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Despite extensive analysis of phosphoinositide 3-hydroxykinases

(PI 3-kinases) at the molecular level, comparatively little is

knownabout themechanisms bywhich products of these enzymes

exert their expected second-messenger functions. This study

examines the metabolism of D-3 phosphoinositides in mouse Ph-

N2 fibroblasts lacking the platelet-derived growth factor (PDGF)

α-receptor. Treatment of these cultures with BB PDGF, but not

AA PDGF, resulted in transient activation of PI 3-kinase activity

measured in �itro. Treatment of myo-[$H]inositol-labelled Ph-N2

cells with BB PDGF resulted in the rapid induction of

PtdIns(3,4)P
#

and PtdIns(3,4,5)P
$

and, to a smaller extent,

INTRODUCTION

Since the identification of phosphoinositide 3-hydroxykinase (PI

3-kinase) activity physically associated with tyrosine kinase

signalling complexes, considerable attention has focused on the

functional roles of these enzymes as mediators of developmental

and proliferative responses in eukaryotic cells [1–3]. Indeed,

several lines of evidence indicate that PI 3-kinase activation is

sufficient to drive quiescent cells into the cell division cycle [4–8].

It is suggested that D-3 phosphoinositide products of PI 3-

kinases mediate these signalling responses, but the mechanisms

of action and targets of these putative secondary messengers

remain elusive.

Purified preparations of mammalian PI 3-kinases consist of a

110 kDa catalytic component that is present either in monomeric

form or associated with an 85 kDa regulatory subunit [9]. Recent

nucleic acid sequence data from several laboratories have es-

tablished the existence of multiple PI 3-kinase isoforms in

mammalian cells and tissues. The catalytic component of the

tyrosine kinase-activated PI 3-kinase exhibits dual substrate

specificity in �itro, and is capable of phosphorylating phospho-

inositide substrates at the D-3 position of the inositol ring as well

as a restricted repertoire of protein substrates (p85 and insulin

receptor substrate 1) at serine residues [10–12]. p85 mediates

binding of the PI 3-kinase catalytic subunit to tyrosine-

phosphorylated signalling complexes [1,9]. However, one p110

homologue [13] as well as a recently cloned G-protein-regulated

PI 3-kinase [14] fails to associate with p85 subunits, suggesting

mechanisms of activation distinct from those elicited by tyrosine

kinase signalling complexes. The identification of multiple PI 3-

kinase isoforms reinforces the potential signalling properties of

D-3 phosphoinositides during the transduction of cellular re-

sponses by diverse stimuli.

Platelet-derived growth factor (PDGF) is a potent mitogen for
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PtdIns3P. The appearance of PtdIns(3,4,5)P
$

preceded that of

PtdIns(3,4)P
#

and PtdIns3P after the addition of PDGF, sug-

gesting that PtdIns(4,5)P
#
is the preferred substrate of the agonist-

stimulated PI 3-kinase in intact cells. Treatment of both resting

and PDGF-stimulated cells with the fungal metabolite wort-

mannin resulted in pronounced, selective effects on the levels of

all D-3 phosphoinositides. Kinetic studies with this PI 3-kinase

inhibitor revealed the presence of at least two independent routes

for the biosynthesis of D-3 phosphoinositides in PDGF-treated

cells.

cells of mesodermal origin and has provided a useful model

system for investigating functional and mechanistic aspects of PI

3-kinase activation. PDGF consists of two disulphide-linked

subunits arranged either as homodimers (AA, BB) or as AB

heterodimers. Two structurally related receptors bind PDGF in

an isoform-specific fashion: the PDGF α-receptor binds all

isoforms, whereas the PDGF β-receptor binds only BB PDGF

with high affinity [15]. PDGF α- and β-receptors are expressed to

varying degrees in different cell types and induce overlapping,

but also distinct, signals within cells [16–18]. Within 1 min of

treatment of cells with PDGF, cytosolic PI 3-kinase isoforms

containing p85α and p85β become physically associated with the

PDGF receptor and phosphorylated [19–22]. Both phosphoryl-

ation of PI 3-kinase subunits by the receptor [23] and con-

formational changes resulting from interaction with the receptor

[24–26] might contribute to the stimulation of PI 3-kinase activity

in PDGF-treated cells.

In �itro, the PDGF-activated PI 3-kinase catalyses phosphoryl-

ation of PtdIns, PtdIns4P and PtdIns(4,5)P
#
at the D-3 position

of the inositol ring to form PtdIns3P, PtdIns(3,4)P
#

and

PtdIns(3,4,5)P
$

respectively [27,28]. In intact cells, however,

PtdIns(4,5)P
#

seems to be a preferred substrate of agonist-

activated PI 3-kinases. Cellular levels of PtdIns(3,4)P
#

and

PtdIns(3,4,5)P
$
are significantly elevated after addition of growth

factors [29] or viral transformation [30–33]. [$#P]P
i

labelling

studies have revealed that PtdIns(3,4,5)P
$

appears before

PtdIns(3,4)P
#
in Swiss 3T3 cells stimulated with PDGF [34] and

in neutrophils activated by the formyl peptide f-Met-Leu-Phe

[35]. Analysis of radioactivity incorporated into individual phos-

phate groups of PtdIns(3,4,5)P
$

extracted from these cells

confirmed that phosphorylation at D-4 and D-5 preceded phos-

phorylation at the D-3 position [34,35]. These results indicate

that PtdIns(4,5)P
#
is a primary substrate of agonist-activated PI

3-kinases and that the product of this reaction, PtdIns(3,4,5)P
$
,
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is rapidly dephosphorylated to PtdIns(3,4)P
#
. Presumably

PtdIns(3,4)P
#
is then sequentially dephosphorylated to PtdIns3P

and PtdIns, but this has not been demonstrated directly.

This study was initiated to define the metabolic route(s) of D-

3 phosphoinositide synthesis following activation of PI 3-kinase

by the PDGF β-receptor. Treatment of mouse cells lacking

PDGF α-receptors with BB PDGF resulted in a rapid but

transient stimulation of PI 3-kinase activity, measured in an

assay in �itro and by formation of D-3 phosphoinositide products

in intact cells. Metabolic labelling studies with myo-[$H]inositol

confirmed that PtdIns(4,5)P
#
is the primary substrate for the PI

3-kinase that is stimulated by the PDGF β-receptor. Treatment of

both resting and PDGF-stimulated cultures with the PI 3-kinase

inhibitor wortmannin resulted in specific changes in the turnover

of cellular D-3 phosphoinositides, indicating that multiple path-

ways lead to formation of these products in intact cells.

