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The serine/threonine PP-1c (protein phosphatase-1 catalytic
subunit) is regulated by association with multiple regulatory subunits. Human ASPPs (apoptosis-stimulating proteins of p53)
comprise three family members: ASPP1, ASPP2 and iASPP
(inhibitory ASPP), which is uniquely overexpressed in many
cancers. While ASPP2 and iASPP are known to bind PP-1c, we
now identify novel and distinct molecular interactions that allow
all three ASPPs to bind differentially to PP-1c isoforms and p53.
iASPP lacks a PP-1c-binding RVXF motif; however, we show it
interacts with PP-1c via a RARL sequence with a K d value of
26 nM. Molecular modelling and mutagenesis of PP-1c–ASPP
protein complexes identified two additional modes of interaction.
First, two positively charged residues, Lys260 and Arg261 on PP-1c,
interact with all ASPP family members. Secondly, the C-terminus

of the PP-1c α, β and γ isoforms contain a type-2 SH3 (Src
homology 3) poly-proline motif (PxxPxR), which binds directly
to the SH3 domains of ASPP1, ASPP2 and iASPP. In PP-1cγ
this comprises residues 309–314 (PVTPPR). When the Px(T)PxR
motif is deleted or mutated via insertion of a phosphorylation site
mimic (T311D), PP-1c fails to bind to all three ASPP proteins.
Overall, we provide the first direct evidence for PP-1c binding via
its C-terminus to an SH3 protein domain.

INTRODUCTION

an extended fashion within a hydrophobic pocket of PP-1c remote
from the catalytic site [7,8]. Mutation of hydrophobic valine and
phenylalanine positions in the motif abolishes the ability of fulllength R-subunits to bind to PP-1c [7–9]. Additionally, short
synthetic RVXF-containing peptides competitively bind to PP1c and are sufficient to disrupt the binding of RVXF-containing
R-subunits [7,8,10].
The ankyrin-repeat, SH3 (Src homology 3) domain and prolinerich region containing proteins are a unique family of p53binding proteins that modulate the activity of p53 [11]. Therefore,
they are often referred to as the ASPPs (apoptosis-stimulating
proteins of p53). The human genome encodes three principal
ASPP proteins: ASPP1, ASPP2 and an iASPP (inhibitory ASPP;
Figure 1). ASPP2 was found to be homologous with two other
proteins, later named ASPP1 and iASPP [11]. ASPP1 and ASPP2
bind directly to the DNA-binding domain of wild-type p53 via
their ankyrin-repeat and SH3 domains to enhance the apoptotic
function of p53 [12,13]. The crystal structure of p53 bound
to p53BP2/ASPP2 revealed that ASPP2 binds to the same
region of p53 that interacts with DNA [14,15]. Not surprisingly,
mutants of p53 commonly found in cancer lack the ability to
interact with DNA or ASPP2 [16]. Although iASPP also interacts
with the DNA-binding domain of p53, unlike ASPP1 and ASPP2,
iASPP was shown to also bind with higher affinity to the Nterminal proline-rich domain of p53 [12]. Differences in binding
to p53 may provide one explanation of how ASPP1/2 and iASPP
have opposing functions within the cell.

Nearly 70 % of all eukaryotic proteins are modified by
reversible phosphorylation reactions [1]. While the human
genome encodes for approximately 400 serine/threonine protein kinases, it encodes for substantially fewer serine/threonine
protein phosphatase catalytic subunits, as protein kinases
outnumber protein phosphatases by three to one [2]. A key
biological question is how a small number of protein phosphatases
can counteract the actions of many protein kinases to maintain
spatial and temporal regulation of substrate dephosphorylation.
In mammals, there are three isoforms of the type-1 protein
phosphatase PP-1c (protein phosphatase-1 catalytic subunit; α,
β and γ ) that share 76–88 % sequence identity, differing mainly
within their N- and C-termini. PP-1c associates with multiple
R-subunits (regulatory subunits), which target PP-1c to specific
substrates to balance the actions of serine/threonine protein
kinases. To date, over 180 PP-1c R-subunits have been identified
[3,4]. By binding to R-subunits, PP-1c exists in many different
mutually exclusive oligomeric states within a cell, altering
not only its substrate specificity, but also targeting to specific
subcellular locations.
PP-1c R-subunits interact with PP-1c through multiple contact
sites [5,6]; however, the majority of PP-1c regulatory proteins
contain a conserved amino acid consensus sequence referred to as
the RVXF-binding motif ([K/R]-X0–1 -[V/I/L]-X-[F/W], where X
can be any amino acid except proline). This motif binds to PP-1c in
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Figure 1
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Linear domain structures of the ASPPs

Both ASPP1 and ASPP2 contain a canonical PP-1c-binding motif (RVRF and RVKF respectively), whereas iASPP contains an RVXF-like motif (RARL). Regions in the ASPP proteins are depicted as:
α, α-helical domain; Pro, proline-rich-region; Ank, ankyrin-repeat; and SH3, Src-homology 3 (SH3) domain.

iASPP was originally identified as RAI [inhibitor of the
RelA p65 subunit of NF-κB (nuclear factor κB)] [17]. iASPP
is conserved from worms to humans and, unlike ASPP1 and
ASPP2, functions as an oncogene in cells by decreasing the
apoptotic activity of p53. iASPP is overexpressed in many
cancers that typically have normal levels of ASPP2 and p53,
including breast cell carcinomas and acute myeloid leukaemias
[12,13,18]. Additionally, iASPP and p53 were shown to form a
negative-feedback loop, as iASPP protein expression is induced
indirectly through the accumulation and activation of p53 [19].
The C-terminus of iASPP (ankyrin-repeat and SH3 domains) is
homologous with the C-termini of ASPP1 and ASPP2, and iASPP
has been shown to directly compete with ASPP1 and ASPP2 for
binding to p53 [20].
ASPP1 and ASPP2 were later shown to bind to other proteins,
including the p65 subunit (RelA) of NF-κB, the hepatitis C virus
core protein, Bcl-2, YAP (Yes-associated protein), Lats2 (large
tumour suppressor protein 2) and PP-1c [21–27]. ASPP2 contains
a principal PP-1c RVXF binding motif and has been shown to bind
to PP-1c with a greater affinity than p53 [27]. ASPP1 also contains
an equivalent RVXF motif and therefore prior to the present study
we predicted it would also bind to PP-1c. In contrast, although
iASPP retains its ability to bind to p53, it does not contain a
classical PP-1c RVXF motif. Nevertheless, Llanos et al. [28]
have shown that iASPP is able to bind to PP-1c. In the present
study, we have investigated the molecular interactions between
ASPP proteins and PP-1c. We demonstrate that both ASPP1
and iASPP have the ability to bind to PP-1c in a stable 1:1
complex and these protein complexes are disrupted by the addition
of RVXF-containing peptides. Furthermore, by using molecular
modelling and site-specific mutagenesis we have identified several
unique regions of PP-1c that are essential for interaction with the
ASPP proteins.

