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The second messenger phosphatidylinositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P,] is generated by the action of phosphoinositide
3-kinase (PI 3-kinase), and regulates a plethora of cellular
processes. An approach for dissecting the mechanisms by which
these processes are regulated is to identify proteins that interact
specifically with PtdIns(3,4,5)P,. The pleckstrin homology (PH)
domain has become recognized as the specialized module used by
many proteins to interact with PtdIns(3,4,5)F,. Recent work has
led to the identification of a putative phosphatidylinositol 3,4,5-
trisphosphate-binding motif (PPBM) at the N-terminal regions
of PH domains that interact with this lipid. We have searched
expressed sequence tag databases for novel proteins containing
PH domains possessing a PPBM. Surprisingly, many of the PH
domains that we identified do not bind PtdIns(3,4,5)F,, but
instead possess unexpected and novel phosphoinositide-binding
specificities in vitro. These include proteins possessing PH

domains that interact specifically with PtdIns(3,4)P, [TAPPI
(tandem PH-domain-containing protein-1) and TAPP2], Ptd-
Ins4P [FAPP1 (phosphatidylinositol-four-phosphate adaptor
protein-1)], PtdIns3P [PEPP1 (phosphatidylinositol-three-
phosphate-binding PH-domain protein-1) and AtPH1] and Ptd-
Ins(3,5)P, (centaurin-42). We have also identified two related
homologues of PEPP1, termed PEPP2 and PEPP3, that may also
interact with PtdIns3 P. This study lays the foundation for future
work to establish the phospholipid-binding specificities of these
proteins in vivo, and their physiological role(s).

Key words: AtPHI, centaurin-$2, phosphoinositide 3-kinase,
PtsIns3P-binding PH domain protein-1 (PEPP1), PtsIns4P
adaptor protein-1 (FAPP1), tandem pleckstrin-homology
(PH)-domain-containing protein-1 (TAPP1), TAPP2.

INTRODUCTION

Stimulation of cells with growth factors and insulin activates
members of the phosphoinositide 3-kinase (PI 3-kinase) family,
which phosphorylate phosphatidylinositol 4,5-bisphosphate
[PtdIns(4,5)P,] at the D-3 position of the inositol ring to generate
the lipid second messenger, PtdIns(3,4,5)P, [1]. A group of pro-
teins has been identified that possess a certain type of pleckstrin
homology (PH) domain that interacts specifically with PtdIns-
(3,4,5P, and, often, its immediate breakdown product,
PtdIns(3,4)P,, also thought to be a signalling lipid (reviewed in
[2]). These include the serine/threonine-specific protein kinases,
protein kinase B (PKB) and 3-phosphoinositide-dependent pro-
tein kinase-1 (PDK1) [3], Bruton’s tyrosine kinase (BTK) [4], the
adaptor proteins DAPP1 (dual adaptor for phosphotyrosine and
3-phosphoinositides) [5,6] and Gabl [7], as well as the ADP-
ribosylation factor (ARF) GTPase-activating protein (GAP)
centaurin-« [8] and the ARF guanine-nucleotide-exchange factor,
Grpl [9,10].

The molecular basis by which certain PH domains are able to
interact with PtdIns(3,4,5)P, has not been established definitively.
However, recent work indicates that six conserved residues that
lie in the N-terminal region of the PH domain in a Lys-Xaa-Sma-
Xaa, ,,-Arg/Lys-Xaa-Arg-Hyd-Hyd motif (where ‘Xaa’ is any
amino acid, ‘Sma’ is a small amino acid and ‘Hyd’ is a
hydrophobic amino acid) appear to correlate with high-affinity
binding of PtdIns(3,4,5)P, [11]. To date, all of the specific
PtdIns(3.4,5)P,-binding proteins identified possess this puta-
tive PtdIns(3,4,5) P, binding motif (PPBM) (see Table 1). Mutation
of certain of the conserved residues in the PPBM in some PH
domains has been shown to abolish interaction with Ptd-
Ins(3,4,5)P, [11]. Recent structural studies of the PH domain of
BTK bound to the head group of PtdIns(3,4,5)P, indicate that
the basic amino acids in the PPBM may form direct interactions
with the monoester phosphate groups of PtdIns(3,4,5) P, [2,12,13].

To identify novel proteins that interact with PtdIns(3,4,5)P,,
we searched expressed sequence tag (EST) databases for proteins
possessing a PH domain containing a PPBM. Surprisingly,

Abbreviations used: PI 3-kinase, phosphoinositide 3-kinase; PH, pleckstrin homology; PKB, protein kinase B; PDK1, 3-phosphoinositide-dependent
protein kinase-1; BTK, Bruton’s tyrosine kinase; DAPP1, dual adaptor for phosphotyrosine and 3-phosphoinositides; ARF, ADP-ribosylation factor;
GAP, GTPase-activating protein; PPBM, putative phosphatidylinositol 3,4,5-trisphosphate-binding motif; EST, expressed sequence tag; GST,
glutathione S-transferase; TAPP, tandem PH-domain-containing protein; FAPP1, phosphatidylinositol-four-phosphate adaptor protein-1; PEPP1,
phosphatidylinositol-three-phosphate-binding PH-domain protein-1; HEK-293, human embryonic kidney-293; NCBI, National Center for Biotechnology
Information; PDZ, postsynaptic density protein (PSD-95)/Drosophila disc large-tumour suppressor (DIg)/tight junction protein (ZO1).
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instead of interacting with PtdIns(3,4,5)F,, six of the expressed
PH domains bound specifically to other phosphoinositides.

EXPERIMENTAL
Materials

Unless otherwise indicated, all phosphoinositides used in this
study were dipalmitoyl derivatives obtained from Cell Signals
(Lexington, KY, U.S.A.), which were analysed by TLC and
were found to migrate as single products. sn-1-Stearoyl-2-
arachidonoyl-p-PtdIns(3,4,5)P, [14] was a gift from Piers
Gaffney (Ludwig Institute for Cancer Research, University
College London, London, U.K.). Hybond-C extra was from
Amersham Pharmacia Biotech (Little Chalfont, Bucks., U.K.),
Hi-Fidelity PCR kits were from Roche Diagnostics (Welwyn
Garden City, Herts., U.K.), human tissue (Catalogue no. 7780-1),
mouse tissue (Catalogue no. 7762-1) and human cancer cell-line
(Catalogue no. 7757-1) multiple-tissue Northern blots were from
Clontech Laboratories (UK Limited, Basingstoke, U.K.), Human
Universal cDNA Library was from Stratagene (Cambridge,
U.K.); pCR 2.1Topo vector and pre-cast SDS/polyacrylamide
gels were from Invitrogen (Carlsbad, CA, U.S.A.). DAPP1 [5]
and Grpl [9] were expressed as fusion proteins with glutathione
S-transferase (GST), and the PH domain of human phospho-
lipase Cd1 (residues 20-184) fused to GST was expressed in
Escherichia coli.

General methods

Restriction-enzyme digestions, DNA ligations, site-directed
mutagenesis and other recombinant DNA procedures were per-
formed using standard protocols. All DNA constructs were
verified by DNA sequencing.

Cloning of PH domains and preparation of expression constructs

All the human and mouse ESTs were obtained from the
I.M.A.G.E. Consortium [15] and sequenced. The plant EST
(accession no. T04439) encoding a full-length clone of AtPH1
was obtained from the Arabidopsis Biological Research Centre
(Ohio University, OH, U.S.A.). The sequence of each EST was
verified and the full-length PH domain of each EST was amplified
by PCR using the Hi-Fidelity PCR system with primers designed
to incorporate a Kozak site, an initiator ATG codon followed by
a Myc epitope tag, and a stop codon after the PH domain. The
region of each protein that was amplified using the indicated EST
as template was as follows: human TAPP1 (residues 95-404;
accession no. AI216176), mouse TAPP2 (residues 174-425; ac-
cession no. AA111410), human FAPP1 (residues 1-99;
accession no. W32183), Arabidopsis thaliana AtPH1 (full-length
protein, residues 1-145; accession no. T04439), human PEPPI
(residues 15-169; accession no. N31123), mouse centaurin-
f2 (residues 266-390; accession no. AA967911), putative human
homologue of rat LL5« (sequence Ser-Glu-Ser-Ala to Gln-Phe-
Met-Asn; accession no. AA863428), putative human isoform
of LL5x, which we have termed LL5F (sequence Arg-
Lys-Glu-Asp to His-Phe-Leu-Leu; accession no. AA461369),
mouse pleckstrin-2 (residues 1-249; accession no. AI326844),
human evectin-2 (residues 1-167; accession no. AA101447)
and human PH30 (sequence Asn-Ser-Ser-Ile to Ile-Ser-Asp-Ala;
accession no. AI827615). The PCR products were resolved on
19% (w/v) agarose gels, gel-purified, cloned into the pCR2.1
TOPO vector, sequenced and subcloned into either the E. coli
pGEX-4T-1 expression vector or the mammalian pEBG2T
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vector, which codes for the expression of these proteins with a
GST tag at the N-terminus.

