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Molecular cloning and biochemical characterization of a Drosophila
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Molecular, biochemical and genetic characterization of phospho-
inositide 3-kinases (PI3Ks) have identified distinct classes of
enzymes involved in processes mediated by activation of cell-
surface receptors and in constitutive intracellular protein
trafficking events. The latter process appears to involve a PtdIns-
specific PI3K first described in yeast as a mutant, vps34, defective
in the sorting of newly synthesized proteins from the Golgi to the
vacuole. We have identified a representative member of each
class of PI3Ks in Drosophila using a PCR-based approach. In the
present paper we describe the molecular cloning of a PI3K from
Drosophila, PI3K_59F, that shows sequence similarity to Vps34.

PI3K_59F encodes a protein of 108 kDa co-linear with Vps34
homologues, and with three regions of sequence similarity to
other PI3Ks. Biochemical characterization of the enzyme, by
expression of the complete coding sequence as a glutathione S-
transferase fusion protein in Sf9 cells, demonstrates that
PI3K_59F is a PtdIns-specific PI3K that can utilize either Mg**
or Mn?*. This activity is sensitive to inhibition both by non-ionic
detergent (Nonidet P40) and by wortmannin (IC,, 10 nM).
PI3K_59F, therefore, conserves both the structural and bio-
chemical properties of the Vps34 class of enzymes.

INTRODUCTION

PI3K activity was originally identified associated with activated
tyrosine kinases in mammalian cells and implicated in processes
such as mitogenesis and transformation. These processes were
shown to be dependent on the 3-phosphorylated lipids produced.
The p110 catalytic subunit of this PI3K can phosphorylate the p-
3 position of the inositol ring of the phosphoinositides PtdIns,
PtdIns4 P and PtdIns(4,5) P, invitro, to generate the phospholipids
PtdIns3P, PtdIns(3,4)P, and PtdIns(3,4,5)P,. In intact cells, the
rapid and transient elevation in the cellular levels of the mem-
brane phospholipids PtdIns(3,4)P, and PtdIns(3,4,5)P, in re-
sponse to ligand stimulation have identified these products as
potential signalling molecules. These findings suggest that, within
the cell, PtdIlns may not be accessible to this form of PI3K
(reviewed in [1,2]).

Molecular cloning and PCR-based approaches have identified
a large family of PI3K catalytic subunits among evolutionarily
diverse species. These can be assigned, by sequence similarity
within the kinase domain, to three separate classes. This classi-
fication appears to reflect both the catalytic activity, in particular
the substrate specificity, and differences in domain structure
throughout the entire molecule (reviewed in [3,4]).

The first class of PI3Ks are activated by cell-surface receptors
and have a broad in vitro substrate specificity phosphorylating
PtdIns, PtdIns4P and PtdIns(4,5)P,. This includes the prototypic
receptor tyrosine kinase-linked PI3K, which is composed of a
regulatory p85 subunit and a catalytic p110 subunit [5-8]. Ligand

stimulation of receptor tyrosine kinases results in auto-
phosphorylation of specific tyrosine residues; these phospho-
tyrosine residues then act as docking sites for the SH2 domains
of p85, allowing translocation of the associated catalytic activity
to lipid substrates at the membrane. A number of distinct p85
[5,9] and p110 subunits, p110c [8] and p1104 [10], have been
identified, but no differences in function have been ascribed to
them (reviewed in [1]). This class also includes PI3Ky, which is
activated in response to stimulation of G-protein-linked
receptors. PI3Ky does not associate with the p85 adaptor, but
the presence of a putative PH domain at the N-terminus could
provide a regulatory role [11].

The prototypical member of the second class of PI3Ks,
PI3K_68D, has a distinct substrate specificity restricted in vitro
to PtdIns/PtdIns4P. So far, upstream and downstream
interactions have not been identified, but these could be mediated
by its C-terminal C2 domain or novel motifs within its N-
terminal extension [3].

The third class of PI3K, homologues of S. cerevisiae Vps34,
appear to have a substrate specificity restricted to PtdIns and
form part of an evolutionarily conserved complex involved in
protein-trafficking events. The VPS34 gene was initially identified
through alleles defective in the sorting and delivery of soluble
vacuolar hydrolases from the Golgi to the vacuole (the yeast
equivalent of the mammalian lysosome), indicating an involve-
ment of this form of PI3K in protein trafficking [12]. Wild-type
VPS yeast genes regulate the active diversion of proteins from the
secretory pathway to the vacuole. In mammalian cells a similar
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sorting mechanism exists. Lysosomal enzymes (analogous to the
yeast hydrolases) are transported with secretory proteins through
the early stages of the secretory pathway, then, in the late Golgi
compartment, are actively segregated away from proteins
destined for secretion (reviewed in [13]). Point mutations which
alter residues in Vps34 that are highly conserved between lipid
kinases result in a loss of PI3K activity and missorting of
vacuolar proteins, suggesting that the lipid kinase activity is
required for the sorting process [14]. Vps34 has been shown to be
a PtdIns-specific PI3K [15] suggesting a diversity of function for
distinct 3-phosphoinositides. Although yeast Vps34 shows con-
siderable sequence similarity to p110 PI3Ks, particularly within
the putative catalytic domain [8], the partial purification of a
bovine PtdIns-specific PI3K [16] and the cloning of a human
PtdIns-specific PI3K [17] indicates closer homologues exist.
Furthermore, soybean (Glycine max) [18], Arabidopsis thaliana
(thale cress) [19], the slime mould Dictyostelium discoideum [20]
and the yeast Schizosaccharomyces pombe [21] Vps34 homologues
have now been described. The human enzyme, termed ‘ PtdIns 3-
kinase’, interacts with a human homologue of the yeast protein
Vpsl5 ([17]; C. Panaretou and M. D. Waterfield, unpublished
work), a protein serine/threonine kinase which, in yeast, appears
to constitutively localize Vps34 to the Golgi membrane and may
play a role in activation of the lipid kinase [22]. Thus, like the
pl110-p85 heterodimeric PI3K, the Vps34-Vpsl5 holoenzyme
forms an evolutionarily conserved complex of regulatory
and catalytic subunits responsible for its distinct subcellular
localization and substrate specificities.

