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The tumor suppressor phosphatase PTEN is a key reg-
ulator of cell growth and apoptosis that interacts with
PDZ domains from regulatory proteins, including MAGI-
1/2/3, hDlg, and MAST205. Here we identified novel
PTEN-binding PDZ domains within the MAST205-re-
lated proteins, syntrophin-associated serine/threonine
kinase and MAST3, characterized the regions of PTEN
involved in its interaction with distinctive PDZ do-
mains, and analyzed the functional consequences on
PTEN of PDZ domain binding. Using a panel of PTEN
mutations, as well as PTEN chimeras containing distinct
domains of the related protein TPTE, we found that the
PTP and C2 domains of PTEN do not affect PDZ domain
binding and that the C-terminal tail of PTEN (residues
350–403) provides selectivity to recognize specific PDZ
domains from MAGI-2, hDlg, and MAST205. Binding of
PTEN to the PDZ-2 domain from MAGI-2 increased
PTEN protein stability. Furthermore, binding of PTEN
to the PDZ domains from microtubule-associated serine/
threonine kinases facilitated PTEN phosphorylation at
its C terminus by these kinases. Our results suggest an
important role for the C-terminal region of PTEN in the
selective association with scaffolding and/or regulatory
molecules and provide evidence that PDZ domain bind-
ing stabilizes PTEN and targets this tumor suppressor
for phosphorylation by microtubule-associated serine/
threonine kinases.

Alterations in the function of the PTEN phosphatase tumor
suppressor protein are of major relevance for the incidence of
a wide variety of human cancers, as well as for the occurrence
of inherited growth disorders, grouped as PTEN hamartoma
tumor syndromes (1). Structurally, PTEN protein is com-
posed of an N-terminal phosphatase catalytic domain and a
C-terminal phospholipid-binding C2 domain; the integrity of

both domains is required for full PTEN phosphatase activity
and binding to membranes (2). The analysis of tumor speci-
mens, tumor cell lines, and model organisms defective in
PTEN protein expression has shown that the 3-phos-
phoinositide phosphatase activity of PTEN toward the phos-
pholipid phosphatidylinositol 3,4,5-trisphosphate is crucial
for the control of cell growth, cell cycle, cell motility and
migration, and apoptosis (3–6). In addition, some PTEN
biological functions have been attributed to its protein phos-
phatase activity (7–10), and a PTEN phosphatase independ-
ent effect on the regulation of p53 stability and transcrip-
tional activity has been reported (11). A major level of
regulation of PTEN functions is related with its phos-
phorylation status, which has been involved in maintaining
PTEN protein stability and in the control of PTEN subcellu-
lar location and/or its association with regulatory molecules
(12–21). In this regard, PTEN possesses a C-terminal tail
(last 54 amino acids; residues 350–403), which harbors at its
far C terminus a functional PDZ domain-binding motif
(residues Thr401–Lys402–Val403–COOH). PDZ domains are
modular protein interaction domains that in most cases
recognize C-terminal motifs on their target proteins, playing
important roles in protein targeting and/or protein complex
assembly during cell signaling (22–24). The molecular basis
of the protein-protein interactions mediated by PDZ domains
has been extensively investigated by using peptides that
mimic C-terminal binding motifs occurring in their cognate
binding proteins (25, 26). However, very little is known about
the involvement of other parts of the PDZ domain-binding
proteins in conferring strength and/or specificity to the inter-
action with their counterpart PDZ domains. PDZ domains
that bind to PTEN include the PDZ-2 domain from the scaf-
folding proteins MAGI-1/2/3, the PDZ-2 domain from the
human homologue of the Drosophila Dlg, hDlg/SAP97, and
the unique PDZ domain from the Ser/Thr kinase MAST205
(12, 27–29). The interaction of PTEN with MAGI-1/2 has been
shown to favor PTEN recruitment into high molecular weight
molecular complexes and to enhance the PTEN-mediated
down-regulation of the cell survival and invasiveness activi-
ties of the protein kinase B/Akt oncogene (18, 27–30). How-
ever, the functional consequences of the interaction of PTEN
with hDlg or MAST205 are unknown.

In the present study, using a panel of PTEN mutations and
PTEN chimeras containing distinct domains of the related
protein TPTE (31, 32), we have characterized the residues and
regions of PTEN involved in the interaction with PDZ domains
from MAGI-2, hDlg, and MAST205. In addition, we show that
PTEN also binds to the PDZ domains from the MAST205-
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related protein kinases, SAST1 and MAST3. We further dem-
onstrate that binding of PTEN to specific PDZ domains dimin-
ishes its degradation rate and facilitates its phosphorylation by
MAST kinases. Our results suggest a regulatory role of PDZ
domain binding on PTEN function by controlling its stability
and phosphorylation status.

