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Abstract

Protein phosphatase 1 is regulated by the interaction between a catalytic subunit (PP1c) and multiple interacting pro
allow the specific dephosphorylation of diverse cellular targets. This communication proposes to use the simultaneous
of distinct consensus PP1c docking motifs R/K-x(0,1)-V-x-F and F-x-x-R/K-x-R/K as a signature to identify proteins put
interacting with the PP1c. To develop this concept, we propose a new website,http://pp1signature.pasteur.fr, which allows the
identification of putative PP1-interacting proteins containing the two distinct PP1c docking consensus motifs repres
the Swissprot library. To validate the new concept of signature, we were able to characterise, by co-immunoprecipita
new PP1c interacting proteins randomly selected from the database in our website.To cite this article: A. Garcia et al., C. R.
Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La famille des protéines phosphatases 1 est constituée de nombreuses holoenzymes différentes, résultant de l
d’une sous-unité catalytique (PP1c) avec des sous-unités qui régulent son activité. Cette communication propose d
présence de deux motifs consensus R/K-x(0,1)-V-x-F et F-x-x-R/K-x-R/K, déduits des sites d’interaction de certaines p
Bcl-2 avec PP1c, pour identifier de nouvelles protéines interagissant avec PP1c. Pour développer ce concept, nous av
site webhttp://pp1signature.pasteur.fr. Cet outil bio-informatique permet d’identifier, à partir des séquences protéiques pré
dans la banque Swissprot, des protéines potentiellement capables d’interagir avec PP1c. Pour valider ce concept,
sélectionné à partir de notre site web et caractérisé par co-immunoprécipitation quatre nouvelles protéines qui interagi
PP1c.Pour citer cet article : A. Garcia et al., C. R. Biologies 327 (2004).
 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The dynamic process of signal transduction
volves the concerted action of both protein kinases
protein phosphatases. Serine/threonine phospho
tion is crucial event for regulating cellular process
since more than 98% of protein phosphorylation
curs on serine and threonine residues. PP1 pro
are evolutionarily conserved enzymes that repre
a substantial fraction of serine/threonine phospha
activity. In cells, PP1 activity always results fro
the interaction of a PP1c with a variety of targ
ing or interacting proteins that generate a family
PP1 holoenzymes and determine substrate selec
[1,2]. Consequently, identification of new PP1 pa
ners corresponding to new holoenzymes is imp
tant for future in vivo control of protein phosphor
lation. The number of known PP1c interacting p
teins is continuously increasing and to date, m
than 50 unique eukaryotic proteins have been alre
identified (for complete information see our we
site). Biochemical, structural and X-ray crystallog
phy analysis of PP1 interacting proteins establis
that a short amino acid R/K-x(0,1)-V-x-F peptide s
quence represents a widespread consensus mot
recognition and binding of distinct regulatory su
units to PP1c [3,4]. We have recently demonstra
that the anti-apoptotic protein Bcl-2 is also a n
PP1 interacting protein that binds PP1c (through
R-I-V-A-F sequence analogous to the consensus
tif R/K-x(0,1)-V-x-F and targets PP1c to its substra
Bad [5,6].

This report established that the simultaneous p
ence of two distinct consensus PP1c docking mo
R/K-x(0,1)-V-x-F and F-x-x-R/K-x-R/K may be use
as a signature to identify new putatively interacti
PP1c proteins. To allow easy and rapid identificat
of new potential PP1 interacting target proteins,
have created a new bioinformatic tool, represented
the websitehttp://pp1signature.pasteur.fr/.
-

r

2. Materials and methods

2.1. Immunoprecipitation and western blotting
analysis

IL-4-stimulated TS1αβ cells(1 × 107) were lysed
for 20 min at 4◦C in lysis buffer (50 mM Tris HCl
pH 8, 1% NP-40, 137 mM NaCl, 1 mM MgCl2, 1 mM
CaCl2, 10% glycerol and protease inhibitor cockta
Lysates were immunoprecipitated with the approp
ate antibody and protein A-Sepharose was added
1 h at 4◦C. After washing, immunoprecipitates we
separated by SDS-PAGE, transferred to nitrocellul
and blocked with 5% non-fat dry milk in Tris-buffere
saline (TBS, 20 mM Tris HCl pH 7.5, 150 mM NaC
and incubated with primary antibody in TBS/0.5
non-fat dry milk. The membrane was washed w
0.05% Tween-20 in TBS and incubated with P
conjugated secondary antibody. After washing, p
teins were developed using the ECL system.