EXPERIMENTAL
Materials

The active-site-directed protein phosphatase inhibitor, MC
(microcystin)-LR, was purified from Microcystis aeruginosa
collected from Little Beaver Lake (Ferintosh, AB, Canada) as
described previously [29]. Full-length human wild-type cDNA
for ASPP2 (GenBank® accession number NM_005426) and
iASPP (GenBank® accession number NM_006663) were used as
described previously [12]. Full-length ASPP1 cDNA (GenBank®
accession number NM_015316) was prepared as described in
[30]. Full-length ASPP2 and iASPP cDNA constructs were
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provided by Dr Xin Lu (Ludwig Institute for Cancer Research,
Oxford, U.K.) [28]. Full-length human p53 cDNA (GenBank®
accession number NM_000546) was purchased from B-Bridge
International. Unless otherwise stated, all other chemicals and
reagents were purchased from Sigma–Aldrich. MC–Sepharose
and control Sepharose preparations were synthesized as described
previously [31,32]. Affinity-displacement chromatography and
co-IP (immunoprecipitation) experiments were carried out as
described in Moorhead et al. [33].
Expression and purification of recombinant PP-1c isoforms

Human and rabbit recombinant PP-1c isoforms α, β
and γ (GenBank® accession numbers NM_001008709,
XM_002719749 and NM_001244974 respectively) were
expressed and purified to homogeneity as described in [34],
with the following modifications. A single colony of Escherichia
coli C41 DE3 cells transformed with either pKK223.3-hPP-1cα,
pCW-rPP-1cβ or pCW-hPP-1cγ was used to inoculate a 400 ml
overnight culture of LB (Luria–Bertani) medium containing
1 mM MnCl2 and 200 μg/ml ampicillin. The overnight culture
was then subcultured into 4 litres of LB medium containing 1 mM
MnCl2 , 0.001 % vitamin B1 and 200 μg/ml ampicillin. Once the
culture reached an attenuance of approximately 0.5 at 600 nm,
protein expression was induced with 0.1–0.5 mM IPTG (isopropyl
β-D-thiogalactopyranoside) for 18 h. Cells were harvested by
centrifugation at 6000 g for 45 min and 4 ◦ C and resuspended
in approximately 130 ml of buffer A [50 mM imidazole (pH 7.5),
0.5 mM EDTA, 0.5 mM EGTA, 2 mM MnCl2 , 0.5 mM PMSF,
2 mM benzamidine, 3 mM DTT (dithiothreitol), 100 mM NaCl
and 10 % (v/v) glycerol] containing 2 μg/μl DNase A and one
SigmaFASTTM protease inhibitor tablet. Cells were then lysed
by three consecutive passes through an Emulsiflex-C3 highpressure homogenizer (Avestin) and centrifuged for 45 min at
13 000 g at 4 ◦ C. Supernatant was loaded on to a heparin–
Sepharose CL-6B column (GE Healthcare) and PP-1c protein
was eluted using a 400 ml linear gradient of buffer A containing
0.1–0.5 M NaCl. Fractions were assayed for phosphatase activity
using the colorimetric pNPP (p-nitrophenyl phosphate) assay
[35,36]. Active fractions were pooled and diluted 3.5× in buffer
B [50 mM imidazole (pH 7.5), 0.5 mM EDTA, 2 MnCl2 , 2 mM
DTT and 20 % (v/v) glycerol], loaded on to a human Inhibitor2 (I-2) affinity column and eluted in buffer B containing 1 M
NaCl. Active fractions, confirmed to be homogeneously pure by
SDS/PAGE (12 % gel) analysis, were pooled and concentrated
to 1–4 mg/ml, an equal volume of glycerol added, and stored at
− 20 ◦ C.

Mechanism of PP-1c interaction with ASPP proteins
Expression and purification of human recombinant His-tagged
ASPP and p53 constructs

ASPP1867–1090 , ASPP2905–1128 , iASPP608–828 , iASPP626–828 and
p532–293 constructs were generated using PCR amplification,
engineering unique 3 and 5 restriction enzyme cleavage sites
(EcoRI and XhoI respectively). The iASPP608–828 L625A mutant
was generated using QuikChange® site-directed mutagenesis,
as described for PP-1c mutants. Each construct was cloned
into the pET28A vector and transformed into E. coli Rosetta
pLys cells (Novagen). A single colony of E. coli Rosetta cells
transformed with a plasmid construct was used to inoculate
400 ml of LB medium containing chloramphenicol (34 μg/ml)
and kanamycin (30 μg/ml). After cell growth overnight at 37 ◦ C,
the culture was used to inoculate 4 litres of LB medium containing
chloramphenicol (34 μg/ml) and kanamycin (30 μg/ml) and were
grown at 37 ◦ C to an attenuance of 0.5 at 600 nm. Protein
expression was induced with 0.1 – 0.3 mM IPTG for 18 h at
28 ◦ C. The cells were harvested by centrifugation at 4 ◦ C for
15 min at 6000 g. Pelleted cells were resuspended in 150 ml
of buffer F [25 mM sodium phosphate (pH 8.0), 125 mM NaCl
and 1 % (v/v) Tween 20] containing 15 mM imidazole, 2.7 mM
KCl, 1 mM PMSF, 1.5 ml of protease inhibitor cocktail for Histagged proteins (Sigma), and 5 mM β-Me (2-mercaptoethanol).
Cells were lysed as described for PP-1c and centrifuged for
45 min at 13 000 g at 4 ◦ C. Supernatant was applied to a NiNTA (Ni2 + -nitrilotriacetate) affinity His-prep FF 16/10 column
(GE Healthcare) at 1.0 ml · min − 1 . ASPP proteins were eluted in
buffer F containing 250 mM imidazole. Elution fractions (5 ml)
were pooled based on SDS/PAGE (12 % gel) analysis and then
separated on a Superdex 75 26/60 size-exclusion column (GE
Healthcare), at 0.9 ml · min − 1 . Protein was eluted with buffer G
[25 mM Tris/HCl (pH 8.0), 150 mM NaCl and 1 mM DTT] as
described previously [37]. Fractions (3 ml) were pooled based on
SDS/PAGE (12 % gel) analysis and concentrated to ∼ 5 mg/ml.
An equal amount of glycerol was added and the solution stored at
− 20 ◦ C.
Gel-filtration chromatography binding experiments

Gel-filtration chromatography was performed using FPLC
(Amersham Pharmacia Biotech). Highly purified preparations of
PP-1cα and His-tagged iASPP608–828 were incubated either alone
or together at 30 ◦ C for 45 min prior to resolution on a Superdex
75 10/30 gel-filtration column (GE Healthcare). The proteins
were resolved at a flow rate of 0.1 ml · min − 1 using buffer H
[50 mM imidazole (pH 7.8), 0.3 M NaCl, 0.5 mM EDTA, 0.5 mM
EGTA, 2.0 mM DTT and 10 % glycerol] containing 2 mM MnCl2 .
Fractions (250 μl) were collected and analysed by SDS/PAGE
(12 % gel).
For the trimeric binding studies involving PP-1c, ASPPs and
p53, gel filtration was performed as described above in the
presence or absence of p532–293 . Fractions were assayed for protein
phosphatase activity using the pNPP assay [36] and analysed by
SDS/PAGE (12 % gel) with Coomassie Blue staining.
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could be eluted. Wild-type or mutant PP-1c (∼ 5 μg) was diluted
in buffer J and incubated with bound Ni-NTA resin at 4 ◦ C
for 1–18 h. After washing, protein was eluted from the resin
by boiling samples in 30 μl of 2× SDS/PAGE loading buffer
[65 mM Tris/HCl (pH 6.8), 26 % (v/v) glycerol, 2 % (w/v) SDS
and 0.1 % Bromophenol Blue] at 100 ◦ C for 5 min. Samples were
then analysed by SDS/PAGE (12 % gel).

