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A WD-FYVE protein binds to the kinases Akt and PKCζ /λ
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WD (tryptophan-aspartic acid dipeptide)-repeat proteins play a
central role in signal transduction cascades by co-ordinating the
interaction of key signalling molecules. We identified a novel
propeller-FYVE [domain identified in Fab1p, YOTB, Vac1p
and EEA1 (early endosome antigen 1)] protein, ProF, which is
expressed in various cell lines and tissues and consists of seven
WD-repeats and a FYVE domain. WD-repeat proteins offer a plat-
form for protein–protein interactions by folding into a seven-
bladed propeller-like structure, while the FYVE domain binds to
phosphatidylinositol 3-phosphate present mainly on intracellular
membranes. The ProF protein partially co-localizes with EEA1
on vesicular structures and binds to the protein kinases Akt and

PKCζ /λ (protein kinase Cζ /λ) via its WD-repeat propeller. ProF
interacts more strongly with the kinases after hormonal stimu-
lation. Endogenously expressed ProF and the two kinases interact
in brain and in the preadipocyte cell line 3T3-L1, suggesting a
role in secretory vesicular processes. In summary, we describe
a new binding partner for kinases, located on vesicular structures
in specialized cells, which may play a role for the spatial organ-
ization of signalling cascades.

Key words: Akt, PC12 cell, FYVE domain, 3T3-L1 adipocyte,
vesicle, WD-repeat.

INTRODUCTION

WD (tryptophan-aspartic acid dipeptide)-repeat proteins belong
to a large structurally conserved protein family. Members of
this family are characterized by the presence of several partially
conserved sequence repeats of 40–60 amino acids. These repeats
typically end with a WD at the C-terminus [1]. The exact number
of WD-repeats in a protein can vary, but a cluster of seven WD-
repeats is the predominant form. The crystal structure of the
β-subunit of the GTP-binding protein transducin has shown a
highly symmetrical propeller-like structure of seven folded WD-
repeats [2] and all WD-repeat proteins are speculated to fold
into circularized β-propellers. WD domains have no intrinsic
catalytic activity, but they serve as a platform for protein–pro-
tein interactions. The family of WD-repeat proteins has been
implicated in a wide range of cellular functions as signal trans-
duction, RNA synthesis and processing, chromatin and cyto-
skeletal assembly, vesicular trafficking, cell-cycle control, and

apoptosis (for a review, see [3]). Well-characterized seven-bladed
WD-repeat proteins involved in signalling are the RACKs (re-
ceptors of activated C kinase). RACK proteins bind activated PKC
(protein kinase C) isoforms, thereby enabling the interaction with
their substrates (summarized in [4]).

Most WD-repeats are part of multidomain proteins. These
proteins contain in addition to WD-repeats zinc-binding motifs,
actin-binding motifs, leucine zippers, SH3 (Src homology 3) do-
mains binding to proline-rich sequences, BROMO (derived from
brahma by analogy to the chromodomain) domains as found in
chromatin-associated proteins, or the catalytic domains of kinases
(for a review, see [3]). The associated protein domains can deter-
mine the subcellular localization of the propeller by binding to
specific subcellular compartments and can bring together inter-
action partners at this location.

The FYVE domain, which was originally identified in Fab1p,
YOTB, Vac1p and EEA1 (early endosome antigen 1), represents
one such compartment-specific targeting domain. FYVE domains
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are conserved from yeast to human [5]. More than 30 FYVE
domain-containing proteins are known in humans. The domain en-
ables binding to PI3P (phosphatidylinositol 3-phosphate), which
is mainly constitutively produced on endosomal membranes by
PI3K (phosphoinositide 3-kinase). Most FYVE domain-contain-
ing proteins serve as regulators of endocytotic membrane traf-
ficking, whereby a few proteins have a role in signalling or cyto-
skeleton remodelling [5]. Many FYVE proteins contain additional
domains such as coiled-coil domains in EEA1, ankyrin repeats in
SARA (Smad anchor for receptor activation), or WD-repeats
in FENS-1 (FYVE domain protein localized to endosomes 1).
While the function of FENS-1 is unknown [6,7], SARA presents
mediators of the TGF-β (transforming growth factor-β) signalling
cascade to the TGF-β receptor for phosphorylation, and EEA1
plays an important role in vesicle fusion during endocytosis by
controlling endosome docking (summarized in [5]).

We identified a WD-repeat propeller and FYVE domain-con-
taining protein, ProF (propeller-FYVE protein), as interaction
partner of the serine/threonine kinase Akt. Akt regulates multiple
biological processes, including inhibition of apoptosis, cell-cycle
promotion and insulin signalling (summarized in [8]). We have
previously described a cross-talk between Akt- and Raf-mediated
signal transduction [9–11]. Akt has three isoforms, Akt1, Akt2,
and Akt3, each with overlapping but distinct cellular functions.
Akt1 plays an important role in regulation of growth and apop-
tosis, whereas Akt2 functions primarily as a regulator of glu-
cose metabolism (summarized in [12]). Akt is activated by
various growth factors and hormones such as IGF-1 (insulin-like
growth factor 1) and insulin. Activation occurs at the plasma mem-
brane after PI3K-dependent generation of PIP3 (phosphatidyl-
inositol 3,4,5-trisphosphate). Thereby Akt is recruited to the
plasma membrane via its PH (pleckstrin homology) domain
and is activated by phosphorylation at Thr308 by PDK1 (phos-
phoinositide-dependent kinase 1) followed by phosphorylation
at Ser473 by the mTOR (mammalian target of rapamycin)–rictor
(rapamycin-insensitive companion of mTOR) complex [13]. In
addition to Akt, also atypical PKC isoforms, PKCζ /λ, were found
here to bind to the WD-FYVE protein. PDK1 also phosphorylates
Thr410/Thr403 in the activation loop of PKCζ /λ in an insulin-
dependent mechanism (summarized in [14]). PKCζ shows 86%
overall amino acid sequence identity with PKCλ, but only 45–
55% with other PKC isoforms. PKCζ /λ is involved in many
signal transduction pathways, including cell polarity and NF-
κB (nuclear factor κB) signalling [14]. The binding of Akt and
PKCζ /λ to ProF suggests a role of ProF in cellular systems in
which both kinases are involved, such as insulin signalling [15].

We describe here a new WD-repeat FYVE protein, ProF, which
is expressed in the mouse pre-adipocyte cell line 3T3-L1 and
the rat neuroendocrine cell line PC12 as well as in other tissues
and cell lines. The FYVE domain of ProF targets the protein
to vesicles. The WD-repeat propeller binds to the two kinases
Akt and PKCζ /λ in a stimulation-dependent manner. Our results
suggest that ProF functions as a vesicle-located binding partner
of the two kinases with a putative role in signal transduction.

