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P-Rex1 is a GEF (guanine-nucleotide-exchange factor) for the
small G-protein Rac that is activated by PIP3 (phosphatidylinositol
3,4,5-trisphosphate) and Gβγ subunits and inhibited by PKA
(protein kinase A). In the present study we show that PP1α
(protein phosphatase 1α) binds P-Rex1 through an RVxF-type
docking motif. PP1α activates P-Rex1 directly in vitro, both
independently of and additively to PIP3 and Gβγ . PP1α also
substantially activates P-Rex1 in vivo, both in basal and PDGF
(platelet-derived growth factor)- or LPA (lysophosphatidic acid)-
stimulated cells. The phosphatase activity of PP1α is required for
P-Rex1 activation. PP1β, a close homologue of PP1α, is also able
to activate P-Rex1, but less effectively. PP1α stimulates P-Rex1-
mediated Rac-dependent changes in endothelial cell morphology.
MS analysis of wild-type P-Rex1 and a PP1α-binding-deficient

mutant revealed that endogenous PP1α dephosphorylates
P-Rex1 on at least three residues, Ser834, Ser1001 and Ser1165.
Site-directed mutagenesis of Ser1165 to alanine caused activation
of P-Rex1 to a similar degree as did PP1α, confirming Ser1165

as a dephosphorylation site important in regulating P-Rex1
Rac-GEF activity. In summary, we have identified a novel
mechanism for direct activation of P-Rex1 through PP1α-
dependent dephosphorylation.

Key words: dephosphorylation, guanine-nucleotide-exchange
factor (GEF) P-Rex1, mechanism of regulation, P-Rex family,
serine/threonine protein phosphatase PP1, small G-protein
(GTPase) Rac.

INTRODUCTION

The Rac family of small G-proteins are essential controllers of
actomyosin cytoskeletal structure (and hence cell shape, adhesion,
motility, phagocytosis and regulated secretion), gene expression
and ROS (reactive oxygen species) formation [1]. Among the
four Rac isoforms, Rac1 is ubiquitous and essential for
development, Rac2 haemopoietic, Rac3 neuronal and RhoG
widely distributed. Rac is tightly regulated through activation by
GEFs (guanine-nucleotide-exchange factors), which outnumber
it by approximately 20:1, and inhibition by GTPase-activating
proteins.

The P-Rex family of Rac-GEFs comprises P-Rex1 [2], P-
Rex2 [3] and the splice variant P-Rex2b [4]. They are 185 kDa
proteins containing a catalytic DH and tandem PH domain,
two pairs of DEP and PDZ domains, and a C-terminal half
(truncated in P-Rex2b) that is homologous with IP4P (inositol
polyphosphate-4-phosphatase). P-Rex1 is mainly expressed in
leucocytes, brain, spleen and lymph nodes [2,5,6], P-Rex2
in cerebellar Purkinje neurons and the lung [3,5], and P-
Rex2b in the heart and endothelial cells [4,7]. P-Rex family
GEFs activate Rac1, Rac2 and Rac3 in vivo, with isoform
preference depending on the cell type [8–11]. Through Rac,
they control GPCR (G-protein-coupled receptor)-dependent
ROS production, adhesion and chemotaxis of phagocytes [8–
12], GPCR-dependent migration of endothelial cells [7,13,14],
and GPCR- or neurotrophin-dependent morphology and
chemotaxis of neurons [5,6,11,15]. P-Rex1− / − mice show

reduced neutrophil recruitment to inflammatory sites [10] and
impaired melanocyte migration during development [16], whereas
P-Rex2− / − and P-Rex1− / − /P-Rex2− / − mice have defects in
the dendrite morphology and synaptic plasticity of Purkinje
neurons and in motor functions [5,15]. P-Rex family GEFs
are also currently emerging as important in cancer progression
and metastasis. P-Rex1 expression is significantly increased in
prostate cancer, breast cancer and melanoma, correlates with
metastatic potential, and affects the migration and invasiveness of
cancer cells [16–19]. Grafts of P-Rex1-expressing cells promote
prostate cancer metastasis and breast tumour growth in mice [17–
19], and P-Rex1− / − mice show a drastic reduction in melanoma
metastasis [16]. P-Rex2 is one of the most frequently mutated
Rho-GEFs in cancer and shows increased expression in a range
of cancer types. It inhibits the activity of the tumour suppressor
PTEN, and its overexpression with constitutively active PI3K
(phosphoinositide 3-kinase) confers growth-factor independent
proliferation to breast cancer cells [20]. In summary, P-Rex
family GEFs are important regulators of Rac-dependent processes
elicited by stimulation of GPCRs and/or PI3K-coupled receptors,
such as ROS production in phagocytes, and morphology changes
and migration of a range of cell types, including phagocytes,
neurons and cancer cells.

The P-Rex family GEFs differ from other Rac GEFs in
their mode of regulation. They are directly and synergistically
activated in vitro and in vivo by the lipid second messenger PIP3

(phosphatidylinositol 3,4,5-trisphosphate), which is generated
by class 1 PI3K, and by the Gβγ subunits of heterotrimeric
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G-proteins, which are released upon stimulation of GPCRs
[2,3,21]. This dual mode of regulation makes P-Rex family GEFs
ideal coincidence detectors for the concomitant activation of PI3K
and GPCRs. Synergy of PIP3 and Gβγ subunits is also required
for P-Rex1 translocation to the plasma membrane [22]. PIP3 binds
to and activates P-Rex1 through the PH domain, and Gβγ subunits
activate P-Rex1 through the DH domain [21]. A range of different
Gβ and Gγ combinations, with the exception of Gβ5γ 2, can
activate P-Rex1 [23]. In vivo, the interaction with Gβγ involves
the second DEP domain, and first PDZ and IP4P domains of P-
Rex1 [24], whereas in vitro, the isolated DH domain is sufficient
for stimulation of P-Rex1 activity by Gβγ [21,22]. The DEP,
PDZ and IP4P domains help to keep the catalytic activity of full-
length P-Rex1 low and keep it localized to the cytosol in resting
cells, suggesting that P-Rex1 is auto-inhibited by intra-molecular
interactions between the DH/PH tandem and these domains in its
basal state [21,22]. P-Rex family GEFs are also regulated through
phosphorylation. Cyclic AMP-dependent kinase A [PK (protein
kinase) A] inhibits PIP3- and Gβγ -dependent P-Rex1 activity in
vitro, and PI3K- or GPCR-dependent P-Rex1 activity in vivo [25].
PKA also inhibits P-Rex1 membrane translocation in neutrophils
[26]. However, the serine/threonine phosphatase(s) that reverse
the inhibition of P-Rex1 by PKA remain to be identified. Although
PKA is currently the only kinase known to interact directly with
P-Rex1, several others have been shown to affect P-Rex1 in vivo.
P-Rex1 membrane translocation is sensitive to tyrosine kinase
inhibitors [26], and P-Rex1-dependent ROS formation in COSphox

cells is increased by co-expression of PKB or PKCδ [27]. In breast
cancer cells, P-Rex1 is phosphorylated on four serine residues
(Ser313, Ser319, Ser605 and Ser1169) whose phosphorylation state
is affected by stimulation of receptor-tyrosine kinases, through
unidentified serine kinases and phosphatases [17].

The PP1 (protein phosphatase 1) family consists of three
35–38 kDa isoforms, PP1α, PP1β (also called δ) and PP1γ ,
which are ubiquitously expressed, highly conserved and estimated
to catalyse one-third of all protein dephosphorylations [28].
Like other serine/threonine phosphatases, they are constitutively
active catalytic subunits regulated through obligatory holoenzyme
formation with other proteins [29]. Typical PP1-interacting
proteins contain an ‘RVxF’ binding motif, more accurately
defined as [RK]-X(0,1)-[VI]-−P-[FW], where X is any residue and −P
is any residue except proline [30]. Currently, approximately 180
PP1-interacting proteins are known, although only a small number
have been characterized [31]. Of these, the majority regulate the
subcellular localization and/or inhibit the phosphatase activity of
PP1, but only a minority are themselves targets of PP1-mediated
dephosphorylation [28,32]. In a screen of RVxF motif-containing
proteins, we have found that a fragment of P-Rex2 can bind PP1
[31]. In the present paper, we investigated whether full-length P-
Rex family GEFs are able to interact with PP1 and whether this
interaction has an influence on GEF function.