EXPERIMENTAL

Materials

Recombinant human AA and BB PDGF were from Promega;

[γ-$#P]ATP (5000 Ci}mmol) was from New England Nuclear ;

myo-[2-$H]inositol (no. TRK-912; 80–120 mCi}mmol) was from

Amersham; phospholipids, wortmannin and ammonium phos-

phate were from Sigma Chemical Co. ; silica gel 60 chromato-

graphy plates were from EM Science (Gibbstown, NJ, U.S.A.) ;

Bradford protein assay reagent was from Pierce (Rockford, IL,

U.S.A.) ; and Uniscint BD scintillation fluid was from National

Diagnostics (Atlanta, GA, U.S.A.). Antiserum to a C-terminal

peptide of p85α was a gift of Dr. S. A. Courtneidge (Sugen Inc.,

Redwood City, CA, U.S.A.) ; Ph cells and 9235 antibody were

provided by R. Seifert and D. Bowen-Pope (University of

Washington, Seattle, WA, U.S.A.).

Cell cultures and constructs

Cultures used in this study were isolated from Ph}Ph mouse

embryos in which the PDGF α-receptor gene had been deleted

[36]. These cells express the PDGF β-receptor, but lack the

PDGF α-receptor. Chimaeric PDGF receptors composed of

extracellular, transmembrane and juxtamembrane domains of

the human PDGF α-receptor fused to the kinase and C-terminal

tail of the human PDGF β-receptor will be described in detail

elsewhere (K. Demail, C. Best and A. Kazlauskas, unpublished

work). The chimaeric construct was introduced into the pLXSN

retroviral cloning vector and then transfected into the Ψ-2

packaging cell line [37]. Supernatants from the Ψ-2 cells were

used to infect the PA317 packaging line, and virus-producing

cells were selected in 0.5 mg}ml G-418. Virus from the PA317

cells was used to infect Ph cells, and mass populations of G-418-

resistant PH-cWT cells were isolated. The Ph-N2 line was derived

in a similar fashion by using an empty retroviral expression

vector. Ph cells harbouring the chimaeric receptor, but not the

Ph-N2 line, exhibited enhanced DNA synthesis when treated

with AA PDGF and were capable of growth in serum-free

medium supplemented with insulin, transferrin and AA PDGF

(results not shown). Cell cultures were incubated in Dulbecco’s

modified essential medium (DMEM) supplemented with 10%

(v}v) fetal bovine serum, penicillin and streptomycin in a

humidified, 10% CO
#

atmosphere at 37 °C.

For experimentation, nearly confluent 60 or 100 mm cultures

were starved for serum by incubation in DMEM containing

5 µg}ml transferrin and 20 mM Hepes, pH 7.1, for 24–48 h

before growth factor addition. Cells were stimulated by the

addition of AA or BB PDGF to a final concentration of 40 ng}ml

from stocks containing 5 µg}ml PDGF, 1 mg}ml BSA and

4 mM HCl.

Assays of protein kinase and PI 3-kinase activity

Protein kinase assays and Western immunoblotting were per-

formed as described previously [5]. Sera that recognize the

PDGF β-receptor and the external domain of the PDGF α-

receptor have been described previously [38,39].

Immune complex PI 3-kinase activity was measured in �itro

using conditions described previously [30]. Immunoprecipitates

were prepared with 0.2 mg of cellular protein and antiserum to

phosphotyrosine [30] or to a C-terminal peptide of p85α. PI 3-

kinase assays were performed with total reaction volumes of

20 µl, containing 20 mM Hepes, pH 7.4, 5 mM MgCl
#
, 2.5 mM

dithiothreitol, 5 µg of lipid substrate and 10 µM [γ-$#P]ATP

(5–10 µCi per reaction). Substrate for these assays contained a

sonicated mixture of PtdIns, PtdInsP, PtdInsP
#

and PtdSer

(1:1 :1 :3, w}w). After incubation for 10 min at 30 °C, reactions

were terminated by addition of 180 µl of 1M HCl and 400 µl of

chloroform}methanol (1 :1, v}v). Samples were mixed vigorously

and phases were separated by brief centrifugation. The lower

organic phase was washed with 400 µl of methanol}1M HCl

(1:1, v}v) and dried. Lipids were resuspended in 10 µl of

chloroform and spotted on oxalate-impregnated, heat-activated

silica chromatography plates. TLC used a solvent system con-

taining chloroform}methanol}acetone}acetic acid}water

(60:20:23:18:11, by vol.). $#P-labelled phosphoinositides were

identified by autoradiography, scraped from the plates and

quantified by CC erenkov counting. When used for preparation of

HPLC standards, individual $#P-labelled D-3 phosphoinositides

were scraped from the plate and deacylated as described below.

Metabolic labelling of cells with myo-[3H]inositol

To optimize the incorporation of myo-[$H]inositol into cellular

phosphoinositides, subconfluent cultures in 60 mm dishes were

rinsed with inositol-free DMEM and incubated for 8–18 h in

inositol-free DMEM containing 5 µg}ml transferrin, 5 µg}ml

insulin and 10% (v}v) dialysed fetal calf serum [dialysed against

several changes of 150 mM NaCl}20 mM Hepes (pH 7.1) with a

Spectra}Por 1000 Dalton MWCO membrane]. Cultures were

then simultaneously starved for serum and metabolically labelled

by replacement of this medium with 2 ml of inositol-free DMEM

containing 5 µg}ml transferrin, 20 mM Hepes, pH 7.1, and

50 µCi of myo-[2-$H]inositol. After 24 h, PDGF was added

directly to the labelled cultures as described above. When used,

wortmannin was added directly to the culture medium from a

500¬ stock solution prepared in DMSO. For short-term timed

experiments, cultures were treated with growth factor and}or

inhibitor and placed in a shaking water bath at 37 °C.

myo-[$H]Inositol-labelled cultures were harvested rapidly by

removal of the culture medium and addition of 0.6 ml of 4.5%

(v}v) ice-cold perchloric acid. After 15 min, cells were scraped

from the dishes with rubber ‘policemen’, transferred to Micro-

fuge tubes, and centrifuged at 16000 g for 10 min at 4 °C. The

phosphoinositide-containing pellet was washed once with

100 mM EDTA by centrifugation at 4 °C and suspended in 50 µl

of water. Lipids were deacylated by addition of 1 ml of meth-

anol}40% methylamine}n-butanol (4 :4 :1, v}v) and incubation

at 56 °C for 45 min [40]. After being dried under vacuum, the

glycerophosphoinositide-containing pellets were suspended in

0.5 ml of water, clarified by centrifugation and extracted twice

with butanol}ethyl ether}ethyl formate (20:4:1, v}v). These

preparations were dried under vacuum and stored at ®20 °C.
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HPLC separation of glycerophosphoinositides

Glycerophosphoinositides were separated by anion-exchange

HPLC on a Whatman Partisphere 5-SAX column [30]. The

HPLC system consisted of two independent pumps [A pumped

water ; B pumped 1.25 M (NH
%
)
#
HPO

%
adjusted to pH 3.8 with

H
$
PO

%
], a digital controller, a mixing device and a 1.0 ml injection

loop. All solutions were filtered through a 0.22 µm membrane

and degassed before use. Glycerophosphoinositide-containing

samples were suspended in 0.5 ml of water, filtered and then

injected as the chromatography system was pumping solution A

at 1 ml}min. Immediately after injection, samples were subjected

to the following linear elution gradient : 1 min to 2% B, 19 min

to 3% B, 20 min to 9% B, 44 min to 9% B, 45 min to 27% B,

53 min to 28% B, 54 min to 100% B, 58 min to 100% B, 59 min

to 0% B. Fractions (0.4 ml) were collected directly into scin-

tillation vials to which 1.2 ml of scintillation cocktail was added.

the radioactive content of the samples was measured with a

Beckman LS 6000 counter calibrated to correct for quenching.