Annotation of ASPP family members in cytoplasmic interactomes
of PP-1cα and PP-1cγ

Quantitative SILAC (stable isotope by amino acid labelling in
culture)-based mass spectrometric analysis of immunopurified
PP-1c complexes was carried out on cytoplasmic extracts from
HeLa cells stably expressing low levels of GFP (green fluorescent
protein)–PP-1cα or GFP–PP-1cγ , using a similar approach to
previously published nuclear interactome screens [38,39]. Briefly,
cells were labelled for >5 days with medium containing heavy
isotopes of the essential amino acids arginine and lysine, for
complete incorporation into all proteins. An IP of GFP–PP-1c
from a cellular extract was compared directly with an IP from
cells not expressing the fusion protein, with the affinity matrices
combined for protein elution and all subsequent steps, including
separation by one-dimensional SDS/PAGE (to reduce complexity)
and identification of all eluted proteins by MS. Quantification
of the level of heavy/light arginine and lysine in each peptide
yields a ‘SILAC ratio’ that reveals whether a protein bound nonspecifically to the affinity matrix in both IPs (ratio ∼ 1:1) or
was specifically enriched with GFP–PP-1c (ratio >1). MaxQuant
quantitative proteomics software (http://www.maxquant.org) was
used for protein identification, quantification of the SILAC ratios
and calculation of summed peptide intensities for comparison of
relative abundance.

Determination of the activity of PP-1cγ and PP-1cγ mutants after
phosphorylation by the protein kinase cyclin A–CDK2
(cyclin-dependent kinase 2)

Purified recombinant hPP-1cγ (human PP-1cγ ) was phosphorylated with cyclin A–CDK2 (100 units/μl; New England
Biolabs). The final concentrations for the reagents in the
phosphorylation reaction were as follows: hPP-1cγ (0.14 μg/μl),
0.2 mM [γ -32 P]ATP, 40 mM Tris/HCl (pH 7.5), 10 mM MgCl2 ,
5 mM MnCl2 and 2 mM DTT. Cyclin A–CDK2 (400 units)
was used to phosphorylate hPP-1cγ in a 30 μl assay mixture.
Phosphorylation was performed at 30 ◦ C. Samples (2 μl) were
removed from the reaction at 0, 5, 10, 20, 30 and 45 min and added
to an appropriate volume of buffer K [50 mM Tris/HCl (pH 7),
0.1 mM EDTA, 1 mg/ml BSA, 0.2 % β-Me and 8 mM MnCl2 ]
to give approximately 15 % 32 P release from [32 P]phosphorylase
a at time point zero [40]. [32 P]Phosphorylase a was prepared as
described previously [41].

RESULTS AND DISCUSSION
Ni-NTA affinity chromatography binding experiments

Approximately 20μl of Ni-NTA agarose (Qiagen) was incubated
end-over-end for 1 h at 4 ◦ C with 5 μg of either ASPP1867–1090 ,
ASPP2905–1128 or iASPP608–828 , reconstituted in 300 μl of buffer
I [25 mM Tris/HCl (pH 7.5), 10 mM imidazole, 150 mM NaCl
and 0.5 mM MnCl2 ]. Ni-NTA resin was washed with buffer J
[25 mM Tris/HCl (pH 7.5), 30 mM imidazole, 500 mM NaCl,
0.5 mM MnCl2 and 0.1 % Tween 20] until no further protein

In the present study we characterized the distinct molecular
interaction mechanisms of two newly identified PP-1c-binding
proteins, ASPP1 and iASPP. We have shown that both proteins
bind directly to the catalytic subunit of PP-1c, forming stable 1:1
complexes. These interactions occur in vivo, as demonstrated
by SILAC, a non-biased approach in which PP-1c was affinitypurified and interacting partners identified by quantitative
MS.
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iASPP is a novel PP-1c-interacting protein

Figure 2 Displacement affinity chromatography identifies ASPP–PP-1c and
iASPP–PP-1c complexes from HeLa cell lysate
(A) HeLa cell lysate was incubated with MC–Sepharose, washed and eluted sequentially using
peptides containing a generic mutated GKKRARAADLE (RARA) and the wild-type (RVRW)
GKKRVRWADLE PP-1c docking motif as described in [33]. The sodium thiocyanate (SCN) lane
represents elution with 3 M sodium thiocyanate. All fractions were concentrated to an equal
volume, run on 4–12 % SDS/PAGE (Invitrogen), immunoblotted and probed with antibodies
(Ab) specific against ASPP1 and iASPP. (B) Co-IP of PP-1c from HeLa cell lysate using
antibodies specific against ASPP1. IPs from HeLa cell lysates were performed using antibodies
specific against ASPP1. Immunoprecipitated proteins were run on SDS/PAGE and probed with
antibody against ASPP1 and an anti-(pan PP-1c) antibody. A pre-immune serum (PIS) control
was performed in parallel. WB, Western blot.

Our initial displacement affinity chromatography experiments
confirmed that iASPP also binds to PP-1c (Figure 2A). Interaction
between iASPP and PP-1c is completely disrupted by the addition
of a synthetic RVXF-containing peptide, indicating that iASPP
binds to or near the hydrophobic RVXF-binding pocket of PP-1c.
In order to further investigate the molecular interactions between
PP-1c and ASPP proteins, a His-tagged construct of iASPP
(iASPP608–828 ) was created by PCR amplification. The equivalent
ASPP1 and ASPP2 constructs (ASPP1867–1090 and ASPP2905–1128
respectively) were also made, which were designed to include the
PP-1c RVXF motif of ASPP2 (Figure 1, RVKF, residues 921–
924) and the corresponding motif in iASPP (RARL, residues
622–625). Gel-filtration chromatography was used to confirm that
iASPP directly interacts with PP-1c. Purified preparations of PP1cα and His-tagged iASPP608–828 were incubated alone or together
at 30 ◦ C for 45 min prior to resolution on a Superdex 75 10/30 gelfiltration column. Fractions were then analysed by SDS/PAGE and
Coomassie Blue staining. Alone, PP-1cα and iASPP608–828 each
elute as 37 kDa and 28 kDa monomers respectively (Figures 3A
and 3B). After incubating PP-1cα with iASPP at 30 ◦ C for 45 min,
they eluted together as a stable 1:1 ∼ 60 kDa heterodimeric
complex (Figure 3C), demonstrating that iASPP binds directly
to PP-1c. When iASPP was run alone (Figure 3B), there was a
small peak in fractions 36–38, which could indicate there is a small
amount of the aggregated iASPP608–828 . However, SDS/PAGE of
the gel-filtration fractions revealed that there was little to no iASPP
protein in these fractions and alone the majority of the
iASPP protein exists as an approximately 30 kDa monomer.