EXPERIMENTAL

Constructs

The fragment P-Rex2-(983–1187) (human) was cloned into
pET160-DEST for bacterial expression using the Gateway system
(Invitrogen). Mammalian expression vectors pCMV3(EE)-P-
Rex1 WT (wild-type) and pCMV3(Myc)-P-Rex1 WT for full-
length human P-Rex1 [2], and pGEX-2TK-PP1α for bacterial
expression of GST (glutathione transferase)–PP1α [31], have
been described previously. The mutants P-Rex1 V1147A/F1149A
(VAFA), P-Rex1 S1165A and ‘cluster’ (S1165A, S1182A,
S1169A, S1179A and S1185A) were generated by site-directed

mutagenesis. P-Rex1 VAFA was derived from full-length human
P-Rex1 WT in pBSII-SK + using the primers 5′-GGGGGCAT-
CAAGAAGGCGTGCGCCAAGGTGGCCGAGGAGG-3′ and
5′-CCTCCTCGGCCACCTTGGCGCACGCCTTCTTGATGCC-
CCC-3′ (mutated residues underlined), and subcloned into
pCMV3 [Myc or EE (Glu–Glu tag)] by inserting a 588 bp
MfeI/NruI restriction fragment into MfeI/NruI-digested pCMV3
(Myc or EE) P-Rex1 WT. Phosphatase-dead PP1α R96A, a gift
from Professor Angus Nairn (Yale University, New Haven, CT,
U.S.A.), was subcloned into pEGFP-C1 (Clontech) by inserting
an XmaI/AflII fragment into XmaI/AflII-cut pEGFP-C1-PP1α
WT.

Recombinant proteins

His–P-Rex2-(983–1187), His–eIF2β (eukaryotic initiation factor
2β)-(1–144) and His–eIF2β-(1 – 144) (mut) were expressed in
Escherichia coli BL21(DE3)pLysS (Stratagene) and purified
using Ni2 + –Sepharose [33]. GST–PP1α was expressed in E.
coli BL21(DE3)pLysS (Stratagene), purified with glutathione–
Sepharose 4B (GE Healthcare) and eluted with 10 mM reduced
L-glutathione (pH 7.5; Sigma) in 150 mM NaCl, 50 mM Tris/HCl
(pH 8.0), 1 mM EGTA and 1% Triton X-100. Purified native
P-Rex1 from pig neutrophils and purified Sf9-cell-derived human
full-length Gβγ subunits (EE–β1γ 2), EE–P-Rex, EE–Rac1 and
EE–Rac2 were prepared as described previously [2,21,34]. Native
PP1 was purified from rabbit skeletal muscle as described
previously and was a mixture of all three isoforms [35].
Recombinant rabbit PP1α was from Calbiochem.

Cell culture

PAE (porcine aortic endothelial) cells which stably overexpress
the PDGF (platelet-derived growth factor) β receptor [36]
were cultured in Ham’s F12 Nutrient mixture (Gibco), 10%
FBS (fetal bovine serum), 100 units/ml penicillin and 1 mg/ml
streptomycin at 37 ◦C in 5% CO2. COS-7 and HEK (human
embryonic kidney)-293 cells [both from A.T.C.C. (Manassas, VA,
U.S.A.)] were cultured in DMEM (Dulbecco’s modified Eagle’s
medium; Gibco), 10% FBS, 100 units/ml penicillin and 1 mg/ml
streptomycin at 37 ◦C in 5% CO2. All cells were passaged by
tryptic digest approximately every 2 days and used after between
1 and 12 weeks in culture.

Western blotting

Primary antibodies were all monoclonal. Anti-EE, -Myc and -GST
tag antibodies were from the Babraham Monoclonal Antibody
Unit (Cambridge, U.K.). The anti-P-Rex1 antibody was 6F12
[2]. The anti-Rac1 antibody was from Millipore (catalogue
number 05-389); the anti-PP1α (catalogue number P7607) and
-phosphoserine (catalogue number P3430) antibodies were from
Sigma; and the anti-PP1β antibody (catalogue number ab16369)
was from Abcam. Secondary antibodies were HRP (horseradish
peroxidase)-coupled IgG from Bio-Rad Laboratories. Proteins
were detected by ECL (enhanced chemiluminesence; Amersham).
When required, membranes were stripped in 25 mM glycine
(pH 2.0) and 1% SDS for 30 min at 22 ◦C before reprobing.
Densitometric scanning was done using ImageJ software (http://
rsbweb.nih.gov/ij/).

Protein-binding assays

Bacterially expressed His–P-Rex2-(983–1187) and Sf9-cell-
derived purified human EE–P-Rex1 and EE–P-Rex2 were
subjected to PP1α-binding and phosphorylase phosphatase
activity assays as described previously [31,37]. For binding assays

c© The Authors Journal compilation c© 2012 Biochemical Society

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


P-Rex1 is activated by PP1α 175

with His–P-Rex2-(983–1187), equimolar amounts of GST and
GST–PP1α were preincubated for 1 h at 10 ◦C with glutathione
agarose prior to the addition of His–P-Rex2-(983–1187) for 1 h
and analysis of precipitates by SDS/PAGE and Western blotting.
For binding assays with native P-Rex1, 50 pmol of GST or
GST–PP1α were incubated with 8 pmol of native pig-neutrophil-
derived purified P-Rex1 for 1.5 h at 4 ◦C, before pull down
with glutathione–Sepharose, washing (in PBS, 1% Triton X-
100, 5 mM EGTA, 1 mM EDTA, 25 mM NaF and 20 mM 2-
glycerophosphate) and analysis by SDS/PAGE (8% gel) and
Western blotting.

Co-immunoprecipitation assays

COS-7 cells were transfected by electroporation with pEGFP-
PP1α and/or pCMV3(Myc)-P-Rex1 (and empty pCMV3 or
pEGFP where appropriate), cultured for 30 h and then serum-
starved in DMEM and 0.5% FAF (fatty-acid free)-BSA for
14 h. Cells were scraped into lysis buffer [150 mM NaCl, 20 mM
Hepes (pH 7.2 at 4 ◦C), 1 mM EDTA, 5 mM EGTA, 1 mM DTT
(dithiothreitol), 0.1 mM PMSF, and 10 μg/ml each of leupeptin,
pepstatin-A, aprotinin and antipain) and probe sonicated. Lysates
were cleared at 12000 g for 5 min at 4 ◦C (aliquots of total
lysate removed at this point) and incubated with anti-GFP (green
fluorescent protein) antibody (catalogue number G6539, Sigma)
for 1.5 h on ice before the addition of Protein A–Sepharose for
30 min. Precipitates were washed and analysed by SDS/PAGE
(8% gel) and Western blotting alongside total lysate controls.
Co-immunoprecipitation of endogenous proteins was performed
using a similar protocol, except that HEK-293 cells were used.

In vitro Rac-GEF activity assay with PP1α pre-treatment

Liposome-based in vitro assays for P-Rex1 Rac-GEF activity
were performed with purified recombinant EE–Rac2, EE–P-
Rex1, Gβγ subunits (EE–β1γ 2) and stearoyl-arachidonoyl-PIP3

as described previously [2,21,22], except for the following
adaptation to measure the effects of PP1α: 100 nM P-Rex1 [in
20 mM Hepes (pH 7.0 at 4 ◦C), 10% ethylene glycol, 1%
betaine, 0.01% sodium azide, 0.5 mM EGTA and 0.2 M KCl]
was incubated for 30 min at 30 ◦C with purified native rabbit
PP1 (100 nM final assay concentration) or recombinant PP1α
(160 nM final assay concentration) in an equal volume of PP1α
dilution buffer [50 mM Hepes (pH 7.0), 50% glycerol, 0.1 mM
EGTA, 1 mM MnCl2, 2.5 mM DTT and 0.025% Tween 20], or
with buffer alone. In assays with okadaic acid (Calbiochem), the
inhibitor was added to 0.5 μM both during pre-incubation and
GEF assay.