For quantification of weakly radioactive samples, count times

were extended to 10 min to minimize error and background

values (approx. 100 d.p.m. per fraction) were subtracted. Values

for individual products were calculated as a ratio of radioactivity

present in the PtdIns deacylation product, glycerophospho-

inositol (GroPIns) to compensate for loss of sample during

preparation.

Statistical analysis

Statistical significance was determined by Student’s t test with

the StatView statistics program (Brainpower, Calabasas, CA,

U.S.A.). Correlation coefficients (r values) were obtained with

Cricket Graph III 1.5.3 (Computer Associates International,

Islandia, NY, U.S.A.).

RESULTS

PI 3-kinase activation in mouse fibroblasts lacking PDGF α-
receptors

BB PDGF activates both α and β isoforms of the PDGF receptor

and therefore studies to examine metabolic responses induced by

PDGF β-receptor in mouse fibroblasts and other cells are

confounded by the presence of endogenous PDGF α-receptors.

To determine the contribution of the PDGF β-receptor to D-3

phosphoinositide metabolism in mouse fibroblasts, we have

analysed PDGF activation of PI 3-kinase in Ph cells, a fibroblast

line derived from mice lacking the PDGF α-receptor. These cells

lack the PDGF α-receptor gene yet express PDGF β-receptors

that trigger expected biological responses to BB PDGF [17,36].

To examine the activation of PI 3-kinase by the PDGF β-

receptor, immune-complex PI 3-kinase assays were performed

with lysates of Ph-N2 cells (Ph cells harbouring an empty

expression vector) after treatment with AA or BB PDGF. Serum-

deprived Ph-N2 cells were incubated for 5 min in the presence or

absence of PDGF, lysed by the addition of Nonidet P40-

containing buffer, and precipitated with antiserum to phospho-

tyrosine. PI 3-kinase activity in the immunoprecipitates was

assayed by the addition of [γ-$#P]ATP in the presence of a mixed

lipid substrate containing PtdIns, PtdIns4P and PtdIns(4,5)P
#
.

Products were separated by TLC and detected by autoradio-

graphy (Figure 1).

As illustrated in Figure 1(A) (lanes 1–3), antiserum to phospho-

tyrosine precipitated appreciable PI 3-kinase activity only from

lysates of Ph-N2 cells that had been exposed to BB PDGF.

Under the conditions of this assay, three radioactively labelled

products were generated: PtdIns3P, PtdIns(3,4)P
#

and

PtdIns(3,4,5)P
$
. The identity of each was confirmed by anion-

exchange HPLC after deacylation (see below). CC erenkov

counting of products revealed that anti-phosphotyrosine pre-

cipitates derived from BB-PDGF-treated cultures contained

approx. 50-fold more PI 3-kinase activity than those derived

from either uninduced or AA-PDGF-treated cultures. Ph-N2

cells treated with AA PDGF exhibited low, baseline levels of PI

3-kinase activity similar to those in uninduced, quiescent Ph-N2

cells.

Lack of PI 3-kinase activation in Ph-N2 cultures treated with

AA PDGF was not due to an inability of this growth factor to

activate PDGF α-receptors. Substantial PI 3-kinase activation

was observed in Ph-cWT cells after treatment with AA PDGF

under identical assay conditions (Figure 1A, lane 5). These cells

harbour a PDGF receptor chimaera composed of extracellular,

transmembrane and juxtamembrane domains of the human

PDGF α-receptor fused to the kinase and C-terminal tail of the

human PDGF β-receptor. After treatment with AA PDGF, Ph-

cWT cells exhibited levels of PI 3-kinase activity comparable to

those observed in Ph-N2 cultures treated with BB PDGF (Figure

1A, lane 3). Uninduced cells expressing this receptor exhibited

only baseline levels of PI 3-kinase activity (Figure 1A, lane 4). In

this and other assays, treatment of Ph-cWT cells with BB PDGF

(Figure 1A, lane 6) resulted in 15–20% more PI 3-kinase activity

than measured after treatment with AA PDGF, suggesting that

the activities of the chimaeric and endogenous receptors were

additive to only a small extent.

Western blot analysis (Figure 1B) was used to compare receptor

levels in Ph-cWT and MG63 cells (a human osteosarcoma line

containing approx. 10& receptors per cell). Whole-cell immuno-

blots prepared with antibody to the extracellular domain of the

PDGF α-receptor revealed that the chimaeric receptor (Figure

1B, lanes 4–6) was expressed at about the same level as the

PDGF α-receptor in MG63 cells (Figure 1B, lanes 7–9) and that

Ph-N2 cells expressed no detectable PDGF α-receptors (Figure

1B, lanes 1–3).

To test activation of the chimaeric receptor by AA PDGF,

resting or PDGF-stimulated Ph-N2 and Ph-cWT cells were lysed

and immunoprecipitated with antibodies to the PDGF β-receptor

C-terminus (which recognizes both the chimaeric receptor and

the endogenous β-receptor) or antibodies directed against the

PDGF α-receptor (which recognizes only the chimaeric receptor).

Immunoprecipitates were subjected to kinase assays in �itro, and

products were separated by SDS}PAGE and detected by auto-

radiography (Figure 1C). In all cases, BB PDGF activated the

receptors, as indicated by the presence of phosphorylated recep-

tor-associated proteins that were not observed in samples from

unstimulated cells. In contrast, AA PDGF was able to activate

only the chimaeric receptor (in Figure 1C, compare lane 2 with

lanes 5 or 11). These studies demonstrate that Ph-N2 cells have

no PDGF α-receptor and that AA PDGF selectively activates

the chimaeric receptor. Furthermore Ph-N2 cells provide a unique

system for the analysis of PDGF β-receptor signalling pathways

in mouse fibroblasts, because BB PDGF treatment of these cells

activates only the endogenous β-receptor.