Identification of ASPP1 as a PP-1c regulatory protein

ASPP1, ASPP2 and iASPP are significantly homologous within
their C-terminal domains and multiple sequence alignment reveals
that both ASPP1 and ASPP2 contain an RVXF motif (RVRF,
residues 883–886 and RVKF, residues 921–924 respectively). We
predicted that ASPP1 would interact with PP-1c via its classical
RVXF motif in a similar manner to ASPP2. The equivalent motif
in the iASPP protein is RARL (residues 622–625) and previous
mutational studies [7,8] have demonstrated the importance of the
valine and phenylalanine residues in the RVXF motif. In addition,
Llanos et al. [28] have shown that iASPP does interact directly
with PP-1c and can bind in the absence of its RARL motif.
We carried out MC–Sepharose affinity chromatography, a
technique that has been used successfully to identify novel PP-1c
R-subunits [33]. Using MC–Sepharose, PP-1c is immobilized via
its active site leaving the hydrophobic RVXF-interacting groove
exposed; therefore MC–Sepharose can pull down many different
multi-protein PP-1c complexes from a complex cellular lysate.
HeLa cell lysate was incubated with MC–Sepharose, washed and
eluted sequentially using peptides containing a generic mutated
GKKRARAADLE (RARA) and a wild-type GKKRVRWADLE
(RVRW) PP-1c docking motif as described previously [33].
Elutions were analysed by SDS/PAGE, immunoblotted and then
probed with antibodies specific against ASPP1 and iASPP. The
results of the present study show that ASPP1 does interact with
endogenous HeLa cell PP-1c and is successfully eluted from the
MC–Sepharose resin with the RVRW peptide, but not the generic
mutated RARA peptide (Figure 2A). Subsequent addition of SCN
(sodium thiocyanate) eluted additional ASPP1 from the MC–
Sepharose resin, suggesting there may be additional interaction
sites that stabilize the ASPP1–PP-1c complex. These initial
experiments were corroborated by co-IP experiments performed
with antibodies specific against ASPP1. Immunoprecipitated
proteins were analysed by SDS/PAGE and probed with either the
anti-ASPP1 antibody or an anti-(pan PP-1c) antibody (Figure 2B).
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iASPP protein binds to PP-1c via a non-classical motif

Since the results of the present study showed that iASPP binds
directly with PP-1c and this interaction could be disrupted with
a synthetic RVXF peptide (Figure 2A), this raised the idea that
iASPP may have a hitherto unidentified binding motif. In order
to test whether iASPP residues R622 ARL625 function as a nonclassical RVXF motif, we created two additional His-tagged
iASPP constructs: an N-terminal truncation, iASPP626–828 , that
lacks the RARL motif and a single point mutant iASPP608–828
L625A. Ni-NTA affinity-binding experiments were carried out
by comparing the binding of PP-1cα with wild-type iASPP608–828 ,
truncated iASPP626–828 or mutated iASPP608–828 L625A. These
results show (Figure 3D) that both deletion of iASPP residues
608–625 or point mutation of L625A lessened the ability of iASPP
to bind to PP-1cα, indicating that RARL is a determinant for
PP-1c docking. When combined with the fact that the iASPP–
PP-1c complex is disrupted by the addition of synthetic RVXFcontaining peptides (Figure 2A), this suggests that the iASPP
RARL motif may be a functional, but degenerative, RVXF motif.
ASPP proteins preferentially bind to the PP-1cα isoform

Previously, several key PP-1c regulatory proteins have exhibited
selective binding to one PP-1c isoform (α, β or γ ) over the others
[5,38,42]. In order to test whether ASPP1, ASPP2 and/or iASPP
selectively bind to a specific PP-1c isoform, we performed NiNTA pull downs, comparing the binding of PP-1c isoforms α,
β and γ to each of our His-tagged ASPP protein constructs
(ASPP1867–1090 , ASPP2905–1128 and iASPP608–828 ). Our results show
that all three ASPP proteins bind preferentially to PP-1cα
(Figure 4). In this set of Ni-NTA-binding experiments, each
phosphatase isoform was incubated with each ASPP construct
for 45 min. When employing longer incubation times (over 5 h),

Mechanism of PP-1c interaction with ASPP proteins

Figure 3
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Gel-filtration chromatography of protein phosphatase–ASPP complexes

Gel-filtration chromatograph of PP-1cα alone (A), iASPP alone (B) and the PP-1cα–iASPP608–828 complex (C). Highly purified preparations of PP-1cγ and His-tagged iASPP608–828 were incubated
either alone or together at 30 ◦ C for 45 min prior to resolution on a Superdex 75 (10/30) gel-filtration column. The proteins were resolved at a flow rate of 0.1 ml/min using buffer H and 0.25 ml
fractions collected for analysis by SDS/PAGE. SDS/PAGE analyses of fractions 33–49 (8.5–12.25 ml) are shown below each chromatograph. (D) In vitro Ni-NTA agarose-binding experiment,
comparing the binding of wild-type (WT) iASPP608–828 , iASPP608–828 L625A and iASPP626–828 with PP-1cα. iASPP608–828 Leu625 was mutated to an alanine residue to create the equivalent of a RARA
motif in iASPP. Approximately 5 μg of each iASPP construct was bound to Ni-NTA resin for 1 h at 4 ◦ C end-over-end. Resin was washed and 5 μg of PP-1c incubated with the resin for an additional
1 h at 4 ◦ C. After sufficient washing, bound protein was eluted by the addition of SDS/PAGE loading buffer, heated at 100 ◦ C for 5 mins and analysed by SDS/PAGE with Coomassie Blue staining.

all three PP-1c isoforms were capable of binding to each ASPP
protein.
We also examined the enrichment of ASPP proteins in
cytoplasmic pull downs of GFP-tagged PP-1c isoforms stably
expressed in human cells. A comparison of the cytoplasmic
GFP–PP-1cα interactome with the cytoplasmic GFP–PP-1cγ
interactome (with equivalent amounts of each tagged isoform
recovered), using a quantitative SILAC MS-based proteomics
approach [38,39], revealed that although all three ASPP family
members co-precipitated with both isoforms, they were clearly
more highly enriched and more abundant in the PP-1cα IP
(Table 1).