Expression of GST-PH domains in E. coli

The pGEX-4T-1 constructs encoding the PH domains of FAPP1,
AtPHI1, PEPP1, LL5«, LL5p, evectin-2 and PH30 were trans-
formed into BL21 E. coli cells and a 500 ml culture was grown at
37 °C in Luria broth containing 100 xg/ml ampicillin until the
attenuance at 600 nm was 0.6. Isopropyl j-p-thiogalactoside
(250 uM) was added, and the cells were cultured for a further
16 h at 26 °C. The cells were resuspended in 25 ml of ice-cold
Buffer A [SO mM Tris/HCI, pH 7.5, 1 mM EGTA, 1 mM EDTA,
19, (w/v) Triton X-100, 1 mM sodium orthovanadate, 50 mM
sodium fluoride, 5 mM sodium pyrophosphate, 0.27 M sucrose,
1 M microcystin-LR, 0.1 %, (v/v) 2-mercaptoethanol and ‘com-
plete’ proteinase inhibitor cocktail (one tablet per 25 ml; Roche
Diagnostics)], lysed by one round of freeze-thawing, and the
lysates were sonicated to fragment the DNA. The lysates were
centrifuged at 20000 g for 30 min at 4 °C, and the supernatant
was then filtered through a 0.44 ym filter and incubated for
60 min on a rotating platform with 1 ml of glutathione—Sepharose
pre-equilibrated in Buffer A. The suspension was centrifuged for
1 min at 3000 g, the beads were washed three times with 15 ml of
Buffer A containing 0.5 M NaCl, and then a further ten times
with 15ml of Buffer B (50 mM Tris/HCI, pH 7.5, 0.1 mM
EGTA, 10 mM 2-mercaptoethanol and 0.27 M sucrose). The
protein was eluted from the resin at ambient temperature by
incubation with 2 ml of Buffer B containing 20 mM glutathione,
and the beads were removed by filtration through a 0.44 ym
filter. The eluate was divided into aliquots, snap-frozen in liquid
nitrogen and stored at —80 °C.

Expression of GST-PH domains in human embryonic kidney-293
(HEK-293) cells

As the PH domains of TAPP1, TAPP2, centaurin-$2 and
pleckstrin-2 were significantly degraded when expressed in bac-
teria (results not shown), these were expressed as GST-fusion
proteins in HEK-293 cells. For the expression of each construct,
twenty 10-cm-diameter dishes of HEK-293 cells were cultured,
and each dish was transfected with 5ug of the pEBG-2T
construct using a modified calcium phosphate method [16].
Post-transfection (36 h), the cells were lysed in 1 ml of ice-cold
Buffer A, the lysates were pooled, centrifuged at 4 °C for
10 min at 13000 g, and the GST-fusion proteins were purified
by affinity chromatography on glutathione—Sepharose before
storage, as described above.

Cloning of TAPP1, TAPP2 and FAPP1

Full-length human TAPPI1, full-length mouse TAPP2, partial
mouse TAPP1, partial human TAPP2 and full-length human
and mouse FAPP1 sequences were deduced by sequencing the
EST clones listed in Table 3. Several EST clones possessed
identical sequences, the same in-frame stop codon 5 to the
predicted initiating ATG codon, and a stop codon at the same
position at the 3’-end of the gene. The constructs used to express
full-length and deletion mutants of TAPP1 and TAPP2 were
generated by PCR, using as a template ESTs encoding full-length
human TAPP1 (accession no. AI1216176) and full-length mouse
TAPP2 (accession no. AA111410). The PCR primers used were
designed to incorporate a Kozak site and an initiating ATG
codon followed by a FLAG epitope tag, and the resulting PCR
product was subcloned into the pEBG2T mammalian expression
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vector. The sequences of primers used in the present study are
available, on request, from the authors.

Cloning of PEPP1, PEPP2 and PEPP3

The partial sequence of human PEPP1 that contains the 5-end
of the coding sequence was obtained by sequencing of ESTs with
National Center for Biotechnology Information (NCBI) ac-
cession nos. N49341 and N31123. To obtain a full-length cDNA
encoding PEPP1, we screened a Stratagene Human Universal
cDNA Library with a DNA probe corresponding to the N-
terminal 15-169 residues of PEPPI, and isolated a full-length
PEPPI1 cDNA that had a stop codon 5’ to the predicted initiating
ATG codon and an open reading frame encoding 779 amino
acids followed by a stop codon. Interrogation of the EST
databases with the full-length PEPP1 sequence identified two
closely related isoforms of this protein, termed PEPP2 and
PEPP3. The sequence of human PEPP2 was deduced by sequen-
cing the EST clones A1808805 (kidney), AA232124 (brain),
W91917 (fetal liver and spleen) and AI638629 (germ-cell line).
The sequence of PEPP2 is likely to be full length because there
is a stop codon 5 to the predicted initiating ATG codon. The
sequence of human PEPP3 (also termed KIAA0969) has been
deposited on the database as part of a project cloning large
cDNAs expressed in brain [17]. There are also three ESTs
available encoding PEPP3 that have accession nos. A1739438,
BE303674 and F23241.

Northern blot analysis

cDNA corresponding to full-length human TAPPI,
human TAPP2 (residues 18-304),

partial
partial human PEPP1

(residues 15-169), partial human PEPP2 (residues 154-654)
and mouse partial mouse centaurin-52 (residues 266-390) were
labelled with [**Pla-dATP by random priming using a multi-
prime DNA labelling kit (Amersham Pharmacia Biotech). These
probes were then used to screen Northern blots using Rapid-Hyb
Buffer (Amersham Pharmacia Biotech), according to the manu-
facturer’s protocol.

Protein—lipid overlay assay

To assess the phosphoinositide-binding properties of each PH
domain, a protein-lipid overlay assay was performed using the
GST-fusion proteins, as described previously [5,18]. Briefly, 1 ul
of lipid solution containing 1-100 pmol of phospholipids dis-
solved in a mixture of choroform/methanol/water (1:2:0.8, by
vol.) was spotted on to Hybond-C extra membrane and allowed
to dry at room temperature for 1 h. The membrane was blocked
in 39, (w/v) fatty acid-free BSA in TBST [5S0 mM Tris/HCI,
pH 7.5, 150 mM NaCl and 0.19%, (v/v) Tween 20] for 1 h. The
membrane was then incubated overnight at 4 °C with gentle
stirring in the same solution containing 0.2 yg/ml of the indicated
GST-fusion protein. The membranes were washed six times over
30 min in TBST, and then incubated for 1 h with 1:1000 dilution
of anti-GST monoclonal antibody (Sigma, St Louis, MO,
U.S.A.). The membranes were washed as before, then incubated
for 1 h with 1:5000 dilution of anti-mouse-horseradish per-
oxidase conjugate (Pierce, Rockford, IL, U.S.A.). Finally, the
membranes were washed 12 times over 1 h in TBST, and
the GST-fusion protein that was bound to the membrane
by virtue of its interaction with phospholipid was detected by
enhanced chemiluminescence.

