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The tumour-suppressor function of PTEN requires an N-terminal

lipid-binding motif

Steven M. WALKER', Nick R. LESLIE?, Nevin M. PERERA, lan H. BATTY and C. Peter DOWNES
Division of Cell Signalling, School of Life Sciences, University of Dundee, MSI/WTB Complex, Dow Street, Dundee DD1 5EH, U.K.

The PTEN (phosphatase and tensin homologue deleted on
chromosome 10) tumour-suppressor protein is a phosphoinositide
3-phosphatase which antagonizes phosphoinositide 3-kinase-
dependent signalling by dephosphorylating PtdIns(3,4,5)P;. Most
tumour-derived point mutations of PTEN induce a loss of func-
tion, which correlates with profoundly reduced catalytic activity.
However, here we characterize a point mutation at the N-terminus
of PTEN, K13E from a human glioblastoma, which displayed
wild-type activity when assayed in vitro. This mutation occurs
within a conserved polybasic motif, a putative PtdIns(4,5)P,-
binding site that may participate in membrane targeting of PTEN.
We found that catalytic activity against lipid substrates and vesicle
binding of wild-type PTEN, but not of PTEN K13E, were greatly
stimulated by anionic lipids, especially PtdIns(4,5)P,. The K13E

mutation also greatly reduces the efficiency with which anionic
lipids inhibit PTEN activity against soluble substrates, supporting
the hypothesis that non-catalytic membrane binding orientates the
active site to favour lipid substrates. Significantly, in contrast to
the wild-type enzyme, PTEN K13E failed either to prevent protein
kinase B/Akt phosphorylation, or inhibit cell proliferation when
expressed in PTEN-null US7MG cells. The cellular functioning of
K13E PTEN was recovered by targeting to the plasma membrane
through inclusion of a myristoylation site. Our results establish
a requirement for the conserved N-terminal motif of PTEN
for correct membrane orientation, cellular activity and tumour-
suppressor function.
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INTRODUCTION

PTEN (phosphatase and tensin homologue deleted on chromo-
some 10) is a tumour suppressor and lipid phosphatase that ant-
agonizes phosphoinositide 3-kinase-dependent signalling through
metabolism of the membrane-localized lipid second messenger
PtdIns(3,4,5)P; [1-3]. PTEN is largely cytosolic (and nuclear in
some cells) and interacts with membranes in order to access its
lipid substrate. Although PTEN activity can also be regulated
transcriptionally [4,5] and through oxidation [6,7], evidence
indicates that the recruitment of the enzyme to its membranous
substrate is regulated in several ways. Recent data have shown
that the phosphatase and C2 domain, but not the C-terminal
tail, are involved in electrostatic binding of PTEN to membranes
and that this membrane interaction is required for efficient cata-
lysis [8—10]. However, most cellular PTEN molecules are phos-
phorylated upon residues within the C-terminal tail, which appears
to maintain the protein in a conformation that blocks membrane
association, suggesting an important mechanism that could regu-
late the biological activity of PTEN in vivo [9,11].

Our previous work studying interfacial catalysis by PTEN
showed that anionic lipids, the most potent of which was
PtdIns(4,5)P,, greatly stimulate PTEN activity against vesicular
substrates in vitro [10]. From bioinformatic analysis of PTEN,
Macehama et al. [1] recently proposed a putative PtdIns(4,5)P,-
binding motif at the N-terminus of PTEN, through similarity with
a number of actin regulatory proteins. This polybasic motif is
highly conserved within PTEN proteins from humans through
to Xenopus, Drosophila, Dictyostelium and Arabidopsis, and is
largely conserved in the human PTEN homologue, TPIP [TPTE
(transmembrane phosphatase with tensin homology)- and PTEN-