MATERIALS AND METHODS

Plasmids and Antibodies—pRK5 HA-PTEN (N-terminal tagging)
and pGEX-4T PDZ-2/MAGI-2, pGEX-4T PTEN, and pCMV Myc-
MAGI-2 (pCMV Myc-S-SCAM) have been described previously (16, 33).
The plasmids pGEX-4T PDZ-2/MAGI-3 (residues 567–697), pGEX-4T
PDZ-2/hDlg (residues 308–411), pGEX-4T PDZ-2/pDlg (residues 285–
384), pGEX-4T PDZ/MAST205 (residues 1031–1138), pGEX-4T PDZ/
MAST3 (residues 939–1046, DPS . . . VGP), pGEX-4T PDZ/MAST4
(residues 638–751, DSS . . . TGP), and pGEX-4T PDZ/SAST (residues
958–1065) (all encoding GST fusion proteins) were obtained by subclon-
ing into pGEX-4T of the appropriate cDNA fragments, obtained by PCR
amplification from the following plasmids: pC3-rMAGI-3 (rat sequence;
provided by E. Peles; see Ref. 34), pGEX-2T hDlg (rat sequence; pro-
vided by A. Cuenda), Bluescript pDlg (human sequence; see Ref. 35;
provided by Kazusa DNA Research Institute as KIAA0583), pUC-
MAST205 (MAST2; mouse sequence; provided by P. D. Walden; see Ref.
36), Bluescript MAST3 (human sequence; provided by Kazusa DNA
Research Institute as KIAA0561; GenBankTM accession number
XM_038150), Bluescript MAST4 (human sequence; provided by Kazusa
DNA Research Institute as KIAA0303; GenBankTM accession number
AB002301), and pYX-Asc SAST (MAST1; mouse sequence; see Ref. 37;
Mammalian Gene Collection, IMAGE ID 6400705). PTEN single amino
acid substitutions, truncations, and deletions subcloned into pRK5 or
pGEX were obtained by PCR oligonucleotide site-directed mutagenesis,
and the mutations were confirmed by DNA sequencing. The plasmids
pRK5 GST and pRK5 GST-PDZ-2/MAGI-2 were made by PCR amplifi-
cation of GST and GST-PDZ-2/MAGI-2 from pGEX-4T and pGEX-4T
PDZ-2/MAGI-2, respectively, followed by subcloning into pRK5. The
plasmids pJG4-5 PDZ-2/MAGI-2, pJG4-5 PDZ-2/MAGI-3, pJG4-5 PDZ/
MAST205, pJG4-5 PDZ/MAST3, pJG4-5 PDZ/MAST4, and pJG4-5
PDZ/SAST, encoding the corresponding PDZ domains fused at their N
terminus to the B42 transcription activation domain, were obtained by
direct subcloning from the pGEX constructs indicated above. The plas-
mids pEG202 PTEN, encoding PTEN fused at its N terminus to the
LexA DNA-binding domain, were obtained by subcloning the entire
PTEN coding sequence (residues 1–403), wild type or single amino acid
substitutions, or PTEN truncation or deletion mutants into pEG202. To
obtain the plasmid pRK5 HA-TPTE-(215–551), a TPTE fragment (res-
idues 215–551) was amplified by PCR from pCDNA3 HA-TPTE encod-
ing the full-length human TPTE (31) and subcloned into the pRK5 HA
plasmid. The chimeras HA-PTEN-TPTE (PTEN-(1–185)/TPTE-(405–
551)), HA-TPTE-PTEN (TPTE-(215–404)/PTEN-(186–403)), HA-TP2
(TPTE-(215–539)/PTEN-(350–403)), HA-TP3 (TPTE-(215–551)/PTEN-
(369–403)), and HA-TP4 (TPTE-(215–551)/PTEN-(376–403)) were con-
structed by PCR using primers that were complementary to the fused
regions of PTEN and TPTE. The chimeras HA-TPTE-ITKV (TPTE-
(215–551)/PTEN-(400–403)) and TPTE-TKV (TPTE-(215–551)/PTEN-
(401–403)) were constructed by PCR using primers that were comple-
mentary to the last TPTE residues plus the PTEN-ITKV or TKV
N-terminal residues, followed by the PTEN stop codon. All the chimeras
were tagged at their N terminus with the HA epitope, and their identity
was verified by DNA sequencing. The plasmids pRK5 HA kinase/
MAST205 (residues 430–741, ETD . . . AEF) and pRK5 HA kinase �
PDZ/MAST205 (residues 444–1138, SQK . . . VGP) were obtained by
subcloning into pRK5 HA plasmid of the appropriate cDNA fragments,
obtained by PCR amplification from pUCMAST205. The plasmids
pRK5 HA kinase/MAST3 (residues 366–581, FET . . . PFF) and pRK5
HA kinase/SAST (residues 337–590, FDT . . . PFF) were obtained by
subcloning into pRK5 HA plasmid of the appropriate cDNA fragments,
obtained by PCR amplification from Bluescript MAST3 and pYX-Asc
SAST, respectively. The nucleotide sequences of all primers used in the
construction of plasmids and mutagenesis are available upon request.
The anti-HA monoclonal antibody (mAb) was 12CA5, and the anti-c-
Myc (A-14) polyclonal antibody was from Santa Cruz Biotechnology.

Cell Culture, Transfection, Cell Lysis, and [35S]Methionine Labeling
of Proteins—COS-7 cells were grown in Dulbecco’s modified Eagle’s
medium containing 5% heat-inactivated fetal calf serum and were
transfected by the DEAE-dextran method. Cells were lysed in lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal, 1 mM phen-
ylmethylsulfonyl fluoride, 1 �g/ml aprotinin, 20 mM Na4P2O7). The cell
lysates were centrifuged (14,000 rpm, 10 min at 4 °C), and the super-
natants were used for GST pull-down assays, co-immunoprecipitation,
or immunoprecipitation as indicated. For [35S]methionine pulse-chase
experiments, transfected COS-7 cells were incubated for 1 h in methi-
onine-free Dulbecco’s modified Eagle’s medium, and cells were then
labeled for 4 h with [35S]methionine (100 �Ci/ml), followed by a pulse of
different times in nonradioactive medium supplemented with an excess
of cold methionine (1 mM).