A number of other proteins have been identified which show
sequence similarity to the kinase domain of PI3Ks, but have not
been shown to phosphorylate the p-3 position of phospho-
inositides. These can be divided into three families, some of
which may be protein, rather than lipid, kinases: TOR-related
proteins, homologues of the ataxia telangiectasia mutated (ATM)
gene and the PI4Ks (reviewed in [4,23]).

The molecular characterization of a number of PI3Ks has
explained the nature of their association with upstream com-
ponents and provided clues to differences in substrate specificity.
However, downstream components have not been clearly defined
despite the availability of recombinant proteins. Therefore one of
the approaches we have taken is to use Drosophila as a genetically
manipulatable, multicellular organism in which to delineate the
signal-transduction pathways involving PI3Ks. As a first step
towards this goal we have undertaken the molecular and bio-
chemical characterization of PI3Ks in Drosophila.

We have previously reported the identification of a family of
PI3Ks in Drosophila [3] using a PCR-based approach with
degenerate primers to the core catalytic domain (Homology
Region 1) conserved between mammalian p110« and yeast Vps34,
hereafter referred to as ‘Sc_Vps34’ to distinguish it from its
homologues. Three sequences were identified, each of which
corresponded to a distinct subgroup of PI3Ks and which were
named after their unique and separate sites of hybridization to
Drosophila polytene chromosomes. PI3K_92E/Dpl110 [24] is
related to the PI3Ks (pl110x and p110p), which are linked to
receptor tyrosine kinases. PI3K_68D defines a novel class of
PI3Ks characterized structurally by a C-terminal C2 homology
domain, and biochemically by an in vitro substrate specificity
restricted to PtdIns and PtdIns4P [3]. The third sequence was
most similar to Sc_Vps34 (56 9, identity over 128 amino acids).
Additionally, the Drosophila and yeast proteins had a conserved
11-amino-acid deletion and a four-amino-acid insertion when
aligned with the amino acid sequence of p110«, further estab-
lishing their close similarity. In the present paper we report the
complete amino acid sequence and the biochemical charac-

terization of the Drosophila termed

‘PI3K_59F".

Vps34 homologue,

MATERIALS AND METHODS

General molecular-biology techniques were performed as de-
scribed in [25]. cDNA probes were labelled by random priming
using [a-*2P]dCTP. Oligonucleotides were labelled with [y-
32P]JATP and polynucleotide kinase. DNA sequencing was per-
formed using the Tag DyeDeoxyTerminator Cycle Sequencing
Kit (Applied Biosystems) with T3-, T7- or PI3K_59F-specific
primers and analysed on an Applied Biosystems 373A automated
DNA sequencer. Data was analysed using the University of
Wisconsin Genetics Computer Group software package [26].

Isolation of the PI3K_59F ¢cDNA

The fragment corresponding to the core kinase domain of
PI3K_59F [3] was excised from pGEM-T and used to screen
200000 plaque-forming units each of a total imaginal disc library
and an embryonic library (provided by E. Hafen) in AZAP II
(Stratagene). Filters were prehybridized in Church buffer (0.5 M
sodium phosphate/79%, SDS/1 mM EDTA, pH 7.2) at 65°C
and hybridized in the same solution containg 1 ng/ml radio-
labelled probe. Filters were washed in 0.5 x SSC/0.1 9, SDS at
65°C prior to autoradiography (1xSSC is 0.15M
NaCl/0.015 M sodium citrate). Positive clones were purifed by
an additional two rounds of screening, and the products, excised
using the helper phage, sequenced. Identity was confirmed with
primers specific to the core kinase domain of PI3K_59F. The two
longest clones, 28 and «29, obtained from the total imaginal
disc library were selected and sequenced on both strands follow-
ing subcloning of restriction fragments into pKS* (Stratagene).
Gaps in the sequence were filled using PI3K_59F-specific oligo-
nucleotide primers.

Plasmid constructs
PIBK_59F, 54

A PCR fragment generating novel EcoRI sites at positions —7
and 778 of the full-length cDNA was obtained using the «29
cDNA template and the primers GCGCGAATTCAAATGGA-
CCAGCCCGACG (sense) and GGATTCGACCAAAGACAC-
TTAAGGCGC (antisense) This was directly inserted into a T-
vector (pT7 blue, AMS) to form pT7-PI3K_59F ...