Kinetics of PI 3-kinase activation in PDGF-treated Ph-N2 cells

It was reported previously that the activity of the PI 3-kinase

isoform containing p85 is enhanced after treatment of cells with

PDGF [19]. To determine the extent to which the PDGF β-

receptor activates this PI 3-kinase isoform, Ph-N2 cells were

treated with AA or BB PDGF and PI 3-kinase activity was

measured in immunoprecipitates formed with antiserum to p85
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Figure 1 Activation of chimaeric and endogenous PDGF receptors in Ph cells

(A) Serum-starved Ph-N2 cells (lanes 1–3) and Ph-cWT cells (lanes 4–6) were incubated in the presence of AA PDGF (lanes 2 and 5) or BB PDGF (lanes 3 and 6), or untreated (lanes 1 and 4)

for 5 min and harvested by the addition of lysis buffer. Immunoprecipitates were formed with antiserum to phosphotyrosine and assayed for PI 3-kinase activity by using a mixed lipid substrate.

Products were separated by TLC and detected by autoradiography. (B) Whole cell lysates prepared from Ph-N2 cells (lanes 1–3), Ph-cWT cells (lanes 4–6) and MG63 cells (lanes 7–9) were

resolved by SDS/PAGE, transferred to a poly(vinylidene difluoride) membrane and subjected to immunoblot analysis with antibody (9325) to the extracellular domain of the PDGF α-receptor. For

each cell type, three different amounts of cell lysate were used, representing 1.2¬104, 3.7¬104 and 11.4¬104 cells. As indicated, the chimaera migrated at a slightly higher molecular mass

than the native PDGF α-receptor (PR alpha). (C) Quiescent cultures of Ph-N2 cells (lanes 1–3 and 7–9) and Ph-cWT cells (lanes 4–6 and 10–12) were stimulated with AA PDGF (lanes 2, 5,

8 and 11) or BB PDGF (lanes 3, 6, 9 and 12), or untreated (lanes 1, 4, 7 and 10) for 5 min. Lysates were prepared and immunoprecipitated with antibodies to the carboxyl tail of the PDGF

β-receptor (lanes 1–6) or to the extracellular domain of the PDGF α-receptor (lanes 7–12). Kinase assays were performed in vitro and products were resolved by SDS/PAGE and identified by

autoradiography. Migration positions of known PDGF receptor-associated proteins are indicated at the right. Abbreviations : PR, PDGF receptor ; PLC, phospholipase C-gamma ; GAP, GTPase-activating

protein for ras ; Syp, SH2-containing phosphotyrosine phosphatase.

(Figure 2, upper panel). Immunoprecipitates of p85 formed from

lysates of BB PDGF-treated cultures (Figure 2, upper panel, lane

3) exhibited approx. 5-fold more PI 3-kinase activity than those

from uninduced or AA PDGF-treated cultures. The low level of

activity detected in precipitates derived from AA PDGF-treated

cells (Figure 2, upper panel, lane 2) was not significantly distinct

from the basal activity precipitated from lysates of uninduced

cultures (Figure 2, upper panel, lane 1). These results indicate

that an increase in the overall activity of this PI 3-kinase isoform

occurs after activation of the PDGF β-receptor.

A time-course study was performed to define the kinetics by

which the PI 3-kinase isoform containing p85 is activated after

stimulation of the PDGF β-receptor. Immunoprecipitates of

p85α were prepared from lysates of cells treated for various

periods of time with BB PDGF, and PI 3-kinase assays were

performed. After identification by autoradiography, PtdIns3P

was scraped from the plates and quantified by CC erenkov counting

(Figure 2, lower panel). A significant (P% 0.005) increase in PI

3-kinase activity associated with p85α was observed at all times

after addition of BB PDGF to Ph-N2 cells. Maximal activation

of PI 3-kinase was detected 2.5–5 min after addition of growth

factor. By 15 min, PI 3-kinase activity had decreased to less than

40% of the maximally induced level. These results indicate that

stimulation of the PDGF β-receptor results in a transient increase

in activity of the PI 3-kinase isoform containing p85α.

Formation of PtdIns(3,4,5)P3 precedes PtdIns(3,4)P2 and PtdIns3P
in PDGF-treated cells

To corroborate the analysis in �itro of PI 3-kinase activation by

the PDGF β-receptor, D-3 phosphoinositide production was

measured in Ph-N2 cells metabolically labelled with myo-[$H]-

inositol. For maximal incorporation of label into cellular

phosphoinositides, nearly confluent cultures were starved for

inositol and then simultaneously starved for serum and labelled

withmyo-[$H]inositol.After 24 h, cultureswere exposed toPDGF

for 4 min and then rapidly extracted with perchloric acid. This

extraction protocol was adopted to ensure the complete recovery

of all membrane-associated compounds containing the labelled

precursor. The lipid-containing fractions were then deacylated

and analysed by anion-exchange HPLC to separate isomers

within individual glycerophosphoinositide classes (see the

Experimental section). Fractions were collected directly into

scintillation vials and quantified by scintillation counting.

Representative HPLC profiles of deacylated phosphoinositides

from uninduced and BB PDGF-treated cells are illustrated in

Figure 3. Deacylation products of the most abundant cellular

phosphoinositides were eluted consistently at expected times

with this procedure : GroPIns eluted at fraction 16, GroPIns4P

at fraction 53, and GroPIns(4,5)P
#

at fraction 113. To identify

the elution patterns of D-3 phosphoinositide deacylation pro-
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Figure 2 PI 3-kinase activation in Ph-N2 cells treated with BB PDGF

Upper panel : serum-starved Ph-N2 cultures were treated with AA PDGF (lane 2), BB PDGF (lane

3) or untreated (lane 1) for 5 min and then lysed by the addition of Nonidet P40-containing

buffer. Immunoprecipitates were formed by using antisera to p85α and assayed for PI 3-kinase

activity in vitro. PI 3-kinase products were separated by TLC and detected by autoradiography.

Lower panel : duplicate cultures of serum-starved Ph-N2 cells were either untreated (D) or

treated with BB PDGF (E) for various periods of time and then lysed by addition of Nonidet

P40-containing buffer. Immunoprecipitates formed by using antisera to p85α were assayed for

PI 3-kinase activity in vitro as in the upper panel. For quantification, PtdIns3P was scraped from

the plates and analysed by CC erenkov counting. Each point represents the mean³S.E.M. of

replicate measurements.

ducts, $#P-labelled D-3 glycerophosphoinositide standards pre-

pared in �itro were analysed in parallel HPLC runs. These were

eluted at the following positions : GroPIns3P at fraction 44,

GroPIns(3,4)P
#
at fraction 105, and GroPIns(3,4,5)P

$
at fraction

130.

When deacylated extracts of serum-deprived, myo-[$H]inositol-

labelled Ph-N2 cells were analysed by anion exchange HPLC,

GroPIns3P (Figure 3A, peak A) was found to contain approx.