GST Fusion Proteins, GST Pull-down, Immunoprecipitation, and
Co-immunoprecipitation—The GST fusion proteins containing the dif-
ferent PDZ domains were expressed in bacteria and purified with glu-
tathione-Sepharose using standard procedures. For GST pull-down ex-
periments, COS-7 cells transfected with the expression plasmids
encoding HA-tagged recombinant proteins were lysed as indicated
above, and 0.3–0.5 mg of the cell lysates were incubated for 2 h on ice
with 3 �g of the GST fusion proteins, followed by the addition of
glutathione-Sepharose beads and further incubation for 2 h under con-
stant shaking. Samples were washed four times with HNTG buffer (20
mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1% glycerol),
resolved on 10% SDS-polyacrylamide gels under reducing conditions,
and analyzed by immunoblot with the anti-HA 12CA5 mAb. For co-
immunoprecipitation experiments, COS-7 cells were separately trans-

1 The abbreviations used are: SAST, syntrophin-associated serine/
threonine kinase; MAST, microtubule-associated serine/threonine ki-
nase; GST, glutathione S-transferase; HA, hemagglutinin; mAb, mono-
clonal antibody.

FIG. 1. PTEN binds multiple PDZ domains. A, COS-7 cells were
transfected with pRK5 alone (vector) or pRK5 HA-PTEN, as indicated.
Equal amounts of cellular lysates (0.3 mg) were subjected to pull-down
with equivalent amounts (3 �g) of the following GST fusion proteins, as
indicated: GST-PDZ-2/MAGI-2 (residues 591–732), GST-PDZ-2/MAGI-3
(residues 567–697), GST-PDZ-2/hDlg (residues 308–411), GST-PDZ-2/
pDlg (residues 285–384), GST-PDZ/MAST205 (residues 1031–1138),
GST-PDZ/MAST4 (residues 638–751), GST-PDZ/MAST3 (residues 939–
1046), and GST-PDZ/SAST (residues 958–1065). The presence of HA-
PTEN proteins in the pull-down pellets was analyzed by immunoblot
using anti-HA mAb. All experiments were repeated at least three times
with similar results, and a representative experiment is shown. B, visu-
alization of the distinct purified GST fusion proteins (3 �g) used in A. In
lane 1, a degradation band that runs faster than GST-PDZ-2/MAGI-2 (45
kDa) is observed. Samples were resolved by 10% SDS-PAGE under re-
ducing conditions and stained with Coomassie.
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fected with pRK5 HA-PTEN, wild type or mutations, and with pCMV
Myc-MAGI-2. 0.3–0.5 mg of cell lysates from each type of transfected
cell was mixed in pairwise combinations and incubated for 2 h on ice,
followed by further incubation (16 h, 4 °C) in the presence of the anti-
Myc antibody. Protein A-Sepharose was then added and incubated for
2 h at 4 °C, under constant shaking. Samples were washed and pro-
cessed for immunoblot as for the GST pull-down assays. For immuno-
precipitation of 35S-labeled HA-PTEN proteins, cell lysates were immu-
noprecipitated with the anti-HA 12CA5 mAb and protein A-Sepharose,
followed by SDS-PAGE analysis, autoradiography, and quantitative
analysis using a PhosphorImager.

Yeast Two-hybrid Analysis—The Saccharomyces cerevisiae strain
EGY48 (MAT�, trp1, his3, ura3, LEU2::LexA-op6-LEU2) was trans-
formed with the lacZ reporter plasmid pMW107 (URA3 marker, LexA-
op4-lacZ) together with pairwise combinations of the pEG202 PTEN
(HIS3 marker) and the pJG4-5 PDZ (TRP1 marker) plasmids, and
co-transformants were selected by plating on supplemental medium
lacking Ura, His, and Trp (selective medium). Semi-quantitative yeast
two-hybrid experiments were performed for each combination of
pEG202 and pJG4-5 plasmids. As a control, the empty pEG202 vector
was co-transformed with each pJG4-5 PDZ plasmid. Three independent
co-transformant colonies were used to inoculate separately 3 ml of
selective medium supplemented with 2% dextrose; after overnight
growth, the cultures were diluted (1:25) in 5 ml of fresh selective
medium supplemented with 2% galactose plus 1% raffinose and incu-
bated for an additional 3–4 h to reach an A600 of 0.5–0.8. Cultures
(0.1–1 ml) were collected by centrifugation, washed, and resuspended in
0.8 ml of buffer Z (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM

MgSO4, 50 mM �-mercaptoethanol). Cells were lysed by adding 50 �l of
CHCl3 plus 50 �l of 0.1% SDS and incubated in the presence of the
�-galactosidase substrate, o-nitrophenyl �-D-galactopyranoside (4
mg/ml in buffer Z; 160 �l per sample), for 15 min at 30 °C. Reactions
were stopped by adding 0.4 ml of 1 M Na2CO3. Insoluble material was
removed by centrifugation, and o-nitrophenyl �-D-galactopyranoside
hydrolysis was measured by absorbance at 420 nm. The cell density of
the cultures was measured, before cell lysis, from separate aliquots by
absorbance at 600 nm. The arbitrary units of �-galactosidase activity
were calculated from the formula A420/A600 � volume of culture (ml) �
time (min).

In Vitro Kinase Assays—COS-7 cells transfected with the expression
plasmids pRK5 HA kinase/MAST3, HA kinase/SAST, HA kinase/

MAST205, or HA kinase � PDZ/MAST205 were lysed in lysis buffer.
The cell lysates were centrifuged (14,000 rpm, 10 min at 4 °C), and the
supernatants were incubated for 4 h on ice in the presence of the
anti-HA 12CA5 mAb. Protein A-Sepharose was then added and incu-
bated for 2 h at 4 °C, under constant shaking. Samples were first
washed three times with HNTG buffer and then with kinase reaction
buffer (50 mM HEPES, pH 7.5, 20 mM MgCl2, 2 mM dithiothreitol). The
immune complexes were mixed with the GST-PTEN fusion proteins
previously expressed in bacteria and purified with glutathione-Sepha-
rose using standard procedures. The mixture was washed with kinase
reaction buffer and then resuspended in 50 �l of the same buffer
supplemented with 5 �M ATP and 5 �Ci of [�-32P]ATP. Samples were
incubated for 15 min at 30 °C, heated to 90 °C for 5 min in SDS sample
buffer, and then analyzed by SDS-PAGE and autoradiography.