Glutathione S-transferase (GST)-PISK_59F, _q,q

To facilitate subcloning, a shuttle cassette was created encoding
the complete PI3K_59F open reading frame by a double ligation
of the 5 EcoRI-Aarll fragment from the pT7-PI3K_59F .,
construct and the 3" Aatll-EcoRI restriction fragment from the
29 cDNA (see Figure 2B below) into EcoRI-digested pAcG2T
vector [27]. All PCR-amplified sequences were confirmed by
sequencing.

Expression of GST fusion proteins

Sf9 cells were cultured and infected using standard techniques
[28].

GST-PI3K_59F, ,,, (full length) was co-transfected with
BaculoGold DNA (Pharmingen) into Sf9 cells using Lipofectin
(Gibco). Typically Sf9 cells, at a density of 10° cells/ml, were
infected with baculoviruses for 48 h. Cells were then harvested by
centrifugation, washed twice with PBS and lysed in TBS-T
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[S0 mM Tris (pH 7.5, 25°C)/150 mM NaCl/19, (w/v) Triton
X-100, containing 1 mM EDTA, 1 mM NaF, 0.1% (v/v) -
mercaptoethanol, and the protease inhibitors I mM benzamidine,
1 mM PMSF, 20 xg/ml aprotinin and 2 ug/ml leupeptin] for
20 min on ice. The lysates were cleared of particulate material by
centrifugation at 15000 g for 20 min at 4 °C and then incubated
with glutathione—Sepharose beads for 2 h at 4 °C with rotation.
GST-tagged proteins bound to the beads were recovered by
centrifugation and washed repeatedly with lysis buffer.

PI3K assay

GST-Sepharose-bound fusion protein and immunoprecipitates
of Drosophila lysates on Protein A—Sepharose were assayed for
PI3K activity, essentially as described previously [29]. Briefly,
beads were washed twice in lysis buffer and twice in assay buffer
[20mM Tris/HCl (pH 7.5, 25°C)/100 mM NaCl/0.1%, p-
mercaptoethanol]. Reactions were performed at 30 °C for 15 min,
in a total volume of 50 xl in the presence of either 3 mM Mg?** or
3 mM Mn?**, 40 uM ATP and 200 xM lipid. In some experiments
assays were performed in the presence of 0.59, Nonidet P40
(NP40; BDH) or various concentrations of wortmannin (Sigma).
Reactions were terminated with 1 M HCl/chloroform/methanol
(1:1:1, by vol.), mixed and centrifuged to separate organic and
aqueous phases. The lipid products in the lower layer were
extracted and resolved by TLC. For standard assays using
PtdIns as substrate, the solvent used was chloroform/methanol/
4M NH,OH (9:7:2, by vol.). For separation of PtdIns3P,
PtdIns(3,4)P, and PtdIns(3,4,5)P, the solvent was propan-1-ol/
2 M acetic acid (13:7, by vol.). Radioactivity was analysed by
autoradiography or quantified using a Phosphorimager (Mol-
ecular Dynamics). Alternatively, lipids in the lower phase were
deacylated and analysed by HPLC [30].

HPLC characterization of lipid products

Assays of PI3K_59F were performed and products were extracted
as described above, then dried and deacylated. HPLC analysis of
glycerophosphoinositols was performed on a Beckman System
Gold apparatus using two Partisphere SAX columns (Whatman)
connected in series and eluted using a linear gradient of
(NH,),HPO,, pH 3.8, in water at 0.5ml/min. *H-labelled,
deacylated PtdIns4P (Amersham) was used as an internal stan-
dard. A PtdIns3P standard was prepared by phosphorylating
PtdIns in vitro, with baculovirus-expressed p110c, followed by
deacylation as described above.

RESULTS
Sequence analysis of PI3K_59F

The PCR fragment encoding the core catalytic domain of
PI3K_59F was used to screen several cDNA libraries (200000
plaque-forming units each) at high stringency. Three positive
clones were obtained from an embryonic library and three from
a total disc library. The two longest inserts, of 3.0 and 3.2 kb,
which were obtained from the total disc library, were sequenced
completely. Both contained an in-frame stop codon in the short
untranslated sequence 5 to the initiating methionine codon and
multiple in-frame stop codons within the 3" untranslated se-
quence. The sequences of the two clones were identical from
nucleotide —3 (relative to the translation initiation start site) to
nucleotide 3005, a region encompassing the complete coding
sequence. The sequence in the region —3 to —9 (which was
different between the two clones) was confirmed as identical with
that of the longest clone by direct PCR sequencing of genomic

DNA. The sequence of the longer clone (shown in Figure 1A)
additionally contained extensions at the 5" and 3’ ends that
included a short polypyrimidine tract at the 5" end and a poly(A)
tract at the 3" end. The complete open reading frame of PI3K_59F
(2847 nucleotides) encodes a protein of 949 amino acids with a
predicted molecular mass of 108 kDa and a pI of 7.6 (Figure 1A).
The sequence adjacent to the initiating methionine (G AAA
ATG G) is in good agreement with the consensus sequence for
translation initiation in Drosophila (C/A Aaa/c ATG g) as
defined by Caverner and Ray [31].