homologous inositol lipid phosphatase]. For example, either Lys-
6 (human PTEN numbering), Arg-11, Lys-13 and Arg-14 were
completely conserved or the charge was conserved (the only
exception being Arg-14, where the corresponding Drosophila
amino acid is Ile). Interestingly a mutation of Lys-13 to glu-
tamic acid (K13E) has been identified in a sporadic human
glioblastoma, and a Ser-10 to asparagine (S10N) mutation has
been identified in a case of non-Hodgkins malignant lymphoma
[12-14]. In contrast with most tumour-derived mutations in-
vestigated, PTEN S10N is known to retain substantial catalytic
activity in vitro [15], whereas the effect of the K13E mutation
has not been analysed. Although this N-terminal motif has been
proposed to be important for regulating membrane targeting of
Dictyostelium discoideum PTEN [16], and be required for optimal
activity [17], its affinity for any lipids, precise mechanism of
action and effect on biological function have not been addressed.
Using a mutagenesis strategy, we have therefore analysed the
properties of this motif in regulating lipid binding and the activity
of the tumour suppressor in vitro and in cells.

EXPERIMENTAL

Mutagenesis and construction of expression vectors

The construction of pGEX6P1 PTEN wt has been described
previously [10,18]. Mutagenesis of PTEN was performed by PCR
mutagenesis of pGEX6P1 PTEN wt using the following oligo-
nucleotides: K13E sense (5-ATC GTT AGC AGA AAC GAG
AGG AGA TAT CAA GAG GAT-3), KI13E antisense (5'-ATC
CTC TTG ATA TCT CCT CTC GTT TCT GCT AAC GAT-3"),
S10N sense (5'-ATC ATC AAA GAG ATC GTT AAC AGA AAC

Abbreviations used: PtdCho, phosphatidylcholine; PtdSer, phosphatidylserine; PKB, protein kinase B; PTEN, phosphatase and tensin homologue
deleted on chromosome 10; TPIP, TPTE (transmembrane phosphatase with tensin homology)- and PTEN-homologous inositol lipid phosphatase.
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AAA AGG AGA-3'), SION antisense (5-TCT CCT TTT GTT
TCT GTT AAC GAT CTC TTT GAT GAT-3"), K6AR11A K13A
R14A sense (5'-ATC CTC TTG ATA TCT AGC TGC TGC ATT
AGC GCT AAC GAT CTC TGC AAT GAT GGC TGT CAT-3")
and K6A R11A K13A R14A antisense (5'-ATC CTC TTG ATA
TCT AGC TGC ATT AGC GCT AAC GAT CTC TGC AAT
GAT GGC TGT CAT-3'). Untagged PTEN expression constructs
were generated by PCR with a primer containing a translation
initation sequence and Xhol restriction site into the full-length
PTEN (mutants) required, by use of the XhoKozakPTENS' primer
(5'-CTC GAG GCC ACC ATG ACA GCC ATC ATC-3"). PCR
products were inserted into the cloning vector pCR2.1 TOPO
(Invitrogen) before sequencing. These PTEN mutant cDNAs were
then subloned using EcoRI non-directional restriction enzyme
cloning into pCDNA3.14 (Invitrogen) and sequenced fully.

Production of PTEN protein from Escherichia coli and
3-[*3P]phosphoinositide substrates

Wild-type human PTEN and mutants were expressed as gluta-
thione S-transferase fusion proteins and purified and de-tagged
as described previously [10,19]. The production of *P-labelled
substrates with phosphoinositide 3-kinase y has also been des-
cribed previously [10,19].

Phosphatase assays

Ins(1,3,4,5)P, 3-phosphatase activity was measured as described
previously [20]. Phosphoinositide 3-phosphatase assays were per-
formed using unilamellar lipid vesicles containing the requisite
mole fraction of dipalmitoyl 3-phosphoinositide and 3-[*P]phos-
phoinositides. 3-Phosphoinositide-containing phospholipid ves-
icles were prepared as described previously [10,21]. The assay
buffer was as described in [20] with the modification that lipid
assays contained 150 mM NaCl. Reactions were terminated
directly by the addition of 500 w1 of ice-cold 1 M perchloric acid
and 100 pg/ml BSA, left on ice for 30 min and spun at 15000 g
at 4 °C for 5 min. The supernatant was removed, and mixed with
10 % (v/v) of a 100 mg/ml ammonium molybdate solution. After
extraction with 2 vol. of toluene/isobutyl alcohol (1:1, v/v), the
upper phase was removed and radioactivity was determined by
scintillation counting.

