and pSUPERpuro-WIPI49III
do. (B) Cos7 cells transfected with pSUPER-
puro-WIPI49II and selected for 3 weeks in
puromycin were fixed in paraformaldehyde
and processed for immunofluorescence us-
ing goat anti-EEA1 (a and red in c) and
murine anti-GM130 (b and green in c). Al-
though the morphology of the Golgi is nor-
mal, the early endosomes are more elabo-
rate and larger than usual. The inset in “a”
highlights the endosomal morphology.
Scale bar, 5 �m. (C) Wild-type Cos7 cells
(WT) or Cos7 cells with knocked down lev-
els of WIPI49 (KD) were lysed and fraction-
ated across a continuous sucrose gradient extending from 21 to 54% sucrose as described in MATERIALS AND METHODS. Subsequent
to fractionation 24 fractions were collected (where fraction 1 is 21% sucrose and fraction 24 54% sucrose) and analyzed by Western
blotting for the presence of EEA1 or CI-MPR.
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Mutations inhibiting the lipid kinase activity of the
PtdIns3P-5-Kinase Fab1, and consequently a lack of
PtdIns3,5P2, have previously been shown to result in multi-
ple defects with regards to vacuolar function in budding
yeast (Gary et al., 1998). These include a failure of normal
MVB formation due to a lack of inward budding events, a
failure in acidification of the vacuole, and the formation of a
grossly swollen vacuole, which occupies nearly the entire
yeast cell body (Gary et al., 1998). Studies in mammalian
cells have also demonstrated a role for PtdIns3P in the
proper functioning of the endolysosomal system. For exam-
ple, inhibition of hVPS34 function results in a swelling of
late endosomal elements. This effect cannot be solely ex-
plained in terms of a failure in MVB generation (i.e., bud-
ding of vesicles into the endosomal lumen) and probably
results from a failure of membrane recycling from late en-
dosomes back to donor compartments (Futter et al., 2001).
Whether these studies reflect a direct role of PtdIns3P in the
functioning of the endolysosomal system or simply the re-
quirement of PtdIns3P as a substrate for PIKfyve (the mam-
malian homolog of Fab1) is unclear. It is apparent though
that there is a requirement for both PtdIns3P and
PtdIns3,5P2 in membrane recycling events occurring on late
endosomes. In terms of a role for phospholipids in mem-
brane dynamics, it is notable that WIPI49 has the capacity to
bind to PtdIns3P as well as to PtdIns3,5P2 and hence repre-
sents a protein with the capacity to link PtdIns3,5P2 produc-
tion to the proper functioning of late endosomes (Katzmann
et al., 2002). The delivery of membrane-associated WIPI49
away from Rab5-positive membranes toward Rab9-positive
late endosomes will result in its localization to a region of
the cell where PtdIns3P5Kinase activity resides (Shisheva et
al., 2001). WIPI49 may then bind to locally produced
PtdIns3,5P2 and function in one of the PtdIns3,5P2 pathways
in which this phospholipid has been implicated. Consider-
ing the relationship between WIPI49, MPR, and AP1 that has
been described here, this PtdIns3,5P2-dependent function
would most likely represent a role in the trafficking of MPR
into and/or out of endosomal membranes.

The hypothesis that WIPI49 cycles through the MPR path-
way raises the question of how WIPI49 associates with mem-
branes at the trans-Golgi and is enriched in CCVs. In this
context it is interesting that EpsinR shares a subcellular
distribution similar to that of WIPI49. Although EpsinR
binds directly to clathrin and the AP1 complex (Hirst et al.,
2003; Mills et al., 2003), we have been unable to detect any
interaction between WIPI49 and the subunits of the AP1
complex (our unpublished observations), EpsinR, however,
has also been shown to bind to PtdIns4P and PtdIns5P in
vitro. PI4Kinase has been localized to the Golgi, and this
enzymic activity has been suggested to be responsible for
the Golgi localization of EpsinR (Mills et al., 2003). However,
the fact that both EpsinR and WIPI49 can bind PtdIns5P may
be relevant with regards to Golgi localization. PtdIns5P has
recently been recognized as a bona fide cellular phospho-
lipid (Schaletsky et al., 2003), although its means of synthesis
is controversial. Some investigators believe that PIKfyve
displays PI5Kinase activity on phosphatidylinositol to gen-
erate PtdIns5P (Sbrissa et al., 2002b). However, in view of the
lack of PtdIns5P in yeast overexpressing PIKfyve, it is per-
haps more likely that PtdIns5P is derived from the action of
the 3-phosphatase myotubularin (or a related 3-phospha-
tase) on PtdIns3,5P2 (Schaletzky et al., 2003). Both the region
of synthesis and site of action of PtdIns5P is unknown;
however, the relationship between EpsinR and WIPI49 may
reflect a role for PtdIns5P at the trans-Golgi.