Table 1  Alignment of proteins possessing a putative Ptdins(3,4,5)P,-binding motif

Alignment of the amino acid residues of the N-terminal region of PH domains containing at least five out of the six conserved residues in the motif Lys-Xaa-Sma-Xaag_-Arg/Lys-Xaa-Arg-Hyd-
Hyd, where ‘Xaa' is any amino acid, ‘Sma’ is a small uncharged amino acid and ‘Hyd’ is a hydrophobic amino acid. Amino acids are shown by the single-letter code, and asterisks indicate
accession nos. of the EST used to amplify, by PCR, the PH domain for which lipid-binding properties are illustrated in Figure 2. Org., organization.

@)

Known PtdIns(3,4,5)B-binding proteins Protein Accession no. Species Protein function Ref.
KEGWL EYIKY----- WINPIRY4A L. LKND PKB 533364 Mouse Ser/Thr kinase [2]
ENNLIL PVDKRKGLF - ARIRIOILTEGP PDK1 AAC51825 Human Ser/Thr kinase [2]
LESIFL QQKKKTSPLNFINKINAT. I, TVH BTK Q06187 Human Tyrosine kinase [3]
KEGYLTIRQ@GLVKT~ -~ - - TIMITLHRN DAPP1 AF163254 Human Unknown (adaptor ?) [4]
CSGWLRIGSPPEKKLKRYA-WINREWIAVI.RSG Gab1 AAC50380 Human Docking protein [6]
KEGYME] T‘EPKQTEG— - —-FRKIRAWMITMDDR Centaurin-cc1 JC7091 Human ARF GAP n
REGWLL GRVKT----~- WINRIEYYT L TDN GRP1 AF001871 Mouse ARF GEF [8]
PH domains characterized in this study Protein Accession no. Species Protein function Ref.
KACYCVIMORAVMKN- — — ~— RIM4IOLDEN TAPP1 Al216176" Human Unknown (adaptor ?)

KSGYCVIIQENVRKS - - - - — 'RFF ALDDF TAPP2 AA111410* Mouse Unknown (adaptor ?)

MEGVL YLTG ————— WQPIRUFVLDNG FAPP1 W32183* Human Unknown (adaptor ?)

IRGWL DSSGLRL————WE MYV SGH PEPP1 N31123* Human Unknown
RSGWLTINO@®DYIKT - -~ -~ v AV LKRG AtPH1 T04439* Arabidopsis Unknown (adaptor ?) [24]
MEGYLFRRIASNAFKT - - - -WNRIQMISTONS Centaurin-f2 AA967911* Mouse ARF GAP
KSGWLLIBOBTILKR--—-~~= WIDLWSD Evectin-2 AA101447* Human Golgi trafficking ? [21]
CRGYL KIKS----- U VEDRL LL50 AAB63428* Human Unknown [17]
CRGFLI KIKT----- YV FDRN L5 AA461369° Human Unknown
KEGFLVINREHTVHN-—--- INAIR TTRON Pleckstrin-2 Al385784* Mouse Cytoskeletal Org.? [18]
FEGTLY|SREALLKG- -~~~ LNVT PH30 Alg27615* Human Nuclear phosphatase ? [20]
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BIACore measurements of PH domain-lipid interactions

Kinetic analyses of the interactions between the GST-PH domain
fusions and the polyphosphoinositides were made using surface-
plasmon-resonance-based procedures, as described previously
[5,19], with the following modifications. The mole-percentage of
the test polyphosphoinositide was reduced from 19, to 0.19,.
This helped to minimize any mass-transport limitation in the
binding interaction, and increased the rate of lipid immobilization
on the chip. The intracellular buffer was supplemented with
0.27 M sucrose to reduce the bulk refractive-index changes
associated with the addition of Buffer B. Proteins were injected
over the monolayers at concentrations ranging from 1M to
10 nM. Data were analysed using the bimolecular-interaction
model and the global-fitting feature of the BIAevaluation 3
software for several sensorgrams at different protein concen-
trations. GST-PH domain binding to phosphoinositides does
not fit well to this model, because of the slow dissociation of the
protein from the surface [5,19]. Therefore, instead of calculating
the apparent K, values for the interaction of the GST-PH
domain proteins with phosphoinositides, the relative binding
affinities of each protein relative to the binding of full-length
GST-TAPP1 with PtdIns(3,4)P,was determined instead.

RESULTS
Identification of novel or uncharacterized PH domains

The NCBI/European Molecular Biology Laboratory (EMBL)/
Protein Data Bank EST databases were interrogated with the
amino acid sequences encoding the PH domains of human
PKBa, PDK1, Grpl and DAPP1. These searches revealed 11
partial sequences encoding either novel or previously unchar-
acterized PH-domain-containing proteins possessing at least five
of the six conserved residues in the PPBM (Table 1). We cloned

the entire PH domains of each of these proteins (see the
Experimental section), which are described in Table 1. They were
expressed in E. coli or HEK-293 cells as fusions to GST, and
purified by affinity chromatography on glutathione—Sepharose.
Homogeneous Coomassie-Blue-stained bands were observed for
each product, and these proteins migrated with the expected
molecular masses on SDS/PAGE (Figure 1).

We studied the specificity and affinity of interaction of the PH
domains for phosphoinositide lipids using either a protein—lipid
overlay assay [5] (Figure 2), or the more quantitative surface-
plasmon-resonance-based approach [19] (Table 2). For the
protein—lipid overlay assay, serial dilutions of phosphoinositides
were spotted on to a nitrocellulose membrane and incubated
with the indicated GST-PH domain fusion protein or GST-
DAPPI [which binds PtdIns(3.4,5)P, and PtdIns(3.4)P,] [5],
GST-Grpl [which binds PtdIns(3,4,5)P, only] [9] and GST-
phospholipase Cé1 [which binds PtdIns(4,5)P, only] [20] as
controls. The membranes were then washed and immunoblotted
with a GST antibody to detect GST-fusion proteins that were
bound to the membrane by virtue of their interaction with lipid.
For the surface-plasmon-resonance-based assay, the relative
affinities of the GST-PH domain fusion proteins resulting from
their interaction with a supported lipid monolayer containing a
low mole fraction of phosphoinositide was determined (Table 2).
Both these assays yielded comparable results for the lipid-
binding specificities and relative affinities of the PH domains
that we have isolated. As discussed below, six of the PH do-
mains that we identified did not bind to sn-1,2-dipalmitoyl-D-
PtdIns(3,4,5)P, (see Figure 6) or sn-1-stearoyl-2-arachidonoyl-
D-PtdIns(3.4,5) P, (results not shown), but did interact with other
phosphoinositides with various affinities and specificities. In
contrast, the PH domains derived from the proteins LL5« [21],
a closely related isoform to LL5a not described previously that
we have termed LL54, pleckstrin-2 [22,23] and a protein that we
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Figure 1 SDS/polyacrylamide gel of purified GST-PH domains

Of the indicated purified GST—PH domain fusions [except for the TAPP1 Trp-281 — Leu (W281L) mutant (0.5 «g), which expressed poorly], 2 g was electrophoresed on SDS/polyacrylamide
gels (4-12% gradient) and stained with Coomassie Blue. The positions of the molecular-mass markers (Bio-Rad Precision Markers) are indicated. TAPP1, TAPP2, centaurin-52 and pleckstrin-2
constructs were expressed in HEK-293 cells and FAPP1, PEPP1, AtPH1, LL5a, LL5/, evectin-2 and PH30 were expressed in E. coll.
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Figure 2 Phosphoinositide binding properties of the novel PH domains

The ability of the indicated GST-fusion proteins to bind a variety of phosphoinositides was analysed using a protein—lipid overlay assay. Serial dilutions of the indicated phosphoinositides
(100 pmol, 50 pmol, 25 pmol, 12.5 pmol, 6.3 pmol, 3.1 pmol and 1.6 pmol) were spotted on to nitrocellulose membranes, which were then incubated with the purified GST-fusion proteins. The
membranes were washed, and the GST-fusion proteins bound to the membrane by virtue of their interaction with lipid were detected using a GST antibody. A representative of at least three separate

experiments is shown.