Proliferation assays and analysis of PKB (protein kinase B)/Akt
phosphorylation

Anchorage-independent colony assays were performed by a
method adapted from [22]. Briefly, US7MG cells were transiently
transfected with pCDNA3.1+ alone, or PTEN expression con-
structs. Following transfection (24 h), cells were suspended in
15 % (v/v) serum-containing media with 0.5 mg/ml G-418 and
0.3 % (w/v) agar and layered in triplicate on to 0.6 % (w/v)
agar medium in six-well plates. Plates were then incubated for
3 weeks, with the addition of 0.5 ml of fresh medium after
10 days. To test anchorage-dependent growth, a similar method
was employed to that used by Furnari et al. [23]. US7TMG cells
were transfected, and changed to fresh medium with 1 mg/ml
G-418 24 h post-tranfection. Then, 5 days after transfection,
non-transfected controls had very little viability. Cell numbers
were determined using CellTitre96 reagent (Promega) according
to the manufacturer’s instructions. Analysis of PKB/Akt phos-
phorylation was performed as described previously [19,24].

Lipid-binding assay

Recombinant purified PTEN protein was coupled to Protein
G-Sepharose beads with anti-PTEN antibody (Santa Cruz Bio-
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Human PTEN 1 MTAIIREIVSRNERRYQEDGFDLDL
Xenopus 1 MTAIIKEFVSRNERRYQEDGFDLDL
Droscophila 8 MSHNVIRNVVSKKRIRYKEKGYDLDL
Dictyostelium 1 MSNLLRVAVSROERRYOKNGY DLDL
Arabidopsis 29 TNSYLRNLVSKKRRRLIIGGYDLDM
TPIP 120 LEKLMRRLVSENKRRYTRDGFDLDL

Figure 1 Alignment of human PTEN residues 1-25 with corresponding
residues of PTEN-like proteins from Xenopus, Drosophila, Dictyostelium,
Arabidopsis and human TPIP is shown

Identical and conserved residues are shaded in grey, with residues implicated in the basic
N-terminal motif highlighted in bold.

technology). PtdCho (phosphatidylcholine) vesicles consisting
of a fixed mole fraction of PtdSer (phosphatidylserine; 0.1) or
PtdIns(4,5)P, (0.05) were prepared by sonication, containing
100000 d.p.m. of [*'H]PtdCho. Immobilized wild-type PTEN and
PTEN KI13E were incubated with vesicles in binding buffer
(10 mM Hepes, pH 7.4, 1 mM EGTA and 10 mM dithiothreitol)
for 30 min at 4 °C. Bound vesicles were separated from free ones
via filtration through 10 wm polypropylene filters (Millipore),
washed twice on the filter with two rapid passages of binding
buffer, and vesicles associated with the immobilized PTEN deter-
mined by scintillation counting of the filter.