Pak (p21-activated kinase)-CRIB [Cdc42 (cell-division cycle
42)/Rac-interacting binding] Rac activity assays

HEK-293 cells were plated on to 9-cm dishes and transfected
the following day with P-Rex1 and/or PP1α plasmids (or empty
vectors as appropriate) using JetPEI (Polyplus). At 42 h later,
the cells were serum-starved in FBS-free medium for 5 h.
In some experiments, cells were then stimulated with 50 nM
LPA (lysophosphatidic acid; Sigma) or mock-treated, for 1 min.
Medium was aspirated, the dishes chilled and cells scraped
into ice-cold buffer [10% glycerol, 50 mM Tris/HCl (pH 7.4),
100 mM NaCl, 1% Nonidet P40 and 2 mM MgCl2] and lysed on
ice for 4 min with occasional vortex mixing. Lysates were cleared
at 12000 g for 5 min at 4 ◦C (total lysate aliquots taken at this
point) and incubated for 15 min at 4 ◦C with GST–Pak-CRIB [38]
precoupled to glutathione–Sepharose. Beads were washed, and
protein analysed by SDS/PAGE and Western blotting. In some
experiments, expression of endogenous PP1α was reduced by

siRNA (small interfering RNA) (CCGCATCTATGGTTTCTAC;
Dharmacon), or non-targeting siGENOME siRNA (Dharmacon)
used as control, by addition to JetPEI transfections at 25 nM and
incubating the cells for 48 h before Pak-CRIB assays.

Cell morphology assays

PAE cells were transfected by electroporation with P-Rex1 and/or
PP1α plasmids (or empty vectors as appropriate) or with V12-Rac,
and plated on to sterile glass coverslips. After 16 h in antibiotic-
free medium, cells were starved in serum-free medium for 6 h.
Cells were then stimulated for 5 min with 10 ng/ml PDGF (or
mock-treated), washed, fixed with 4% paraformaldehyde [in
100 mM Pipes (pH 7.2 with KOH), 2 mM EGTA and 2 mM
MgCl2], and permeabilized in PBS with 0.2% Triton X-100
before staining with anti-Myc antibody and Alexa Fluor® 568 goat
anti-(mouse IgG) (Molecular Probes). Coverslips were mounted
in Aqua Polymount (PolySciences) and the cells were analysed
for P-Rex1 and PP1α expression and their morphology on a
Zeiss Axiophot 2 microscope with a SPOT camera (Diagnostic
Instruments Inc) using a 60× oil-immersion objective. Scoring
was done blindly.

Identification of phosphorylation sites by LC–MS/MS (liquid
chromatography tandem MS)

EE–P-Rex1 WT and EE–P-Rex1 VAFA were overexpressed in
PAE cells by electroporation. At 48 h after transfection, EE-tagged
proteins were immunoprecipitated from cell lysates with anti-
EE–Sepharose and subjected to SDS/PAGE and Coomassie Blue
staining. P-Rex1 bands were excised and destained with 25 mM
ammonium bicarbonate/50% acetonitrile. Destained proteins
were reduced, carbamidomethylated and digested overnight with
10 μg/ml sequencing grade proteases (Promega) in 25 mM
ammonium bicarbonate (pH 8.2) at 30 ◦C. Portions of the slices
were digested separately with three different proteases (trypsin,
chymotrypsin and AspN) to achieve 96% sequence coverage.
Phosphopeptides were extracted from the digests with Fe3 + -
loaded IMAC (immobilized metal-ion-affinity chromatography)
beads (Phos-Select, Sigma) and separated by reverse-phase liquid
chromatography (column size = 0.05 mm×100 mm, Vydac C18
with 5 μm particle size), with an acetonitrile gradient (10–40%
over 30 min) containing 0.1% formic acid, at a flow rate of
150 nl/min. The column was coupled to a nanospray ion source
(Protana Engineering) fitted to a quadrupole-TOF (time-of-flight)
mass spectrometer (Qstar Pulsar I, Applied Biosystems/MDS
Sciex), operating in information-dependent acquisition mode.
Mass spectral data were searched against the human entries in the
Uniprot database and all putative phosphopeptide identifications
were verified by manual interpretation of the corresponding LC–
MS/MS spectra. Phosphorylation differences between P-Rex1
WT and P-Rex1 VAFA were quantified by measuring the ratios
of the peak areas of the extracted-ion-chromatograms of the
phosphopeptide pseudomolecular ions between the two samples,
relative to the corresponding non-phosphorylated peptides.

RESULTS

P-Rex1 and P-Rex2 bind PP1α

We previously found that a fragment of P-Rex2 consisting of
residues 983–1187, which contains an RVxF PP1-binding motif,
can bind PP1 [31]. In the present study, we first tested the
specificity of this interaction by comparing His–P-Rex2-(983–
1187) binding to GST–PP1α and GST. The P-Rex2 fragment
bound GST–PP1α, but not GST (Supplementary Figure S1A
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Figure 1 P-Rex1 and P-Rex2 are PP1α-binding proteins

(A) Dose-dependent inhibition of the phosphorylase phosphatase activity of purified rabbit PP1 by purified Sf9-cell-derived full-length human EE–P-Rex1 and EE–P-Rex2. Results are means +− S.E.M.
(n = 3). (B) Schematic representation of the RVxF motif in P-Rex1 and P-Rex2 and its mutation in P-Rex1 VAFA. (C) Binding of native P-Rex1 to GST–PP1α. Equimolar amounts of GST–PP1α or
GST were incubated with purified native pig P-Rex1 prior to pull down with glutathione–Sepharose, SDS/PAGE and Western blotting (WB) with anti-P-Rex1 and -GST antibodies. Molecular mass
markers are given in kDa on the right-hand side. (D) Far-Western: immunoprecipitated eGFP–P-Rex1 (full-length) was subjected to SDS/PAGE and Western transfer. The membrane was cut into strips
which were incubated separately with GST–PP1α in the presence or absence of excess RVxF peptide, or with GST, as indicated, and then together with anti-GST antibody. The strip in the left-hand
panel was incubated with anti-GFP antibody. (E) P-Rex1 forms a complex with PP1α in vivo which is disrupted by mutation of the RVxF motif. Lysates of COS-7 cells expressing EE–P-Rex1 WT,
EE–P-Rex1 VAFA and/or eGFP–PP1α were subjected to immunoprecipitation with an anti-GFP antibody. Western blot analysis of precipitates and total lysates were performed with anti-P-Rex1 and
anti-PP1α antibodies. Blots shown are from one experiment and representative of three. Molecular mass markers are given in kDa on the right-hand side. (F) Endogenous P-Rex1 forms a complex
with endogenous PP1α in vivo. HEK-293 cell lysates were subjected to immunoprecipitation with an anti-PP1α antibody. Western blots of precipitates and total lysates (TL) were performed using
anti-P-Rex1 and -PP1α antibodies. Blots shown are from one experiment and representative of four. IP, immunoprecipitation.

at http://www.BiochemJ.org/bj/443/bj4430173add.htm). It bound
PP1 activity to a similar degree as did eIF2β-(1–144), a known
PP1 interactor, unlike eIF2β-(1–144) with a mutated RVxF motif
(mut) which did not (Supplementary Figure S1B). As most PP1-
interacting proteins inhibit the constitutive catalytic activity of
the phosphatase [32], we tested whether this was also the case
for P-Rex2. Indeed, the P-Rex2 fragment inhibited PP1 activity
in vitro to a similar degree as eIF2β-(1–114) (IC50∼500 nM);
full-length P-Rex2 was even more effective than the fragment
(IC50∼200 nM), whereas eIF2β-(1–114) (mut) again had no
effect (Figure 1A and Supplementary Figure S1C).