Table 2 Relative affinities of PEPP1, FAPP1 wild-type and mutant TAPP1 and TAPP2 for binding to phosphoinositides as measured by surface plasmon

resonance

The binding of the indicated GST-fusion protein phosphoinositides incorporated into supported phosphatidylcholine monolayers was measured as described in the Experimental section. The apparent
affinities were determined by global fitting of the association and dissociation curves to a 1:1 binding model, and were used to rank the binding affinity relative to that of TAPP1 to Ptd-
Ins(3,4)A, which was approx. 5 nM. The numeric relative affinity binding data are indicated in bold. FL, full-length protein; NT-PH, N-terminal PH domain; CT-PH, C-terminal PH domain; NB,
no binding detected; ND, not determined; R212L, a mutant bearing an Arg-212 — Leu substitution; R28L, a mutant bearing an Arg-28 — Leu substitution.

Phosphoinositide ~ DAPP1 ~ PDK1 ~ PEPP1  FAPP1  FL-TAPP1  FL-TAPP2  FL-TAPP1 (R212L)  FL-TAPP1 (R28L)  CT-PH TAPP1 ~ CT-PH TAPP1 (R212L)  NT-PH TAPP1
PtdIns3P NB NB 65 NB NB NB ND ND ND ND ND
PtdIns4P NB NB NB 4 NB NB ND ND ND ND ND
PtdIns&P NB NB NB NB NB NB ND ND ND ND ND
Ptdins(3,4)8 ND ND NB NB 1 5 NB 5.6 5.4 19.6 NB
Ptdins(3,4,5)R 0.6 12 NB NB NB NB ND ND ND ND ND
Ptdins(3,5)A NB NB NB NB NB NB ND ND ND ND ND
PtdIns(4,5)A NB NB NB NB NB NB ND ND ND ND ND

have called PH30, which displays 70 9%, identity with the nuclear
dual-specificity phosphatase [24] (accession no. AAC39675),
interacted with several phosphoinositides (Figure 2). The PH
domain of a protein of unknown function, termed evectin-2,
which localizes to post-Golgi membranes [25], showed a moderate
affinity for PtdIns(3,4,5)P,, but also interacted more weakly with
several other phosphoinositides (Figure 2). None of the PH
domains for which lipid-binding properties were investigated (as
shown in Figure 2) interacted with phosphatidylcholine, phos-

phatidylethanolamine, phosphatidylserine or phosphatidylinos-
itol in the protein—lipid overlay assay (results not shown).

TAPP1 and TAPP2 bind specifically to PtdIns(3,4)P,

Two of the novel sequences identified encoded related proteins,
which were termed TAPP1 and TAPP2 (Table 1). Clones
encoding the full-length human TAPP1 (accession no. AF-
286160), mouse TAPP2 (accession no. AF286161) and human
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Figure 4 Comparison of the phosphoinositide-binding properties of the N-terminal and C-terminal PH domains of TAPP1 and TAPP2

The ability of wild-type and mutant forms of full-length (FL) and isolated N-terminal (NT) and C-terminal (CT) PH domains of TAPP1 and TAPP2 GST-fusion proteins to interact with phosphoinositides
were analysed using a protein—lipid overlay assay. Serial dilutions of the indicated phosphoinositides (100 pmol, 50 pmol, 25 pmol, 12.5 pmol, 6.3 pmol, 3.1 pmol and 1.6 pmol) were spotted
on to a nitrocellulose membrane, which was then incubated with the indicated purified GST-fusion proteins. The membranes were washed and the GST-fusion proteins bound to the membrane
by virtue of their interactions with lipid were detected using a GST antibody. A representative experiment of three is shown. The isolated N-terminal PH domain of human TAPP1 comprises residues
1-147, the isolated G-terminal PH domain of human TAPP1 comprises residues 95—404, the isolated N-terminal PH domain of mouse TAPP2 comprises residues 1—131 and the isolated C-terminal
PH of mouse TAPP2 comprises residues 174—425. PtdEth, phosphatidylethanolamine; PtdCho, phosphatidylcholine; PtdSer, phosphatidylserine.

TAPP2 (accession no. AF286164) were isolated as described in
the Experimental section. Human TAPPI1 is a protein of 404
amino acids, and mouse TAPP2 is a protein of 425 amino acids
(Figure 3A). A stop codon immediately 5 to the predicted
initiating ATG codon indicates that both human and mouse
TAPP1 and TAPP2 protein sequences are full length. Analysis of

domain possesses the PPBM (Figure 3A). The amino acid
sequences of TAPP1 and TAPP2 are 58 9, identical over the first
300 amino acids, which encompasses both of the PH domains.
There is little homology between the C-terminal 100 residues of
TAPP1 and TAPP2, except that seven out of the eleven C-
terminal amino acids of TAPP1 and TAPP2 are identical. The

last three residues of TAPP1 and TAPP2 conform to the minimal
sequence motif (Ser/Thr-Xaa-Val/lle) [26,27] required for

the TAPP1 and TAPP2 sequences revealed the presence in each
protein of two PH domains, of which only the C-terminal PH

Figure 3 Amino acid sequence and tissue distribution of TAPP1 and TAPP2

(A) The alignment of the human and mouse TAPP1 and TAPP2 sequences is shown. The identities are shown in reversed-out white lettering on a black background. The DNA sequences encoding
the human (h) and mouse (m) TAPP1 shown are available from the NCBI database (accession nos. for hTAPP1, hTAPP2 and mTAPP2 are AF286160, AF286164 and AF286161 respectively).
The amino acid residues corresponding to the N-terminal and C-terminal PH domains are indicated by a continuous black line and a broken line respectively. The residues that comprise the putative
SH3-domain-binding proline-rich motif of TAPP2 are boxed. The residues of the C-terminal PH domain of TAPP1 and TAPP2 that make up the PPBM are indicated by * + '. The C-terminal Ser-
Asp-Val sequence of TAPP1 and TAPP2 that could interact with proteins possessing a PDZ domain(s) is shown by asterisks. The sequences of mTAPP1 and hTAPP2 are not fully characterized,
and the residues that are not known are indicated by blank spaces. (B) TAPP1 and TAPP2 cDNAs were labelled with [*?P]o-dATP using random primers (see the Experimental section), and
subsequently used to probe a Northern blot containing polyadenylated RNA isolated from the indicated human tissues and cancer cell lines. The blot was washed and autoradiographed. The TAPP1
and TAPP2 probes were observed to hybridize to a 4 kb and a 6 kb message respectively.
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Table 3 Tissue origin of ESTs encoding TAPP1, TAPP2, PEPP1 and FAPP1

ESTs that we have sequenced also have their .M.A.G.E. Consortium Clone IDs featured in

parentheses.
Protein ~ Species  Tissue NGBI Accession (I.M.A.G.E. Clone ID)
TAPP1  Human Parathyroid tumour W56032, W63712 (326517)
Fetal heart AA054961
Lung Al191308, AI216176 (1884429)
Colon AI709038
Kidney AA875839, Al343801
Skeletal muscle AA211648
Melanocyte N31136
Testis AI343801
Olfactory epithelium AL046495
Germinal centre B cell ~ AA740729 (1286305)
Fetal liver H78048, H90955
Uterus AA150283 (491669)
Placenta R62858
Testis AA429617
Fetal liver R91752
Mouse Thymus AAT762924
Kidney Al987596 (2158944)
Embryo AA388896 (569145)
Zebrafish ~ Pooled Al497344, Al878142
Fin regenerates AW595189
TAPP2  Human Germinal centre B cells  AA721234 (1300983)
Fetal lung Al185428 (1742690)
Pooled tumours AA975814 (1589519)
Brain AA985353, AW408638
Mouse Embryo AA111410 (557355)
Thymus AA118260, Al447504 (574391)
Myotubes Al592480, Al591454 (1162924)
Chicken  Bursa of Fabricius AJ393764, AJ395418, AJ393899
FAPP1  Human Multiple sclerosis N79274 (287618)
Germinal centre B cells  AA481205 (815143),
AA481224 (815169), Al221252 (1842552)
Bowel BE136879
Testis AA431220
Lung carcinoid AW340998, AW341035
Fetal heart W73345
Colon tumour Al337400
Pancreatic islet W52895 (338749)
Aorta endothelial AA301959
Germ cell tumour Al341371
Pooled Al246428, Al242688,
AA453702 (813820), AA724575 (1327281)
Parathyroid tumour W32183 (321321)
Uterus Al161122 (1721404)
Total fetus AA463817 (796517)
Mouse Embryo AA681116 (1134498)
Macrophages AAB67335 (1293870)
Tumour AW412246 (2812588)
Spleen AA184412
Total fetus AA048334 (477463)
Heart AA419963 (847595)
Rat Ovary A77017
Pooled Al071963
Xenopus  Unfertilized egg AW644282
Zebrafish ~ Pooled AW174299
PEPP1  Human Melanocytes N49341 (272085), N31123 (265349)