MATERIALS AND METHODS

Materials

Cell-culture media, supplements and Novex® 8–16% and 10–
20% Tris/glycine gradient gels were purchased from Invitrogen.
TPEN [N,N,N ′,N ′-tetrakis(2-pyridylmethyl)ethylenediamine],
NGF (nerve growth factor) and IGF-1 were obtained from Cal-
biochem, and wortmannin and TRI Reagent were from Sigma.
Restriction enzymes were purchased from New England Bio-

labs, polymerases from Promega, the Access RT (reverse trans-
criptase)–PCR system was from Promega and the QuikChangeTM

Site-Directed Mutagenesis kit from Stratagene. Unlabelled ATP
for in vitro kinase assay was obtained from Roche. Oligonucleo-
tides were purchased from Microsynth (Balgach, Switzerland).
The transfection reagents LipofectamineTM and Fugene-6 were
purchased from Invitrogen and Roche respectively. Protease in-
hibitors were from Roche, Protein G–Sepharose beads and
Redivue [γ -32P]ATP were obtained from Amersham Biosciences.
Mouse monoclonal antibody 9E10 against Myc and rat mono-
clonal 3F10 against HA (haemagglutinin) were obtained from
Roche; rabbit polyclonal A14 against Myc, rabbit polyclonal
Y-11 against HA, mouse monoclonal DF1513 against CD71/TfR
(transferrin receptor), rabbit polyclonal to PKC isoforms α/β, δ,
ε, η and ζ /λ and a goat polyclonal against PKCζ /λ were obtained
from Santa Cruz Biotechnology; mouse monoclonal 262K against
HA, rabbit polyclonal against Akt, and rabbit polyclonal ag-
ainst phospho-Akt-Ser473 were from Cell Signaling Technology;
mouse monoclonal GD11 against c-Src and PKC substrate pep-
tide were from Upstate Biotechnology; mouse monoclonal clone
14 against EEA1 was from BD Transduction Laboratories;
the anti-rabbit IgG–phycoerythrin conjugate was from Sigma.
Fluorescein (FITC)-, rhodamine [TRITC (tetramethylrhodamine
β-isothiocyanate)]- and CyTM5-conjugated anti-donkey anti-
bodies against mouse, rabbit or sheep were purchased from
Jackson Biologicals.

Cell culture

The cell lines HEK-293 (human embryonic kidney cells)
(A.T.C.C. number CRL-1573) and HEK-293T [HEK-293 cells
expressing the large T-antigen of SV40 (simian virus 40)]
(A.T.C.C. number CRL-11268), the human epithelial cell line
HeLa (A.T.C.C. number CCL-2), thesimiankidneycell lineCOS-7
(A.T.C.C. number CRL-1651), the mouse neuroblastoma cell
line Neuro2A (CCL-131), the rat phaeochromocytoma cell line
PC12 (CRL-1721), the mouse Schwann cell line Sw10 (CRL-
2766), the mouse cerebellum cell line C8-D30 (CRL-2534) and
the mouse fibroblastic cell line 3T3-L1 (A.T.C.C. number CL-
173) were grown in DMEM (Dulbecco’s modified Eagle’s media)
containing 10% (v/v) FCS (fetal calf serum; Seratec). Penicillin
and streptomycin were added to cultures of 3T3-L1 cells. PC12
cells were seeded (3 × 105/cm2) on collagen-coated glass bottom
culture dishes (MatTek, Ashland, MA, U.S.A.) in DMEM with
10% FCS and grown overnight. Then the cells were washed twice
with PBS, and were grown for 3 days in DMEM with 0.1% FCS
and 40 ng/ml NGF.

Yeast two-hybrid screen

A yeast two-hybrid screen was performed as described in [16]
using full-length Akt1 as bait. A B-cell-specific cDNA library was
obtained from S.J. Elledge (Baylor College of Medicine, Houston,
TX, U.S.A.). One of two cDNAs identified in the yeast two-hybrid
screen was subcloned into pBluescriptKS (Stratagene).

Computational analysis of ProF protein

Analysis of secondary structure elements was performed using
SMART (simple modular architecture research tool; [17]) and a
WD motif program (http://bmerc.bu.edu/projects/wdrepeat/). The
three-dimensional model of ProF
FYVE was generated by 3D-
PSSM program [18] with the WD-repeat protein Tup1 (yeast
dTMP uptake 1) (PDB 1ERJ) as structural template [19]. The
calculated fold-structure had a certainty of fit better than 95%.
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Recombinant DNA procedures

A ProF fragment containing a double Myc-tag 5′ to the cDNA
was generated by PCR and the amplified fragment was cloned
into pCMV5 generating pCMV5-Myc-ProF.

The deletion mutant lacking the FYVE domain, ProF
FYVE
(pCMV5-Myc-ProF
FYVE), was generated by introducing a
BspMI restriction site between the FYVE domain and the last
WD-repeat domain by site-directed mutagenesis using pCMV5-
Myc-ProF as a template and the following primers: 5′-GGCC-
ATCACAGATGAAGAACCTGCACCCACAGCCACCTTCC-3′

and the complementary reverse primer. Subsequently, the plas-
mid was digested with MunI and BspMI restriction enzymes to
excise the FYVE domain. The plasmid was annealed with a short
partially overlapping oligonucleotide linker (forward primer
5′-AATTGATCTCCTGTGGCGGTGATGGTGGGATTGTCGT-
CGGGAACATGGACGTGGAGGAACGTGCACCC-3′ and re-
verse primer 5′-CTGTGGGTGCACGTTCCTCCACGTCCATG-
TTCCAGACGACAATCCCACCATCACCGCCACAGGAGA-
TC-3′) and re-ligated.

The ProF
FYVE mutants lacking blades 1–3 and blades 4–7
of the WD-repeat propeller were generated by site-directed
mutagenesis using pCMV5-Myc-ProF
FYVE as the template
generating pCMV5-Myc-ProF 1–3 (primers: 5′-GCAATTTGC-
CTGGCACTAGTCTGAGAGTGGGCAGC-3′ and reverse com-
plementary oligonucleotide) and pCMV5-Myc-ProF 4–7 (pri-
mer: 5′-CGAACAAAAACTTATTTCTGAAGAAGATCTGCT-
ATGCTCTGAGAGTGGGCAGCGCCTGGGAGG-3′). A trans-
lational GFP (green fluorescent protein)–ProF fusion was gen-
erated by cloning Myc–ProF into the BglII- and SalI-digested
plasmid pEGFP-C2 (Clontech).

FUW–FLAG–ProF was cloned using cFUW (lentiviral vector
cFUW [24]) linearized with XbaI and HpaI, the BglII–SmaI
fragment of pCMV5-MycProf and an oligonucleotide encoding
the FLAG tag (upper: CTAGACCACCATGGACTACAAAGAC-
GATGACGATAAACTA; and lower: CTAGACCACCATGG-
ACTACAAAGACGATGACGATAAACTA). FUW–GFP–ProF
was cloned using cFUW linearized with XbaI and BamHI and
the NheI–BamHI fragment of pEGFPc2ProF. The latter plas-
mid was derived by insertion of a EcoRI- and BamHI-digested
PCR fragment obtained from pCMV5-Myc-ProF (upper: CCGG-
AATTCATGGCGGCGGAGATCCAGCCCAAGCCTCTGACC;
and lower: CGCGGATCCTCATCAAGACACGACTGGGGT-
CATATCCC) into pEGFPc2 linearized with EcoRI and BamHI.
HA–Bcr (break point cluster region) wild-type was cloned in
pCDNA3 (Invitrogen). The sequence of all plasmids was verified
by DNA sequencing.