0.15% of the radioactivity associated with GroPIns, the major

labelled product in these preparations. Barely detectable levels of
$H eluted at positions corresponding to the GroPIns(3,4)P

#
and

GroPIns(3,4,5)P
$

standards, consistent with the finding that

these products are not present in resting cells [29]. We note that

a small peak of radioactivity (in fraction 101) was eluted

consistently just before the GroPIns(3,4)P
#
standard. The ident-

ity of this compound is not known, but might represent a

product tentatively identified by Auger et al. [29] as

GroPIns(3,5)P
#
.

HPLC analysis of deacylation products from PDGF-treated

Ph-N2 cultures revealed clear induction of D-3 phosphoinositide

synthesis. As illustrated in Figure 3(B), deacylation products of

PtdIns(3,4)P
#
(peak B) and PtdIns(3,4,5)P

$
(peak C) were readily

detected in extracts of cells treated for 4 min with BB PDGF. In

addition, PDGF stimulated a small but reproducible increase
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Figure 3 HPLC analysis of deacylated 3H-labelled phosphoinositides from
PDGF-treated Ph-N2 cells

Quiescent myo-[3H]inositol labelled Ph-N2 cells were untreated (A) or incubated in the presence

of BB PDGF (B) for 4 min. Perchloric acid precipitates were deacylated and analysed by anion-

exchange HPLC as described in the Experimental section. Deacylated products of cellular D-

3 phosphoinositides were identified by co-migration with standards prepared in vitro : peak A,

PtdIns3P ; peak B, PtdIns(3,4)P2 ; peak C, PtdIns(3,4,5)P3. Samples analysed in each panel

contained equivalent amounts of radioactivity (corresponding to approx. 2.8¬106 d.p.m. of the

PtdIns deacylation product GroP Ins).

(approx. 30%) in the recovery of PtdIns3P deacylation product

(peak A). No significant changes in cellular levels of PtdIns or

PtdIns4P were detected after addition of BB PDGF in this or

other experiments. However, treatment of serum-deprived cul-

tures with BB PDGF did result in a 15–20% decrease in the level

of PtdIns(4,5)P
#
, as observed previously [41]. These alterations in

the levels of cellular phosphoinositides were not detected in Ph-

N2 cells treated with AA PDGF but were readily detected in cells

harbouring the PDGF receptor chimaera (results not shown).

Phosphate-labelling studies of Hawkins et al. [34] demon-

strated that the formation of PtdIns(3,4,5)P
$

preceded

PtdIns(3,4)P
#

in PDGF-treated Swiss 3T3 cells, suggesting that

PtdIns(4,5)P
#
is the primary substrate for the PDGF-stimulated

PI 3-kinase in intact cells. To test whether this pathway is

activated by the PDGF β-receptor, myo-[$H]inositol-labelled Ph-

N2 cultures were treated for short periods of time with BB

PDGF and rapidly harvested with perchloric acid. D-3 phospho-

inositide deacylation products were then isolated by anion-

exchange HPLC and quantified by liquid-scintillation counting.

The results shown in Figure 4 are representative of three

experiments in which PtdIns(3,4,5)P
$
, PtdIns(3,4)P

#
and

PtdIns3P levels in Ph-N2 cells were measured at various times

after the addition of PDGF.

These studies consistently revealed that increased levels of

PtdIns(3,4,5)P
$

preceded the rise in PtdIns(3,4)P
#

levels. A

significant increase (P% 0.01) in the level of PtdIns(3,4,5)P
$
was

observed 30 s after treatment of Ph-N2 cells with BB PDGF

(Figure 4A). PtdIns(3,4,5)P
$

levels continued to increase in a
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Figure 4 Time course of D-3 phosphoinositide accumulation in PDGF-
treated Ph-N2 cells

Duplicate cultures of quiescent, myo-[3H]inositol-labelled Ph-N2 cells were treated with BB

PDGF for various time intervals and then rapidly harvested by the addition of perchloric acid.

After deacylation, GroP Ins(3,4,5)P3 (A), GroP Ins(3,4)P2 (B) and GroP Ins3P (C) were isolated

by HPLC and quantified by scintillation counting. Levels of these products were adjusted for

background radioactivity and normalized to the amount of GroPIns present in each sample. Each

point represents the mean³S.E.M. of replicate measurements.

linear fashion until approx. 2 min after addition of growth

factor. Maximum levels of PtdIns(3,4,5)P
$

were observed

2.5–4 min after addition of PDGF and then decreased steadily to

approx. 20% of the maximally induced level by 10 min (results

not shown).

Significantly elevated levels of PtdIns(3,4)P
#
were not detected

until 2 min after addition of growth factor (Figure 4B). In this

and other experiments, maximum levels of PtdIns(3,4)P
#

were

observed 3–5 min after PDGF addition. In this particular ex-

periment, deceptively high baseline levels of PtdIns(3,4)P
#

in

resting cells were due to the presence of an unidentified product

that eluted just before it. However, significant changes in the

level of this contaminant were not observed after addition of

PDGF in this or other experiments.

Significantly elevated levels of PtdIns3P were observed at later

times after treatment of Ph-N2 cells with BB PDGF. In this

experiment, a 30% increase in the level of PtdIns3P was detected

5 min after addition of growth factor (Figure 4C). In other

experiments, increased levels of PtdIns3P were detected as early

as 3–4 min after addition of PDGF, but in all cases this event was

preceded by increased levels of PtdIns(3,4,5)P
$
and PtdIns(3,4)P

#
.

These results are consistent with the suggestion [34] that

PtdIns(3,4,5)P
$

is a precursor of PtdIns(3,4)P
#

in mouse cells

treated with PDGF and that the latter is dephosphorylated to

form PtdIns3P.

Figure 5 Effect of wortmannin on phosphoinositide levels in quiescent Ph-
N2 cells

Replicate cultures of quiescent, myo-[3H]inositol-labelled Ph-N2 cells were treated with 200 nM

wortmannin for various periods of time and then rapidly harvested by the addition of perchloric acid.

Amounts of GroP Ins3P (A), GroP Ins4P (B) and GroP Ins(4,5)P2 (C) in the deacylated extracts

were quantified by scintillation counting after separation by HPLC. Levels of these products were

adjusted for background radioactivity and normalized to the amount of GroP Ins in each

deacylated extract. Values (means³S.E.M.) obtained after wortmannin treatment of cells are

expressed as a ratio to those measured in the absence of inhibitor. In untreated cells, peaks

corresponding to GroP Ins3P, GroP Ins4P and GroP Ins(4,5)P2 contained 0.15%, 4.91% and

4.92% respectively of the radioactivity associated with GroP Ins. This figure contains results from

two independent experiments and was repeated twice with similar results. In these experiments,

levels of PtdIns3P in cultures treated with wortmannin were significantly distinct (P ! 0.05)

from untreated controls at all times assayed.