Melanoma

AL135424, AL135565

binding to a PDZ domain ['PDZ’ is an acronym derived from
postsynaptic density protein (PSD-95)/Drosophila disc large-
tumour suppressor (Dlg)/tight junction protein (ZO1)]. Apart
from two proline-rich regions towards the C-terminus of TAPP2,
which could form a binding site for an SH3 domain (Figure 3),
no other known catalytic domains are present. Interrogation of
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the NCBI human genome database with the TAPP1 sequence
indicated that it is located on chromosome 10g25.3—q26.2.
Although the genomic fragment that encompases TAPP2 (ac-
cession no. AC067817) has been sequenced, its chromosomal
location is not yet known.

The isolated C-terminal PH domains of TAPP1 and TAPP2
(which possess the PPBM), when expressed as GST-fusion
proteins, interacted with PtdIns(3,4)P,, but did not bind to
PtdIns(3,4,5)P, or any other phosphoinositides tested (Figure 2).
Surface-plasmon-resonance studies also indicated that the iso-
lated C-terminal PH domain of TAPP1 and TAPP2 interacted
with high specificity with PtdIns(3,4)P, (Table 2). TAPPI pos-
sesses a 5-fold higher affinity for PtdIns(3,4)P, than TAPP2. The
affinity of TAPP1 for PtdIns(3,4)P, is similar to that at which
DAPP1 binds PtdIns(3,4,5)P,, and 10-fold higher than the affinity
with which PDK1 interacts with PtdIns(3,4,5)P, (Table 2). The
N-terminal PH domain of TAPP1 and TAPP2 failed to interact
with any phosphoinositide tested (Figure 4A and Table 2). The
full-length GST-TAPPI1 (Figure 4A and Table 2) and full-length
GST-TAPP2 (Figure 4C and Table 2) fusion proteins interacted
specifically with PtdIns(3,4)P,. Mutation of the conserved Arg-
212 to leucine in the PPBM of the C-terminal PH domain of
TAPP1 abolished or greatly reduced the interaction of both full-
length TAPP1 and the isolated C-terminal PH domain with
PtdIns(3,4)P, (Figure 4B and Table 2). The mutation of the
residue Arg-28 to leucine in the N-terminal PH domain of
TAPP1, which lies in a position equivalent to that of Arg-212 in
the C-terminal PH domain, did not affect the interaction of full-
length GST-TAPP1 with PtdIns(3,4)P, as observed in the
qualitative protein-lipid overlay assay (Figure 4B), but a 5-fold
decrease in the affinity of this mutant for PtdIns(3,4)P, was
observed in the more quantitative surface-plasmon-resonance
binding assay (Table 2). Consistent with a role for the N-terminal
PH domain of TAPPI in contributing towards the affinity with
which the C-terminal PH domain binds to PtdIns(3,4)P,, the
isolated C-terminal PH domain of TAPP1 bound to PtdIns(3,4)P,
with a 5-fold lower affinity than full-length TAPP1 (Table 2). As
expected, the mutation to leucine of the conserved tryptophan
residue (Trp-281) found in all PH domains abolished the in-
teraction of the isolated C-terminal PH domain of TAPP1 with
PtdIns(3,4)P, (Figure 4B).

The tissue distribution of TAPP1 and TAPP2 mRNA was
investigated by Northern blot analysis. TAPP1 was detected as a
4 kb transcript in all tissues examined, with the highest levels
observed in skeletal muscle, spleen, lung, thymus and placenta
(Figure 3B). TAPP2 was detected as a 6 kb transcript in all
tissues examined, with the highest levels observed in heart and
kidney (Figure 3B). We identified many ESTs encoding TAPP1
and TAPP2 in the databases derived from several tissues (Table
3), indicating that TAPP1 and TAPP2 are widely expressed
proteins.

FAPP1 is a specific Ptdins4P-binding protein

The PH domain containing the protein termed FAPP1 (Table 1),
possessing a glutamine instead of lysine or arginine at the third
conserved residue of the PPBM, exhibited a high affinity for
PtdIns4 P, but did not bind to any other phosphoinositide (Figure
2 and Table 2). The full-length human and mouse FAPP1
sequences (Figure 5) were deduced from the sequencing of ESTs
listed in Table 3. Human FAPP1 encodes a protein of 300 amino
acids, and a stop codon immediately 5’ to the predicted initiating
ATG codon indicates that both the human and mouse FAPP1
protein sequences are full length. Interrogation of the human
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Figure 5 Amino acid sequence of human and mouse FAPP1

The alignment of the full-length human (h) and mouse (m) FAPP1 and partial Xenopus and zebrafish sequences are shown. The identities are shown in reversed-out white lettering on a black
background. The DNA sequences of human (accession no. AF286162) and mouse FAPP1 (accession no. AF286163) are available from the NCBI database. The partial Xenopus and zebrafish FAPP1
sequences are predicted from the EST sequences with NCBI accession nos. AW644282 and AW174299 respectively. The amino acid residues corresponding to the PH domain are underlined
with a continuous black bar, and the residues that comprise the putative SH3-domain-binding motif are indicated by a dotted line. The residues of the PH domain of FAPP1 that make up the

PPBM are shown by * + .

genome NCBI database indicated that the FAPPI gene was
located on an unmapped region of chromosome 2 (accession no.
NT_003398). Analysis of the FAPP1 sequence revealed the
presence of an N-terminal PH domain and a proline-rich region
located towards the C-terminus that could mediate binding to
SH3 domains (Figure 5). FAPP1 is likely to be expressed widely,
because 27 EST clones encoding this protein were derived from
several tissues (Table 3). However, FAPP1 may not be an
abundant transcript, since we were unable to detect significant
levels of FAPP1 mRNA expression in any tissue or cell line
examined (results not shown).

Plant AtPH1 and mammalian PEPP1 bhind Ptdins3P specifically

Two of the PH domains that were identified, termed AtPH1 and
PEPP1 (Table 1), exhibited significant affinity for PtdIns3P, but
did not bind to any other phosphoinositide (Figure 2 and Table
2). AtPH1 is a small 145-residue Arabidopsis protein, the physio-
logical role of which is unknown. It consists of one PH domain
with a short N-terminal extension, and is expressed in all plant
tissues [28]. PEPP1 is a novel mammalian protein, the full-length
sequence of which has been deduced from sequencing of several
ESTs (Table 3) and screening of a cDNA library (see the
Experimental section). The PH domain of PEPP1 is located at
the N-terminal region of PEPP1, and there are no other obvious
functional motifs. Analysis of the NCBI human genome database
shows that the PEPP]I gene is located on an unmapped region of
chromosome 19 (accession no. AC026803). The tissue distri-
bution of PEPP1 mRNA was first investigated by Northern blot
analysis, which indicated that PEPP1 was either not expressed or
only expressed to a very low level in the panel of 12 tissues that
we examined (Figure 6B). We also performed a Northern blot
analysis using a panel of eight different human cancer cell lines

(Figure 6B). Interestingly, PEPP1 mRNA was expressed at very
high levels in a melanoma cancer cell line as a 3 kb fragment, but
was not significantly expressed in the other seven non-melanoma
cancer cell lines that were investigated (Figure 6B). Further
evidence to suggest that PEPP1 may be selectively expressed in
melanoma or melanocytes is provided by the fact that the three
human EST clones encoding PEPP1 that we have identified thus
far are derived from either a melanoma or a melanocyte cDNA
library (Table 3).