HA-tagged Akt1 wild-type [20], HA–Akt2 wild-type [21]
and HA–m/p-Akt1 (myristoylated and palmitoylated Akt1) [22]
have been described previously. c-Src wild-type cloned in pUSE
plasmid was purchased from Upstate Biotechnology. HA–PKCζ
encoding plasmid was obtained from the Fraunhofer Institute,
Stuttgart, Germany.

RNA extraction and RT–PCR

RNA was extracted using TRI Reagent and RT–PCR was per-
formed with 1 µg of total RNA. Primers for human and mur-
ine ProF were: forward (nt 658–678): GATCACTCTGTCATCA-
TGTGG; reverse (nt 894–915): CTTACTGTCCCACATTTGC-
TTG. Primers for murine β-actin as internal control were designed
as described in [23]; primers for human β-actin were: forward
(nt 607–629): ACGGCCGAGCGGGAAATCGTGCG, reverse (nt
987–1009): ACTTGCGCTCAGGAGGAGCAATG. First-strand
cDNA was synthesized at 48 ◦C for 45 min, and amplified by

2 min at 94 ◦C and 22 cycles (for β-actin) or 30 cycles (for ProF)
for 30 s at 94 ◦C, 1 min at 68 ◦C, and 2 min at 68 ◦C.

ProF antiserum

An anti-ProF rabbit polyclonal antiserum was raised in rabbits
against a peptide corresponding to the 15 amino acids at the C-
terminus of murine and human ProF. The animal was boosted five
times and the serum was recovered. Some of the antibody was
thereafter affinity-purified to increase the specificity of binding
(Eurogentech, Belgium). The same peptide was used for com-
petition.

Viral transduction and generation of stably transduced
3T3-L1 fibroblasts

For siRNA (small interfering RNA) down-regulation, the se-
quence used was nt 1154–1172 of ProF open reading frame,
targeted against exon 11 (5′-GAACTGACAAGGTAATTAA-3′).
A 64-nt oligonucleotide, containing the target both in sense and
antisense orientation, was cloned into pSUPER and then together
with the H1 promoter into the lentiviral vector FUGW [24].
HEK-293T cells (4 × 105) were transfected with 0.6 µg of the
lentiviral expression construct, 0.6 µg of HCMV-G and 0.6 µg
of pCMV
R8.3 helper virus plasmids using LipofectamineTM

2000 (Invitrogen), followed by medium change after 24 h. The
supernatant was used to infect 8 × 104 cells of low passage 3T3-
L1 cells, yielding a pool of siProF-expressing cells.

The identical procedure was performed for the lentiviral
transduction of 3T3-L1 and PC12 cells with FUW–FLAG–ProF
and FUW–GFP–ProF.

Immunofluorescence

COS-7 or HeLa cells seeded on glass coverslips were transi-
ently transfected with Fugene-6 or LipofectamineTM. For inhibi-
tor studies, cells were treated with 250 µM TPEN or 100 nM
wortmannin (for 30 min). Cells were fixed with 3% (w/v) para-
formaldehyde and permeabilized in PBS containing 0.25% Triton
X-100. 3T3-L1 cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5 % Triton X-100 in PBS. Afterwards, the
cells were incubated with appropriate primary and secondary
antibodies for 1 h each at 20 ◦C and mounted in Mowiol (Hoechst
Pharmaceuticals). Secondary antibodies were used at 1:100 dilu-
tion. The cells were examined by sequential excitation at 488 nm
(FITC) and 568 nm (TRITC) using a confocal laser microscope
(Leica SP2) and a ×40 1.25 oil immersion objective (Leica). The
images were processed using IMARIS (Bitplane). The time-lapse
study of PC12 cells was performed at 37 ◦C and 5% CO2. Pictures
were captured every 5 s.

Immunoprecipitation and Western-blot analysis

HEK-293 and HEK-293T cells were transfected with expression
vectors encoding the indicated proteins and processed as de-
scribed in [9]. IGF-1 stimulation was performed with 100 ng/ml
IGF-1 for 15 min. Murine tissues were extracted in a glycerol
buffer containing 150 mM NaCl, 20 mM Tris/HCl (pH 7.5), 0.2%
Nonidet P40, 10% (v/v) glycerol and 1 mM EDTA using a tight-
fitting tissue blender. Complete homogenization was achieved
after 6–10 strokes, 10 s each. Lysates were solubilized by shaking
for 30 min at 4 ◦C.

Lysates of HEK-293T cells were immunoprecipitated with 1 µg
of the appropriate antibody for at least 2 h at 4 ◦C, followed by
additional 45 min with 10 µl of Protein G–Sepharose. Lysates and
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the resulting immunoprecipitates were subjected to SDS/PAGE
and immunoblot analysis as described in [9].

Mouse brain lysates (∼1.25 × 106 cells/ml of lysate) were
subjected to immunoprecipitation with 1 µg of affinity-purified
antibody and incubated overnight at 4 ◦C with or without a
100-fold molar excess of the competing peptide. The endogenous
ProF protein was detected as 44 kDa form in direct lysates and
precipitates.

In 3T3-L1 cells, immunoprecipitation of endogenous ProF was
performed with anti-ProF antiserum, covalently coupled with
Protein G–Sepharose in order to avoid overlapping of predomi-
nant signal of the IgG antibody heavy chain. In brief, 10 µl of
Protein G–Sepharose (Amersham) was incubated with 2 µg
of anti-ProF antiserum in 500 µl of Washing-Binding Buffer
(50 mM sodium borate, pH 8.2; all buffers were from Pierce) for
30 min at room temperature (20 ◦C), afterwards washed twice with
this buffer and incubated for 1 h at 20 ◦C in 260 µl of Cross-linking
Buffer (0.2 M triethanolamine, pH 8.2) with 850 µl of freshly
added dimethylpimelimidate. Thereafter, Protein G–Sepharose
was incubated for 1 h at room temperature and washed twice with
Cross-linking Buffer, incubated for 10 min with Blocking Buffer
(0.1 M ethanolamine, pH 8.2) at room temperature, washed twice
with Blocking Buffer, washed three times with Elution Buffer
(Immunopure IgG elution buffer; Pierce), and then equilibrated
with Washing-Binding Buffer. Lysate of 3T3-L1 cells was added
to beads and incubated overnight at 4 ◦C.