Identification of a novel region on PP-1c that mediates interactions
with regulatory proteins

On the basis of the results described above, we created a
structural model of the ASPP2–PP-1c holoenzyme complex
(Figure 5A) using co-ordinates from the separately determined

crystal structures of PP-1cβ [bound to the myosin phosphatasetargeting subunit (MYPT1)] and ASPP2 crystallized in complex
with the DNA-binding domain of p53 [6,14]. Our model of the
ASPP2–PP-1c complex predicts several key interactions between
the phosphatase and the ASPP proteins. One potential interaction
involves a positively charged patch on the surface of PP-1c
(residues Lys260 and Arg261 ) and an acidic region of ASPP2
located within its first ankyrin-repeat (residues Glu938 and Asp940 ;
Figure 5B). Sequence alignment of several key PP-1c regulatory
proteins including the ASPP proteins (Figure 5C), reveals the
presence of a common and conserved acidic motif 12–15 residues
downstream of the RVXF motif. In order to test this hypothesis,
we created three PP-1cα mutants (A259R, K260D and R261S)
and tested their ability to bind to ASPP1867–1090 , ASPP2905–1128 and
iASPP608–828 via Ni-NTA-binding experiments. Mutation of the
PP-1cα residue A259R resulted in a robust increase in the amount
of ASPP1, ASPP2 and iASPP that could bind to the phosphatase
(Figure 5D). Mutation of either K260D or R261S reduced the
ability of the ASPP proteins to bind by approximately 40 % and
70 % respectively.
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Figure 4
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ASPP proteins preferentially bind to the PP-1cα isoform

The Figure depicts an in vitro Ni-NTA agarose pull-down experiment, comparing the binding of
ASPP1867–1090 , ASPP2905–1128 and iASPP608–828 to PP-1c isoforms α, β and γ . Approximately
5 μg of each ASPP construct was bound to Ni-NTA for 1 h at 4 ◦ C end-over-end. Resin was
washed and 5 μg of PP-1c was added and incubated end-over-end for 45 min at 4 ◦ C. After
sufficient washing, protein was eluted by boiling samples in SDS/PAGE loading buffer and
analysed by SDS/PAGE with Coomassie Blue staining.

This region of PP-1c is also important for interaction with
other PP-1c-binding proteins including Inhibitor-2, a classical
PP-1c inhibitory protein [43]. We show that mutation of either
A259R or R261S disrupted the ability of His-tagged Inhibitor2 to bind to PP-1c (Supplementary Figure S1C at http://www.
biochemj.org/bj/449/bj4490649add.htm). Crystal structures of
PP-1c bound to the MYPT1 or spinophilin, suggest that Arg261
of PP-1c also interacts directly with Glu54 and Glu438 of MYPT1
and spinophilin respectively [6,44]. Together, the results of the
present study highlight the importance of this PP-1c region in its
ability to interact with residues surrounding the RVXF motif of
at least two different PP-1c-interacting proteins.

The PP-1c C-terminus contains a type-2 SH3-binding motif,
PxxPxR, that is essential for binding to ASPP proteins

The crystal structure of PP-1cβ bound to the MYPT1 revealed
that the C-terminal tail of PP-1c makes extensive contacts with the
ankyrin-repeat domain of MYPT1 [6]. This is the first determined
structure of PP-1c where the C-terminus is visible; the PP-1c
C-terminal tail is highly flexible and is disordered within previous
crystal structures. In fact, the tail of PP-1c within the MYPT1–
Table 1

PP-1cβ crystal structure is only visible up to residue 309 and
the last 20 residues (309–327) are disordered. Our model of the
ASPP2–PP-1c complex (Figure 5A) also suggests that there may
be extensive interactions between the C-terminal tail of PP-1c and
the ankyrin-repeat domain of all three ASPP proteins.
In order to test the importance of the C-terminal tail in the
ASPP–PP-1c interaction, we created a PP-1cγ C-terminal tail
deletion mutant, PP-1cγ 1 – 300 , (Figure 6A) and tested the ability
of PP-1cγ 1–300 to bind to His-tagged ASPP1867–1090 , ASPP2905–1128
and iASPP608–828 using Ni-NTA affinity-binding experiments
(Figure 7). Deletion of the C-terminal tail of PP-1cγ completely
disrupted its ability to bind to ASPP1867–1090 , ASPP2905–1128 and
iASPP608–828 , compared with the wild-type PP-1cγ .
Further inspection of the PP-1c C-terminal sequences
(Figure 6A), reveals that all three human PP-1c isoforms contain
a putative type-2 SH3-binding motif PxxPxR (PVTPPR in PP1cγ , residues 309–314). Within this motif, PP-1c also contains a
CDK2–cyclin A phosphorylation site (residues Thr320 and Thr311
in PP-1cα and PP-1cγ respectively); both PP-1cα and PP-1cγ
have been shown to be stoichiometrically phosphorylated by
CDK2–cyclin A and CDK2–cyclin B both in vitro and in vivo
[45,46]. Phosphorylation of this threonine residue allows the Cterminal tail of PP-1c to fold back into the active site of PP-1c
and inhibit catalytic activity and, over time, PP-1c is reactivated
through autodephosphorylation. In the present study, we confirm
that PP-1cγ Thr311 is robustly phosphorylated by CDK2–cyclin
A in vitro (Figure 6B) and this phosphorylation event inhibits
the enzymatic activity towards phosphorylase a (Figure 6C).
Mutation of Thr311 to an aspartate residue (T311D) abolished
the ability of CDK2–cyclin A to phosphorylate PP-1cγ and,
surprisingly, did not cause auto-inhibition of PP-1cγ (Figures 6B
and 6C respectively). This allowed us to use the PP-1cγ (T311D)
mutant as an ideal choice to test the effect of a negative
charge within the type-2 SH3-binding motif. Unlike the case for
phosphorylated wild-type PP-1cγ , the C-terminus of the T311D
PP-1 mutant would not be expected to fold back into the active
site of PP-1c and would be accessible to interact with the ASPP
proteins and there would be no issue of autodephosphorylation
at this residue. We attempted a similar experiment with PP-1cα;
however, the T320D or T320E phosphomimic mutants were very
poorly expressed. This also predicated the need to use PP-1cγ
truncation mutants in the binding studies with ASPP proteins
above.
Since the ASPP proteins all contain an SH3 domain, this
raised the question whether the PP-1c C-terminal PxxPxR
SH3-binding motif interacts directly with the SH3 domain of
ASPP proteins. Also, since the CDK2 phosphorylation site
of PP-1c is located within the putative SH3 PxxPxR binding
motif, this strongly suggested that phosphorylation of the PP-1c
C-terminus may affect PP-1c binding to ASPP proteins. The

The ASPP proteins interact preferentially with PP-1cα in vivo

Equivalent amounts of GFP–PP-1cα and GFP–PP-1cγ were recovered from the respective cell lines (relative abundance of 14.5 for PP-1cα and 16.2 for PP-1cγ ), permitting a direct comparison of
the enrichment of associated targeting subunits. The ratio of H/L indicates the enrichment of the heavy form of the protein (recovered in the GFP–PP-1c pull down) over the light form of the protein
(recovered in the control pull down of GFP alone). Relative abundance measurements are based on summed peptide intensities and normalized to the molecular mass. The data for Repo-Man and
Taperin are included for comparison, as these proteins have been previously demonstrated to show isoform specificity (for PP-1cγ and PP-1cα respectively).
Protein

Number of peptides co-purified with GFP–PP-1cα

Ratio of H/L

Relative abundance

Number of peptides co-purified with GFP–PP-1cγ

Ratio of H/L

Relative abundance

ASPP1
ASPP2
iASPP
Repo-Man
Taperin

30
43
40
Not detected
14

39.8
43.4
58.7
Not detected
13.1

0.25
0.92
2.35
Not detected
0.1

36
30
15
34
2

24.2
21.7
3.8
9.6
3.6

0.16
0.105
0.013
0.32
0.004
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PP-1c contains a positively charged region that is important for binding to the ASPP proteins