A comparison of the amino acid sequence of PI3K_59F with
other PI3Ks identified three regions of strong sequence similarity
(Figure 1B and 1C). Within each of these regions of similarity,
the sequence of PI3K_59F is most similar to other members of
the Vps34 family. Homology region 1 encodes the putative core
catalytic domain (amino acids 694-891 in PI3K_59F) and is
located at the C-terminus. This region represents the region of
greatest sequence identity with other PI3Ks (54 9 identity with
Sc_Vps34; 389, identity with p110c). Homology region 2 (amino
acids 294408 in PI3K_59F), previously referrred to as the ‘PIK
domain’, can be found in all PI3Ks and PI4Ks. Homology
region 2 has also been identified in proteins, such as TOR2,
which show sequence similarity to PI3Ks but for which lipid or
protein kinase activity has not been demonstrated. Homology
region 3 (amino acids 88—115 in PI3K_59F) appears to be specific
to PI3Ks. The function of homology regions 2 and 3 is currently
unknown. Class I (p110) PI3Ks additionally contain a ras-
binding domain [32]. This region is not found within the Vps34
class of PI3Ks (Figure 1C).

A comparison with other members of the Vps34 subclass of
PI3Ks demonstrates co-linearity, with sequence identity between
these molecules throughout the sequence. PI3K _59F shows
56.59, identity (729, similarity) to human PI3K and 37.2 %
identity (59.5 9, similarity) to Sc_Vps34p. The alignment appears
to reflect phylogenetic divergence; hence PI3K_59F most closely
aligns with the human Vps34 homologue, PtdIns 3-kinase, whilst
the two plant sequences At_Vps34 and Gm_Vps34 cluster (Figure
1D). Sequence similarity between PI3K_59F and other Vps34
homologues includes regions towards the N-terminus, the pre-
sumed site of interaction of Sc_Vps34 with Vps15 (Figures 1B and
1C). In contrast, PI3K_59F lacks identity with both the N-
terminal 120 amino acids of p110« that have been identified by
deletion analysis [33] as the binding site for its adaptor, p85,
which mediates association with activated tyrosine kinases and
with the PH domain of PI3Ky [11], which may mediate membrane
association and/or association with heterotrimeric G-protein
receptors (Figure 1C).

A search of the database with the FASTA algorithm failed to
reveal similarity with proteins other than PI kinases, even when
the search involved the regions of lowest sequence similarity to
these molecules.

Expression and biochemical characterization of PI3K_59F

In order to characterize the biochemical and pharmacological
properties of PI3K_59F, we constructed a fusion protein that
comprised the amino acid sequence of GST linked to that of the
PI3K_59F protein (Figure 2A). After infection of Sf9 cells, the
fusion protein was purified by glutathione—Sepharose affinity
chromatography. Analysis by SDS/PAGE revealed a single
protein of ~ 134 kDa consistent with the calculated size of the
fusion protein (Figure 2B). The enzymic activity and substrate
specificity in vitro were investigated and compared with those of
mammalian p110c, also expressed as a GST fusion protein using
the baculovirus system. GST-PI3K_59F displayed activity to-
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(A)