The RVxF-type PP1-docking motif is highly evolutionarily
conserved between the full-length members of the P-Rex family
(Figure 1B and Supplementary Figure S1D). Hence it seemed
plausible that the interaction with PP1 is conserved between
P-Rex1 and P-Rex2. Indeed, full-length P-Rex1 also inhibited PP1
activity, to a slightly greater extent than P-Rex2 (IC50∼50 nM)
(Figure 1A). The known mechanisms of regulation are very
similar between different members of the P-Rex family, but most
previous characterization work has been done on P-Rex1, so we
focused on the interaction of P-Rex1 with PP1 from this point
onwards. We tested binding of native P-Rex1 to PP1α. Purified
native P-Rex1 from pig neutrophils bound to purified recombinant
bacterial GST–PP1α, but not GST, suggesting that the interaction

between P-Rex1 and PP1α is direct and independent of additional
proteins (Figure 1C). We confirmed this by far-Western analysis
of eGFP (enhanced GFP)–P-Rex1 binding to GST–PP1α. eGFP–
P-Rex1 bound to GST–PP1α, but not GST, and could be competed
off with a synthetic RVxF-containing decapeptide, indicating that
direct PP1α binding to P-Rex1 is mediated through the RVxF
motif (Figure 1D).

To investigate whether P-Rex1 and PP1α interact in vivo,
we overexpressed eGFP–PP1α and EE–P-Rex1 in COS-7 cells
and analysed anti-GFP immunoprecipitates by Western blotting.
EE–P-Rex1 co-immunoprecipitated with eGFP–PP1α, suggest-
ing that P-Rex1 and PP1α interact in vivo (Figure 1E). To test
the RVxF motif-dependence of this interaction, we generated a P-
Rex1 mutant with two amino acid substitutions in the RVxF motif
(V1147A and F1149A, termed P-Rex1 VAFA). Equivalent sub-
stitutions disrupt the interaction between PP1 and other binding
partners [37,39]. In contrast with WT EE–P-Rex1, EE–P-Rex1
VAFA did not co-immunoprecipitate with eGFP–PP1α, showing
that the RVxF motif confers the interaction between P-Rex1 and
PP1α in vivo (Figure 1E). To investigate whether endogenous
P-Rex1 and PP1α also interact, we precipitated PP1α from
HEK-293 cells and analysed co-immunoprecipitation of P-Rex1.
Endogenous P-Rex1 co-immunoprecipitated with endogenous
PP1α, suggesting that P-Rex1 and PP1α interact in vivo at
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Figure 2 PP1α stimulates P-Rex1 Rac-GEF activity in vitro

(A) Native rabbit PP1 activates P-Rex1 in vitro. The Rac2-GEF activity of Sf9-cell-derived purified human EE–P-Rex1 was assayed with the indicated concentrations of stearoyl-arachidonoyl-PIP3

and/or Gβ1γ 2 after a 30 min pre-incubation of P-Rex1 in the presence or absence of 100 nM native rabbit PP1. Results are means +− range from one experiment and representative of three.
Significance was determined using Student’s t test. (B) Recombinant PP1α stimulates the basal, PIP3- and Gβγ -dependent P-Rex1 GEF activities in vitro. P-Rex1 Rac2-GEF activity was assayed
with the indicated concentrations of PIP3 or Gβγ after a 30 min pre-incubation with or without 160 nM recombinant E. coli-derived PP1α. Results are means +− range or S.E.M., as appropriate,
of two basal, three PIP3 and four Gβγ experiments. Significance was determined using Student’s t test.. (C) PP1α dose-dependently stimulates P-Rex1 Rac-GEF activity. P-Rex1 Rac-GEF activity
was assayed in the presence or absence of 10 μM PIP3 and the indicated concentrations of recombinant PP1α. Basal and PIP3-dependent activities were measured with 50 nM and 10 nM P-Rex1
respectively to be within the linear range of the assay. Results are means +− range or S.E.M., as appropriate, of two basal and three PIP3 experiments. (D) PP1α stimulation of P-Rex1 requires
phosphatase activity. In vitro assays were performed as in (B) in the presence of 0.5 μM okadaic acid. Results are means of two basal, three PIP3 and four Gβγ experiments, presented as the
percentage inhibition of PP1α-dependent P-Rex1 activity. Significance was determined using a Student’s t test.

physiological levels (Figure 1F). Taken together, the in vitro and
in vivo data suggest that full-length P-Rex1 and P-Rex2 directly
interact with PP1α via the RVxF motif in their IP4P domain.

PP1α activates P-Rex1 Rac-GEF activity in vitro

We tested whether PP1α affects P-Rex1 Rac-GEF activity in
vitro using recombinant Sf9-cell-derived EE–P-Rex1 and EE–
Rac2, and purified native rabbit PP1. PP1 stimulated the PIP3-
dependent Rac-GEF activity of an equimolar concentration of EE–
P-Rex1 by 70% and the Gβγ -dependent P-Rex1 activity by 30%
(Figure 2A). Therefore native purified PP1 directly stimulates P-
Rex1 Rac-GEF activity, although its impact may differ slightly
between PIP3- and Gβγ -dependent responses. There was also a
tendency for a modest PP1-dependent increase when P-Rex1 was
co-stimulated with sub-maximal concentrations of both Gβγ and
PIP3 (Figure 2A).

Since the native PP1 preparation is a mixture of all
three isoforms, we next conducted similar experiments with
purified recombinant E. coli-expressed PP1α. Recombinant PP1α
stimulated the basal EE–P-Rex1 Rac-GEF activity by 30% and
the PIP3- and Gβγ -dependent activities by 40% and 130%
respectively (Figure 2B). Furthermore, the basal Rac1-GEF
activity of EE–P-Rex1 was stimulated by PP1α in a similar way as
its Rac2-GEF activity (Figure 2B and Supplementary Figure S1E).
Thus bacteria-derived PP1α can activate P-Rex1, which shows
that, among PP1 isoforms, at least PP1α can activate P-Rex1 and
that post-translational modification of PP1α is not required. The
slightly different extent to which recombinant and native PP1

activate P-Rex1 probably reflects the variations in PIP3 and Gβγ
concentrations we used to keep Rac activity within the linear
range in both assays.

Recombinant PP1α stimulated both the basal and PIP3-
dependent P-Rex1 Rac2-GEF activities in a dose-dependent
manner. At the highest concentration of PP1α tested (1.4 μM),
basal P-Rex1 activity was stimulated 5.2-fold and PIP3-dependent
activity 2.3-fold (Figure 2C). Both dose–response curves ran
approximately in parallel, suggesting additive effects of PP1α
and PIP3 on P-Rex1 activity. Interestingly, the curves did not reach
saturation even at higher concentrations where PP1α was present
in molar excess. This indicates perhaps that PP1α acts on several
target sites sequentially (at least in vitro), each event stimulating
P-Rex1 further. In summary, PP1α directly stimulates P-Rex1
Rac-GEF activity in vitro, both independently of and additively
to, PIP3 or Gβγ .