RESULTS AND DISCUSSION

To analyse the possible role of PTEN’s polybasic N-terminal
motif in vitro and in cells, a series of point mutations was gen-
erated, singly and in combination. These focused on conserved
basic residues likely to be involved in anionic lipid binding
and the tumour-derived mutations noted above (Figure 1). We
avoided Arg-15, since mutation of this residue has previously
been shown to compromise catalytic activity (I. Pass, N. R. Leslie
and C. P. Downes, unpublished work, and [17,23]). All nine
mutant proteins were initially expressed in bacteria and purified
(Figure 2), although the quadruple point mutant K6A R11A
K13A RI14A was expressed rather poorly, probably due to ef-
fects on protein stability. PTEN protein expressed in, and puri-
fied from, bacteria should be in its non-phosphorylated, and
hence active/open, state, allowing analysis of its association
with membranes and its activity state, which would not be pos-
sible in cellular experiments. Each mutant was assayed against
Ins(1,3,4,5)P, in solution and PtdIns(3,4,5)P; in neutral PtdCho
vesicles. All the mutants retained robust phosphatase activity
against both substrates, indicating that the targeted residues of
this motif do not play important structural or catalytic roles (Fig-
ure 2B, and results not shown). Significantly, subsequent analysis
indicated that many of these catalytically competent mutants were
affected in the degree of activation by anionic lipids in vitro and
displayed impaired function in cells. These effects upon PTEN
function were most evident with the quadruple point mutant K6A
R11A K13A R14A, and with the tumour-derived mutant K13E
(see below, and results not shown). Because of this, and the noted
effects of the quadruple mutation on protein stability, subsequent
analyses concentrated upon the effects of the K13E mutation
upon PTEN function. Importantly, PTEN K13E displays very
similar activity to the wild-type enzyme in vitro against the
soluble substrate Ins(1,3,4,5)P,, indicating that the enzyme is
not generally catalytically impaired (Figure 2C, and results not
shown).

PTEN PtdIns(3,4,5)P; 3-phosphatase activity is stimulated by
increasing the bulk concentration of acidic PtdIns(4,5)P, within
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Figure 2 PTEN activity in vitro does not require the basic N-terminal motif

(A) The indicated mutant PTEN proteins were purified as glutathione S-transferase (GST) fusion proteins. The efficiency of expression varied between certain mutants, and an estimated similar
quantity (1 .2q) of each purified mutant protein was analysed by SDS/PAGE, and stained with Coomassie Blue. (B) Wild-type and mutant glutathione S-transferase—PTEN fusion proteins were
assayed against Ptdins(3,4,5)P3 presented in neutral PtdCho vesicles. Data points represent the means + S.E.M from three experiments performed in triplicate. (G) PTEN K13E displays similar
activity to the wild-type enzyme against 3-[*P]Ins(1,3,4,5)P4; 100 ng of wild-type and PTEN K13E were assayed against 1 M Ins(1,3,4,5)P, for up to 60 min at 37 °C. Data are means + S.E.M.

from triplicate samples.

neutral PtdCho vesicles that also contain a low molar fraction
of substrate phosphoinositide (below the interfacial K,,) [10].
PtdIns(4,5)P, vesicles also inhibit PTEN activity in vitro
against its soluble substrate Ins(1,3.4,5)P, [the headgroup of
PtdIns(3,4,5)P;]. However, given the size of the N-terminal motif
(less than 10 amino acids), and the promiscuous binding exhibited
by similar basic motifs in other proteins [25], it seemed unlikely
that an effect mediated through this small motif would display
strong selectivity for PtdIns(4,5)P, over other acidic phospho-
lipids. Therefore we tested whether another abundant cellular
anionic phospholipid, PtdSer, could also elicit these effects. We
found that increasing PtdSer concentration in PtdCho vesicles
stimulated PTEN activity towards PtdIns(3,4,5)P; (Figure 3A);
however, in comparison with PtdIns(4,5)P,, the potency of res-
ponse was significantly lower, with the maximal activation being
in the order of 5-fold of the control at a mole fraction of 0.1,
whereas PtdIns(4,5)P, generated a maximal 7-fold activation
of the control at a mole fraction of 0.01. This seems likely to