TTTTTTTTTTTTTTTITTTTCTGTTGTGGACAGCTGTTGTGGCTGCTCCGCGAARATTGCGCAGAAAATAAAAAAGTGAATTGGCAGCAGGAAA -1
ATGGACCAGCCCGACGACCATTTCCGCTACATACACAGCTCCTCGCTCCACGAGCGAGTGCAAATCAAGGTAGGGACGCTCGAGGGGAAGAAGCGCCAGCCGGACTATGAGAAACTGCTA 120
M D Q P D DHVF R Y I HS S S L HEU RV QIIKUVGGTULETGI KI KT RUGOQZPDYEI KTILTL 40
GAGGATCCGATCCTGAGATTCTCGGGCCTGTACTCCGAGGAGCACCCCTCGTTCCAGGTGCGCCTGCAGGTTTTCAACCAGGGCAGACCCTACTGCCTCCCAGTGACCAGCTCCTACAAG 240
E D P I L RF S G L Y S EEHP S F Q VRUL OQV F NOQGR?®PYCUL PV T S S Y K 80
GCGTTCGGCAAGCGATGGAGCTGGAACGAGTGGGTGACGCTGCCGCTGCAATTCTCCGACCTGCCCAGARGCGCCATGCTGGTGCTGACCATCCTGGACTGCTCGGGCGCGGGCCAGACC 360
A F G K R W S WNUEWV TL PLQF S DL PR S AMIL VL TTIILODCSGAGOQT 120
ACGGTCATTGGAGGCACCTCCATCTCAATGTTCGGCAAGGACGGCATGTTCCGGCAGGGAATGTACGACTTGCGAGTGTGGCTGGGAGTCGAGGGCGATGGCAACTTTCCCAGTCGCACG 480
T v I 6 6 T §$ I §s M F 6K D G MV F RQG MY DILURVWIL GV EGDGGNTF P S R T 160
CCCGGAAAGGGCAAGGAGTCGTCCAAGTCGCAGATGCAGCGCCTAGGAAAGCTGGCCARGAAACACAGGAACGGCCAGGTGCARAAGGTGGACTGGCTGGACAGACTGACGTTTCGCGAA 600
P G K G K E S $ K $ 0 M 0 R L G K L A KXKXHUZRNGOQV Q KV D WULDURTULTTF R E 200
ATCGAGGTGATCAACGAGCGCGAAAAGCGTATGTCGGACTATATGTTCCTTATGATTGAGTTTCCCGCAATCGTGGTGGATGACATGTACAACTACGCCGTGGTCTACTTCGAGCCGGAG 720
I EV I N ERE XK RM S D Y M F L M I EF P A I V VD DMYNYAV VY F E P E 240
GGTGACGTCAAATACAAGCTGCCGGCCAAACCTAAGCTGGTTTCTGTGCCGGACTCCGAGATCCAAATGGAAAATCTGGTCGAGCGCAAGCACCATCGATTGGCCCGTTCGGAGCGTTCA 840
G DV K Y K L P A K P K L V S V P D S E I M ENLV ERIKHHEHRTLA AR S E R S 280
GGCATCTCGGACAGAGATGCCAACCCGACAGCCAGCATTCGCGATCAGCTCCACACGATTGTCTATAGGTATCCACCCACCTATGTTCTGAGCAGCGAGGAGCAGGATCTGTTGTGGAAG 960
G I S DR DANUPTA S I RDOQLHTTIV Y RY P PTY VL S S EZEUQDTLTUL WK 320
TTCCGCTTTTACCTTTCCTCGCACAAGAAGGCTCTGACCARGTTCCTCAAGTGCATCAATTGGAAGCTGGAGGACGAGGTTACGCAGGCCCTTTGGATGCTGGCCAACTGGGCGCCCATG 1080
F R F Y L §$ S H K K A L T K F L K C I N W K L E D E V T Q A L WM L A N W A P M 360
GACGTGGAGGATGCCTTGGAGCTGCTGAGTCCGACTTTTACGCACCCGCAGGTGCGAAAGTACGCTGTTAGTCGATTGGCCCAAGCGCCAGACGAGGATCTGCTGCTCTACTTGCTTCAG 1200
pD V ED AL E L L § P TF TH?PQV REK YAV S RULAO QA AUPUDEUDTLTLTLTYTULUL Q 400
CTGGTGCAAGCGCTGAAGTACGAGGATCCGCGGCACATTGTTCACCTGCATGGCTGCATCTTTCCCGAGCGCGATGTGGTGCGGTCCATCCTGGACGACAACGGCTCTCTGCTGGACCAG 1320
L V Q AL K Y EDUPURHTIVHLHGT CTITV FU®PEURTDUVV RS TIULDU DN NG STULTULTDOQ 440
AGCAGCCTATCGGATCTGAGCGCCACGAGCAGTGGACTCCACGGCTCGGTCATTCCGGCCAATCAGCGAGCGGCCAGTGTTTTGGCCGCCATCAAGAGCGATAAGTCAGTGAGTTCCGGT 1440
s s L s DL S AT S S 6 L HG S V I P ANOQZRAASV L AATII K SUDI K S V S S G 480
TCAGCGGGTGGCAGTGGCAGTGGTGGTCAGGGATCGGTTGCGCTGCCGAACCCCTCTGCTCCCGCCACTCCGGGCAGCAGTTCGTTGCCCTGCGACTCAAACTCCAATGCCCTCATGCTG 1560
s A GG G $ G 8 G 66 Q G SsS VAL PNUP S AP ATUPGS S5 S L P CD SN SN ATLMTL 520
GCCGAGGGCATCAGCTTCGGCAGTGTTCCAGCCAATCTCTGCACATTCCTGATCCAGCGCGCTTGCACGAACGCCACGCTGGCCAACTACTTCTACTGGTACTTGTCCATCGAGGTGGAG 1680
A E G I S F 6 S VvV P A NLTCTT FTLTIQ RACTNA ATILA ANYF Y WYL S I E V E 560
GAAGTGGAGTCGGTGAGGAAGCAGGACGAGAGGGCCCACGACATGTACGCCATGGTGCTCAAGATGTTTCTGAAGGTGCTAGAGAACGGCAACTTCAACCTGAGAGGCATCTTCTACAAC 1800
E V E § V R K 0 D E RAHDMYAM VL KM YF L K VL ENGNTFNILUZRGTIT F YN 600
CTCCGGAAGCAGCGTCGCTTCATCGACGAGCTGGTCAAGCTGGTGAAACTGGTGGCCAAGGAGCCGGGAAATCGCAATAAGAAGACGGAGAAGTTCCAGAAGCTGTTGGCCGAACAGGAC 1920
L R XK Q R R F I D E L V KL V KL V A K EUP G NRNIKI KTEI KT F Q0 KL L A E QD 640
ATGTTCAAGGTGAACTTCACCAACTTCGAGCCCATTCCGTTTCCCCTGGATCCGGAGATCTACATCACCAAGATCGTGCCCATGCGCACATCGCTCTTCAAGAGCGCCCTGATGCCAGCC 2040
M F K V N F T N F E P I P F P L D P E I Y I T K I V P M R T S L F K S A L M P A 680
AAGCTCACCTTTGTCACTTCGATTGCCCATCACGAGTACGCGGCCATTTTCAAGCACGGTGATGATCTGCGCCAGGATCAGCTCATCCTGCAGATGATTACTTTGATGGACAAGCTGCTG 2160
K L T F V TS I A HHE Y AATIUV FU KHGDDTILURIQDOTULTIULOQMTITTILMDIKTULL 720
AGGCGCGAGAACCTCGATCTGAAGCTGACTCCCTACAAAGTGCTGGCCACCAGCTCCAAGCACGGCTTCCTCCAGTACGTCGACTCCTGCACCGTGGCGGAGGTGCTGGCGCGGGAGGGT 2280
R R E N L DL KL TP Y KV LATS S KHGF L QY VD S CTVAEUVTLA AT RE G 760
AACATCCACAACTTCTTCCGCAAGCATCATCCGTGCGACAATGGACCCTACGGCATTTCGGCGGAGGTCATGGACACCTACATCAAGAGCTGCGCGGGCTACTGTGTGATCACCTATTTG 2400
N I # N F F R K HH?P CDNG?P Y G I S A EV MDTYI K S CAGYCV I T YL 800
CTGGGTGTGGGCGACCGGCACTTGGACAACCTCTTGCTGACCACCAACGGNARGCTCTTCCACATCGATTTCGGCTACATTCTGGGACGCGATCCCARGCCCATGCCCCCGCCAATGAAG 2520
L 66V 66D RHUL DV NL L LTTNSGI KT LT FHTIDTFGGYTIULGRDUPIKUPMUPUP P MK 840
CTGAGCAAGGAAATGGTGGAGGCCATGGGCGGCATCAGCTCCGAGCATCACCACGAGTTCCGCAAGCAGTGCTACACGGCGTACCTGCACTTGCGGCGGCATGCCAACGTGATGCTCAAC 2640
L S K EM V EAMG G I 8§ S EHHHETFUZRI KU GQUCYTA ATYULHTU LU RZ RHEANUVMTILN 880
CTGTTCTCCCTGATGGTGGACGCCACTGTGCCGGATATCGCTCTCGAGCCCGACAAGGCGGTCAAGAAGGTGGAGGAGAACCTGCAGCTGGGCCTGACCGACGAGGAGGCAGTGCAGCAC 2760
L F S L M V DATV P D I AL E?PDI KAV K KV EENTLOQTULGULTUDEEA AUV Q H 920
TTGCAGAGCCTCCTGGACGTGTCCATTACGGCGGTGATGCCGGCTTTGGTGGAGCAGATTCATCGGTTTACCCAATACTGGCGGAAGTAGAGGACATTGCTTGCACAAGAAATTGTGGGA 2880
L Q §$S L L bV S ITAVMZPATLUVEUZ QQTIHTZRT FETQY WR K * 949
GGAGCGAGTAATCCTAGTTCGGTTCAGCTGAGTTGTTTAACATCAAAAGTGTACATTAGATTAATACCTTATACTTATCAATACTTATTAATATTATGTAGGTAGTCGTAGGTGGCCTGT 3000
AGCTAAAAGTCCGTTGTGCGGAACCAAATGTATCCACATATACTATATATCTTGTCACCAARAAAAARAAR 3071
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Figure 1 For legend see facing page.
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(R) Nucleotide and derived amino acid sequence of Drosophila PI3K_59F. The putative wortm
horizontal axis) with (i) Sc_Vps34 (875 amino acids) and (ii) BtPI3K-p110c (1068 amino aci
of 30 and a stringency of 15. (C) Regions of sequence similarity between DmPI3K_59F (cla
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annin-binding site (Lys®®®) is underlined. (B) Dot-plot comparison of DmPI3K_59F (949 amino acids,