We next tested whether phosphatase activity is required for
the activation of P-Rex1 by PP1α. We performed in vitro Rac-
GEF activity assays in the presence of okadaic acid, a potent
phosphatase inhibitor that does not affect PP1 binding to the RVxF
docking motif [40,41]. Okadaic acid inhibited PP1α stimulation of
the basal and PIP3-dependent Rac-GEF activities of EE–P-Rex1
by 76% and 93% respectively (Figure 2D). Thus the phosphatase
activity of PP1α is important for activation of P-Rex1, suggesting
that PP1α activates P-Rex1 by dephosphorylation. Interestingly,
okadaic acid did not completely eliminate PP1α stimulation of P-
Rex1 activity. In particular, the Gβγ -dependent response was less
sensitive (28% reduction). Hence although phosphatase activity
is a major factor, complex formation (and perhaps conformational
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Figure 3 PP1α stimulates P-Rex1 Rac-GEF activity in vivo

(A) PP1α stimulates P-Rex1 WT, but not P-Rex1 VAFA, Rac-GEF activity in vivo. Pak-CRIB pull-down assay for endogenous Rac1 activity in serum-starved HEK-293 cells expressing Myc–P-Rex1
WT, Myc–P-Rex1 VAFA and/or eGFP–PP1α, stimulated with (right-hand panel, dark grey bars) or without (right-hand panel, light grey bars) 50 nM LPA for 1 min. The GTP-loading of Rac1 (left-hand
panel, Rac1 activity), and the expression of Rac1 (2 % of the total loaded), P-Rex1 and PP1α were assessed by immunoblotting. The left-hand panel shows blots from one experiment that is
representative of four. The right-hand panel shows densitometric analysis of four experiments (two for untransfected cells). Results are means +− range or S.E.M., as appropriate. Significance was
determined using Tukey’s Honestly Significant Difference test. (B) Phosphatase-dead PP1α cannot stimulate P-Rex1 Rac-GEF activity in vivo. Pak-CRIB pull-down assays as in (A), measuring
P-Rex1 Rac-GEF activity in serum-starved HEK-293 cells upon co-expression with either eGFP–PP1α WT or phosphatase-dead eGFP–PP1α R96A. (C) PP1α and PP1β can both stimulate P-Rex1
Rac-GEF activity in vivo. Pak-CRIB pull-down assays, as in (A), measuring P-Rex1 Rac-GEF activity in serum-starved HEK-293 cells upon co-expression with either eGFP–PP1α or eGFP–PP1β .
The left-hand panel shows blots from one experiment that is representative of four. The right-hand panel shows densitometric analysis of four experiments normalized to P-Rex1-only samples.
Results are means +− S.E.M. Significance was determined using a Tukey’s Honestly Significant Difference test. In the panels showing blots, the molecular mass is given in kDa on the right-hand side.
WB, Western blot.

change) also contributes to P-Rex1 activation by PP1α, notably
in the presence of Gβγ subunits (Figure 2D).

PP1α activates P-Rex1 in vivo

To test whether PP1α stimulates P-Rex1 GEF activity in vivo,
we used HEK-293 cells, because of their low basal and high
P-Rex1-dependent endogenous Rac1 activity (i.e. GTP-loading
of Rac1) [25]. Expression of either Myc–P-Rex1 WT or the
PP1α binding-deficient mutant Myc–P-Rex1 VAFA in serum-
starved cells induced a 3.5- and 4.7-fold increase in active
Rac1 respectively, compared with the untransfected controls
(Figure 3A). Expression of PP1α alone also induced a slight (2.3-
fold) increase in active Rac1. Importantly though, co-expression
of P-Rex1 WT with PP1α resulted in a synergistic 14-fold (i.e.
2.4-fold over additive) increase in active Rac1, demonstrating that
PP1α substantially stimulates P-Rex1 Rac-GEF activity in vivo.
In contrast, co-expression of P-Rex1 VAFA with PP1α induced
no such increase. Thus PP1α substantially activates P-Rex1 Rac-

GEF activity in mammalian cells in an RVxF motif-dependent
manner (Figure 3A).

To investigate whether PP1α stimulation of P-Rex1 Rac-GEF
activity is relevant in GPCR signalling, we stimulated HEK-293
cells for 1 min with 50 nM LPA prior to cell lysis. LPA stimulation
causes Gβγ -subunit release, thereby stimulating P-Rex1 Rac-
GEF activity [25]. Whereas LPA stimulation had no effect on
Rac1 activity in cells expressing PP1α alone or co-expressing
PP1α with P-Rex1 VAFA, it induced a 2-fold increase in Rac1
activity in cells expressing either P Rex1 WT alone or P Rex1 WT
together with PP1α (Figure 3A). Therefore PP1α can stimulate
the Rac-GEF activity of P-Rex1 in vivo either independently of,
or in addition to, stimulation by GPCR signalling.

We noted that co-expression with PP1α affected P-Rex1 protein
levels in some experiments. To test for a possible correlation
with Rac1 activity, we titrated P-Rex1 to induce up to five-fold
variation in overexpression levels (Supplementary Figure 2A at
http://www.BiochemJ.org/bj/443/bj4430173add.htm). In serum-
starved control cells, ∼0.3% of cellular Rac was active (range of
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0–0.7% between experiments), and in P-Rex1-overexpressing
cells ∼1% (range of 0.3–2.5%), but there was no direct
correlation between specific levels of P-Rex1 overexpression
and Rac1 activity (Supplementary Figure 2A). Therefore the
stimulation of P-Rex1 Rac-GEF activity by PP1α is unlikely
to have been affected by the observed fluctuations in P-Rex1
expression levels.

To test whether P-Rex1 activation by PP1α requires
phosphatase activity in vivo, we used a phosphatase-dead mutant
(R96A). PP1α R96A expressed poorly, but under conditions of
comparable PP1α WT and PP1α R96A expression levels, PP1α
R96A did not stimulate P-Rex1-dependent Rac1 activity, whereas
PP1α WT induced the expected robust increase (Figure 3B).
Thus, as suggested by the in vitro assays, stimulation of P-Rex1
Rac-GEF activity by PP1α is largely dependent upon PP1α
phosphatase activity rather than mere protein complex formation.

To investigate whether down-regulation of endogenous PP1α
could be sufficient to reduce the Rac-GEF activity of over-
expressed P-Rex1, we treated HEK-293 cells with siRNA against
PP1α. Under conditions where endogenous PP1α levels were
reduced by 90%, P-Rex1 activity was unaffected (Supplementary
Figure S2B). Hence either endogenous PP1α has little effect on
P-Rex1 activity in basal cells (but see below), or the reduction of
PP1α levels was not sufficient to produce an effect, or there was
redundancy with another phosphatase.

Many PP1-interacting proteins can bind PP1α as well as its
close homologue PP1β [42]. To assess whether the activation
of P-Rex1 shows any PP1 isoform specificity, we expressed
P-Rex1 WT together with either PP1α or PP1β in HEK-293 cells
and measured endogenous Rac1 activity. Like PP1α, PP1β was
also able to stimulate P-Rex1 activity. However, whereas PP1α-
dependent stimulation was 3.5-fold, as expected, PP1β-dependent
stimulation was merely 2-fold, despite PP1α and PP1β expression
levels being similar (Figure 3C). This indicates some degree of
isoform specificity in PP1-dependent activation of P-Rex1, with
a preference for PP1α.

PP1α stimulates P-Rex1-dependent changes in cell morphology

We next investigated whether PP1α stimulation of P-Rex1 Rac-
GEF activity is sufficient to affect cell shape, a major cellular
function of Rac. We used PAE cells, for which Rac-dependent
morphology is well characterized [36,43]. Serum-starved PAE
cells have a kite-shaped morphology with actin stress fibres
(Figure 4A). PDGF stimulation of PAE cells causes Rac-
dependent lamellipodia formation and membrane ruffling, and
increases P-Rex1 activity in a PI3K/PIP3-dependent manner [2].
High Rac-GEF activity or constitutively active V12-Rac induce
spreading and actin polymerization around the edge of PAE cells
(‘highly-active Rac’ shape) (Figure 4A).