RESULTS

PTEN Binds to Multiple PDZ Domains—PTEN possesses at
its C terminus a functional PDZ domain-binding motif (Thr401-
Lys402-Val403-COOH; TKV) that binds specific PDZ domains
from MAGI-1/2/3, hDlg, and MAST205 (12, 27–29) (Fig. 1A).
MAST205 belongs to the MAST kinase family, which also in-
cludes SAST, MAST3, and MAST4 kinases (36–38). Similarly,
hDlg-related proteins include the pDlg protein (35). As shown
by GST pull-down assays (Fig. 1A), the PDZ domains from
SAST and MAST3 also bind to HA-tagged PTEN, whereas the
PDZ domain from MAST4 or the PDZ-2 domain from pDlg do
not. Yeast two-hybrid analysis was also performed to test the
interaction of PTEN wild type and V403A mutation with the
distinct PDZ domains. PTEN wild type bound to the PDZ
domains of MAGI-2, MAGI-3, MAST205, MAST3, and SAST,
but not to the PDZ domain of MAST4. The V403A mutation,
within the PDZ-binding motif, did not bind to any PDZ domain
(Table I). Thus, multiple PDZ domains specifically interact
with the tumor suppressor PTEN. To compare the recognition
of the TKV PTEN motif by some of its counterpart PDZ do-
mains (PDZ-2/MAGI-2, PDZ-2/hDlg, and PDZ/MAST205), C-
terminal truncations were generated on the background of the

FIG. 2. The C-terminal PDZ-binding motif (TKV-COOH) of PTEN is differentially recognized by distinct PDZ domains. COS-7 cells
were transfected with pRK5 alone (vector) or pRK5 HA-PTEN wild type (w.t.) or different mutations, as indicated. Equal amounts of cellular lysates
(0.3 mg) were subjected to pull-down with equivalent amounts (3 �g) of GST-PDZ-2/MAGI-2, GST-PDZ-2/MAGI-3, GST-PDZ-2/hDlg, or GST-PDZ/
MAST205, as indicated. The presence of HA-PTEN proteins in enriched pull-down pellets and in total lysates (40 �g) was analyzed by immunoblot
using anti-HA mAb. All experiments were repeated at least three times with similar results, and a representative experiment is shown.

TABLE I
Semi-quantitative yeast two-hybrid analysis of PTEN interaction with PDZ domains

PDZ-2/MAGI-2 PDZ-2/MAGI-3 PDZ/MAST205 PDZ/MAST3 PDZ/MAST4 PDZ/SAST

unitsa

Vector 1.5 � 0.9 1.7 � 1.1 2.8 � 1.7 3.2 � 0.9 4.5 � 0.5 3.9 � 0.7
PTEN wild type 82.3 � 14.4 106.7 � 1.6 183.5 � 15.3 23.5 � 6.4 3.4 � 2.1 123.8 � 6.6
PTEN V403A 0.8 � 0.7 1.7 � 1.5 1.4 � 1.0 4.1 � 0.9 3.6 � 1.4 4.0 � 1.6

a Arbitrary units of �-galactosidase activity (�103) are shown as the mean � S.D. of at least three separate experiments. Each experiment was
performed in triplicate.
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HA-PTEN recombinant protein, and the binding of the trun-
cated proteins was tested by pull-down assays using GST-PDZ-
2/MAGI-2, GST-PDZ-2/hDlg, or GST-PDZ/MAST205 recombi-
nant fusion proteins, as above (Fig. 2). Progressive amino acid
deletions within the TKV motif differentially affected the rec-
ognition by the distinct PDZ domains. Thus, GST-PDZ-2/
MAGI-2 did not bind to PTEN-(1–400), -(1–401), or -(1–402),
whereas PDZ-2/hDlg and PDZ/MAST205 bound to PTEN-(1–
400) but not to PTEN-(1–401) or -(1–402), indicating that
certain C-terminal PTEN truncations are able to interact with
some PDZ domains (Fig. 2, lanes 4–6). Moreover, individual
alanine substitution of residues within the PTEN PDZ-binding
motif affected differentially the binding of the distinct PDZ
domains. The mutation T401A bound to PDZ-2/MAGI-2 and
PDZ/MAST205 but not to the PDZ-2/hDlg; the mutation K402A
had no effect on the association; and the mutation V403A
inhibited the association of the three PDZ domains (Fig. 2,
lanes 7–9). Most interestingly, the mutation K402W also abro-
gated binding to the PDZ domains from MAGI-2, MAGI-3,
hDlg, and MAST205 (Fig. 2, lane 12). The inhibitory effect of
the K402W mutation was also observed when the binding to
the full-length Myc-MAGI-2 was tested by co-immunoprecipi-
tation (data not shown). Together, these results indicate that
the C-terminal motif of PTEN is important in the definition
and specificity of the interaction with different PDZ domains,
and these results suggest a distinct permissiveness of the
PTEN PDZ-binding motif for recognition of specific PDZ do-
mains from MAGI-2, hDlg, and MAST205.