ds), vertical axes, generated with the COMPARE programme (UWGCG package [26]) using a window
ss 1), BtPI3K-p110c (class 1) and DmPI3K_68D (class II). For details, see text and [4]. Numbers

above modules refer to the amino acids predicted to form the boundaries of each domain. HR, PI3K homology domain; C2, C2 domain. (D) Dendrogram to show the evolutionary relationship between
members of the Vps34 family (PI13K class I11). Prototype members of class | (BtPI3K-p110a) and class Il (DmPI3K_68D) are also shown. The dendrogram was generated using the PILEUP programme
(UWGCG package [26]). Abbreviations: Gm, G. max; At, A. thaliana; Dm, D. melanogaster, Hs, H. sapiens (man); Dd, D. discoideum; Sp, Schiz. pombe; Sc, Saccharomyces cerevisiae (baker's

yeast); Bt, Bos taurus (0x).
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Figure 2 Expression of recombinant GST-PI3K_59F

(R) Plasmid constructs for expression of PI3K_59F as a GST fusion protein. For details, see

Materials and methods section. Numbers refer to the nucleotide position in the open reading frame.

Restriction enzyme sites: X, Xhol; A, Aafll; R, EcoRl. (B) Coomassie Blue staining of GST-PI3K_59F (~ 134 kDa). The molecular-mass markers are: myosin, 220 kDa; phosphorylase b, 97 kDa;

and ovalbumin, 46 kDa.

wards PtdIns in the presence of either Mn*" or Mg**, but not
towards PtdIns4P or PtdIns(4,5)P, in the presence of either
cation (Figure 3A). In contrast, GST-p110a displayed activity
towards all three substrates, PtdIns, PtdIns4 P and PtdIns(4,5)P,,
but only in the presence of Mg** (Figure 3A).