Interrogation of the NCBI database with the PEPP1 sequence
revealed two other proteins that appear to be related isoforms of
PEPP1, termed PEPP2 and PEPP3 (Figure 6A). The identity
between these proteins is most notable in the PH domain,
especially the region that encompasses the PPBM, as well a
region of 30 amino acids that proceeds the PH domain. PEPP1,
PEPP2 and PEPP3 are poorly conserved in the region C-terminal
to the PH domain (Figure 6A). PEPP2, but not PEPP1 or
PEPP3, also possesses two WW domains [29] in a region N-
terminal to the PH domain (Figure 6A). PEPP2 might be more
widely expressed than PEPP1, since Northern blot analysis
shows that PEPP2 mRNA is present in high levels in heart and
kidney, and is also expressed at a lower level in other tissues.
PEPP2 is also expressed in many of the cancer cell lines that were
examined (Figure 6B). PEPP3 might not be an abundant
transcript, since we were unable to detect significant levels of
PEPP3 mRNA expression in any tissue or cell line examined
(results not shown). The four PEPP3 ESTs that are present in the
database are derived from brain, colon, mammary gland and
skeletal muscle (see the Experimental section).

Centaurin-f2 is a Ptdins(3,5)R-binding protein

Human centaurin-/42 is an uncharacterized 778-amino-acid pro-
tein (cloned by T. Jackson and colleagues, University College
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London; accession no. CAB41450), possessing a PH domain
(residues 267-363) followed by a putative ARF GAP domain (resi-
dues 399-520) and three ankyrin repeats at its C-terminus. The
PH domains of both mouse and human centaurin-£2 possess
an asparagine residue instead of a lysine or arginine at the third
conserved position of the PPBM (Table 1). The PH domain of
mouse centaurin-f2 exhibited a moderate affinity for Ptd-
Ins(3,5)P,, but did not bind to any other phosphoinositide tested
(Figure 2). Centaurin-£2 is likely to be a widely expressed
protein, because 12 EST clones encoding it were derived from
several tissues, and Northern blot analysis indicated that mouse
centaurin-42 was expressed as a 4.5 kb fragment in all tissues
investigated (results not shown).

DISCUSSION

The PH domains identified thus far that bind specifically to
PtdIns(3,4,5)P,, or to PtdIns(3,4,5)P, and PtdIns(3,4)P,, possess
a PPBM (Table 1). However, the finding in the present study that
PH domains possessing a perfect or near-perfect PPBM consensus
do not always interact with PtdIns(3,4,5)F, specifically empha-
sizes that residues lying outside the PPBM also influence the
interaction of many PH domains with phosphoinositides. Struc-
tural studies also show that residues lying outside of the PPBM
also form direct contacts with the inositol phosphate moieties of
phosphoinositides [2,13,20]. Previous studies have demonstrated
that phospholipase C¢,, which also possesses a PPBM, does not
bind to PtdIns(3.4,5)P, with a high affinity [20]. It has been
proposed that, in this case, the short loop between the f1 and /52
strands of the PH domain of phospholipase Cd, compared with
that found in other PH domains that bind to PtdIns(3,4,5)P, may
account for this observation [20]. It therefore seems unlikely that
it will be possible to predict the lipid-binding specificity of a PH
domain on the basis of its amino acid sequence alone.

There has been considerable debate as to whether PtdIns(3,4) P,
regulates the same physiological processes as PtdIns(3,4,5)P,, be-
cause it is formed as a breakdown product of PtdIns(3,4,5)P, and
many of the PH domains that interact with PtdIns(3.4,5)P,
also bind to PtdIns(3.4)P, (see the Introduction). However, the
finding that agonists, such as hydrogen peroxide [30], and cross-
linking of platelet-integrin receptors [31] elevate PtdIns(3,4)P,,
without increasing PtdIns(3,4,5)P,, suggest that PtdIns(3.4)F,
may be able to regulate physiological processes distinct from
those controlled by PtdIns(3,4,5)F,. TAPP1 and TAPP2 (Figure
3) are the first proteins to be identified that interact with
PtdIns(3,4)P, specifically, and may therefore be key mediators of
cellular responses that are regulated specifically by this second
messenger. Although there are no apparent homologues of
TAPP1 and TAPP2 present in the completely sequenced genomes
of Drosophila, Caenorhabditis elegans or Saccharomyces cere-
visiae, there are ESTs encoding TAPP1 derived from zebrafish
and chickens (Table 3).

Further studies are required to characterize the physiological
role(s) of TAPP1 and TAPP2. It should, however, be noted that
the lipid-binding properties of TAPP1 and TAPP2 in vitro, as

well as the other PH-domain-containing proteins that we have
characterized in the present study, could differ from their binding
specificities in wvivo. Furthermore, the possibility cannot be
eliminated that the inositol polyphosphate head groups of the
phosphoinositides, rather than the phosphoinositides themselves,
could be the natural ligands for these proteins. If future studies
in vivo do confirm that PtdIns(3,4)F, is the natural ligand for
TAPPI1 and TAPP2, it is possible that these proteins could
function as adaptor proteins to recruit proteins that interact with
them to cellular membranes in response to extracellular signals
that lead to the generation of PtdIns(3,4)P,. The N-terminal PH
domains of TAPP1 and TAPP2, rather than interacting with
lipids, might mediate protein—protein interactions, since they did
not interact with any phosphoinositide that we tested (Figure
4A). TAPP1 and TAPP2 could also potentially interact with
proteins containing PDZ domains via their C-terminal Ser-Xaa-
Val residues, and TAPP2 might bind to SH3 domains via two
proline-rich motifs located towards its C-terminus.

To our knowledge, the only PH domain previously shown to
bind PtdIns4P with some specificity is derived from a plant
PtdIns 4-kinase, which also interacts weakly with PtdIns(4,5)P,
[32]. In contrast, FAPP1 (Figure 5) only binds PtdIns4P, and
does not interact with PtdIns(4,5)P, (Figure 2 and Table 2). A
key role for PtdIns4P in mammalian cells is to act as an
intermediate in the synthesis of PtdIns(4,5)F,. Apart from a PH
domain and a putative SH3-binding proline-rich motif, FAPP1
does not possess a catalytic domain that would indicate a role in
regulating the synthesis or breakdown of PtdIns4 P in cells. There
are no apparent homologues of FAPP1 in Drosophila, C. elegans
or S. cerevisiae; however, ESTs encoding FAPP1 have been
identified in zebrafish and Xenopus (Figure 5 and Table 3).

Genetic studies performed in yeast have demonstrated that
PtdIns3 P plays an important role in regulating Golgi-to-vacuole
or Golgi-to-lysosome membrane trafficking, as well as endosome
function [33]. Several proteins (e.g. early-endosomal antigen-1)
regulating these processes have been found to interact with
PtdIns3P via a particular type of zinc-finger domain (known as
the FYVE domain) [34]. To our knowledge, the only other PH-
domain-containing protein other than PEPP1 and AtPH1 pre-
viously reported to interact with PtdIns3 P is phospholipase Cf1
[35]. However, phospholipase Cf1 might be less specific for
PtdIns3P than PEPP1 and AtPHI, because it also possessed
significant affinity for PtdIns(4,5)P, and PtdIns(3,4,5)P, [35]. The
evidence indicates that phospholipase C#1 might be recruited to
plasma membranes via an interaction of its PH domain with
both PtdIns3P (or other phosphoinositide) and the G, regulatory
subunits [35,36].