RESULTS

Sequence and putative structure of the WD-repeat FYVE
protein ProF

We performed a yeast two-hybrid screen using a human B-cell-
specific embryonic cDNA library and full-length Akt1 as bait [16].
One of the identified clones encoded a novel protein of 400 amino
acids and a predicted molecular mass of 44 kDa (GenBank®

Entrez Protein database accession number AAL04162) (Fig-
ure 1A). Preliminary structural analysis using the SMART pro-
gram [17] revealed one FYVE domain and five WD-repeats
(WD1, WD3 and WD5–7 in Figure 1A). Further inspection using
the specific WD motif search program BMERC (http://bmerc.
bu.edu/projects/wdrepeat/) identified two additional WD-repeats
(WD2 and WD4, Figure 1A). We designated the WD-repeat pro-
peller-FYVE protein as ProF.

Database mining using the BLAST (basic local alignment
search tool) program [25] revealed a murine homologue of un-
known function (GenBank® Entrez Protein database accession
number: NP 780755) with only eight divergent amino acids (Fig-
ure 1A). Figure 1(B) shows alignments of some proteins with
identical domain structure. Homologues of ProF were encoun-
tered in Drosophila melanogaster and Caenorhabditis elegans,
indicating that the protein may have a conserved function in
animals. No homologues of the protein were found in other eu-
karyotes or prokaryotes. The FYVE domain of human ProF,
indicated as a white box in Figure 1(B), is approx. 80% identical
with the other FYVE domains listed. The WD-repeats show
a higher divergence. The individual WD-repeats of the same
protein (WD1–7) are only 5–26% identical with each other, while
the corresponding WD-repeats among the various species are
approx. 39–55% identical, indicating that the repeating elements
of the WD motif exhibit only little sequence, but high structural,
conservation.

The individual WD-repeats of human ProF are shown in
Figure 1(C) with the aberrations compared with the consensus
sequence [1] highlighted in grey and their number indicated in

parentheses. The WD-repeats WD2 and WD4 show the highest
diversity from the WD consensus motif, consistent with our find-
ing that those WD-repeats were not recognized by the SMART
program. Analysis of the secondary structure suggested that all
seven repeats are able to form four antiparallel β-strands, A
to D, indicated as arrows on the top of Figure 1(C). Seven
WD-repeats can fold into a highly symmetrical β-propeller [2],
whereby one propeller blade contains the last three strands of a
repeat unit followed by the first strand of the next repeat unit.
Therefore we used a protein structure prediction approach to find
out whether ProF was able to fold into a seven-blade-contain-
ing propeller (Figure 1D). As template we used the WD-repeat-
containing protein Tup1, a co-repressor of transcription in yeast
[19]. Indeed, the amino acid sequence of the protein without the
FYVE domain could be modelled into a seven-blade-containing
propeller (Figure 1D) arranged around a central axis with a cer-
tainty of fit better than 95%.

The FYVE domain of ProF is located between WD-repeats
6 and 7 and comprises two zinc ions co-ordinated by eight
conserved cysteine residues to form zinc fingers [5]. To
compare the FYVE domain of ProF with that of other proteins,
we aligned the amino acid sequences of the FYVE domains of
ProF, the human ProF-homologue FENS-1, and EEA1 in Fig-
ure 1(E). The predicted secondary structure of the EEA1-FYVE
domain is shown at the top. It contains four β-strands and two
α-helices, as indicated by arrows and boxes (Figure 1E). The
FYVE domains of ProF and FENS-1 are highly conserved, with
80% amino acid sequence identity, but both show only limited
identities with the FYVE domain of EEA1, 27–28% respectively.
ProF and FENS-1 share a change of an R to Q, R-Q-H-H-C-R
in the conserved R-(R/K)-H-H-C-R motif and an 11-amino-acid
insert between α2 and β1 (Figure 1E, highlighted in grey). These
two characteristics are different from all other FYVE domain
proteins [6]. They may account for a higher affinity towards PI3P
and may make the binding of a second protein obsolete, which is
usually important for membrane targeting [26].

Furthermore, the genomic organization of ProF and FENS-1 is
shown (Figure 1F). ProF is encoded on chromosome 13 and was
identified in the Human Genome database by using the BLAST
program. The gene consists of 12 exons spread over more than
180 kb (Figure 1F, top). The ProF-homologue FENS-1 is encoded
on chromosome 2 and the complete open reading frame of FENS-1
is 65 kb long including all introns (Figure 1F, bottom). ProF and
FENS-1 show a similar chromosomal arrangement of 12 exons
of very similar size. The two distinct genes may be the result of
a gene duplication that did not occur in invertebrates (C. elegans
and Drosophila, see Figure 1B).

Analysis of expression of ProF

To detect mRNA expression of endogenous ProF, we performed
RT–PCR using primers that recognize both the murine as well
as the human ProF (m/h ProF). Endogenous ProF mRNA was
detectable in murine brain extract, 3T3-L1 preadipocytes, NIH
3T3 cells, and in HEK-293T cells, but undetectable in HeLa cells
(Figure 2A).

For detection of ProF protein expression, we raised an
antiserum against a peptide corresponding to the 15 C-terminal
amino acids of mouse and human ProF. The antibody recognized
a band at 44 kDa, corresponding to ProF as demonstrated with
overexpressed untagged ProF (Figure 2B, lane 8) and the down-
regulation of the band by an siRNA targeted against ProF
(Figure 2B, lane 2). We tested various cell lines and found rela-
tively high expression levels of ProF protein in 3T3-L1 (Fig-
ure 2B, lane 1) and PC12 cells (Figure 2B, lane 4). PC12, a rat
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Figure 1 Characterization of ProF

(A) Deduced amino acid sequences of human (h) ProF [GenBank® Entrez Protein database accession number (AC): AAL04162] and the murine (m) homologue (AC: NP 780755), differing in eight
indicated amino acids, are shown. The protein contains seven WD-repeats (WD 1–7), indicated as grey boxes, and one FYVE domain, indicated as black dashed box. (B) The domain structure of
ProF is shown, with the FYVE domain and seven WD domains (WD1–7) indicated. Molecules structurally related to human ProF are found in human (human FENS-1; AC: XP 018197), mouse
(mouse ProF; AC: NP 780755; mouse FENS-1; AC: AAH25226.1), Drosophila (AC: AAF52946.1) and C. elegans (AC: NP 495983.1). Their amino acid sequence identity with human ProF is given
in percentage. Scale bar indicates 100 amino acids. (C) The amino acid sequences of the WD-repeats 1 to 7 of ProF are listed. A typical WD-repeat unit contains four β-strands, βD, βA, βB
and βC (arrows), and consists of approx. 40 amino acids. Mismatches to a postulated WD-repeat consensus sequence are grey-shaded and their numbers are listed in parentheses. The FYVE
domain is located between WD6 and WD7 and is indicated by 
. (D) A model of the three-dimensional structure of ProF without the FYVE domain was generated by the 3D-PSSM program
with the yeast protein Tup1 as a template. The resulting β-propeller consists of seven blades formed by the WD-repeats (1–7), whereby the D-strand of each WD-repeat is part of the previous
blade. The FYVE domain is located between the β-strands 6C and 7D (arrow). (E) The amino acid sequences of the FYVE domains of ProF, FENS-1 and EEA1 are aligned and compared with
the predicted secondary structure of EEA1 containing four β-strands and two α-helices, α2 and α3 (top). Highly conserved sequences are RRHHCR, WXXD, CG, RVC and the eight cysteine
residues (boldface letters). The FYVE domains of ProF and FENS-1 have a similar insert of 11 amino acids and a R to Q mutation in the conserved RRHHCR region (grey-shaded). (F) The
genomic organization of ProF, found on chromosome 13 (13q13.3–13q14.3), and FENS-1, found on chromosome 2 (2q36), is schematically shown. The genomic structure of ProF and FENS-1
is characterized by 12 exons represented by black boxes. In the case of ProF, the gap between exons 1 and 2 has a length of 75 kb, and the gap between exons 3 and 4 is 28 kb long. The
complete open reading frame of ProF has a length of 180 kb, and the complete open reading frame of FENS-1 has a length of 65 kb. In both cases, the FYVE domain is encoded by exons 9
and 10.
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Figure 2 Expression of ProF