PI3K_59F is a member of the Vps34-related class of the PI3K
family of enzymes, and the human PtdIns 3-kinase [17] and yeast
Sc_Vps34 [15] enzymes have also been shown to have a substrate
specificity restricted to PtdIns. The human homologue, however,
has only a very weak activity in the presence of Mg** (Figure 3B,
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Figure 3 Biochemical characterization of recombinant PI3K_59F activity

The extracted lipids were resolved either by TLC and detected by autoradiography (A, B and D) or by HPLC (C). (R) /n vitro substrate specificity of recombinant GST-PI3K_59F and GST-p110c.
PI3K assays were performed as described in the Materials and methods section using Ptdins, Ptdins4Pand PtdIns(4,5)f, as substrates. (B) Effect of bivalent cations and NP40 on GST-PI3K_59F
activity. Assays were performed using PtdIns as a substrate. The effect of bivalent cations on the human Vps34 homologue, PtdIns 3-kinase, expressed as a GST fusion protein is also shown.
(C) HPLC analysis of the products of recombinant GST-PI3K_59F using Ptdins as a substrate. The broken line represents the (NH,),HPO, gradient; gPI 3P and gPI 4P denote the respective positions
of deacylated PtdIns3P and Ptdins4 P standards. (D) Sensitivity of GST-PI3K_59F (top) and GST-PtdIns (bottom) activity to inhibition by wortmannin.

[17]). The more relaxed cation specificity of PI3K_59F indicates PI3K activity although a preference for Mn?* has been reported
that a requirement for Mn?* is not a general property of this class for the S.cerevisiae enzyme [34].

of PI3K and is consistent with the cation requirements of yeast A specificity for PtdIns is also a feature of PI4Ks but, unlike
PI3Ks. Both Sc_Vps34 [14,15] and Sp_Vps34 [21] immuno- PI3Ks, these enzmes are characteristically insensitive to inhibition
precipitated from cells possess Mg**-dependent PtdIns-specific by non-ionic detergents (reviewed in [35]). PI3K_59F activity
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was inhibited completely by 0.5 9, NP40 (Figure 3B), indicating
that PI3K_59F is a PI3K. In order to formally confirm that
PI3K_59F does encode a 3-kinase as implied from its close
sequence similarity to other PI3Ks in the putative catalytic
domain, anion-exchange HPLC was performed. The deacylated
products of PtdIns phosphorylation yielded a single peak of
radioactive glycerophosphate. This represented deacylated
PtdIns3P as determined by its co-elution with the product of
GST-pl10a. There was no detectable production of PtdIns4P
(Figure 3C). These results confirm that PI3K_59F specifically
phosphorylates the p-3 position of the inositol ring.

The antifungal compound wortmannin is a potent inhibitor of
PI3Ks, particularly those of the p110 class, and has been used
extensively in tissue-culture studies to investigate the role of the
classical p110/p85 PI3K in intracellular signalling, although
other classes of PI3Ks, such as PI3Ky and PI3K_68D, are also
inhibited by wortmannin (reviewed in [36]). Indeed, some classes
of PI4K are reported to be sensitive to wortmannin [37] as has
the more distantly related protein kinase, DNA-dependent
protein kinase, although with a considerably higher IC;, value
[38]. This inhibitor, therefore, cannot be used to implicate a
specific PI3K in intracellular signalling, but has proved very
useful in identifying processes controlled by this class of enzymes.
Within the Vps34 family, considerable differences in sensitivity
to wortmannin have been reported, although all the molecularly
characterized forms conserve the lysine within the ATP-binding
site that is targetted by this inhibitor [36]. Sc_Vps34, (IC,, 3uM;
[15]), Sp_Vps34 (IC,, 600 nM; [21]) and a partially purified
bovine PtdIns-specific PI3K (IC,, 400 nM, [16]) have been
reported to be relatively insensitive to wortmannin, whereas
human PtdIns 3-kinase is inhibited by wortmannin with an IC;,
(2.5nM) similar to that of GST-pl10« [17]. Recombinant
PI3K_59F was inhibited by wortmannin with an IC;; of 10 nM
(Figure 3D).