Anti-PP1α, anti-p85 PI3-K, anti-p110 PI3-K, ant
Hsp70, anti-Bcl-2, anti-Ras and anti-CD4 antibod
were from UBI (Lake Placid, NY), Calbiochem (L
Jolla, CA) or Transduction Laboratories (Lexingto
KY).

2.2. Peptide synthesis and protein–protein
interaction competition

Peptides from Bcl-xL and Bad were prepared as d
scribed [7,8] by automated spot synthesis (Abim
Langerfeld, Germany) onto an amino-derivatized c
lulose membrane, immobilized by their C-termini v
a polyethylene glycol spacer and N-terminal ace
lated.

The interaction of the targeting subunits with P
was competed by the F-x-x-R-x-R, (GDEFELRYR
RAF) and R-I-V-A-F (NWGRIVAFFSF) peptides
Lysates were immunoprecipitated with anti-PP1α an-
tibody and protein A Sepharose was added. The in
action was competed by incubation with the pepti
(30 min, room temperature). After washing, immun

http://pp1signature.pasteur.fr/
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Fig. 1. F-x-x-R/K-x-R/K: a new PP1c docking-site consensus motif in known and putative PP1c-interacting proteins. (A) Sequence alignmen
of published PP1 interacting proteins in the vicinity of F-x-x-R/K-x-R/K motif. This motif is observed in the anti-apoptotic molecules
Bcl-xL and Bcl-w. (B) PP1c binding assay on cellulose-bound Bcl-xL and Bad peptides. Membrane with Bcl-xL or Bad peptides containin
the F-x-x-R/K-x-R/K motif, as well as peptides containing mutated motif were incubated with purified PP1c, followed by anti-PP1α antibody
and PO-conjugated secondary antibody. The F-x-x-R/K-x-R/K motif is in bold. Mutated amino acids into the motif are in bold and und
Similar results were obtained in three independent experiments.
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precipitates were transferred to nitrocellulose and b
ted with the corresponding antibody.

3. Results and discussion

3.1. F-x-x-R/K-x-R/K: a new PP1 binding motif in
Bcl-xL and Bcl-w proteins

Using a murine T cell line that can be prop
gated independently in the presence of IL-2 IL
or IL-9 [9], we have recently described that PPα
is a Ras-activated phosphatase that dephosphory
Bad, a pro-apoptotic member of the Bcl-2 family pr
teins, prior to induce apoptosis in response to
2 deprivation [5]. As shown in Table 1, two s
s

quences (R-I-V-A-F or R-L-V-A-F) analogous to th
R/K-x(0,1)-V-x-F PP1 binding consensus motif a
present in the BH1 domain of three Bcl-2 family pr
teins. We have shown that Bcl-2, Bcl-xL and Bcl-w
require these motifs for binding and targeting PPα

to Bad. Based on biochemical competition studies,
demonstrate that Bcl-2 is a new PP1 interacting p
tein that binds PP1α through the R-(IL)-V-A-F se-
quence and targets the phosphatase to Bad [5]. In a
tion to this canonical docking consensus site, we h
also characterized a new PP1c docking site in BcL
and Bcl-w [10]. The new docking site comprises a m
tif analogous to the 140-F-E-M-R-R-K-146 sequence
identified as a PP1c binding site for the small cyto
lic protein inhibitor-2 (I-2) (Fig. 1A) [11,12]. A new
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Table 1
A canonical R/K-x(0,1)-V-x-F docking motif for PP1c in Bcl-
proteins