(A) mRNA expression levels in different cells were analysed by RT–PCR from total RNA with primers specific for murine and human (m/h) ProF as indicated (top). β-Actin expression was used as
control (bottom). (B) ProF protein expression levels in different cell lines were analysed by Western blotting with the peptide antibody raised against the 15 C-terminal amino acids of ProF. 3T3-L1
siProF (lane 2) shows down-regulation of the ProF protein in 3T3-L1 cells using an siRNA targeted against ProF. 293T + ProF (lane 8) indicates a lysate of HEK-293T cells overexpressing untagged
ProF. In the case of 293T + ProF, only 1/20 of the protein content of lanes 1–7 was loaded to avoid excess signal strength by detection. (C) ProF protein expression levels in different cell lines were
analysed by Western blotting of murine organs using the peptide antibody used in (B). 293T + ProF (lane 1) indicates a lysate of HEK-293T cells overexpressing untagged ProF. Antibody specificity
was verified by immunoblotting with a 100-fold excess of competing peptide (+peptide, lower part).

neuroendocrine cell line, is a model system for neurons [27],
whereas 3T3-L1 cells, a mouse preadipocyte cell line, is used as an
in vitro model of adipogenesis and to study insulin pathways and
obesity [28]. In a number of cell lines, an additional band was
detected at 40 kDa (Figure 2B, lanes 1, 2 and 5–7), which was not
related to ProF. Furthermore, immunoblots of different mouse
tissues revealed the presence of ProF in various organs, with
the highest expression levels detected in brain (Figure 2C). The
specificity of the band was verified by peptide competition.

Subcellular localization of ProF

Because FYVE domains bind to PI3P present on vesicles, we
investigated the subcellular localization of ProF. For that pur-
pose, we transiently transfected HeLa cells with a Myc-tagged
ProF construct and performed confocal immunofluorescence
microscopy. Myc–ProF partially co-localized with EEA1, a mar-
ker for early endosomes, and to a lesser extent with the TfR, a
more general marker for the recycling endocytic compartment
(Figure 3A), and mannose-6-phosphate receptor, a marker for
late endosomes and lysosomes (results not shown). These results
indicate that a subpopulation of ProF is located at the early
endosome compartment, where most of the PI3P- and FYVE
domain-containing proteins reside [26]. The vesicular localization
of ProF was also found in 3T3-L1 cells stably transduced with a
FLAG-tagged construct of ProF (Figure 3B). Vesicular ProF was
recognized by an antibody against the FLAG tag as well as by the
peptide antibody against ProF (Figure 3B).

To analyse the role of the FYVE domain, we compared the
localization of Myc–ProF and Myc–ProF
FYVE, a mutant of
ProF lacking the FYVE domain. Indeed, the vesicular localization
is dependent on the FYVE domain (Figure 3C, left panel). Myc–
ProF
FYVE is distributed in the cytoplasm and the punctuated
staining is strongly reduced in comparison with the full-length
protein. Furthermore, the vesicular localization of Myc–ProF was
lost in the presence of the Zn2+-chelator TPEN, which destroys
zinc finger configurations. Additionally, the vesicular staining
of a GFP–ProF fusion protein was abolished in the presence of
wortmannin (Figure 3C, right panel). The PI3K inhibitor wort-

mannin prevents the formation of PI3P, which is required for the
binding of FYVE domains to vesicles. These findings indicate that
the FYVE domain targets the protein to PI3P-containing vesicles.

To test whether ProF also binds to vesicles in cell types with
specialized vesicular trafficking systems, we stably expressed
FLAG-tagged ProF in PC12 cells, which were later differen-
tiated with 40 ng/ml NGF. Indeed, we could observe the vesicular
localization of ProF in differentiated PC12 cells by confocal
immunofluorescence microscopy (Figure 3D). Furthermore, time-
lapse studies were performed and revealed that ProF is partially
localized in a highly dynamic subpopulation of vesicles (see
Supplementary Movie 1 at http://www.BiochemJ.org/bj/399/
bj3990009add.htm). These results indicate that ProF rapidly
moves along the neurites in both directions.

Oligomerization of ProF

The ability to dimerize is a property of a subset of FYVE do-
main proteins and important for their affinity to endosomal
membranes [26]. Dimerization of EEA1 proteins is assumed to
enhance the avidity to PI3P. To demonstrate the interaction of ProF
with itself, we performed co-immunoprecipitation assays with
Myc- and FLAG-tagged ProF. Indeed, the interaction was clearly
detectable (Figure 3E). Since the dimerization motif of EEA1 is
localized in the FYVE domain [7], we tested the interaction of the
ProF mutant ProF
FYVE. The interaction also takes place when
only one of the interaction partners contains a FYVE domain
(Figure 3E). This suggests that sequences outside of the FYVE
domain contribute to the interaction. This had consequences for
our effort to design dominant-negative mutants of ProF. Putative
dominant-negative ProF mutants deleted for their FYVE domains
can still heterodimerize with wild-type ProF and can therefore
behave similarly to the wild-type protein.