The PTEN C-terminal Tail Contains Specific Recognition
Determinants for Distinct PDZ Domains—The PTEN-related
protein TPTE lacks a region similar to the PTEN C-terminal
tail and does not possess a C-terminal PDZ domain-binding
motif (31) (Fig. 3A). As a consequence, TPTE does not bind PDZ
domains (Fig. 4A, lane 3). To further investigate the molecular
requirements of PTEN for PDZ domain binding, deletion PTEN
mutants and chimeras containing distinct domains of PTEN
and TPTE were engineered with an N-terminal HA epitope
(Fig. 3A) and tested for binding. The chimera containing the
PTP domain of TPTE followed by the C2 domain and the
C-terminal tail of PTEN (TPTE-(215–404)/PTEN-(186–403)
(TPTE-PTEN)) bound to PDZ-2/MAGI-2, PDZ-2/hDlg, or PDZ/
MAST205, whereas the chimera containing the PTP domain of
PTEN followed by the C2 domain of TPTE (PTEN-(1–185)/
TPTE-(405–551) (PTEN-TPTE)) did not bind to any of these
three PDZ domains (Fig. 4A, lanes 2 and 4, respectively; and
data not shown). Furthermore, a PTEN mutation lacking the
C2 domain but retaining the C-terminal tail (PTEN-(�189–
349) (PTEN �C2)) bound to PDZ-2/MAGI-2, PDZ-2/hDlg, and
PDZ/MAST205 as PTEN wild type did (Fig. 4B, lane 3; and
data not shown). Most interestingly, chimeras containing the
PTP and C2 domains of TPTE, followed by the ITKV or the
TKV C-terminal PTEN residues (TPTE-(215–551)/PTEN-
(400–403) and TPTE-(215–551)/PTEN-(401–403)) only bound
to PDZ/MAST205 (Fig. 4C, lanes 3 and 4). These results dem-
onstrate that both the PTP and the C2 domains of PTEN are
dispensable for PTEN-PDZ domain interaction, and these re-
sults suggest the existence of molecular determinants within
the PTEN C-terminal tail, in addition to the ITKV C-terminal
motif, necessary for recognition of specific PDZ domains. To
explore this further, we tested the binding of chimeras contain-
ing the PTP and C2 domains of TPTE followed by distinct
regions of the PTEN C-terminal tail (TPTE-(215–539)/PTEN-
(350–403) (TP2), TPTE-(215–551)/PTEN-(369–403) (TP3),
and TPTE-(215–551)/PTEN-(376–503) (TP4); see Fig. 3A). As
shown, the chimera containing the entire PTEN C-terminal tail
(TP2) bound to PDZ-2/MAGI-2, PDZ-2/hDlg, and PDZ/

MAST205 (Fig. 4C, lane 6). However, the chimeras containing
portions of the PTEN C-terminal tail (TP3 and TP4) bound to
PDZ/MAST205 and PDZ-2/MAGI-2 but not to PDZ/hDlg (Fig.
4C, lanes 7 and 8). Finally, partial deletions of the PTEN
C-terminal tail, which preserved the ITKV PDZ domain-bind-
ing motif, were constructed and tested for PDZ domain binding
(Fig. 5). The deletion of the PTEN-phosphorylated region
(PTEN-(�370–385)) did not affect the binding of any of the PDZ
domains (Fig. 5A, lane 6), whereas deletions flanking this re-
gion (PTEN-(�350–368), PTEN-(�387–399), and PTEN-(�387–
395)) differentially affected the binding of the distinct PDZ
domains. PDZ-2/hDlg binding was lost on the PTEN-(�350–
368) deletion, whereas PDZ-2/MAGI-2 and PDZ/MAST205
binding was maintained (Fig. 5A, lane 5). On the other hand,
the PTEN-(�387–399) deletion abrogated the recognition of the
three PDZ domains (Fig. 5A, lane 7). Most interestingly, the
deletion PTEN-(�387–395) did not abrogate PDZ-2/MAGI-2 or
PDZ/MAST205 binding (Fig. 5A, lane 11), suggesting that the
Gln396–His397–Thr398–Gln399 PTEN residues are important for
specific recognition of these two PDZ domains. Similar results
were obtained by co-immunoprecipitation assays using these
PTEN deletion mutants and full-length Myc-MAGI-2 (Fig. 5B),
as well as by two-hybrid protein-protein interaction analysis
using the PTEN deletions and PDZ-2/MAGI-2 or PDZ/

FIG. 3. Depiction of the regions of PTEN that are important for
PDZ domain binding. A, schematic representation of the PTEN/
TPTE chimeras and the PTEN �C2 deletion mutant used in the study.
The distinct domains of PTEN and TPTE are indicated, as well as their
amino acid boundaries (numbers below). The black box denotes the
C-terminal PDZ domain-binding motif of PTEN (TKV). TPTE (residues
215–551) is represented without its transmembrane spanning region.
B, schematic representation of the regions at the PTEN C-terminal tail
that are important for binding to the PDZ domains from MAGI-2, hDlg,
and MAST205. Amino acid numbering is indicated. The lines below the
numbers indicate the regions that were found to be critical for binding
to the distinct PDZ domains, from results in Fig. 4 and Fig. 5.
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MAST205 (data not shown). A scheme of the regions at the
PTEN C-terminal tail that are necessary for binding to the
distinct PDZ domains is shown in Fig. 3B. Together, our results
support the notion that distinct regions at the C-terminal tail of
PTEN differentially contribute to the specific recognition of
distinct PDZ domains, and they outline the importance for PDZ
domain binding of PTEN residues outside the C-terminal PDZ-
binding motif.