PAE cells expressing Myc–P-Rex1 WT or Myc–P-Rex1
WT VAFA with or without eGFP–PP1α were serum-starved,
then stimulated or not with PDGF, and their morphology
analysed by immunofluorescence microscopy both for lamellipo-
dia/membrane ruffles and ‘highly-active Rac’ shape. Expression
of P-Rex1 WT, P-Rex1 VAFA or PP1α alone did not cause signi-
ficant changes in cell morphology (Figure 4B and Supplementary
Figure S2C). In contrast, co-expression of P-Rex1 WT with PP1α
caused a 4-fold increase in ‘highly-active Rac’ morphology from
approximately 3 to 14% of serum-starved cells, and doubled the
proportion of cells with lamellipodia and edge ruffles from 14 to
29% (Figure 4B and Supplementary Figure S2C), whereas co-
expression of P-Rex1 VAFA with PP1α did not. PDGF stimulation
further increased the proportion of P-Rex1 WT and PP1α-co-
expressing cells with ‘highly-active Rac’ morphology to 25% and

Figure 4 PP1α stimulates P-Rex1-dependent changes in cell morphology
in basal and PDGF-stimulated PAE cells

(A) Morphology of untransfected (left-hand panel) or V12-Rac-transfected (right-hand panel)
PAE cells, revealed by phalloidin staining of the actin cytoskeleton. V12-Rac cells show
the characteristic ‘highly-active Rac’ morphology. (B) PP1α stimulates P-Rex1-dependent
‘highly-active Rac’ morphology in basal (light grey bars) or PDGF-stimulated (dark grey
bars) PAE cells. PAE cells overexpressing Myc–P-Rex1 WT or Myc-P-Rex1 VAFA with or
without eGFP–PP1α were serum-starved and stimulated for 5 min with 10 ng/ml PDGF (or
mock-treated), as indicated, fixed, stained, and P-Rex1 and PP1α expression analysed by
immunofluorescence microscopy. In total 100 transfected cells per coverslip, and duplicate
coverslips per sample, were scored blind for ‘highly-active Rac’ morphology as in (A). Results
are means +− S.E.M. for five independent experiments. Significance was determined using a
Student’s t test.

that of cells with lamellipodia and edge ruffles to 60% (Figure 4B
and Supplementary Figure S2C). Hence PP1α stimulation of P-
Rex1 Rac-GEF activity is sufficient to affect Rac-dependent cell
responses, both independently of and in addition to receptor-
tyrosine kinase/PIP3-mediated stimulation. This is similar to our
findings in HEK-293 cells, where PP1α could act both independ-
ently of and in addition to GPCR/Gβγ -mediated stimulation.

PP1α dephosphorylation sites on P-Rex1

As the catalytic activity of PP1α is important for its effects on P-
Rex1, we investigated how PP1α affects P-Rex1 phosphorylation.
Sf9-cell-derived human EE–P-Rex1 migrates as a doublet on
SDS/PAGE which clearly separates on large gels. The upper
band is a cytosolic form with relatively low Rac-GEF activity,
the lower band is a membrane-bound form with elevated basal
activity; P-Rex1 stimulation with PIP3 and Gβγ causes depletion
of the upper and enrichment of the lower band [21,22,25]. When
we incubated purified recombinant Sf9-cell-derived EE–P-Rex1
with recombinant PP1α, PP1α caused a reduction in serine
phosphorylation particularly of the upper band, suggesting that
the inactive cytosolic form of P-Rex1 may be its main target
(Figure 5A). Accordingly, immunofluorescence microscopy in
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Figure 5 Ser1165 is a PP1α target dephosphorylation site on P-Rex1
important in the regulation of P-Rex1 activity

(A) Phosphoserine content of purified recombinant Sf9-cell-derived P-Rex1 (25 nM) after
incubation with or without recombinant PP1α (500 nM) for 30 min. Shown is a Western blot
analysis from one experiment that is representative of two. (B) Gel-migration properties of P-Rex1
WT and P-Rex1 VAFA. Lysates of PAE cells expressing EE–P-Rex1 WT or EE–P-Rex1 VAFA
together with eGFP–PP1α were subjected to anti-EE immunoprecipitation and precipitates were
analysed by anti-P-Rex1 or phosphoserine Western blots as indicated. (C) MS of phosphorylation
sites in P-Rex1 WT (grey bars) and P-Rex1 VAFA (black bars). EE–P-Rex1 WT and EE–P-Rex1
VAFA were expressed in PAE cells (without exogenous PP1α) and anti–EE immunoprecipitates
were subjected to SDS/PAGE. P-Rex1 bands were isolated, digested either with trypsin,
chymotrypsin or AspN, and subjected to LC–MS/MS. This achieved 96 % coverage of P-Rex1
and revealed ten phosphopeptides on to which ten serine phosphorylation sites were mapped.
Their level of phosphorylation (compared with the total peptide) was measured by MS, and was
sufficiently high for analysis in the eight indicated sites. (D) P–Rex1 WT, P–Rex1 Ser1165A
or P-Rex1 ‘cluster’ mutant were expressed in HEK-293 cells with or without eGFP–PP1α,
serum-starved and subjected to a Pak-CRIB pull-down assay to measure endogenous Rac1
activity. Results are means +− S.E.M. for four independent experiments. Significance was
determined using a Student’s t test.

HEK-293 and PAE cells showed no obvious changes in the largely
cytosolic subcellular localizations of P-Rex1 and PP1α upon their
co-expression (results not shown).

We next compared the gel-migration properties of EE–P-Rex1
WT and EE–P-Rex1 VAFA upon co-expression with PP1α in
basal PAE cells. Immunoprecipitated P-Rex1 WT migrated as
a doublet like Sf9-cell-derived P-Rex1, whereas P-Rex1 VAFA
lacked the lower band and gained a higher band, indicative of

higher phosphorylation levels (Figure 5B). A similar pattern was
observed in phosphoserine Western blots (Figure 5B). Hence,
although the ability of P-Rex1 to bind PP1α does affect gel
migration, it has no major impact on global P-Rex1 phosphoserine
levels, suggesting that PP1α target sites represent a minority of
all P-Rex1 phosphorylation sites.

To identify the site(s) of PP1α-dependent dephosphorylation,
we analysed PAE-cell-derived P-Rex1 WT and P-Rex1 VAFA
by MS, reasoning that PP1α target residues would be more
highly phosphorylated in P-Rex1 VAFA. Importantly, we did
not overexpress PP1α in these experiments, but relied solely
on endogenous PP1α in order to reveal only physiologically
relevant sites. P-Rex1 WT and P-Rex1 VAFA immunoprecipitates
were subjected to SDS/PAGE, and P-Rex1 bands were isolated,
digested with three proteases separately (trypsin, chymotrypsin,
AspN), and subjected to LC–MS/MS to identify phosphorylated
proteolytic fragments. This approach achieved 96% coverage
of P-Rex1 and revealed ten phosphopeptides on to which
phosphorylation sites were mapped, resulting in the identification
of ten phosphorylated serine residues: Ser436, Ser805, Ser834,
Ser1001, Ser1049, Ser1125, Ser1165, Ser1182, Ser1191 and Ser1200

(Supplementary Figures S3A and S3B at http://www.BiochemJ.
org/bj/443/bj4430173add.htm). Tyrosine and threonine phos-
phorylation was not detected.

The same ten phosphoserine residues were found in P-Rex1
WT and P-Rex1 VAFA, suggesting that either their
phosphorylation is PP1α-independent or that endogenous PP1α
only dephosphorylates a proportion of P-Rex1 molecules. To test
this, we measured the degree of phosphorylation of each peptide
by MS. This approach was successful with eight of the ten
phosphopeptides (the concentrations of the peptides containing
Ser1191 and Ser1200 were too low for accurate quantification). It
showed that the phosphorylation level of each peptide was low,
ranging from �1 to 13% of molecules. Importantly though,
phosphorylation of three serine residues, namely Ser834, Ser1001

and Ser1165, was stronger in P-Rex1 VAFA than P-Rex1 WT,
suggesting that the ability of P-Rex1 to bind PP1α is required
for dephosphorylation of these sites (Figure 5C). Thus these
three serine residues are candidate sites for PP1α-dependent
dephosphorylation. In contrast, the other sites showed no different
or higher phosphorylation in P-Rex1 WT than P-Rex1 VAFA and
are therefore unlikely to be PP1α targets.

Ser1165 is a phosphorylation site important in the regulation
of P-Rex1 activity

Of the three candidate residues, Ser1165 showed the greatest (3-
fold) difference in phosphorylation between P-Rex1 WT and
P-Rex1 VAFA (Figure 5C) and was also most evolutionarily
conserved (Supplementary Figure S3C). We therefore considered
Ser1165 likely to be the most important PP1α target site. To test
this, we generated a P-Rex1 S1165A point mutant and assayed
the effects of the mutation on P-Rex1 Rac-GEF activity in HEK-
293 cells. P-Rex1 S1165A had 3-fold higher Rac-GEF activity
than P-Rex1 WT, similar to PP1α-stimulated P-Rex1 WT acti-
vity (Figure 5D), suggesting that the alanine mutation mimics the
dephosphorylated state of Ser1165. Therefore Ser1165 seems to be a
major PP1α target site in P-Rex1 and is important in the regulation
of P-Rex1 activity.