Interaction of ProF with Akt and PKCζ /λ

Since ProF was identified as an interaction partner of Akt1, we
wanted to confirm this interaction by co-immunoprecipitation
assays. Furthermore, we wanted to test the binding to other
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Figure 3 Subcellular localization of ProF

(A) HeLa cells were transiently transfected with Myc–ProF and subjected to confocal immunofluorescence microscopy with antibodies against the Myc epitope, EEA1 and TfR. Co-localization of
Myc-tagged ProF (red) with endogenous EEA1 (green) on early endosomes and with endogenous TfR (green) on recycling endosomes is visualized in yellow in the merged pictures. Scale bars
indicate 20 µm. (B) Immunofluorescence microscopy analysis of undifferentiated 3T3-L1 cells stably transduced with a lentiviral vector encoding FLAG-tagged ProF with antibodies against ProF
and the FLAG tag. Scale bars indicate 20 µm. (C) Immunofluorescence microscopy analysis of COS-7 cells transiently transfected with plasmid DNA encoding Myc–ProF, Myc–ProF
FYVE and
GFP–ProF. Cells were treated for 30 min with 250 µM TPEN or 100 nM wortmannin. Scale bars indicate 20 µm. (D) Immunofluorescence microscopy analysis of differentiated PC12 cells (day 3),
stably transduced with a lentiviral vector encoding GFP-tagged ProF. Scale bar indicates 20 µm. (E) Oligomerization: lysates prepared from HEK-293T cells transiently transfected with the indicated
constructs were subjected to immunoprecipitation (IP) with an antibody against the Myc epitope tag. Dimerization capabilities of ProF and ProF
FYVE were assessed by immunoblotting (IB) with
an antibody against the FLAG epitope and by SDS/PAGE (upper panel). The two lower panels show controls for protein expression levels of Myc- and FLAG-tagged proteins.

kinases which are known to interact with WD-repeat proteins,
such as members of the PKC and the Src kinase families.
Additionally, the multidomain protein Bcr was tested, since it
contains a PH domain and various PH domain-containing proteins
are known to bind to WD-repeat proteins [4]. We tested the kinases
HA–Akt1, HA–PKCζ and HA–Bcr as well as untagged Src
by using transiently transfected HEK-293T cells and antibodies
against the HA tag or against Src (Figure 4A). Myc–ProF
co-immunoprecipitated HA–Akt1 and HA–PKCζ (Figure 4A,
lanes 3 and 7), but not HA–Bcr or untagged Src.

To further investigate the binding specificity of ProF for
certain kinases, we transiently transfected HEK-293T cells with
constructs expressing Myc–ProF and immunoprecipitated ProF
with an antibody against Myc. Overexpressed ProF co-precipi-
tated endogenous atypical PKC isoforms PKCζ /λ in HEK-
293T cells, but not the novel PKC isoforms PKCδ, PKCε
and PKCη and bound only very weakly to the classical PKC
isoform PKCα (Figure 4B). These results suggest a specificity
of ProF for particular kinases and even isoforms within a kinase
family.
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Figure 4 Interaction of ProF with overexpressed Akt and PKCζ

(A) HEK-293T cells were transiently transfected with HA–Akt1, HA–Bcr, HA–PKCζ and Src in the presence or absence of Myc–ProF. Interaction of ProF with HA–Akt1, HA–Bcr, HA–PKCζ and Src
was analysed by immunoprecipitation (IP) with an antibody to Myc tag followed by immunoblotting (IB) with antibodies against Src, HA and Myc epitopes (IP, top). Direct lysates are shown as
expression controls (IB, bottom). (B) HEK-293T cells were transiently transfected with Myc–ProF. Interaction of Myc–ProF with various PKC isoforms was analysed by IP with an antibody against
Myc followed by IB with antibodies against PKC isoforms and Myc-tagged ProF (IP, right). Direct lysates (DL) are shown as expression controls (DL, left). Samples were loaded on one gel; separating
lines were included for clarity. (C) HEK-293T cells were transiently transfected with Myc–ProF or Myc–ProF
FYVE in the presence of HA–Akt1 (left) or HA–Akt2 (right). Interaction of Myc–ProF or
Myc–ProF
FYVE with HA–Akt1 and HA–Akt2 was analysed by IP with an antibody to Myc tag followed by IB with antibodies against HA (top) and Myc epitopes (middle lane). Direct lysates are
shown as expression controls (IB, bottom). (D) For mapping of the interaction sites of PKCζ and Akt on ProF, HEK-293T cells were transiently transfected with the Myc–ProF constructs Myc–ProF
1–3 (a mutant lacking the FYVE domain and the blades 4–7) and Myc–ProF 4–7 (a mutant lacking the FYVE domain and the blades 1–3) together with HA–PKCζ (left) and HA–Akt1 (right). The
interaction of ProF deletion mutants with PKCζ and Akt was analysed by IP with an antibody to the Myc tag, followed by IB with antibodies against HA and Myc epitopes. The two upper panels show
the interaction (IP), the two lower ones show direct lysates as expression controls (IB). Samples were loaded on one gel; separating lines were included for clarity.

To further characterize the binding properties of ProF, we
transiently transfected HEK-293T cells with constructs express-
ing two isoforms of Akt, HA–Akt1 and HA–Akt2, together with
Myc–ProF and Myc–ProF
FYVE. Myc–Prof immunoprecipi-
tated both Akt isoforms equally well (Figure 4C). Furthermore,

the deletion of the FYVE domain did not affect the binding of ProF
to Akt (Figure 4C, lanes 5 and 10), indicating that the WD-repeat
propeller mediates the interaction of ProF with the kinases.

To delineate the interaction sites of Akt and PKCζ with the ProF
protein, we constructed mutants of ProF. Deletion of single amino
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Figure 5 Semi-endogenous and endogenous interactions of ProF with Akt and PKCζ /λ

(A) HEK-293T cells transiently expressing Myc–ProF were stimulated with 100 ng/ml IGF-1 and subjected to immunoprecipitation (IP) with an antibody towards the Myc epitope. Association of
Myc–ProF with endogenous Akt1/2 was detected by an anti-Akt antibody and phosphorylation of Akt by an antibody to phosphorylated Ser473 (P-S473), indicating increased co-IP of Akt after
stimulation by immunoblotting (IB) analysis. Expression and IP of Myc–ProF were verified by IB of direct lysates and IP with an antibody against the Myc epitope. Samples were loaded on one gel;
separating lines were included for clarity. (B) HEK-293 cells transiently expressing Myc–ProF
FYVE were stimulated with 100 ng/ml IGF-1 and subjected to IP with an antibody to Akt1. Association of
Myc–ProF
FYVE with endogenous Akt1 was detected by an anti-Myc antibody and phosphorylation of Akt by an antibody to P-S473 in an IB analysis. Expression of Myc–ProF
FYVE were verified
by IB of direct lysates with an antibody against the Myc epitope. Samples were loaded on one gel; separating lines were included for clarity. (C) HEK-293 cells transiently expressing Myc–ProF
FYVE
were stimulated with 100 ng/ml IGF-1 and subjected to IP with an antibody to Myc. PKCζ /λ co-precipitates with ProF and the interaction is increased upon IGF-1 stimulation. The kinase activity
of the co-precipitated PKCζ /λ was tested with a PKC substrate peptide. Expression and IP of Myc–ProF
FYVE were verified by IB of direct lysates and IP with an antibody against the Myc
epitope. Samples were loaded on one gel; separating lines were included for clarity. (D) Mouse brain extract was treated with anti-ProF antibody in the absence (−) or presence (+) of an excess of
ProF peptide to compete for the antibody followed by IB. Lane 2 shows competition of the ProF protein by addition of an excess of competing peptide. (E) Undifferentiated 3T3-L1 cells, which were
untransduced (lanes 1 and 2) or transduced with an siRNA targeted against ProF to down-regulate ProF expression (lanes 3 and 4), were subjected to IP in lanes 2 and 4. IP was performed with the
peptide antibody against ProF, which was cross-linked to Sepharose beads by dimethylpimelimidate. Association of endogenous ProF with endogenous kinases was detected in untransduced con-
trol cells (lane 2) and in cells with siRNA-mediated down-regulation of ProF (lane 4). Lane 1 shows the direct lysates of control cells, and lane 3 shows the direct lysates of siProF-transduced cells.
Lysates were loaded on one gel; separating lines were included for clarity.