A potentially interesting feature of PEPP1 is that its expression
might be restricted to melanoma and or melanocytes, as Northern
blot analysis indicated that PEPP1 was expressed at very high
levels in a melanoma cell line, but not in seven other non-
melanoma cancer cell lines, or 12 tissues, that were investigated
(Figure 6B). Further work is required to determine whether
PEPP1 expression is elevated in all melanoma cells compared
with normal melanocytes. It is interesting that a closely related

Figure 6 Amino acid sequence and tissue distribution of PEPP1

(A) The alignment of the full-length human sequences of PEPP1, PEPP2 and PEPP3 are shown. The identities are shown by reversed-out white lettering on a black background. The DNA sequences
of human (h) PEPP1 (accession no. AY007233) and hPEPP3 (accession no. NM_014935) are available from the NCBI database. The amino acid residues corresponding to the PH domain are
indicated underlined with a continuous line, and the region of homology preceding the PH domain is underlined with a broken line. The residues of the PH domain of PEPP1 that make up the
PPBM are highlighted with * + signs, and the WW domains of PEPP2 are enclosed in boxes. (B) The partial cDNA for PEPP1 and PEPP2 shown above was labelled with [*?P]o-dATP, using
random primers, and used to probe a Northern blot containing polyadenylated RNA isolated from the indicated human tissues and cancer cell lines. The blot was washed and autoradiographed.
The PEPP1 probe was observed to hybridize with a 3 kb message in the melanoma G-361 cell line, and the PEPP2 probe hybridized with a 4.6 kb message.
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homologue of PEPP1, termed PEPP2, appears to be more widely
expressed (Figure 6B). PEPP2 and PEPP3 possess a very similar
sequence surrounding the PPBM of their PH domains, indicating
that they may also interact with PtdIns3P.

Plant cells contain high levels of PtdIns3P, as well as Ptd-
Ins(3,4)P,, but no PtdIns(3,4,5)P, has been detected [37], con-
sistent with the apparent lack of Class 1A PI 3-kinases in plants.
AtPHI1 is the first plant protein that has been shown to interact
specifically with PtdIns3 P, and may play an important role as an
adaptor protein in regulating signalling processes in plants that
are mediated by PtdIns3P. The only other plant PH domain
containing protein previously shown to interact with PtdIns3 P is
the plant homologue of PDK1 termed AtPDKI1; however, this
also interacts with a similar affinity with other phosphoinositides
[18]. There are no apparent homologues of PEPP1 or AtPH1 in
Drosophila, C. elegans or S. cerevisiae.

The ARF family of GTP-binding proteins regulate membrane
trafficking and the actin cytoskeleton [38]. A family of ARF
GAP proteins, collectively termed centaurins, have been identi-
fied, and all possess one or more PH domains and an ARF GAP
catalytic domain [39]. The PH domain on centaurin-«1 interacts
with PtdIns(3,4,5)P,, and centaurin-«c1 is recruited to cell mem-
branes after PI 3-kinase is activated [8]. Recently, centaurin-
4 has been shown to be activated by the interaction of its PH
domain with PtdIns(4,5)P, and, in contrast with centaurin-o1,
does not bind to PtdIns(3,4,5)F, [40]. The finding in the present
study that the uncharacterized ARF GAP protein named cen-
taurin-#2 interacts with PtdIns(3,5) P,, albeit with only a moderate
affinity, suggests that centaurin-£2 may be regulated by this lipid.
Further investigation is required to establish whether Ptd-
Ins(3,5) P, can lead to the activation of centaurin-52. No protein
has been shown previously to interact specifically with Ptd-
Ins(3,5)P,, and the physiological processes regulated by this lipid
are not known. In yeast, PtdIns(3,5)P, is generated in response to
osmotic stress [41] by phosphorylation of PtdIns3P at the D-5
position by a kinase termed Fabl [42,43].

In summary, this paper describes a group of novel PH-
domain-containing proteins that possess interesting phospho-
inositide-binding specificities. TAPP1, TAPP2, FAPP1 PEPPI1,
PEPP2, PEPP3 and AtPH1 might function as adaptor molecules,
since they possess no obvious catalytic moieties. In order to
define the physiological processes that are regulated by the PH-
domain-containing proteins described in the present paper, it will
be important not only to knock out these proteins in cells and
mice, but also to identify the proteins that they interact with.

We thank Nick Helps for DNA sequencing and lan Flemming for help with the
phospholipase C41 lipid binding assays. S. D. is a recipient of a Medical Research
Council (U.K.) Studentship. This work was also supported by Diabetes UK.
(D. R. A.), Biotechnology and Biological Sciences Research Council (C. P. D.) and
MRC (C. P. D. and D. R. A.).

REFERENCES

1 Leevers, S. J., Vanhaesebroeck, B. and Waterfield, M. D. (1999) Signalling through
phosphoinositide 3-kinases: the lipids take centre stage. Curr. Opin. Cell Biol. 11,
219-225

2 Lemmon, M. A. and Ferguson, K. M. (2000) Signal-dependent membrane targeting by
pleckstrin homology (PH) domains. Biochem. J. 350, 118

3 Vanhaesebroeck, B. and Alessi, D. R. (2000) The PI3K—PDK1 connection: more than
just a road to PKB. Biochem. J. 346, 561-576

4 Li, Z, Wahl, M. I, Eguinoa, A., Stephens, L. R., Hawkins, P. T. and Witte, O. N.
(1997) Phosphatidylinositol 3-kinase-y activates Bruton’s tyrosine kinase in concert
with Src family kinases. Proc. Natl. Acad. Sci. U.S.A. 94, 13820—13825

5 Dowler, S., Currie, R. A,, Downes, C. P. and Alessi, D. R. (1999) DAPP1: a dual
adaptor for phosphotyrosine and 3-phosphoinositides. Biochem. J. 342, 7—12

© 2000 Biochemical Society

20

21

22

23

24

25

26

27

Dowler, S., Montalvo, L., Cantrell, D., Morrice, N. and Alessi, D. R. (2000)
Phosphoinositide 3-kinase-dependent phosphorylation of the dual adaptor for
phosphotyrosine and 3-phosphoinositides by the Src family of tyrosine kinase.
Biochem. J. 349, 605610

Rodrigues, G. A., Falasca, M., Zhang, Z., Ong, S. H. and Schlessinger, J. (2000)

A novel positive feedback loop mediated by the docking protein Gab1 and
phosphatidylinositol 3-kinase in epidermal growth factor receptor signaling. Mol. Cell.
Biol. 20, 1448—1459

Venkateswarlu, K., Oatey, P. B., Tavare, J. M., Jackson, T. R. and Cullen, P. J. (1999)
Identification of centaurin-oc1 as a potential /n vivo phosphatidylinositol 3,4,5-
trisphosphate-binding protein that is functionally homologous to the yeast ADP-
ribosylation factor (ARF) GTPase-activating protein, Ges1. Biochem. J. 340, 359—363
Gray, A, Van Der Kaay, J. and Downes, C. P. (1999) The pleckstrin homology
domains of protein kinase B and GRP1 (general receptor for phosphoinositides-1) are
sensitive and selective probes for the cellular detection of phosphatidylinositol 3,4-
bisphosphate and/or phosphatidylinositol 3,4,5-trisphosphate /n vivo. Biochem. J.
344, 929-936

Klarlund, J. K., Rameh, L. E.,, Cantley, L. C., Buxton, J. M., Holik, J. J., Sakelis, C.,
Patki, V., Corvera, S. and Czech, M. P. (1998) Regulation of GRP1-catalyzed ADP
ribosylation factor guanine nucleotide exchange by phosphatidylinositol 3,4,5-
trisphosphate. J. Biol. Chem. 273, 18591862

Isakoff, S. J., Gardozo, T., Andreev, J., Li, Z., Ferguson, K. M., Abagyan, R., Lemmon,
M. A., Aronheim, A. and Skolnik, E. Y. (1998) Identification and analysis of PH
domain-containing targets of phosphatidylinositol 3-kinase using a novel in vivo assay
in yeast. EMBO J. 17, 5374-5387

Fruman, D. A., Rameh, L. E. and Cantley, L. C. (1999) Phosphoinositide binding
domains: embracing 3-phosphate. Cell 97, 817—820

Baraldi, E., Carugo, K. D., Hyvonen, M., Surdo, P. L., Riley, A. M., Potter, B. V.,
0'Brien, R., Ladbury, J. E. and Saraste, M. (1999) Structure of the PH domain from
Bruton’s tyrosine kinase in complex with inositol 1,3,4,5-tetrakisphosphate. Structure
Fold Des. 7, 449460