Finally, as predicted from the MS analysis, we found that Ser1165

was not the only PP1α target site, because co-expression of
P-Rex1 S1165A with PP1α induced even higher Rac1 activity
than expression of P-Rex1 S1165A alone (Figure 5D). In an
attempt to identify further residues that may contribute to P-Rex1
regulation, we generated a P-Rex1 mutant comprising alanine
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Figure 6 Model of the regulation of P-Rex1 by PP1α

[1] Inactive cytosolic P-Rex1 is phosphorylated on Ser1165 and other serine residues and is in
a closed conformation. [2] PP1α binds to the RVxF motif in the IP4P domain of P-Rex1 and
dephosphorylates Ser1165 and probably two or more other serine residues. [3] This releases
steric inhibition of the DH/PH domain tandem by the C-terminal domains, inducing higher basal
activity and increased accessibility to Gβγ subunits and PIP3. At some point prior to P-Rex1
membrane translocation, PP1α may dissociate. [4] Stimulation of GPCRs and PI3K-coupled
receptors induces Gβγ subunit release and production of PIP3 respectively. Gβγ subunits
and PIP3 bind P-Rex1, stimulating stable membrane association and further activation of
P-Rex1. [5] Active P-Rex1 catalyses guanine-nucleotide exchange on Rac for GTP (activation).
[6] Upon cessation of Gβγ and PIP3 signals, P-Rex1 translocates back to the cytosol and is
phosphorylated by PKA [25] and possibly PKB or PKCδ [27]. Phosphorylation by PKA inactivates
P-Rex1. It remains to be seen whether PKA is the kinase responsible for phosphorylation of
Ser1165.

mutations in Ser1165 as well as four neighbouring serine residues.
One of these additional residues was Ser1182, identified as a phos-
phorylation site in the present study and also highly conserved
(Figure 5C and Supplementary Figure S3C), and the others
(Ser1169, Ser1179 and Ser1185) were identified as phosphorylation
sites in a separate project (S. Thelen and M. Thelen, unpublished
work). Indeed, this P-Rex1 ‘cluster’ mutant showed a similar
level of Rac1-GEF activity as P-Rex1 S1165A co-expressed with
PP1α (Figure 5D), indicating that among the serine residues
neighbouring Ser1165 there may be further PP1α target sites.

In summary, we have shown that PP1α directly binds P-
Rex1 through an RVxF motif and dephosphorylates and thereby
activates P-Rex1 in a physiologically relevant manner on Ser1165

and probably other residues. A model of how PP1α regulates P-
Rex1 in relation to the known mechanisms of regulation through
PIP3, Gβγ and PKA is shown in Figure 6.

DISCUSSION

We have identified PP1α-dependent dephosphorylation as a novel
mechanism of P-Rex1 regulation. PP1α binds P-Rex1 through an
‘RVxF’ motif and dephosphorylates P-Rex1 on Ser1165, thereby
stimulating P-Rex1 Rac-GEF activity. Previous mutagenesis
work has suggested that the C-terminal domains of P-Rex1 are
autoinhibitory under basal conditions, presumably by folding
back on to the catalytic DH/PH tandem [21,22,24]. The results
of the present study support a model in which PP1α-dependent
dephosphorylation of P-Rex1 Ser1165 releases this autoinhibition,
thus promoting an open conformation with elevated basal activity.
This probably also facilitates binding of Gβγ and PIP3, as PP1α
can activate P-Rex1 both independently of and in addition to
Gβγ and PIP3. The results of the present study also show that
regulation by PP1α is not absolutely required for P-Rex1 GEF
activity, as the PP1α-binding deficient P-Rex1 VAFA mutant had
near-normal basal activity in vivo. Hence the role of PP1α seems
to be to facilitate P-Rex activation.

P-Rex1 and P-Rex2 both bind PP1α through their RVxF motif.
Therefore it is highly probable that P-Rex2 is dephosphorylated
and activated by PP1α in the same manner as P-Rex1. The RVxF
motif is in the P-Rex IP4P domain, which has homology with
phosphatases, but seems devoid of phosphatase activity. It would
be interesting to re-iterate the search for activity in the presence
of bound phosphatase-dead PP1α, to see whether its binding can
unmask a cryptic IP4P phosphatase activity although this seems
unlikely given that protein binding usually inhibits phosphatases.
Some PP1α-interacting proteins have more sites of contact with
PP1α than just the RVxF motif [42]. Two additional PP1α-binding
motifs have been identified, ‘MyPhoNE’ and ‘SILK’ [31]. How-
ever, as mutation of the RVxF motif was sufficient to eliminate
P-Rex1 binding to PP1α, and neither of these additional motifs
are present in P-Rex1 or P-Rex2, it seems unlikely that important
secondary-binding sites exist in P-Rex. Of note, the splice variant
P-Rex2b does not contain an RVxF motif (it lacks the entire C-
terminal half), suggesting that the mechanisms of regulation differ
between this form and the other P-Rex family members.

Activation of P-Rex1 requires the catalytic activity of PP1α, as
okadaic acid treatment and phosphatase-dead PP1α have shown.
However, at least in the presence of Gβγ , inhibition of PP1α only
partially blocked P-Rex1 activity. This suggested that PP1α has
additional activity-independent effects on P-Rex1, presumably
through binding-induced conformational changes. Future
structural analysis will be required to address this possibility.

RNAi (RNA interference)-mediated down-regulation of
endogenous PP1α had no obvious effect on P-Rex1
activity, although MS confirmed that endogenous PP1α does
dephosphorylate P-Rex1. Hence the 90% PP1α knockdown
achieved in HEK-293 cells was either insufficient to affect P-
Rex1 activity or it revealed a redundancy with PP1β, which is
also able to stimulate P-Rex1 activity, albeit less well. The three
isoforms of PP1 (PP1α, -β and -γ ) are 90% identical and all
bind the RVxF motif, so binding partners commonly interact with
more than one isoform. Hence although it was surprising to find
even partial isoform preference, PP1β probably plays a somewhat
redundant role to PP1α in P-Rex1 regulation.

It would be of interest to determine the subcellular localizations
of P-Rex1 VAFA and P-Rex1 S1165A. Our model predicts that
dephosphorylation of Ser1165 facilitates binding of Gβγ and PIP3,
and therefore potentially also membrane association. However,
our imaging experiments to date have not revealed an obvious
influence of P-Rex1 WT/PP1α co-expression on the subcellular
localization of either protein, so effects on localization are likely
to be subtle at best.

It remains to be seen if the interaction between P-Rex1 and
PP1α is regulated by signalling events. In vitro activation of P-
Rex1 by PP1α does not require additional proteins, but it seems
likely that, in the cell, other binding partners mediate signalling
inputs to provide temporal and spatial control. Furthermore, endo-
genous PP1α has relatively minor effects on global P-Rex1 phos-
phorylation levels. It is possible that the inhibition of PP1α by P-
Rex1 observed in vitro also applies in vivo, thus limiting the extent
of P-Rex1 dephosphorylation. PP1α might dephosphorylate P-
Rex1 upon first contact, before being inhibited, and this inhibition
might also be sensitive to control by further binding partners.