acids, larger fragments, or individual blades did not show reduced
binding (results not shown). Therefore we generated mutants em-
bracing larger sections of ProF. One mutant comprised the blades
1–3 (Myc–ProF 1–3, a mutant lacking the FYVE domain and the
blades 4–7), the other one blades 4–7 (Myc–ProF 4–7, a mutant
lacking the FYVE domain and the blades 1–3). In both cases, the
mutants did not harbour the FYVE domain, which did not affect
the binding of ProF to the kinases. The ProF mutants were tested
by co-transfection with HA–Akt and HA–PKCζ (Figure 4D). Akt
was co-precipitated by both mutants, but bound more strongly to
blades 1–3, whereby PKCζ exclusively bound to blades 1–3.
Akt truncation mutants containing either the PH domain or the
kinase and regulatory domains were still able to bind Myc–ProF
(results not shown). These results suggest that several binding
sites contribute to the interaction between the kinases and ProF.

Nevertheless, they indicate a specific binding of Akt1, Akt2 and
PKCζ to ProF involving mainly or exclusively blades 1–3.

Hormonal stimulation of cells often regulates the binding of
kinases to WD-repeat proteins [4]. In order to test this, HEK-
293T cells were stimulated by IGF-1. Immunoprecipitates of over-
expressed Myc–ProF from stimulated cells indeed contained both
more total Akt and more phosphorylated Akt in comparison with
non-stimulated cells (Figure 5A). Even in unstimulated cells,
which contained only a low amount of activated Akt, phos-
phorylated Akt was preferentially recruited to ProF, indicating
a very efficient selection of activated Akt in unstimulated cells.
In summary, these results suggest a stronger interaction of ProF
with the kinase Akt after hormonal stimulation. Furthermore, they
confirm the interaction of ProF with Akt in a semi-endogenous
system.
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To further investigate the interaction of ProF with the endo-
genous kinases after hormonal stimulation of the cell, we over-
expressed Myc–ProF
FYVE in HEK-293 cells, which were
stimulated by IGF-1. Indeed, we found that upon IGF-1 stimu-
lation, binding of the ProF mutant to Akt1 (Figure 5B) and
PKCζ /λ (Figure 5C) was increased. We found that the interaction
of the WD-repeat propeller of ProF alone with the kinases was
stronger after stimulation than the interaction of the full-length
protein. This could be due to higher availability of the Myc–
ProF
FYVE mutant as binding partner for the cytoplasmatic
kinases, when compared with the wild-type protein, which is
mainly located on vesicles (Figure 3C). In summary, this experi-
ment demonstrated that the stimulation-dependent binding capa-
city of ProF is mediated by the WD-repeat propeller.

Interaction of ProF with endogenous kinases

To investigate whether endogenous ProF also interacted with
endogenous Akt and PKCζ /λ, we analysed mouse brain, where all
three proteins are expressed. By using brain lysate for immuno-
precipitation of ProF, we were able to co-precipitate Akt and
PKCζ /λ (Figure 5D). The specificity of the immunoprecipitation
was controlled by competition of the antibody with an excess of
the peptide used as antigen (Figure 5D, lane 2).

Furthermore, the interaction of endogenous ProF with endo-
genous kinases was also demonstrated in 3T3-L1 cells (Figure 5E,
lane 2), where we found comparatively high expression levels
of ProF (Figure 2B). To control for the specificity of the inter-
action, we performed the immunoprecipitation in 3T3-L1 cells,
transduced with a lentiviral vector expressing siRNA targeted
against ProF (Figure 5E, lane 4). These results verified the inter-
action of ProF with Akt and PKCζ /λ with endogenous proteins
in brain tissue and preadipocytes.

Interaction of ProF with membrane-targeted Akt alters the
subcellular localization of Akt

In order to clarify whether the subcellular localization of ProF
influenced its interaction with Akt, we performed confocal
immunofluorescence microscopy. We used COS-7 cells because
their large cytoplasm and small nuclei are favourable for immuno-
fluorescence studies. Presence of Myc–ProF in COS-7 cells led to
the formation of large vesicles (Figure 6, top left). This has also
been observed previously with other FYVE domain-containing
proteins, such as SARA [29]. Next, a membrane-targeted Akt
(m/p-Akt1) mutant was expressed together with Myc–ProF. We
found that m/p-Akt1 was pulled into the vesicular structures on
which the co-expressed Myc–ProF was located, suggesting an
interaction strong enough to overcome the anchoring of m/p-Akt1
to the cell-surface membrane (Figure 6, middle lane). Deletion
of the FYVE domain led to a loss of m/p-Akt1 dragging to
the vesicular structures (Figure 6, bottom lane). This experiment
further substantiated our finding that the FYVE domain is essen-
tial for targeting ProF to internal vesicles, but it also showed that
the binding of ProF to Akt is strong enough to alter the subcellular
localization of m/p-Akt1.

Thus this experiment suggests that ProF can target the kinases
to vesicles. Furthermore, it brings together the capacity of ProF
as an interaction partner of kinases with its property as a vesicular
protein.

DISCUSSION

We have identified a WD-repeat protein, ProF, which contains a
FYVE domain and interacts with the kinases Akt and PKCζ /λ.

Figure 6 Interaction of ProF with membrane-targeted Akt

COS-7 cells were transiently transfected with Myc–ProF alone (top, left), HA–m/p-Akt1 alone
(top, right) and together with Myc–ProF (two middle lanes) or Myc–ProF
FYVE (bottom
lane). Confocal microscopy analysis with HA- or Myc-specific antibodies revealed areas of
co-localization as visualized in yellow on the merged pictures (two middle lanes). In all cases,
scale bars indicate 20 µm.

The WD-repeats of ProF form a putative propeller structure that
binds Akt and PKCζ /λ, preferentially after hormonal stimulation.
Interestingly, several WD-repeat proteins are known to favour
binding of activated kinases such as RACK1 and RACK2. RACK1
selectively binds activated PKC isoforms on ribosomes (for a
review, see [30]) and also eIF6 (eukaryotic translation initiation
factor 6), which is phosphorylated by PKC, leading to increased
translation. RACK2 recruits activated PKCε to Golgi membranes,
where it might be involved in control of secretion and vesicular
trafficking [31]. These examples show that WD-repeat proteins
can bring together various kinases and their substrates to integrate
signalling pathways.