(A) A structural model of the PP-1c–ASPP2 complex. The model, describing predicted interactions within this complex, was systematically constructed using co-ordinates from the separately
determined crystal structures of PP-1cβ (PDB code 1S70) and a complex between p53 and ASPP2 (PDB code 1YCS) [6,14]. Ribbon representation: PP-1cβ (green) and ASPP2 (blue). Highlighted
basic residues of PP-1cβ and acidic residues of ASPP2 are shown in red and orange respectively. (B) The predicted interactions between iASPP acidic residues Glu938 and Asp940 with two basic
residues from PP-1c, Lys260 and Arg261 . (C) An alignment of the PP-1c R-subunit sequences surrounding the canonical RVXF motif. The UniProt reference numbers for each regulatory protein are
as follows: spinophilin, Q96SB3; neurabin, Q9ULJ8; glycogen-targeting subunit, liver form (GL), Q86XI6; glycogen-targeting subunit, muscle form (GM) Q16821; myosin phosphatase-targeting
subunit-1 (MYPT1), O14974; myosin phosphatase-targeting subunit-2 (MYPT2), O60237; Inhibitor-1, Q13522; and Inhibitor-2, P41236. The RVXF motif of each PP-1c regulatory protein is
outlined. The shaded grey box highlights a cluster of acidic residues C-terminal to the RVXF motif previously shown to be important for binding to PP-1c isoforms [42,55]. (D) An in vitro Ni-NTA
agarose-binding experiment, comparing the binding of wild-type PP-1cα (WT), PP-1cα A259R, PP-1cα K260D, PP-1cα R261S to His-tagged ASPP1867–1090 , ASPP2905–1128 and iASPP608–828 .
Approximately 5 μg of ASPP protein was bound to Ni-NTA resin for 1 h at 4 ◦ C end-over-end. Resin was washed and 5 μg of wild-type PP-1cα or mutant PP-1cα was incubated with resin for an
additional 1 h at 4 ◦ C. After washing, bound protein was eluted by the addition of SDS/PAGE loading buffer, heated to 100 ◦ C for 5 min and analysed by SDS/PAGE with Coomassie Blue staining.

results of the present study show (Figure 7) that the PP-1c
phosphomimic mutation T311D completely abolished the ability
of PP-1c to bind to ASPP1867–1090 , ASPP2905–1128 and iASPP608–828 .
SPR (surface plasmon resonance) experiments (Figure 8) also
revealed that iASPP608–828 binds to PP-1cα with a 5-fold
905–1128
higher affinity (K d = 26 +
− 0.4 nM) compared with ASPP2
+
(K d = 123 − 8 nM). Significantly, a peptide corresponding to PP1cα residues 301–330 alone was sufficient to bind to both
iASPP608–828 and ASPP2905–1128 , with a K d of 53 +
− 7 nM and
136 +
− 8 nM respectively. These apparent binding constants
are comparable with RVXF-containing peptides derived from
MYPT1 and the glycogen-targeting subunit GM [47,48]. This
suggests that the C-terminus of PP-1c is essential for the highaffinity binding of PP-1c to the ASPP proteins. Additionally,
iASPP binds with a higher affinity to the PP-1c C-terminal
peptide compared with ASPP2, suggesting that iASPP and ASPP2
differentially interact with the PP-1c C-terminus. A detailed
analysis of the iASPP and ASPP2 crystal structures [14,37]
revealed no obvious differences between the two structures that
could account for the differences in binding affinity to the PP1c C-terminal peptide and we are currently investigating these
interactions via NMR spectroscopy.
All three ASPP proteins contain a proline-rich region located
N-terminal to the RVXF motif (Figure 1). In theory, the prolinerich region of the ASPP proteins may interact with its own SH3
domain and directly interfere with the binding of the PP-1c Cterminus. It has been shown previously that a construct of ASPP2

containing the proline-rich, ankyrin-repeat and SH3 domains
weakened binding to NF-κB, as compared with an ASPP2
construct containing only ankyrin-repeat and SH3 domains [49].
Full-length ASPP1 and iASPP bind directly to PP-1c in HeLa
cells, which argues against a significant role for these proline-rich
motifs to interfere with the binding to PP-1c (Figure 2).
An alternative mechanism for PP-1c binding to iASPP

In parallel with the present study, Llanos et al. [28] have shown
that mutations within the iASPP SH3 domain disrupt binding of
iASPP to PP-1c; in particular, mutation of iASPP Phe815 to an
alanine residue causes a complete loss of binding to PP-1c. They
identify a ‘RNYF’ motif (residues 812–815) within the iASPP
SH3 domain that is proposed to be critical for interaction with
PP-1c. However, the crystal structure of iASPP alone reveals
that Phe815 of iASPP is 100 % buried within the iASPP SH3
domain [50]. Furthermore, previous NMR studies have shown that
mutation of the equivalent residue in the Fyn SH3 domain causes
destabilization and misfolding of the entire SH3 domain [50]. It
is unlikely that these residues comprise a true RVXF-like PP1c-binding motif since they are not accessible to the phosphatase
for binding. A more plausible explanation is that mutation of
F815A destabilizes the entire SH3 domain, producing a nonfunctional domain. Structural collapse of the iASPP SH3 domain
would prevent iASPP from interacting directly with the PxxPxR
SH3-binding motif on the C-terminus of PP-1c.
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The C-terminus of PP-1c contains a putative Px(T)PxR SH3-binding motif comprising the phosphorylation site for CDK2–cyclin A

(A) A multiple sequence alignment of the C-termini of PP-1c isoforms α, β and γ (UniProt numbers P62136, P62140 and P36873 respectively). The arrow indicates the residue 300 at which the
PP-1cγ (residues 1–300) construct was truncated. The shaded box highlights the canonical type-2 SH3-binding motif PxxPxR. (B) An autoradiograph of phosphorylated PP-1cγ and hPP-1cγ
T311D. Proteins were phosphorylated for 30 min at 30 ◦ C with CDK2–cyclin A (New England Biolabs) and [γ -32 P]ATP. WT, wild-type. (C) The effect of phosphorylation of wild-type PP-1cγ (䊏)
and PP-1cγ -T311D (䉫) on enzymatic activity. The activity of both enzymes was determined using 32 P-labelled phosphorylase a as the substrate. Values are means +
− S.D. (n = 3).