reflect the less acidic nature of the PtdSer headgroup relative to
PtdIns(4,5)P,. If the two lipids were incorporated into vesicles
together, a response was obtained that was similar to that to PtdSer
alone (Figure 3B), but interestingly lower than that to the corre-
sponding concentration of PtdIns(4,5)P, alone. This suggests
firstly that both lipids act through a common mechanism. Sec-
ondly, this small reduction in activity, along with the decreasing
activity seen when each anionic lipid is increased well above the
optimal concentration, is consistent with previous studies of other
lipid-metabolizing enzymes. This suggests such a strong associ-
ation with individual vesicles that the enzyme is not free to ‘hop’
between vesicles, but remains vesicle bound, acting in a ‘scooting’
mode of catalysis, as seen with some phospholipases and lipid
kinases [26-28]. By contrast, in the absence of anionic lipids,
PTEN displays relatively low affinity for PtdCho vesicles and has
been shown clearly to ‘hop’ under these circumstances [10].

We also found that whereas neutral PtdCho vesicles had little
effect upon PTEN activity towards Ins(1,3,4,5)P, (results not
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Figure 3 Anionic lipids modulate wild-type PTEN activity, but not that of PTEN K13E

(A, B) PTEN activity was measured using PtdCho (PC) vesicles containing a fixed mole fraction of Ptdins(3,4,5)P; {0.0001 with 100000 c.p.m. of [*PIPtdIns(3,4,5)P5 } and various mole fractions
of PtdSer (PS; A) and/or PtdIns(4,5)P, (PIP2; B). Assays were performed at 30 ©C using 50 ng of wild-type (WT) PTEN or PTEN K13E for 10 min. Data are means + S.E.M from three experiments
performed in triplicate. (C, D) 50 ng of wild-type PTEN or PTEN K13E was assayed against PtdCho vesicles consisting of a fixed mole fraction of PtdIns(3,4,5)P; (0.0001) and of PtdSer (0.1) or
Ptdins(4,5)P, (0.05) (C) or against 1 M Ins(1,3,4,5)P, (D). Data are means + S.E.M from three experiments performed in triplicate.

shown), incorporation of PtdIns(4,5)P, or PtdSer into these
neutral vesicles caused a dramatic inhibition of PTEN activity to-
wards the soluble substrate Ins(1,3,4,5)P,. Most significantly, the
K13E mutation almost completely prevented both the enhance-
ment of enzyme activity towards PtdIns(3,4,5)P; and the inhi-
bition of activity towards Ins(1,3,4,5)P, caused by either
PtdIns(4,5)P, or PtdSer seen with wild-type PTEN (Figures 3C
and 3D). These results strongly indicate a role for the N-terminal
motif in mediating the effects on PTEN activity of anionic lipids,
and that the inhibition of soluble substrate hydrolysis and the
stimulation of vesicular substrate hydrolysis are likely to represent
distinct manifestations of the same effect. The data also indi-
cate that the inhibition of PTEN activity towards Ins(1,3,4,5)P,
by anionic lipids is not mediated by competition for active-site
binding, as activity towards lipid substrates is enhanced under the
same conditions. This inhibition of PTEN activity towards soluble
substrates is quite striking (Figure 3D, [10], and results not shown)
and suggests that the active site of PTEN may be oriented towards
lipid substrates [8,29], or otherwise segregated from the aqueous
environment, when bound to membrane surfaces.

It seems possible that anionic lipids could enhance the inter-
facial activity of PTEN through several mechanisms, including
enhanced recruitment on to membrane surfaces and allosteric
activation of the enzyme [9,10,17]. In order to assess whether the
inclusion of anionic lipids enhanced the binding of PTEN to lipid
vesicles, and whether this requires the N-terminal basic motif,
we used a vesicle association assay. PtdCho vesicles were bound
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rather weakly by both wild-type and K13E PTEN, but for the wild-
type enzyme only this binding was significantly enhanced by in-
corporation of PtdSer and PtdIns(4,5)P, into the vesicles (Fig-
ure 4). Anionic lipid content had little effect upon the vesicle bind-
ing of PTEN K13E. However, in contrast with the phosphatase
activity assays, the binding to vesicles containing PtdSer was
greater than that to vesicles containing PtdIns(4,5)P, (Figure 4).
These data strongly support a model in which PTEN activity is
enhanced towards substrates contained within vesicle or mem-
brane surfaces that have a significant anionic content through
greater association of the enzyme with the vesicle/membrane
surface. Using rather different methods, data have been presented
recently that also support this model [9]. However, it is still
possible that PTEN is also allosterically activated at the membrane
through interaction with acidic lipids.