The WD-repeats of ProF are linked to a FYVE domain, which
is responsible for the localization to intracellular vesicles. Over-
expressed Myc- or FLAG-tagged ProF was observed on vesicular
structures and was found to partially co-localize with EEA1 or
the TfR. The vesicular localization was dependent on the pres-
ence of the FYVE domain and was lost in cells that had been
treated with wortmannin to deplete PIP3 and PI3P or with TPEN
to chelate Zn2+, which is the co-ordinating ion of the FYVE
domain. A vesicular localization of ProF has been shown in
various cell types such as HeLa, COS-7, 3T3-L1 preadipocytes
and PC12 cells. Although we could not specifically detect endo-
genous ProF by confocal immunofluorescence microscopy, cell
fractionation revealed that endogenous ProF was present in
the low-density microsomal fraction (results not shown) which
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contains endosomes and other intracellular membranes [32].
Additionally, we showed in differentiated PC12 cells the local-
ization of GFP–ProF fusion protein on vesicular structures, which
either randomly move within the cell body or migrate in both
directions through neurites.

These results suggest that ProF plays a role in association
with vesicles. ProF could be involved in numerous vesicular
processes in brain and pancreas, where its expression levels
are comparatively high, as well as in many other tissues. For
example, in the pancreas, it could be involved in insulin release
from pancreatic β-cells upon elevation of glucose levels [33],
or zymogen granule release from pancreatic acinal cells upon
stimulation [34]. In neurons, ProF could play a role in synaptic
vesicle exocytosis [35]. Additionally, ProF as a vesicular protein
could play a role in numerous intracellular trafficking events
such as vesicle transport from endosomes to lysosomes or from
endosomes to the trans-Golgi network (summarized in [36]) or in
vesicle-related signal transduction events.

ProF is a WD-repeat and FYVE domain-containing protein.
Database mining using the SMART program revealed that apart
from ProF there are two other proteins in humans which contain
both WD-repeats and a FYVE domain, FENS-1 and WDF3. The
protein FENS-1 shows a relatively high amino acid sequence
identity of 60% with ProF and an identical domain organization.
Furthermore, both proteins, ProF and FENS-1, contain a unique
and highly conserved FYVE domain. FYVE domains bind exclus-
ively and specifically to PI3P [26], but only a small subset of
FYVE-containing proteins can translocate to endosome mem-
branes without the need for additional interaction domains (sum-
marized in [7]). Interestingly, the FYVE domain of FENS-1 has
been demonstrated to display the highest binding capacity to
PI3P among all of the FYVE domains investigated so far [6,7].
Similar to FENS-1, the FYVE domain of ProF was found to be
sufficient for membrane localization of the protein, indicating
that ProF also has a high PI3P-binding capacity. FENS-1 has
previously been called WDF1 for WD40- and FYVE domain-
containing protein 1, whereas ProF has been called WDF2,
without assignment of any further citation. The third WD-repeat
FYVE protein, which exists in humans, was designated WDF3.
It contains a BEACH domain [beige and CHS (Chediak–Higashi
syndrome) domain], five WD-repeats and a FYVE domain, and
has also been named Alfy (autophagy-linked FYVE domain)
[37]. WDF3 is conserved in animals, plants and yeast. It has a
domain organization that is different from that of ProF or FENS-1.
Furthermore, the overall identity of the deduced amino acid
sequence of the WD-repeats and the FYVE domain of WDF3
with those of human ProF or its homologues from other species
is only 21%.

It is difficult to conclude anything on the function of ProF
from the known properties of WD-repeat propellers or FYVE
domains. Based on the fact that ProF interacts with Akt and
PKCζ /λ, we speculate that ProF could play a role in cellular
functions in which both kinases are involved. Co-operation of
Akt and PKCζ /λ has been described in two cellular systems:
firstly, ceramides can activate PKCζ /λ for phosphorylation and
negative regulation of Akt activity [38]; secondly, both kinases,
Akt and PKCζ /λ, have been shown to regulate insulin-dependent
glucose uptake in adipocytes (reviewed in [39]).

As a binding partner of Akt and PKCζ /λ, ProF could directly
influence the activation and phosphorylation of the kinases after
hormonal stimulation. However, because overexpression and
knockdown of ProF in 3T3-L1 cells did not affect Akt phosphoryl-
ation (results not shown), we speculate that ProF might rather
serve as an adaptor to bring together the kinases and their sub-
strates to play a role in signalling events.

Therefore, to understand the function of ProF as a binding
partner of Akt and PKCζ /λ, it would be important to determine
vesicular substrates of ProF-binding kinases. ProF could bind
the activated kinases on vesicles to bring them to the vicinity
of their substrates for facilitated phosphorylation. A PKCζ sub-
strate on vesicles in PC12 and 3T3-L1 cells could be the VAMP2
(vesicle-associated membrane protein 2) [40]. VAMP2 is a v-
SNARE [vesicular SNARE (soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptor)] protein, which inter-
acts with t-SNARE (target membrane SNARE) protein to promote
vesicle fusion. VAMP2 mediates the stimulation-dependent
plasma membrane translocation of GLUT4 (glucose transporter
type 4) in 3T3-L1 adipocytes (summarized in [41]) and synaptic
vesicle exocytosis [35]. The kinase Akt has numerous substrates
(summarized in [8]). An example of a vesicular Akt substrate in
3T3-L1 cells is AS160 (Akt substrate of 160 kDa), a protein that
participates in the translocation of GLUT4-containing vesicles to
the plasma membrane [42] and is found on GLUT4-containing
vesicles in unstimulated cells [43].

Akt also plays a key role in the process of adipocyte dif-
ferentiation in 3T3-L1 cells [44] and neuronal differentiation in
PC12 cells [45]. Several Akt substrates involved in these processes
have emerged recently. One indirect target of Akt implicated in
3T3-L1 adipocyte differentiation is the serine/threonine kinase
mTOR. Akt activates mTOR via direct phosphorylation and
inhibition of the tumour suppressor protein TSC2 (tuberous
sclerosis protein 2), which otherwise inhibits mTOR activity
(summarized in [46]). mTOR is found predominantly on internal
vesicles of mammalian cells and is highly up-regulated during
adipocyte differentiation [47]. Other targets of Akt are the FOXO
(forkhead box O) transcription factors. Phosphorylation of
FOXO1, the most abundant FOXO isoform in 3T3-L1 adipocytes,
by Akt plays a role in the regulation of adipocyte differentiation
[48], whereas NGF-mediated phosphorylation of FOXO3 by Akt
might be involved in neuronal differentiation and survival in PC12
cells [49]. Currently, we are investigating the potential role of ProF
as an adaptor protein for the phosphorylation of Akt and PKCζ
substrates.

In summary, we demonstrated that ProF is targeted to vesicular
membranes by the FYVE domain and serves via its WD-repeat
propeller as a binding platform for the kinases Akt and PKCζ /λ.
The binding of the kinases occurs preferentially after hormonal
stimulation, suggesting a role of ProF in signalling and raising
the question about substrates. ProF may act as an adaptor protein
in a variety of tissues, possibly in secretory pathways. ProF could
exert its function by binding to additional signalling proteins and
to their effectors and substrates.
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