Binding of PTEN to PDZ Domains Increases PTEN Protein
Stability—The C-terminal region of PTEN is important to
maintain PTEN protein stability (13–16, 39), suggesting a pos-
sible stabilization of PTEN by binding to PDZ domain-contain-
ing proteins. To test this hypothesis, pulse-chase experiments
were performed using the single amino acid substitution mu-
tant K402W, whose association with PDZ domains is dimin-
ished (see Fig. 2, lane 12). COS-7 cells were transfected with
HA-PTEN or HA-PTEN K402W, pulsed with [35S]methionine
for 4 h, and then chased for 1 and 2 h. Samples were immuno-
precipitated with an anti-HA mAb, and HA-PTEN protein
bands were quantified in relation with the zero point chase
time (Fig. 6A). As shown, PTEN wild type displayed a slower
rate of degradation than the PTEN K402W mutation, suggest-
ing that PDZ domains from endogenous proteins could bind
and stabilize to PTEN. Next, the stability of PTEN was meas-
ured upon binding to a PDZ-2/MAGI-2 recombinant protein.
For these experiments, HA-PTEN was co-expressed with GST
alone or with GST-PDZ-2/MAGI-2, and cells were pulsed with
[35S]methionine for 4 h and chased for another 4 h. As shown in
Fig. 6B, the presence of GST-PDZ-2/MAGI-2, but not of GST
alone, diminished the degradation rate of PTEN after the 4-h
pulse (79.9% of labeling versus 52.7% of labeling; compare lanes
6 and 7 with lanes 2 and 3). Furthermore, the degradation of

the HA-PTEN-(1–402) mutant, which does not associate with
PDZ-2/MAGI-2 (see Fig. 2, lane 6), was not affected by the
presence of GST-PDZ-2/MAGI-2 (32.5 versus 32.6%; compare
lanes 8 and 9 with lanes 4 and 5). Together, these results
indicate that specific binding to cognate PDZ domains stabi-
lizes PTEN.

PDZ Domain-mediated Binding to PTEN Facilitates Its
Phosphorylation by MAST Kinases—The binding of PTEN to
the PDZ domains of several MAST kinases raised the question
of whether MAST kinases can phosphorylate PTEN. To explore
this possibility, we first tested the ability of the kinase domain
(kinase/MAST205) and the kinase plus the PDZ domains of
MAST205 (kinase � PDZ/MAST205) to interact physically
with PTEN (Fig. 7). COS-7 cells were transfected with plas-
mids encoding HA kinase/MAST205 or HA kinase � PDZ/
MAST205 recombinant proteins, and pull-down assays were
performed using GST-PTEN purified from bacteria (Fig. 7B).
As expected, PTEN associated the kinase � PDZ/MAST205
protein (Fig. 7B, lane 2). Noticeably, PTEN also interacted,
although at a lesser extent, with kinase/MAST205 (Fig. 7B,
lane 3), suggesting that PTEN may serve as a substrate for
MAST205. Next, the phosphorylation of PTEN by the kinase
domains of MAST205 and related kinases was examined. GST-
PTEN was incubated with purified HA kinase/SAST, HA ki-
nase/MAST3, or HA kinase/MAST205, in the presence of
[�-32P]ATP, and the phosphorylated proteins were resolved by
SDS-polyacrylamide gels (Fig. 7C). GST-PTEN, but not GST
alone, was phosphorylated by kinase/SAST, kinase/MAST3,
and kinase/MAST205 (Fig. 7C, lanes 2, 4, and 6). To map the
region of PTEN phosphorylated by MAST kinases, kinase as-
says were performed using kinase/MAST205 and GST-PTEN
deletion and truncation mutants as the substrates. The trun-

FIG. 4. The PTP and C2 domains of PTEN are dispensable and the PTEN-C-terminal tail is sufficient for PDZ domain binding.
COS-7 cells were transfected with pRK5 alone (vector), pRK5 HA-PTEN wild type (w.t.), pRK5 HA-TPTE, pRK5 HA-TPTE/PTEN chimeras, or
pRK5 HA-PTEN �C2, as indicated. Equal amounts of cellular lysates (0.3 mg) were subjected to pull-down with equivalent amounts (3 �g) of
GST-PDZ-2/MAGI-2 (A and B) or of GST-PDZ-2/MAGI-2, GST-PDZ-2/hDlg, or GST-PDZ/MAST205 (C), as indicated. The presence of HA-PTEN
proteins in total lysates (40 �g) and in pull-down pellets was analyzed by immunoblot using anti-HA mAb. The experiments were performed three
times with similar results, and a representative experiment is shown.
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cation mutant lacking the PTEN C-terminal domain, GST-
PTEN-(1–202), was not phosphorylated by kinase/MAST205,
whereas a mutant lacking the C2 domain of PTEN, GST-PTEN
�C2, was phosphorylated by this kinase (Fig. 7C, lanes 7 and 8,
respectively). Furthermore, a GST fusion protein containing
the PTEN C-terminal tail (GST-PTEN-(350–403)) was also
phosphorylated by MAST205 (Fig. 7C, lane 10). Thus, MAST
kinases phosphorylate in vitro the C-terminal portion of PTEN.
We next tested whether binding through its PDZ domain could
facilitate the phosphorylation of PTEN by MAST205. In these
experiments, kinase/MAST205 or kinase � PDZ/MAST205 was
incubated in the presence of GST-PTEN wild type or V403A
mutation, and phosphorylation was measured at several time
points by in vitro kinase assays, as above (Fig. 7D). As shown,
phosphorylation of PTEN wild type by kinase � PDZ/MAST205
was facilitated, when compared with phosphorylation by ki-
nase/MAST205 or to phosphorylation of the V403A mutation by
kinase � PDZ/MAST205. Most interestingly, the kinase �
PDZ/MAST205 was also phosphorylated under these condi-
tions, and this phosphorylation was increased in the presence
of PTEN wild type. Together, these results demonstrate that
the binding of PTEN to the PDZ domain of MAST205 facilitates
its phosphorylation by this kinase, and they suggest a regula-
tory role for PTEN on the phosphorylation of MAST205.