In addition to WIPI49 traversing the MPR pathway, mu-
tagenic and ectopic expression studies point to WIPI49 act-
ing as a regulatory component of this pathway. Although
ectopic WIPI49 localizes to endosomal elements, there is a
large amount of perinuclear DsRED2-WIPI49 associated
with trans-elements of the Golgi. Although this pattern of
localization is similar to that of endogenous WIPI49, within
these Golgi-associated structures there is an aberrant accu-
mulation of the CI-MPR and of AP1, an adaptor complex
involved in traffic between the TGN and early endosomes.
These observations, along with the increased secretion of
precursor forms of cathepsin D in cells overexpressing
WIPI49, lead us to conclude that it plays a regulatory role in
the MPR pathway. The potential for WIPI49 to have a func-
tional input to MPR trafficking is supported by the loss of
the MPR pathway defect when a WIPI49 isoform incapable
of binding PIs is expressed. Thus the presence of the protein
per se is insufficient to disrupt this pathway, rather WIPI49
must retain its specific localization through PI interaction to
exert this effect. Furthermore, this is not simply a reflection
of PI interaction itself, because distinct patterns of traffic
behvavior are observed when other PI-binding proteins are
overexpressed, and in the context of Cos7 cells expressing
ectopic WIPI49 there is a proper localization of coexpressed
FYVEx2-GFP. It is unclear whether this defect in trafficking
occurs in movements from the trans-Golgi to Rab5-positive
membranes or from Rab9-positive late endosomes to trans-
Golgi membranes. The mislocalization of the �-adaptin sub-
unit of AP1 in WIPI49 overexpressing cells suggests that the
defect in lysosomal enzyme delivery represents a failure of
traffic exiting the trans-Golgi. This defect is not a generalized
nonspecific inhibition of all trafficking events from the Golgi
because the secretory pathway is intact (our unpublished
observations). To further discern the role of WIPI49, RNAi
was used to knock down the WIPI49 protein levels. Al-
though cells that have had protein levels knocked down by
�80% still process cathepsin D, normally (our unpublished
data) there is an aberration in the structure of early endo-
somes such that they have an apparently enlarged size and
appear more elaborate (Figure 10B). This elaboration of the
early endosomes indicates a retardation in a pathway either
at the level of material exiting the early endosomal regions
to traffic to downstream compartments (e.g., late endosomes
and recycling endosomes) or an increase in traffic into the
endosomes. This depletion of WIPI49 levels causing an en-
largement of endosomal structures is consistent with our
hypothesis of WIPI49 acting as a PtdIns-sensitive regulatory
component of the MPR pathway. The apparently normal
processing of cathepsin D in WIPI49 knock-down cells is
likely due to the fact that the residual levels of WIPI49
(�20% of normal) can fulfill this role in terms of cathepsin D
traffic.

In summary, we have described a novel WD-40 repeat
protein, WIPI49, that likely folds to form a �-propeller.
WIPI49 binds to PtdIns3P, PtdIns5P, and PtdIns3,5P2 and is
localized to trans elements of the Golgi and throughout
membranes of the endolysosomal network positive for Rab5
and Rab9. WIPI49 is a novel component of the MPR path-
way and provides a previously undescribed means of cou-
pling regulation of this pathway to PIs.
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