The activation of PTEN by anionic lipids has also been ad-
dressed in vitro by Campbell et al. [17], based on the use of me-
dium-chain-length (diC8) synthetic substrates and potential ac-
tivators. However, these authors attributed the observed effects of
diC8 PtdIns(4,5)P, to a pure allosteric activation of PTEN, as they
assumed the medium-chain lipids would be monomeric in sol-
ution. Our data, on the other hand, support a model in which
non-substrate binding to vesicle/membrane surfaces favourably
orientates the active site for interaction with substrates that are
endogenous components of the membrane. A diagnostic feature
of this mechanism is that binding to vesicles concomitantly
stimulates metabolism of vesicular substrates, but profoundly
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PtdCho (PC) vesicles consisting of a fixed mole fraction of PtdSer (PS; 0.1) or PtdIns(4,5)P,
(PIP2; 0.05) were prepared by sonication, containing 100000 d.p.m. of [*H]PtdCho. Wild-type
PTEN (WT)and PTEN K13E were incubated with vesicles for 30 minat4 ©C. Bound vesicles were
separated via filtration. Data are means + S.E.M from four experiments performed in triplicate.

inhibits metabolism of a genuinely monodispersed substrate such
as Ins(1,3,4,5)P,. To test whether diC8 PtdIns(4,5)P, behaves as
a pure allosteric activator or in an aggregated form as for long-
chain lipids, its effects on Ins(1,3,4,5)P, metabolism by PTEN
were analysed. The data in Figure 5 show that diC8 PtdIns(4,5)P,
completely inhibited the Ins(1,3,4,5)P, 3-phosphatase activity of
PTEN with an ICs, of approx. 0.5 M. For comparison we show
inhibition by diC16 PtdIns(4,5)P,, which gave an ICs, of 0.1 uM,
similar to values we reported previously [10]. By contrast, diC4
PtdIns(4,5)P, was an even weaker inhibitor. The difference in
the observed potencies of diC8 and diC16 lipids is compatible
with the probable greater solubility, and greater proportion in the
monomeric form, of the former. In all of these experiments, K13E
PTEN was far less sensitive to inhibition by PtdIns(4,5)P, than
the wild-type enzyme. These data strongly support the regulation
of PTEN activity by anionic lipids in these in vitro systems
by enhanced recruitment and orientation to substrate-containing
vesicles or micelles, rather than allosteric activation.

To address the role of the N-terminal motif in the cellular meta-
bolism of PtdIns(3,4,5)P; by PTEN, we analysed the biological
function of PTEN KI3E in a number of established cellular
assays. The PTEN-null cell line, U87MG, displays high basal
levels of PKB activity and phosphorylation that can be reversed
by exogenous expression of active PTEN. Basal PKB phosphoryl-
ation at Ser-473 is clearly detectable in control cells transfected
with phosphatase-dead PTEN (C124S; Figure 6A). Although
wild-type PTEN ablated PKB phosphorylation in this assay,
PTEN K13E did not prevent PKB phosphorylation, even though
it was expressed at a similar level to the wild-type protein. In a
similar vein, we analysed the ability of several PTEN constructs to
inhibit both anchorage-dependent and -independent proliferation
of US7TMG cells. In both of these assays, expression of wild-
type PTEN reduced cellular proliferation, but phosphatase-dead
PTEN did not. In each case, the ability of PTEN K13E was greatly
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Figure 5 Effects of acyl-chain length on inhibition of PTEN Ins(1,3,4,5)P,
phosphatase activity by Ptdins(4,5)P,

Wild-type and K13E PTEN (250 ng) were assayed against 1 .M Ins(1,3,4,5)P, at 37 °C for
30 min in the presence of a range of concentrations of PtdIns(4,5)P, of the indicated acyl-chain
length, or the corresponding head group Ins(1,4,5)P3. Ptdins(4,5) P, lipids were sonicated prior
to assay preparation. Each data point represents the mean + S.E.M. from two experiments each
performed in triplicate.

impaired relative to the wild-type enzyme, having only a modest
effect, if any, upon cell number (Figures 6B and 6C).