DISCUSSION

The regulation of the subcellular location and/or function of
the tumor suppressor PTEN involves its interaction with dis-
tinct molecular components of the cell, including membrane
lipids and recruiting proteins (13–21). The last three amino
acids of the PTEN protein (residues Thr401-Lys402-Val403-
COOH; TKV) constitute a C-terminal binding motif for class I
PDZ domains. Upon binding to specific PDZ domain containing
proteins, PTEN is to be targeted to areas at the inner surface of
the plasma membrane where cell signaling events take place
(18, 27–30). In this study, we identify the PDZ domains from
the MAST205-related kinases, SAST and MAST3, as novel
PTEN PDZ-counterpart domains. In addition, by using differ-
ent PTEN mutations within the PTEN PDZ-binding motif,
deletions at the C-terminal tail, and PTEN/TPTE chimeras, we
have compared the molecular requirements for the interaction
of PTEN with several PDZ domains, namely PDZ-2/MAGI-2,
PDZ-2/hDlg, and PDZ/MAST205. First, we have analyzed the
importance of the PTEN PDZ-binding motif in the selective
interaction with these various PDZ domains. Some mutations
at the PTEN PDZ-binding motif, including PTEN-(1–400) and
T401A, differentially affected the binding to the distinct PDZ
domains. The recognition of the PTEN-(1–400) mutation by
PDZ-2/hDlg and PDZ/MAST205 can be explained by the gen-
eration of a novel C-terminal PDZ domain-binding motif
(Thr398-Gln399-Ile400-COOH; TQI). Previous analysis using
phage display and peptide binding revealed a preference for
Trp at position �1 of the binding motif for binding to the

FIG. 5. The PTEN C-terminal tail possesses specific recogni-
tion determinants for distinct PDZ domains. A, COS-7 cells were
separately transfected with pRK5 alone (vector), pRK5 HA-PTEN wild
type (w.t.), or pRK5 HA-PTEN deletion mutants. Cell lysates (0.3–0.5
mg) were subjected to GST pull-down assays as in Fig. 1A. B, COS-7
cells were separately transfected with pRK5 alone (vector), pRK5 HA-
PTEN wild type (w.t.), or HA-PTEN deletion mutations and with pCMV
Myc-MAGI-2, as indicated. Equal amounts of pairwise combinations of
cellular lysates (0.3 mg) were subjected to co-immunoprecipitation in
the presence of the anti-Myc antibody. In all cases, the presence of
HA-PTEN proteins in total lysates (40 �g) and in pull-down pellets or
immunoprecipitates was analyzed by immunoblot using anti-HA mAb.
All experiments were repeated at least three times with similar results,
and a representative experiment is shown.

FIG. 6. PDZ domain binding increases PTEN protein stability.
COS-7 cells were pulse-labeled with [35S]methionine for 4 h and then
chased at the indicated times. 35S-Labeled HA-PTEN proteins were
immunoprecipitated with the anti-HA mAb, resolved on 10% SDS-
polyacrylamide gels, and visualized and/or quantified using a Phospho-
rImager or by autoradiography. A, COS-7 cells were transfected with
pRK5 HA-PTEN wild type (wt) or K402W mutation, as indicated. Ki-
netic degradation plots of the mean � S.D. of two separate experiments
are shown. B, COS-7 cells were transfected with pRK5 alone (vector)
(lane 1) or pRK5 HA-PTEN wild type (w.t.) or 1–402 truncation, to-
gether with pRK5 GST (lanes 2–5) or pRK5 GST-PDZ-2/MAGI-2 (lanes
6–9). Numbers in parentheses at the bottom indicate the intensity of the
HA-PTEN bands, relative to the intensity at the chasing time 0 (100%).
The experiment was performed twice with the same results, and a
representative experiment is shown.
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PDZ-2/MAGI-3 domain (40). However, in our experiments, the
substitution of Lys402 by Trp (K402W mutation; TKV motif
substituted by TWV motif) abrogated binding of the full-length
PTEN protein to PDZ-2/MAGI-2, PDZ-2/MAGI-3, PDZ-2/hDlg,
and PDZ/MAST205. Thus, differences in PDZ domain recogni-
tion can be achieved when peptides and full-length PTEN pro-
tein binding are compared, suggesting that molecular require-
ments for this binding exist within the PTEN protein in
addition to its canonical C-terminal PDZ domain-binding motif.
Our experiments performed with PTEN/TPTE chimeras and
PTEN deletion mutants demonstrate that both the PTP and
the C2 domains of PTEN are dispensable for PDZ domain
binding. On the other hand, several regions at the PTEN C-
terminal tail, including regions flanked by the 387–399 and
350–368 residues, are important for specific recognition of the
distinct PDZ domains. In addition, we have shown that binding
of PTEN to PDZ domains can be blocked by anti-PTEN mAb
that recognize epitopes at the PTEN C terminus (41). Together,
these results outline the importance of the integrity of the
PTEN C-terminal tail for the selective recognition of PTEN
protein regulators.

Experimental evidence indicates that the tumor suppressor
activity of PTEN mostly relies on its counteracting activity on
the phosphatidylinositol 3-kinase/protein kinase B survival
pathway, favoring apoptosis and/or cell cycle arrest (3). We
have found that PTEN protein stability is increased upon bind-
ing to a cognate PDZ domain. This is in agreement with previ-

ous reports (27–30) demonstrating the positive role of PDZ
domain binding in PTEN functional activity. In addition, mu-
tations lacking the PTEN C-terminal PDZ domain-binding mo-
tif have been found to affect some PTEN activities, such as the
inhibition of membrane ruffling and cell spreading, but not
others, including the PTEN anti-oncogenic or anti-phosphati-

FIG. 8. Regulation of PTEN function by binding to PDZ do-
mains. General schematic model that summarizes the involvement of
PDZ domain binding in the regulation of PTEN function. The scheme is
based on the results reported here and on findings reported by others
(18, 27–30). The specific role of hDlg in PTEN function regulation
remains unexplored. PIP3, phosphatidylinositol 3,4,5-trisphosphate.