Wortmannin inhibits synthesis of PtdIns3P in quiescent Ph-N2
cells

Wortmannin is a potent inhibitor of certain PI 3-kinase isoforms

in �itro and because of its cell-permeant properties it provides a

useful tool for dissecting PI 3-kinase-mediated signalling path-

ways in intact cells [42]. It was recently reported that wortmannin

treatment of unstimulated bovine adreno-reticulosa cells de-

creased the incorporation of [$#P]P
i
into PtdIns3P during short

labelling intervals [43]. Our pilot studies revealed that wort-

mannin treatment also resulted in decreased levels of PtdIns3P in

serum-deprived myo-[$H]inositol-labelled Ph-N2 cultures. The

maximum decrease in the level of PtdIns3P was detected after

exposure of Ph-N2 cells to 200 nM wortmannin for 10 min

(results not shown). Collectively, these results suggested that in

serum-deprived cultures PtdIns3P might be formed via a wort-

mannin-sensitive pathway distinct from that induced by PDGF.

To characterize further the sensitivity of PtdIns3P formation to

wortmannin, serum-deprived myo-[$H]inositol-labelled Ph-N2

cultures were incubated with 200 nM wortmannin for various

time intervals and then rapidly harvested by addition of perchloric

acid. Cell extracts were deacylated, and GroPIns, GroPIns3P,

GroPIns4P and GroPIns(4,5)P
#

were separated by anion-ex-

change HPLC and quantified by liquid-scintillation counting

(Figure 5).

Treatment of resting Ph-N2 cultures with wortmannin resulted

in a biphasic decrease in the level of PtdIns3P relative to PtdIns

(Figure 5A). Incubation of Ph-N2 cells with wortmannin resulted

initially in a rapid, exponential (y¯ 0.944¬10−!.!*#x, r¯ 0.985)

decline in the cellular level of PtdIns3P, with a 50% decrease

occurring approx. 3 min after addition of the inhibitor. The

rapid decline in PtdIns3P levels was observed until 5 min after

treatment with wortmannin. From 5 to 15 min after treatment,
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Figure 6 Effect of wortmannin on D-3 phosphoinositide levels in PDGF-
treated Ph-N2 cells

Triplicate cultures of quiescent, myo-[3H]inositol-labelled Ph-N2 cells were stimulated with BB

PDGF for 3 min, treated with 200 nM wortmannin (E) or DMSO alone (D) for various periods of

time and then rapidly harvested by the addition of perchloric acid. Deacylated cell extracts were

analysed by HPLC and peak fractions corresponding to GroP Ins3P (A), GroP Ins(3,4)P2 (B) and

GroP Ins(3,4,5)P3 (C) were quantified by scintillation counting. Levels of these products were

adjusted for background radioactivity and normalized to the amount of GroP Ins present in the

extracts. Values (means³S.E.M.) obtained after wortmannin treatment of cells are expressed

relative to those measured in the absence of inhibitor (i.e. 3 min after addition of growth factor).

In the absence of wortmannin, peaks corresponding to GroP Ins3P, GroP Ins(3,4)P2 and

GroP Ins(3,4,5)P3 contained 0.177%, 0.039% and 0.143% respectively of the radioactivity

associated with GroP Ins. This experiment was performed twice with similar results.

PtdIns3P levels declined at a diminished rate (y¯ 0.474¬
10−!.!#(x, r¯ 0.999). Extended treatment of cellswith wortmannin

did not result in a further lowering of cellular PtdIns3P levels

(results not shown).

In contrast to its dramatic effect on cellular PtdIns3P levels,

wortmannin treatment of Ph-N2 cells had minimal effects on

levels of PtdIns (results not shown), PtdIns4P (Figure 5B) or

PtdIns(4,5)P
#

(Figure 5C). These results suggest that the in-

hibitory effect of wortmannin on phosphoinositide metabolism

in resting cells is selective for synthesis of PtdIns3P.

Decay kinetics of D-3 phosphoinositides in PDGF-treated Ph-N2
cells

Recent studies have reported that wortmannin interferes with the

incorporation of [$#P]P
i
into PtdIns(3,4)P

#
and PtdIns(3,4,5)P

$
in

cells treated with PDGF [43,44]. Our preliminary findings

confirmed that pretreatment of myo-[$H]inositol-labelled Ph-N2

cultures with wortmannin for 5 min completely prevented the

PDGF-induced synthesis of PtdIns(3,4)P
#

and PtdIns(3,4,5)P
$

(results not shown). To further characterize the effect of wort-

mannin on this agonist-activated PI 3-kinase, we analysed the

kinetics by which this inhibitor interferes with the accumulation

of D-3 phosphoinositides in PDGF-treated cells. To test this,

serum-starved myo-[$H]inositol-labelled Ph-N2 cultures were

treated with PDGF for 3 min, a time when levels of

PtdIns(3,4,5)P
$

and PtdIns(3,4)P
#

were maximal, and then

treated with wortmannin for short time intervals. Perchloric acid

was used to rapidly stop further metabolism of the lipids. After

deacylation, phosphoinositide isomers in the extracts were

quantified as described above.

As illustrated in Figure 6(A), treatment of PDGF-stimu-

lated cells with wortmannin resulted in a rapid decline in cellular

levels of PtdIns3P. The decrease in PtdIns3P levels was ex-

ponential (y¯ 0.987¬10−!.!!#x, r¯ 0.989) and without a de-

tectable lag period. Extrapolation of these data indicated that

one-half of the initial PtdIns3P level would be present after

approx. 150 s of treatment with wortmannin.

In contrast with the decline in PtdIns3P levels, the amounts of

PtdIns(3,4)P
#
(Figure 6B) and PtdIns(3,4,5)P

$
(Figure 6C) dimin-

ished much more rapidly after the addition of wortmannin to

PDGF-stimulated cells. PtdIns(3,4,5)P
$

levels declined expo-

nentially (y¯ 1.194¬10−!.!!)x, r¯ 0.992) after a short lag period

estimated at 9.6 s (at y¯ 1). Treatment of cells with wortmannin

resulted in a decline in PtdIns(3,4)P
#

levels at a rate (y¯
1.331¬10−!.!!)x, r¯ 0.998) very similar to that observed for the

decline in PtdIns(3,4,5)P
$
levels. However, a somewhat extended

lag period (calculated at 15.5 s) was observed before the levels of

PtdIns(3,4)P
#

decreased. Levels of PtdIns(3,4)P
#

and

PtdIns(3,4,5)P
$
diminished with nearly identical kinetics, with a

50% decrease occurring 37.6 s after the lag period in each case.

In contrast with its potent effects on D-3 phosphoinositide

levels in PDGF-stimulated Ph-N2 cells, wortmannin had no

significant effect on the levels of PtdIns, PtdIns4P or

PtdIns(4,5)P
#
during the time scale analysed (results not shown).