DISCUSSION

We have described the molecular cloning and biochemical
characterization of a PtdIns-specific PI3K from Drosophila,
PI3K_59F, that shows similarity to Sc_Vps34, the yeast PI3K
that mediates protein-sorting and -trafficking events. PI3K_59F
encodes a protein of 108 kDa, co-linear with other Vps34
homologues, and with three regions of sequence similarity to
other PI3Ks (Figure 1). Within each of these regions, sequence
identity is highest with the Vps34 class of PI3Ks. Homology
region I, the putative catalytic domain, is also distantly related to
the catalytic domain of the protein kinase superfamily and
contains motifs conserved in subdomains VIB (DXHXXN,
Asp®*®—-Asn®? in PI3K_59F) and VII (DFG, Asp®*®, Phe®*,
Gly** in PI3K_59F) of protein kinases [4,23]. In protein kinases
these residues have been identified as being involved in substrate
binding/product release, and point mutations within these motifs
destroy the lipid kinase activities of pl110« [39] and Sc_Vps34
[14]. Additionally, lipid kinases conserve the lysine residue
identified in protein kinases as essential for ATP binding. In
pl10a, this residue, Lys®’?, has been identified as the binding
target for the inhibitor wortmannin and the non-hydrolysable
ATP analogue 5-[p-(fluorosulphonyl)benzoyl]adenosine [36].
The equivalent residue in PI3K_59F, Lys®®, is presumably
responsible for the observed inhibition of lipid kinase activity by
wortmannin (Figure 3D). In protein kinases this invariant lysine
residue is preceded by a GXGXXG motif within the P-loop, but
this loop appears to be absent from the lipid kinases [4].
Considerable sequence variation between different classes of
PI3Ks is apparent in the HR1 domain C-terminal to the DFG

motif. This region may contribute to substrate recognition [4,17].
For example, a conserved lysine-rich region present in p110a/f
and PI3Ky, but absent from the Vps34 family of PI3Ks is similar
to the PtdIns(4,5)P, recognition motif described for gelsolin [40].
This may be responsible for the differences in substrate specificity
between these PI3Ks, thus allowing the p110 family of enzymes
to bind PtdIns(4,5)P, and use this lipid as a substrate. In the
Vps34 family the equivalent location consists of a region rich in
proline residues. The functions of homology regions 2 and 3 are
currently unknown. Similarity between Vps34 family members
extends beyond the three regions conserved with other PI3Ks,
suggesting additional interactions specific to this class of the
PI3K family.

The biochemical identification of PI3K_59F as a PtdIns-
specific PI3K supports previous results with yeast and human
homologues and distinguishes the catalytic activity of enzymes of
the Vps34 family from other classes of PI3Ks which can
additionally phosphorylate higher phosphorylated lipids. Thus
different classes of PI3Ks appear to have distinct substrate
specificities, allowing separate biological roles. This specificity is
further facilitated by differences in subcellular location and
upstream interactions. The generation of PtdIns3P by Sc_Vps34
appears to be specifically involved in regulating intracellular
protein-sorting pathways between the trans-Golgi network and
the yeast vacuole, although the exact mechanisms by which
PtdIns3 P regulates trafficking processes are currently unknown.
It has been suggested that membrane patches enriched in
PtdIns3P may act in the docking/fusion process through the
recruitment or activation of specific vesicle coat proteins or other
binding partners. Alternatively, PtdIns3 P may play a biophysical
role, promoting membrane curvature and hence bud formation
(reviewed in [41]).

In contrast, PtdIns(3,4,5)P,, but not PtdIns3P, is increased at
the cell membrane following agonist stimulation and implicated
in processes, such as mitogenesis, that have been linked to the
stimulation of receptors at the cell surface and activation of
pl110a/p. PI3Ks which generate PtdIns(3,4,5)F, have only been
identified in multicellular organisms, indicating that they may
have evolved to fulfil their more extensive signalling requirements.
However, these PI3Ks may also retain an endocytic function
required for cell-surface receptor function. The use of
wortmannin and of PDGF- and colony-stimulating factor-
receptor mutants lacking the binding site for PI3K, have indicated
the involvement of p85/p110 PI3Ks in regulating the sorting of
cell-surface receptors in the early endosome, either for recycling
to the cell membrane or for degradation in the lysosome [42-44].
p85/p110 PI3Ks have also been shown to be involved in insulin-
stimulated recruitment of the glucose transporters GLUT1 and
GLUT4 to the plasma membrane. Furthermore, many down-
stream events resulting from cell-surface receptor activation of
PI3K activity require fusion of vesicular structures, cytoskeletal
rearrangements and morphological changes. However, a distinct
role for a mammalian PtdIns-specific PI3K /Vps34 homologue in
the sorting of intracellular proteins from the Golgi to the
lysosome (rather than trafficking events proximal to the plasma
membrane) is suggested by the missorting and secretion of newly
synthesized cathepsin D, a hydrolase that is normally targetted
to the lysosome, that occurs in the presence of wortmannin
[45,46].

Our current knowledge of intracellular sorting and trafficking
processes has largely been gained from both genetic experiments
in yeast which have allowed the molecular identification of the
proteins involved and mammalian cell-free assay systems which
have aimed to reconstitute such events and explain them
biochemically. The use of Drosophila as a genetically manipu-
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latable model for protein trafficking may yield additional in-
formation on physiological processes in multicellular organisms.
For example, studies on the Drosophila shibire mutant, yeast
Vpsl mutants and mammalian dynamin, have all contributed to
our understanding of the function of the dynamin protein.
Analysis of Vpsl in yeast identified a role for this molecule in
vesicle trafficking, whereas analysis of shibire in Drosophila
established a function in neuronal secretion in multicellular
organisms. A number of female sterile and lethal mutants such as
egalitarian, shutdown, retained and quit, map to the same cyto-
logical region, 59F, as the Drosophila Vps34 homologue. These
mutations affect oogenesis, a system which involves vesicle
transport and in which it will be interesting to investigate
whether the production of PtdIns3P may play a role.
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