Gaffney, P. R. J. and Reese, C. B. (1997) Synthesis of 1-[(1-0-Stearoyl-2-0-
arachidonoyl-sn-glycer-3-yl)-phosphoryl]-o-myo-inositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P,] and its stereoisomers. Bioorg. Med. Chem. Lett. 7, 31713176
Lennon, G., Auffray, C., Polymeropoulos, M. and Soares, M. B. (1996) The
|.M.A.G.E. Consortium: an integrated molecular analysis of genomes and their
expression. Genomics 33, 151152

Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P. and
Hemmings, B. A. (1996) Mechanism of activation of protein kinase B by insulin and
IGF-1. EMBO J. 15, 6541—6551

Nagase, T., Ishikawa, K., Suyama, M., Kikuno, R., Hirosawa, M., Miyajima, N.,
Tanaka, A., Kotani, H., Nomura, N. and Ohara, 0. (1999) Prediction of the coding
sequences of unidentified human genes. XIII. The complete sequences of 100 new
cDNA clones from brain which code for large proteins in vitro. DNA Res. 6, 63—70
Deak, M., Casamayor, A., Currie, R. A., Downes, C. P. and Alessi, D. R. (1999)
Characterisation of a plant 3-phosphoinositide-dependent protein kinase-1 homologue
which contains a pleckstrin homology domain. FEBS Lett. 451, 220—226

Currie, R. A, Walker, K. S., Gray, A., Deak, M., Casamayor, A., Downes, C. P., Cohen,
P., Alessi, D. R. and Lucocg, J. (1999) Role of phosphatidylinositol 3,4,5-
trisphosphate in regulating the activity and localization of 3-phosphoinositide-
dependent protein kinase-1. Biochem. J. 337, 575-583

Ferguson, K. M., Lemmon, M. A., Schlessinger, J. and Sigler, P. B. (1995) Structure
of the high affinity complex of inositol trisphosphate with a phospholipase C
pleckstrin homology domain. Cell 83, 1037—1046

Levi, L., Hanukoglu, 1., Raikhinstein, M., Kohen, F. and Koch, Y. (1993) Cloning of
LL5, a novel protein encoding cDNA from a rat pituitary library. Biochim. Biophys.
Acta 1216, 342-344

Hu, M. H., Bauman, E. M., Roll, R. L., Yeilding, N. and Abrams, C. S. (1999)
Pleckstrin 2, a widely expressed paralog of pleckstrin involved in actin
rearrangement. J. Biol. Chem. 274, 21515-21518

Inazu, T., Yamada, K. and Miyamoto, K. (1999) Cloning and expression of pleckstrin
2, a novel member of the pleckstrin family. Biochem. Biophys. Res. Commun. 265,
8793

Cui, X., De Vivo, 1., Slany, R., Miyamoto, A., Firestein, R. and Cleary, M. L. (1998)
Association of SET domain and myotubularin-related proteins modulates growth
control. Nat. Genet. 18, 331-337

Krappa, R., Nguyen, A., Burrola, P., Deretic, D. and Lemke, G. (1999) Evectins:
vesicular proteins that carry a pleckstrin homology domain and localize to post-Golgi
membranes. Proc. Natl. Acad. Sci. U.S.A. 96, 4633—4638

Kornau, H. C., Schenker, L. T., Kennedy, M. B. and Seeburg, P. H. (1995) Domain
interaction between NMDA receptor subunits and the postsynaptic density protein
PSD-95. Science 269, 1737—1740

Songyang, Z, Fanning, A. S., Fu, C., Xu, J., Marfatia, S. M., Chishti, A. H., Crompton,
A., Chan, A. C., Anderson, J. M. and Cantley, L. C. (1997) Recognition of unique
carboxyl-terminal motifs by distinct PDZ domains. Science 275, 73—77



Novel phosphoinositide-binding proteins 31

28

29

30

31

32

33

34

35

Mikami, K., Takahashi, S., Katagiri, T., Shinozaki, K. Y. and Shinozaki, K. (1999)
Isolation of an Arabidopsis thaliana cDNA encoding a pleckstrin homology domain
protein, a putative homologue of human pleckstrin. J. Exp. Bot. 50, 729—730

Rotin, D. (1998) WW (WWP) domains: from structure to function. Curr. Top.
Microbiol. Immunol. 228, 115-133

Van der Kaay, J., Beck, M., Gray, A. and Downes, C. P. (1999) Distinct
phosphatidylinositol 3-kinase lipid products accumulate upon oxidative and osmotic
stress and lead to different cellular responses. J. Biol. Chem. 274, 35963—35968
Banfic, H., Tang, X., Batty, I. H., Downes, C. P., Chen, C. and Rittenhouse, S. E.
(1998) A novel integrin-activated pathway forms PKB/Akt-stimulatory
phosphatidylinositol 3,4-bisphosphate via phosphatidylinositol 3-phosphate in platelets.
J. Biol. Chem. 273, 13—16

Stevenson, J. M., Perera, I. Y. and Boss, W. F. (1998) A phosphatidylinositol 4-kinase
pleckstrin homology domain that binds phosphatidylinositol 4-monophosphate. J. Biol.
Chem. 273, 2276122767

Wurmser, A. E., Gary, J. D. and Emr, S. D. (1999) Phosphoinositide 3-kinases and
their FYVE domain-containing effectors as regulators of vacuolar/lysosomal membrane
trafficking pathways. J. Biol. Chem. 274, 9129-9132

Stenmark, H. and Aasland, R. (1999) FYVE-finger proteins—effectors of an inositol
lipid. J. Cell Sci. 112, 4175-4183

Razzini, G., Brancaccio, A., Lemmon, M. A., Guarnieri, S. and Falasca, M. (2000) The
role of the pleckstrin homology domain in membrane targeting and activation of
phospholipase C/(1). J. Biol. Chem. 275, 1487314881

Received 17 July 2000/16 August 2000; accepted 22 August 2000

36

37

38

39

40

4

42

43

Wang, T., Pentyala, S., Rebecchi, M. J. and Scarlata, S. (1999) Differential
association of the pleckstrin homology domains of phospholipases C/41, C/52, and
Co1 with lipid bilayers and the £y subunits of heterotrimeric G proteins.
Biochemistry 38, 1517—1524

Munnik, T., Irvine, R. F. and Musgrave, A. (1998) Phospholipid signalling in plants.
Biochim. Biophys. Acta 1389, 222272

Chavrier, P. and Goud, B. (1999) The role of ARF and Rab GTPases in membrane
transport. Curr. Opin. Cell Biol. 11, 466—475

Randazzo, P. A., Andrade, J., Miura, K., Brown, M. T., Long, Y. Q., Stauffer, S., Roller,
P. and Cooper, J. A. (2000) From the cover: the ARF GTPase-activating protein
ASAP1 regulates the actin cytoskeleton. Proc. Natl. Acad. Sci. U.S.A. 97, 4011—4016
Kam, J. L., Miura, K., Jackson, T. R., Gruschus, J., Roller, P., Stauffer, S., Clark, J.,
Aneja, R. and Randazzo, P. A. (2000) Phosphoinositide-dependent activation of the
ADP-ribosylation factor GTPase-activating protein ASAP1. Evidence for the pleckstrin
homology domain functioning as an allosteric site. J. Biol. Chem. 275, 9653—9663
Dove, S. K., Cooke, F. T., Douglas, M. R., Sayers, L. G., Parker, P. J. and Michell,

R. H. (1997) Osmotic stress activates phosphatidylinositol-3,5-bisphosphate synthesis.
Nature (London) 390, 187—192

Odorizzi, G., Babst, M. and Emr, S. D. (1998) Fab1p PtdIns(3)P 5-kinase function
essential for protein sorting in the multivesicular body. Cell 95, 847—858

Cooke, F. T., Dove, S. K., McEwen, R. K., Painter, G., Holmes, A. B., Hall, M. N,
Michell, R. H. and Parker, P. J. (1998) The stress-activated phosphatidylinositol
3-phosphate 5-kinase Fab1p is essential for vacuole function in S. cerevisiae.

Curr. Biol. 8, 1219-1222

© 2000 Biochemical Society