The inhibitory effects of wortmannin on phosphoinositide met-

abolism therefore seemed to be restricted to the formation of the

D-3 phosphoinositide isomers.

DISCUSSION

Analysis of PI 3-kinase activation in cells lacking PDGF α-
receptors

Studies to analyse responses of cells to PDGF or serum have

been plagued by the pleiotropic nature of the signals that occur

after addition of growth factor. For example, PDGF derived

from non-primate sources consists primarily of the BB homo-

dimer and elicits responses through both α and β isoforms of the

PDGF receptor. To eliminate one component of the hetero-

geneous signalling responses after stimulation of mouse fibro-

blasts with PDGF, the studies reported here have utilized cells

derived from mice that lack the PDGF α-receptor gene [36].

Accordingly, these cells lacked the PDGF α-receptor protein and

failed to respond to AA PDGF [17,36]. Here we report that AA

PDGF also failed to elicit a PI 3-kinase response in Ph-N2 cells,

a derivative of the original Ph line infected with an empty

retroviral vector. In contrast, treatment of Ph-N2 cells with BB

PDGF resulted in enhanced PI 3-kinase activity, measured by

the formation of PI 3-kinase products in �i�o and by the presence

of PI 3-kinase activity in immune complexes formed with

antibodies to phosphotyrosine or to p85. Similar results were

obtained with antisera prepared to the PDGF receptor (results

not shown).

The Ph line isolated by Seifert et al. [36] will be valuable for

analysis of functional domains within the PDGF β-receptor. As

shown in Figure 1, chimaeric PDGF receptors composed of

extracellular, transmembrane and juxtamembrane domains of

the PDGF α-receptor and kinase and C-terminal domains of the

PDGF β-receptor triggered activation of PI 3-kinase in response

to AA PDGF. We are currently using Ph cells for the expression

of additional PDGF receptor chimaeras that fail to bind PI 3-

kinase and}or PLC-γ to assess the relative contributions of these

signalling pathways in mediating cellular responses to PDGF.

BB-PDGF treatment of Ph-N2 cells transiently elevates PI 3-
kinase activity

Results presented here indicate that activation of the PDGF β-

receptor brought about enhanced activity of the PI 3-kinase
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isoform containing p85α. This response was transient : maximal

PI 3-kinase activation was detected 2.5–5 min after the addition

of growth factor. By 15 min, PI 3-kinase activity had decreased

to less than 40% of the maximally induced level. Because PDGF

treatment did not affect the amount of p85α protein present in

these immune complexes (results not shown), we conclude that

the elevated PI 3-kinase activity detected after the addition of

growth factor was due to an increase in the specific activity of

this PI 3-kinase isoform.

The rapid down-regulation of PI 3-kinase activity detected

after PDGF treatment of cells is noteworthy. A decrease in PI 3-

kinase activity might correlate with internalization and}or entry

of the PDGF β-receptor into specific subcellular compartments

[45]. It has been observed that only PDGF β-receptors that retain

the ability to bind PI 3-kinase accumulate in the juxtanuclear

region of cells in response to growth factor treatment [46].

Down-regulation of PI 3-kinase activity might also result from

serine phosphorylation of p85 by p110. The PI 3-kinase catalytic

subunit possesses an intrinsic serine kinase activitywith specificity

for p85 [10,11]. Serine phosphorylation of p85 was correlated

with a decrease in PI 3-kinase activity. From the analysis of

cellular D-3 phosphoinositide levels reported here, it is evident

thatmaximal D-3 phosphoinositide synthesis was achieved within

5 min after addition of growth factor, a time at which maximal

levels of PI 3-kinase activity could still be recovered from cells.

It remains to be determined whether substrate depletion or

internalization of this enzyme might trigger phosphorylation of

p85 and}or down-regulation of PI 3-kinase activity.

Appearance of PtdIns(3,4,5)P3 precedes PtdIns(3,4)P2 in PDGF-
treated Ph-N2 cells

Although the PDGF-stimulated PI 3-kinase can use PtdIns,

PtdIns4P or PtdIns(4,5)P
#
as a substrate in �itro, results presented

here confirm and extend previous findings that identified

PtdIns(4,5)P
#

as the predominant substrate for this enzyme in

intact cells [34]. As described in other systems [29], we observed

a rapid induction of PtdIns(3,4)P
#

and PtdIns(3,4,5)P
$

in myo-

[$H]inositol-labelled Ph-N2 cells on addition of PDGF. Fur-

thermore, significantly elevated levels of PtdIns(3,4,5)P
$

were

detected before the appearance of PtdIns(3,4)P
#

at early times

after growth factor addition. In addition, a significant increase in

PtdIns3P levels was observed at later times after addition of

PDGF. A similar pattern of D-3 phosphoinositide induction was

observed in HepG2 cells harbouring PI 3-kinase add-back

mutants of the PDGF receptor (results not shown).

Results from kinetic studies with wortmannin (Figure 6)

strongly support the notion that PtdIns(3,4,5)P
$

and

PtdIns(3,4)P
#

are generated from a common synthetic pathway

in PDGF-treated cells. Cellular levels of PtdIns(3,4)P
#

and

PtdIns(3,4,5)P
$

diminished at nearly identical rates after treat-

ment of PDGF-stimulated cultures with wortmannin, with half-

life values for both compounds estimated at 37.6 s. Furthermore

the decrease in PtdIns(3,4)P
#

levels was delayed by approx. 6 s

relative to the decline in PtdIns(3,4,5)P
$
levels. The very similar

turnover rates determined for these compounds indicate that

other pathways, such as phosphorylation of PtdIns3P by PI 4-

kinase [47,48], probably do not contribute significantly to for-

mation of PtdIns(3,4)P
#

under these experimental conditions.

Similarly, because the decrease in PtdIns(3,4)P
#
levelswas delayed

after wortmannin treatment relative to the drop in

PtdIns(3,4,5)P
$
, it would appear unlikely that both

PtdIns(3,4,5)P
$

and PtdIns(3,4)P
#

are primary products of the

same PI 3-kinase. Although these studies with intact cells cannot

formally dismiss the possibility that the PI 3-kinase(s) forming

these products exhibits differential sensitivity to wortmannin, the

most straightforward interpretation of these results is that

PtdIns(3,4,5)P
$

is the primary (if not the sole) product of the

agonist-stimulated PI 3-kinase, and that it is rapidly de-

phosphorylated to form PtdIns(3,4)P
#
. The rapid formation and

turnover of PtdIns(3,4,5)P
$
and PtdIns(3,4)P

#
might be expected

of compounds with potential second-messenger properties.