Figure 7

Mutation or deletion of the PP-1c C-terminus abolishes the ability of PP-1c to bind to the ASPP proteins

An in vitro Ni-NTA agarose-binding experiment comparing the binding of ASPP1867–1090 , ASPP2905–1128 and iASPP608–828 with full-length wild-type PP-1cγ , truncated PP-1cγ (residues 1–300) and
mutated PP-1cγ T311D. Each ASPP construct (5 μg) was bound to Ni-NTA resin for 1 h at 4 ◦ C end-over-end. Resin was washed and 5 μg of PP-1cγ [WT represents wild-type PP-1cγ ; 1–300
represents truncated PP-1cγ 1–300 ; and T311D represents the PP-1cγ T311D single mutant] was incubated with ASPP-bound resin for an additional 1 h at 4 ◦ C. After washing, bound protein was
eluted by the addition of SDS/PAGE loading buffer, heated for 5 min at 100 ◦ C and analysed by SDS/PAGE with Coomassie Blue staining.
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Interaction of iASPP608–828 and ASPP2905–1128 with full-length PP-1cα and a C-terminal PP-1c peptide (PP-1cα, residues 301–330)

SPR (surface plasmon resonance) sensograms of the interaction of iASPP608–828 and ASPP2905–1128 , with full-length PP-1cα (A and B) and a C-terminal PP-1c peptide corresponding to
PP-1cα residues 301–330 (C and D). Approximately 0.3 μM solutions of iASPP and ASPP2 were immobilized on a CM5 sensor chip at 5 μl/min for 7 min. All lanes were blocked with 1 M
ethanolamine. Kinetic analyses were performed by injecting either full-length PP-1cα or a C-terminal PP-1c peptide as an analyte in a titration curve of 5000–78.125 nM, performed in triplicate. The
association/dissociation curve for each sample injection was fitted using BIAevaluation 3.2 analysis software using the kinetic analysis result wizard and a drifting baseline (1:1 Langmuir binding)
model. A representative curve at 5000 nM is shown for each kinetic analysis.

On the basis of the results of the present study, we propose a
model for how phosphorylation of the C-terminal tail of PP-1c
may alter its interaction with its regulatory proteins, including the
ASPP proteins. In normal dividing cells, the C-terminus of PP1c is phosphorylated during M-phase, causing auto-inhibition of
PP-1c, contributing to a high level of mitotic phosphoproteins
that allow the cell to proceed through mitosis [1]. When
phosphorylated, PP-1c cannot interact with the ASPP proteins
and may therefore not be able to dephosphorylate p53. Lack of
association with ASPP proteins may also alter the subcellular
localization of PP-1c. When cells are damaged and CDK2 is not
constitutively activated, then PP-1c may be slowly reactivated by
auto-dephosphorylation of its C-terminal tail, at which point PP1c is freer to associate with ASPP1 or ASPP2. However, in many
cancer cells, iASPP is overexpressed and will probably compete
with ASPP1 and ASPP2 for binding to PP-1c and p53.
A functional role for PP-1c–ASPP interactions in differential
scaffolding of the p53 tumour suppressor

In order to understand the significance of the novel iASPP–
PP-1c and ASPP1–PP-1c interactions, a key question was
whether ASPP proteins can bind to both PP-1c and p53 in a
trimeric complex. Previously, Helps et al. [27] showed that GSTtagged p53BP2 (ASPP2) does not bind to both p53 and PP1c simultaneously. To address this question we first analysed
using gel-filtration chromatography whether PP-1c and p53 could
bind directly, using a p53 construct that contains both the
N-terminal transactivation domain and the central DNA-binding
domain (p532–293 ). We show that p53 and PP-1c do not bind
directly to one another (Supplementary Figure S2 at http://www.

biochemj.org/bj/449/bj4490649add.htm). Subsequently, we carried out distinct gel-filtration chromatography experiments with
PP-1c, the ASPP proteins and p532–293 . Consistent with the
Helps et al. [27] data, we show that ASPP2 does not form a
trimeric complex with p53 and PP-1c (Supplementary Figure S2).
However, interestingly iASPP readily forms a stable complex with
p53 and PP-1c (Supplementary Figure S3 at http://www.biochemj.
org/bj/449/bj4490649add.htm).
The potential role for ASPP–PP-1c complexes in the regulation
of p53 activation and their role in cancer

A question that arises from the present study is whether
the formation of a PP-1c–iASPP–p53 complex will alter the
phosphorylation state of p53. Previously, PP-1c was shown
to dephosphorylate p53 on phosphorylated Ser15 and Ser37
residues within the N-terminal transactivation domain [51].
Phosphorylation of p53 on Ser15 is an important step towards the
activation of p53 and induction of cell-cycle arrest or apoptosis
[52]. We hypothesize that formation of the PP-1c–iASPP–p53
trimeric complex may promote the specific dephosphorylation
of p53 by PP-1c at these key residues. Further experiments are
required to fully understand the full spectrum of site-specific
dephosphorylation of p53 when assembling with iASPP and PP1c in a trimeric complex.
ASPP1 and ASPP2 protein expression is often down-regulated
in many forms of cancer that express wild-type p53. For example,
ASPP1 and ASPP2 promoters are hypermethylated in HBV
(hepatitis B virus)-positive HCC (hepatocellular carcinoma),
leading to decreased ASPP1 and ASPP2 expression and early
development of HCC [53]. Approximately 30 % of HCC contain
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p53 mutations, and methylation of ASPP1 and ASPP2 was more
frequent in cancers that expressed wild-type p53. On the other
hand, iASPP is overexpressed in many forms of cancer that
typically express wild-type p53 and normal levels of ASPP2.
Overexpression of iASPP in many forms of cancer may lead
to hypophosphorylated p53 via the PP-1c–iASPP–p53 trimeric
complex and ultimately lead to the inhibition of apoptotic activity
of p53.
Overexpression of iASPP observed in some forms of cancer
may in fact be one way to override wild-type p53 and disrupt
the p53 apoptotic pathway. siRNA (small interfering RNA)mediated down regulation of iASPP in hepatocellular cancer
cells leads to a decrease in cell proliferation and tumour growth
[54]. Therefore the iASPP–PP-1c complex is a potentially
valuable molecular target for development of cancer therapies.
For example, by understanding the key molecular interactions
between PP-1c, ASPP proteins and p53, we can develop sensitive
screening methodologies to identify novel lead compounds that
may specifically disrupt either p53 or PP-1c binding to iASPP.
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MATERIALS AND METHODS
Mutagenesis of PP-1cγ (T311D) and PP-1cα (PP-1cα A259R,
K260D and R261S)

Mutagenesis of PP-1c was carried out using QuikChange® sitedirected mutagenesis (Stratagene) as described previously [1].
All PP-1cγ mutants were validated by DNA sequencing. PP-1c
mutants were subsequently transformed into either DH5α cells
for long-term storage or C41 DE3 cells (Lucigen) for protein
expression. The phospho-mimic mutant PP-1cα (T320D) was
very poorly expressed, whereas PP-1cγ (T311D) was expressed
well, yielding milligram quantities of enzyme. The specific
activities of wild-type PP-1cγ and the T311D mutant were
equivalent (25.7 and 27.1 units/mg respectively). The PP-1cγ
mutants (T311D) and PP-1cα mutants (A259R, K260D and
R261S) were purified as described above for wild-type PP-1cγ .
Molecular cloning and expression of full-length ASPP1