The regulation of P-Rex1 GEF activity through phosphorylation
is far more complex than previously appreciated. We have iden-
tified three candidate PP1α target serine residues, and followed
up Ser1165 as it showed the biggest difference in phosphorylation
between P-Rex1 WT and P-Rex1 VAFA, and is perfectly con-
served. Indeed, loss of Ser1165 phosphorylation (S1165A mutant)
resulted in a 3-fold increase in basal P-Rex1 Rac-GEF activity.
However, correlation of Ser1165 phosphorylation levels with
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in vivo Rac-GEF activity levels is not straightforward and should
be addressed in vitro in the future by assessing the Rac-GEF activ-
ities of purified recombinant P-Rex1 proteins with the relevant
phospho-deficient and phospho-mimetic point mutations. Future
analysis of Ser834 and Ser1001, as well as individual serine
residues in the P-Rex1 cluster mutant, is likely to reveal further
PP1α-dependent sites. Of the seven other phosphoserine residue
sites identified, two more (Ser1191 and Ser1200) may be PP1α
targets, but their phosphorylation levels were too low for further
analysis. The five remaining sites (Ser436, Ser805, Ser1049, Ser1125

and Ser1182) are likely to be PP1α-independent, as they were
equally or more highly phosphorylated in P-Rex1 WT than P-
Rex1 VAFA. Of these, Ser436 was previously described as consti-
tutively phosphorylated in HL60 cells [44]. We also identified
more phosphoserine residues in a separate project (the P-Rex1
cluster mutant; S. Thelen and M. Thelen, unpublished work),
and four further sites have recently been described which are
affected by receptor tyrosine kinase signalling in breast cancer
cells [17]. All these sites must be under the direct control of
serine kinases and phosphatases, and are potentially capable of
regulating P-Rex1 activity, protein complex formation and/or
subcellular localization.

Inhibition of P-Rex1 GEF activity by PKA-mediated
phosphorylation has been described previously [25]. It remains
to be seen if PKA is the kinase that reverses the activation of
P-Rex1 by PP1α. The simplest model would include PP1α-
mediated dephosphorylation and activation, followed by PKA
phosphorylating the same residue to switch-off activity. Such a
simple mechanism appears unlikely, as Ser1165 does not lie within
a PKA consensus sequence and PP1α is not absolutely required
for P-Rex1 activity, whereas PKA phosphorylation abrogates P-
Rex1 stimulation by Gβγ and PIP3. Therefore PKA is unlikely
to be the kinase that reverses the effects of PP1α. This implies
the existence of further activating serine phosphatases in P-
Rex1 regulation. Interestingly, PKCδ and PKB have recently
been shown to stimulate P-Rex1-dependent ROS production in
COSphox cells [27]. Future studies will show whether P-Rex1 is
a direct target of PKB or PKCδ. In any event, it is already clear
that P-Rex1 regulation is a complex integration of many kinase
and phosphatase activities, which tie P-Rex1 into a much wider
signalling network than previously appreciated.

There are a limited number of other examples of serine/
threonine phosphatase involvement in GEF regulation. The Arf
GEFs BIG (brefeldin A-inhibited guanine-nucleotide-exchange
protein) 1 and BIG2 interact with PP1γ in vivo and are stimulated
by PP1γ in vitro [45]; the Arf-GEF BIG3 and the putative
Rho-GEF FARP1 [FERM, RhoGEF (ARHGEF) and pleckstrin
domain protein 1 (chondrocyte-derived)] are likely interactors of
PP1α [31], and the Rap-GEF C3G (Rap GEF1) targets PP2A
(protein phosphatase 2A) to the actin cytoskeleton, enabling
dephosphorylation of ERK (extracellular-signal-regulated kinase)
and suppression of malignant transformation [46]. Finally,
although phosphorylation is probably the most common
mechanism of regulation in Rho-GEFs, and the kinases involved
have often been studied in great detail, the present study is to our
knowledge the first to characterize the Rho-GEF regulation by
a serine/threonine phosphatase. It will be exciting to determine
the impact of this new mechanism of regulation on the functional
roles of P-Rex family GEFs in neuronal disorders, inflammation
and cancer biology.
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Figure S1 P-Rex2 is a PP1α-binding protein

(A) Bacterially expressed purified His-tagged P-Rex2 fragment 983–1187 was incubated with purified GST–PP1α or GST immobilized on glutathione agarose and binding revealed by immunoblotting
with anti-His antibody. WB, Western blot. (B) His–P-Rex2-(983–1187) was immobilized on Ni2 + -Sepharose, incubated with purified native rabbit PP1 and binding assessed by trypsin-revealed
phosphorylase phosphatase assay using eIF2β-(1–144) as a positive and eIF2β-(1 – 144) (mut) with a mutated RVxF motif as a negative control. Results are means +− S.E.M. [n = 3,
*P < 0.05 compared with eIF2β-(1–144) determined by a paired Student’s t test]. (C) Dose-dependent inhibition of the phosphorylase phosphatase activity of purified rabbit PP1 by purified
His–P-Rex2-(983–1187) in comparison with eIF2β-(1–144) and eIF2β-(1–144) (mut). Results are means +− S.E.M. (n = 3). (D) P-Rex1 amino acid sequences for all vertebrate species represented
in GenBank® were aligned with human P-Rex2 and P-Rex2b using ClustalX and analysed for the presence of an RVxF-type PP1-binding motif (red box). P-Rex2b terminates before the RVxF motif.
Blue, conserved residues; green, functionally similar residues; black, divergent residues. Significance was determined by a Student’s t test. (E) Recombinant PP1α stimulates basal P-Rex1 Rac1-GEF
activity in vitro. Basal P-Rex1 Rac-GEF activity was assayed as in Figure 2(B) of the main text, except that purified Sf9-cell-derived human full-length EE–Rac1 was used as a substrate instead of
EE–Rac2. Results are means +− range; significance was determined by a Student’s t test.
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Figure S2 Effects of P-Rex1 and PP1α expression levels on endogenous
Rac1 activity

(A) Endogenous Rac1 activity is not significantly affected by 5-fold variations in P-Rex1
overexpression levels. Myc–P-Rex1 WT levels were titrated over an approximately 5-fold
range by varying the amount of plasmid used for transfection of HEK-293 cells. Cells
were serum-starved and subjected to a Pak-CRIB assay. Endogenous Rac1 activity (GTP
loading) is plotted against P-Rex1 overexpression levels (�; compared with standard P-Rex1
overexpression) and endogenous P-Rex1 levels (�). Data are pooled from nine experiments.
(B) siRNA-mediated down-regulation of endogenous PP1α levels does not affect basal
P-Rex1 Rac-GEF activity. Myc–P-Rex1 was overexpressed in HEK-293 cells concomitantly
with siRNA-mediated knockdown of PP1α expression or mock knockdown with control siRNA.
Cells were serum-starved and subjected to a Pak-CRIB assay to measure endogenous Rac1
activity. Left-hand panel: Western blots from one experiment that is representative of three.
Right-hand panel: densitometric analysis. Results are means +− S.E.M. for three experiments.
(C) PP1α stimulates P-Rex1-dependent lamellipodia formation and membrane ruffling in basal
(light grey bars) or PDGF-stimulated (dark grey bars) PAE cells. PAE cells overexpressing
Myc–P-Rex1 WT or Myc–P-Rex1 VAFA with or without eGFP–PP1α were serum-starved and
stimulated for 5 min with 10 ng/ml PDGF (or mock treated), as indicated, fixed, stained,
and P-Rex1 and PP1α expression analysed by immunofluorescence microscopy. For each
coverslip 100 transfected cells, and duplicate coverslips per sample, were scored blind for
‘highly-active Rac’ morphology as in (A). Results are means +− S.E.M. for five independent
experiments. Significance was determined by a Student’s t test.
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Figure S3 MS analysis of P-Rex1

EE–P-Rex1 WT and EE–P-Rex1 VAFA were expressed in PAE cells (without exogenous PP1α) and anti-EE immunoprecipitates subjected to SDS/PAGE. P-Rex1 bands were isolated, digested either
with trypsin, chymotrypsin or AspN, and subjected to LC–MS/MS. (A) Phosphopeptides and serine phosphorylation sites (bold red) identified in P-Rex1 WT and P-Rex1 VAFA. Mox, methionine
sulfoxide. (B) A 96 % coverage (residues in red) was achieved and revealed ten phosphoserine residues (highlighted in yellow) both in P-Rex1 WT and P-Rex1 VAFA. The RVxF motif is highlighted in
green. (C) Conservation of the ten identified phosphoserine sites throughout P-Rex1 evolution. The alignment was performed with ClustalX. Red, conserved residues; blue, fairly conserved residues;
green, residues conserved by structural similarity; black, divergent residues.
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