Multiple pathways lead to formation of PtdIns3P in mouse
fibroblasts

With the recent identification of new PI 3-kinases, it is becoming

increasingly apparent that multiple enzymic routes might con-

tribute to formation of D-3 phosphoinositides in mammalian

cells. PtdIns3P is maintained at remarkably constant levels in

resting and in actively growing}transformed cells. Constitutive

activation of PI 3-kinase by polyomavirus middle T antigen [30]

and activation of PI 3-kinase by PDGF (Figure 4) resulted in

only modest increases in PtdIns3P levels, suggesting that

PtdIns3P levels are maintained by metabolic pathways distinct

from those stimulated by PDGF or other growth factors.

Evidence presented here (Figure 5) indicates that at least two

pathways that maintain PtdIns3P levels in resting cells could be

distinguished with regard to their sensitivity to wortmannin.

PtdIns3P generated by a wortmannin-sensitive pathway had a

half-life of approx. 3 min. It is unlikely that PtdIns3P generated

by this pathway was a product of the enzyme stimulated by

PDGF, because PtdIns(3,4)P
#

and PtdIns(3,4,5)P
$

were prac-

tically undetected in these cells under serum-free conditions.

Furthermore the effect of this inhibitor on cellular PtdIns3P

levels was immediate, whereas wortmannin treatment resulted in

diminished levels of PtdIns(3,4)P
#
and PtdIns(3,4,5)P

$
only after

a significant lag period. This suggests that the enzyme(s) con-

tributing to formation of this PtdIns3P pool is either more

sensitive and}or accessible to wortmannin than is the PDGF-

stimulated PI 3-kinase. Together these results suggest that a

wortmannin-sensitive PtdIns 3-kinase contributes significantly to

maintenance of PtdIns3P in resting cells. Although the enzyme(s)

maintaining PtdIns3P levels in mouse fibroblasts has not been

identified, it may be related to a recently cloned human PtdIns 3-

kinase [13]. This enzyme is wortmannin-sensitive, fails to as-

sociate with p85, and phosphorylates PtdIns but not PtdIns4P or

PtdIns(4,5)P
#

in �itro. A similar enzyme might be involved in

activation of p70 S6 kinase by insulin, which recently was found

to involve a wortmannin-sensitive pathway that functions in-

dependently of p85 [49].

A second pool of PtdIns3P in resting cells is distinguished by

its relative insensitivity to wortmannin. Extrapolation of results

in Figure 5 indicates that approx. 45–50% of PtdIns3P in resting

cells is comparatively resistant to the inhibitory effect of wort-

mannin. Approx. 15–20% of PtdIns3P was completely resistant

to treatment with wortmannin for 30 min (results not shown).

This pool of PtdIns3P might arise from the action of a single

PtdIns 3-kinase isoform that is weakly inhibited by wortmannin

or, more probably, from two or more independent pathways that

differ with regard to wortmannin sensitivity and}or turnover

rates. Consistent with these results is the observation by Stephens

et al. [43] that approx. 10–15% of PtdIns3P synthesis in bovine

adreno-reticulosa cells was resistant to wortmannin when un-

stimulated cells were treated with this inhibitor before labelling

with [$#P]P
i
. Furthermore a wortmannin-resistant PtdIns 3-kinase

activitywas partly purified from these cells, which could recognize

PtdIns, but not PtdIns4P or PtdIns(4,5)P
#
, as substrate [50]. This

protein might be related to the yeast vesicular sorting proteins
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Scheme 1 Routes of D-3 phosphoinositide biosynthesis in PDGF-treated Ph-N2 cells

PDGF-activated (Type 1A) and basal (Type 1B) PI 3-kinases contribute to synthesis of D-3 phosphoinositides in mouse fibroblasts treated with PDGF. PDGF induces a transient activation of the

wortmannin-sensitive Type 1A enzyme that phosphorylates PtdIns(4,5)P2 to generate PtdIns(3,4,5)P3. PtdIns(3,4,5)P3 is sequentially dephosphorylated to form PtdIns(3,4)P2 and PtdIns3P. In addition,

PtdIns3P is synthesized from PtdIns by two distinct Type 1B activities that differ in their sensitivity to wortmannin (wm).

that are resistant to wortmannin and exhibit substrate specificity

for PtdIns.

Pathways of D-3 phosphoinositide metabolism in mouse
fibroblasts treated with PDGF

The pathways that contribute to the formation of D-3 phospho-

inositides in resting and PDGF-treated mouse fibroblasts are

summarized in Scheme 1. As suggested originally by Stephens et

al. [35], agonist-stimulated (Type 1A) PI 3-kinases phosphorylate

PtdIns(4,5)P
#

to form PtdIns(3,4,5)P
$
. This Type 1 enzyme is

activated by growth factor receptors and viral oncogene products

with intrinsic or associated tyrosine kinase activity [1]. A distinct

PI 3-kinase that is activated by G-protein βγ subunits seems to

function in a similar fashion in myeloid and other cell types [50].

Phosphate labelling studies [34] and inositol labelling studies

presented here implicate PtdIns(3,4,5)P
$

as the point of entry

into the D-3 phosphoinositide cycle on activation by the PDGF

receptor. PtdIns(3,4,5)P
$

is then sequentially dephosphorylated

to form PtdIns(3,4)P
#
, PtdIns3P and PtdIns. As discussed above,

multiple ‘basal ’ (Type 1B) PI 3-kinase activities also contribute

to maintenance of PtdIns3P levels, in the presence and absence

of agonist. These enzymes, referred to as PtdIns 3-kinases,

catalyse phosphorylation of PtdIns to form PtdIns3P. At least

two Type 1B activities have been detected that differ in regard to

wortmannin sensitivity and}or turnover of their products.

Although the number of agonists and enzymes that affect D-3

phosphoinositide metabolism is unknown, it would seem that all

converge to produce a limited number of products with expected

second-messenger function.

The mechanisms by which D-3 phosphoinositides signal cellu-

lar responses have remained elusive. Recent studies with wort-

mannin, growth factor-receptor mutants and dominantly acting

PI 3-kinase components have implicated D-3 phosphoinositides

in a number of cellular responses, including enhanced glucose

uptake [49,51], membrane ruffling [44,52,53], activation of c-fos

[7,54], activation of Akt kinase activity [55] and S6 kinase

activation [8,56,57]. Consistent with these findings is our ob-

servation (E. T. Ulug, unpublished work) that entry of PDGF-

stimulated Ph-N2 cells into the S-phase of the cell division cycle

could be prevented by wortmannin, implicating the activation of

PI 3-kinase as a primary mediator of the mitogenic response

triggered by PDGF. However, as suggested previously [58], care

must be taken in interpreting results from studies with inhibitors

whose mode of action is not clearly understood. Results presented

here demonstrate that wortmannin affects multiple pathways of

D-3 phosphoinositide metabolism within a single cell population.

Conclusive identification of potential effectors of PI 3-kinases

will ultimately require precise identification of the D-3 phospho-

inositide products that confer these biological responses.
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