A full-length construct comprising human ASPP1 (a gift from
Dr D. Elliott, University of Newcastle, Newcastle, U.K.) was
cloned directly into pET101 via directional TOPO expression
(Invitrogen). Subsequent site-directed mutation of the ASPP1
RVRF PP-1c-docking motif to RARA was performed using
QuikChange® site-directed mutagenesis. Each construct was
initially transformed into TOP10 E. coli cells (Invitrogen),
followed by subsequent transformation in the expression
E. coli strain BL21 (DE3) Star (Invitrogen). Both wild-type and
mutated (RARA) ASPP1 constructs were expressed and purified
using the same conditions. Each ASPP1 bacterial culture was
induced at D600 = 0.6 with 0.1 mM IPTG and grown for 18 h at
28 ◦ C. Protein-expressing bacteria were pelleted using a SH3000
Sorvall rotor at 1300 g for 30 min, re-suspended in buffer C
[25 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM imidazole with
0.5 mM PMSF and 0.5 mM benzamidine] containing 5 μg/ml
leupeptin, snap frozen and stored at − 80 ◦ C until used. Bacteria
were lysed using a French Press at 10 000 psi (1 psi = 6.9
kPa). Crude lysates were clarified via ultracentrifugation at
35 000 rev./min for 30 min at 4 ◦ C using a Beckman Ti45 rotor.
Clarified supernatants were incubated with Ni-NTA (Qiagen)
for 1 h end-over-end at 4 ◦ C. Ni-NTA matrices were washed
with 100 column volumes of buffer D [25 mM Tris/HCl
(pH 7.5), 1 M NaCl, 30 mM imidazole, 0.1 % Tween 20, 0.5 mM
PMSF and 0.5 mM benzamidine], followed by 20 column
volumes of buffer C. Each ASPP1 protein was eluted using
buffer C containing 300 mM imidazole. ASPP1 fractions were
concentrated and chromatographically separated on Superose1

12 HR 10/30 (Pharmacia) pre-equilibrated in buffer E [25 mM
Tris/HCl (pH 7.5), 150 mM NaCl, 5 % glycerol, 0.1 mM EDTA
and 0.1 mM EGTA].
Molecular modelling of the complex between PP-1c and ASPP2
(p53BP2)

The co-ordinates for PP-1cβ were taken from the PP-1cβ–
MYPT-1 complex (PDB code 1S70) [2] and the co-ordinates
for the p53–ASPP2 complex were taken from PDB code
1YCS [3]. The ankyrin-repeat domains of ASPP2 were aligned
with equivalent regions of MYPT-1 using the program DALI
(http://protein.hbu.cn:83/fssp/www.ebi.ac.uk/dali/index.html) to
give a probable method of interaction between PP-1c and
ASPP2. The model underwent a round of simulated annealing
to remove any bias from the starting X-ray crystal structures
before undergoing ten rounds of rigid-body refinement and then
ten rounds of torsion-angle refinement using the program CNS
[4]. The target energy function for minimization used by
CNS was based solely on stereochemistry, bonding and
non-bonding interactions (no crystallographic information).
The validity of the stereochemistry of the resulting model
was confirmed using the programs WHATCHECK [5] and
PROCHECK [6]. All Figures were created using the program
PyMOL (http://www.pymol.org).
Surface plasmon resonance

Interactions between PP-1c and the ASPP proteins (iASPP608–828
and ASPP2905–1128 ) were monitored by surface plasmon resonance
using the Biacore 3000 biosensor instrument. A CM5 sensor
chip was activated by injecting 35 μl of a 1:1 mixture of Nhydroxysuccinimide and N-ethyl-N  -(3-dimethylaminopropyl)carbodiimide hydrochloride at 5 μl/min. The iASPP608–828 or
ASPP2905–1128 constructs (35 μM) were diluted in 10 mM sodium
acetate (pH 5) and immobilized on lanes 2 and 4 respectively at
5 μl/min until the protein was well coupled [∼1300–1500 RU
(relative units)]. Lanes 1 and 3 were not coupled with protein
and were instead used as control lanes. All lanes were then
blocked with 1 M ethanolamine, pH 8.5 (35 μl) at 5 μl/min.
Kinetic analyses were performed at 25 ◦ C using running buffer
[10 mM Hepes (pH 7.5), 150 mM NaCl, 0.005 % Tween 20 and
0.5 mM MnCl2 ] at a flow rate of 30 μl/min. Full-length wildtype PP-1cα or a C-terminal PP-1cα peptide was used as the
analyte in a titration curve of 5000–78.125 nM, performed in
triplicate. Each sample was injected at 30 μl/min, 90 μl total
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Figure S1

Inhibitor-2 interacts with PP-1cα residues Ala259 and Agr261

(A and B) The crystal structure of Inhibitor-2 bound to PP-1c (PDB code 2O8A) [7] suggests PP-1c residue Arg261 may be important for binding. The colour scheme is as follows: PP-1c, green and
Inhibitor-2, yellow. Ala259 , Lys260 and Arg261 of PP-1c are shown as blue sticks. (C) An in vitro Ni-NTA agarose-binding experiment comparing the binding of His-tagged Inhibitor-2 (I2) to PP-1cα
A259R, K260D and R261S mutants respectively. Inhibitor-2 was incubated with Ni-NTA for 1 h at 4 ◦ C end-over-end. Resin was washed with binding buffer and 5 μg of each PP-1c construct was
added to each sample and incubated end-over-end for an additional 1 h at 4 ◦ C. After washing, bound protein was eluted with SDS/PAGE loading buffer and boiled at 100 ◦ C for 5 min. Eluted protein
was analysed by SDS/PAGE with Coomassie Blue staining. WT, wild-type.

volume, followed by a 15 min dissociation time. Lanes were
regenerated by injecting 15 μl of 0.2 % SDS diluted in running
buffer, followed by a 2 min stabilization time. PP-1cα or the PP1c peptide was simultaneously passed over the control lane to
determine non-specific binding and the baseline was subtracted
from the lane containing either immobilized iASPP or ASPP2.
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A representative curve at 5000 nM is shown for each kinetic
analysis. The association/dissociation curve for each sample
injection was fitted using BIAevaluation 3.2 analysis program
(BIAcore control software, 3.2; Biacore) using the kinetic assay
result wizard and a drifting baseline (1:1 Langmuir binding)
model.

Mechanism of PP-1c interaction with ASPP proteins

Figure S2

ASPP2, PP-1c and p53 do not form a trimeric complex

PP-1cα was incubated together with only ASPP2, or with both ASPP2 and p532–293 for 45 min at
30 ◦ C. Samples were loaded on to a pre-equilibrated Superdex 75 10/30 gel-filtration column.
Protein was eluted at 0.1 ml/min and 250 μl fractions were collected. Fractions from each
gel-filtration run were measured for phosphatase activity using the pNPP phosphatase assay to
determine where PP-1c elutes from the column. PP-1cα forms a dimeric complex with ASPP2
(A), but does not form a trimeric complex with both ASPP2 and p53 (B).

Figure S3

iASPP forms a stable trimeric complex with p53 and PP-1c

PP-1cα was incubated together with only iASPP, or with both iASPP and p532–293 , for 45 min at
30 ◦ C. Samples were loaded on to a pre-equilibrated Superdex 75 10/30 gel-filtration column.
Protein was eluted at 0.1 ml/min and 250 μl fractions were collected. Fractions from each gelfiltration run were measured for phosphatase activity using the pNPP phosphatase assay to
determine where PP-1c elutes from the column. iASPP readily forms a dimeric complex with
PP-1cα (A) and also forms a stable complex with both p53 and PP-1cα (B).
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