FIG. 7. PTEN binds to and is phosphorylated by MAST kinases. A, schematic representation of the HA-MAST205 recombinant proteins
used. The kinase (residues 453–726) and the PDZ (residues 1038–1131) domains of MAST205 are indicated. B, binding of PTEN to the MAST205
kinase domain. COS-7 cells were transfected with pRK5 alone (vector), pRK5 HA kinase � PDZ/MAST205 (residues 444–1138), or pRK5 HA
kinase/MAST205-(430–741), as indicated. Equal amounts of cellular lysates (0.3 mg) were subjected to pull-down with 3 �g of GST-PTEN. The
presence of HA kinase/MAST205 or HA kinase � PDZ/MAST205 proteins in the pull-down pellets was analyzed by immunoblot using anti-HA
mAb. C, phosphorylation of PTEN by MAST kinases. Lysates from COS-7 cells transfected with the expression plasmids pRK5 HA kinase/MAST3
(residues 366–581) (lanes 1 and 2), pRK5 HA kinase/SAST (residues 337–590) (lanes 3 and 4), or pRK5 HA kinase/MAST205 (lanes 5–10) were
immunoprecipitated with the anti-HA mAb, and the immune complex pellets were mixed with GST alone or the distinct GST-PTEN fusion proteins
(0.5 �g), as indicated, followed by vitro kinase assays in the presence of [�-32P]ATP. Samples were resolved by 10% SDS-PAGE, followed by
autoradiography. Double-line arrows indicate the phosphorylated GST-PTEN proteins. Single-line arrows indicate the migration of the nonphos-
phorylated GST or GST-PTEN proteins. Equal amounts of all the protein substrates were used in the assay, as monitored by Coomassie staining
(not shown). D, phosphorylation of PTEN by MAST205 is favored upon PDZ domain binding. Lysates from COS-7 cells transfected with the
expression plasmids pRK5 HA kinase/MAST205 (lanes 1–6) or pRK5 HA kinase � PDZ/MAST205 (lanes 7–12) were immunoprecipitated with the
anti-HA mAb, and the immune complex pellets were mixed with GST-PTEN wild type (w.t.) or GST-PTEN V403A (0.5 �g), for 2, 10, or 40 min,
as indicated, followed by vitro kinase assays in the presence of [�-32P]ATP. Samples were resolved by 10% SDS-PAGE, followed by autoradiography.
All experiments were repeated at least three times with similar results, and a representative experiment is shown.
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dylinositol 3-kinase-dependent signaling activities (42–44). To-
gether, these observations suggest that PDZ domain binding to
PTEN may contribute to stabilize PTEN at particular subcel-
lular locations where regulation of its function takes place. In
this context, several of the PDZ domain-containing proteins
that bind to PTEN, including MAGI-1/2/3 and hDlg, are multi-
PDZ domain scaffolding proteins enriched at cell-cell junctions,
which are involved in the assembling of multimolecular signal-
ing complexes in the postsynaptic densities of neurons and in
tight junctions from epithelial cells (27–30, 33, 34, 45). The
Ser/Thr MAST kinases (MAST205, SAST, MAST3, and
MAST4) are cytoskeletal associated kinases of unknown func-
tion that are also expressed at neuromuscular junctions and
postsynaptic densities and associate through their PDZ do-
mains to the PDZ domain of the syntrophins adapter proteins
(36–38). Most interestingly, despite the strong sequence con-
servation between the PDZ domains from MAST3 and MAST4
(75% identity at the amino acid level), only PDZ/MAST3 was
found to associate to PTEN, demonstrating that specific PTEN-
binding determinants are present in the PTEN cognate PDZ
domains. The autophosphorylation of MAST205 has been re-
ported (36). Our results suggest that the MAST205 core region
containing the kinase and PDZ domains includes the MAST205
autophosphorylation sites. MAST205 has also been involved in
the regulation by the Fc� receptor of the innate immune re-
sponse in macrophages, although the identity of its protein
substrates remains unknown (46). Our findings on the phos-
phorylation of PTEN by the kinase domains of MAST kinases
suggest that PTEN could be a physiological substrate of
MAST205 and related kinases. Moreover, the enhancement of
PTEN phosphorylation by MAST205 upon binding through its
PDZ domain suggests that PDZ domain recognition could be a
specificity mechanism that targets PTEN for phosphorylation
by these kinases. Remarkably, the PTEN region phosphoryl-
ated by MAST205 was mapped at its C-terminal tail, which has
also been found to be phosphorylated by CK2 and to be involved
in the binding to other proteins, including growth factor recep-
tors and neutral endopeptidase (47, 48). The region of the
PTEN C-terminal tail that is phosphorylated by CK2 (amino
acids 370–386; see Ref. 14) was found in our study to be
dispensable for binding to PDZ domains, whereas adjacent
regions were important for this binding (see above). On the
other hand, it has been reported that substitution of some of
the PTEN CK2-phosphorylated residues to alanine enhances
MAGI-2 binding (18, 49). Phosphorylation of PTEN by
MAST205 could thus also affect PTEN binding to protein reg-
ulators. In summary, our studies suggest that distinct regions
at the PTEN C-terminal tail may act as adjustment elements
for specific and efficient PDZ domain recognition, which could
be crucial in the control of PTEN protein phosphorylation,
stability, and function. A schematic model that summarizes the
role of PDZ domain binding in regulation of PTEN function is
shown in Fig. 8. The molecular and functional dissection of the
interaction of PTEN with its regulators will help to elucidate
how the control of PTEN functions may coordinate the adaptive
cell responses during cell growth and development.
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