To assess whether the defect in PTEN K13E was due primarily
to failure to target this protein to the plasma membrane, a
series of constructs were engineered that included an N-terminal
myristoylation signal. Previous work has shown that this myris-
toylation signal will target expressed proteins to the plasma
membrane, overcoming the biological deficiency of some muta-
tions within the C2 domain, but that it cannot rescue catalytically
inactive forms of PTEN [20,29,30]. We used the PKB phos-
phorylation assay described above to investigate the effects of
membrane targeting upon the functioning of these mutant proteins
(Figure 6D). Expression of membrane-targeted wild-type PTEN
efficiently reversed PKB phosphorylation, whereas a membrane-
targeted, but phosphatase-dead, mutant did not. However, in
contrast with the experiment using non-myristoylated PTEN vari-
ants, membrane-targeted PTEN K13E was able strongly to inhibit
PKB phosphorylation.

As discussed previously [25], relative to other phosphoinos-
itides, due to the abundance and charge of PtdIns(4,5)P,, it is a
likely binding target of a short basic motif such as that found in
PTEN. However, given the relative strength as activators of the

© 2004 Biochemical Society
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Figure 6 PTEN K13E is significantly impaired in its biological activity, yet targeting to the plasma membrane restores function

(R) U8TMG cells were co-transfected with expression vectors for HA (haemagglutinin)-PKB and the indicated PTEN proteins. HA-PKB was immunoprecipitated and phosphorylation was assessed
using antibodies specific for phospho-Ser-473 PKB (pS-PKB). IP, immunoprecipitation; WB, Western blot; Wt, wild-type. Similar results were obtained in two separate experiments. (B, C) The PTEN
N-terminal motif is required for the inhibition of proliferation in soft agar (B) and in adherent conditions (G). U87MG cells were transfected with expression vectors for the indicated PTEN proteins,
selected in G-418 and seeded either suspended in soft agar (B) or in 96-well plates (C). Cells were then incubated for 3 weeks (B) or 5 or 9 days (C) as shown. Data are presented as means + S.E.M.
of colony number from six replicates (B) and mean + S.D. of cell number from 12 replicates (C) respectively. These experiments were performed twice with similar results. (D) U87MG cells were
co-transfected with expression vectors for HA-PKB and for the indicated PTEN proteins, before PKB phosphorylation was determined as in (A). Myr is used to indicate PTEN proteins targeted to the

plasma membrane by N-terminal myristoylation.

anionic lipids studied (Figure 3 and [10]), and their relative abund-
ance in cells, it is very difficult to conclude whether the physio-
logical ligand for the N-terminal basic motif is PtdIns(4,5)P, or a
less charged, but more abundant, phospholipid such as PtdSer or
PtdIns.

Our data indicate that the N-terminal basic motif of PTEN is
required for its efficient recruitment to and activity on anionic
lipid surfaces. A previous study found that PTEN proteins with
mutations in this motif displayed generally reduced phosphatase
activity [17]. In contrast, our experimental system indicates a role
for this motif specifically in the enhancement of activity by anionic
lipids. This supports a model in which PTEN activity is restricted
to pools of substrate located in cell membrane compartments
or subdomains that display an acidic character. This conclusion
is supported by recent evidence that PTEN expression reduces
substrate levels in the plasma membrane, but not the endoplasmic
reticulum [31].
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