Bcl-2 BH1 domains Residues Refer-
proteins ences

1-Bcl-2 ELFRDGVNWG RIVAF FEFGG 143-147 [6]
2-Bcl-xL ELFRDGVNWG RIVAF FSFGGAL 139-143 [10]
3-Bcl-w ELFQGGPNWG RLVAF FVFGA 95-99 [10]

Consensus : R-I/L-VAF

The R/K-x(0,1)-V-x-F motif, which is located in the BH1 domain
has been found in the following proteins:

– Bcl-2: Mouse (P10417), Human (P140415–01), Rat (P499
– BclxL : Mouse (Q64373), Human (Q92843), Bovin (00271

Chicken (Q07816), Rat (088996);
– Bcl-w: Mouse (P70345), in Human (P140415), Bov

(002718), Chicken (Q07816), Rat (P49950). Quoted acces
numbers refer to TrEMBL and Swissprot libraries.

F-x-x-R/K-x-R/K consensus sequence similar to PPα

docking sites in I-2, Bcl-xL and Bcl-w is also presen
in known PP1c binding proteins (Fig. 1A). Mutatio
of the critical F and R residues strongly reduces bi
ing of Bcl-xL to PP1c (Fig. 1B).

The new PP1c binding motif is also present in B
a proapoptotic member of the Bcl-2 family (Fig. 1B
Mutation of serine residue in the vicinity of the F-
x-R/K-xR/K motif affects binding of Bad to PP1c
although the affinity depends on the type mutati
When the Ser amino acid is replaced by an ac
Asp amino acid, mimicking a phosphorylated ami
acid, the binding of the PP1c is inhibited. This res
suggests that phosphorylation of Bad on the regula
Ser-136 while allowing binding of Bad to 14–3–3 [1
14] may also inhibit binding to PP1c (Fig. 1B). Unlik
Bcl-xL or Bcl-w, this motif is located outside of th
BH3 domain immediately upstream of the regulato
Ser-136.

3.2. Predictive signature for PP1c interactions:
simultaneous presence of R/K-x(0,1)-V-x-F and
F-x-x-R/K-x-R/K motifs in some characterized PP1
binding proteins

The statistical analysis of sequences in the Sw
sprot Release 40 indicate that, while 16% of the d
library contains one of the motifs, only 3.9% share
two motifs (Table 2). The reduced number of prote
with the two distinct PP1c docking motifs clearly su
Table 2
Statistical distribution of PP1c docking motifs. Bioinformatic ana
sis using the Sig program (É. Deveaud, Institut Pasteur) in the S
sprot Release 40 library that contains 101 602 non-redundant
tein sequences. For details see general information on the we
http://PP1signature.pasteur.fr

Docking motif Total of sequences % of the library

R/K-x(0,1)-V-x-F 16200 16
F-x-x-R/K-x-R/K 16273 16
R/K-x(0,1)-V-x-F 4013 3.9
+ F-x-x-R/K-x-R/K

Amino acids and motifs nomenclature is defined in the Prosite w
sitehttp://www.expasy.org/tools/scanprosite/scanprosite-doc.ht.

ports the concept of a PP1 predictive signature. In
dition, the finding that most characterized PP1-bind
proteins share the two motifs sustained this conc
and has motivated the Institut Pasteur to create
to maintain thehttp://PP1signature.pasteur.frwebsite
as a new bioinformatic tool to identify novel putativ
PP1 interacting proteins. To experimentally valid
this concept, we have demonstrated a PP1c ass
tion with four candidates, randomly selected in o
web site (Fig. 2). We were able to detect associa
of PP1α to p85 PI3K, p110 PI3K, hsp70 and CD
four molecules that share both motifs. As a cont
in Ras immunoprecipitates we did not observed as
ciation of PP1α-Ras, a molecule that contains neith
R/K-x(0,1)-V-x-F nor F-x-x-R/K-x-R/K motifs. Inter-
estingly, the association of hsp70 to PP1α is almost
undetectable upon competition of PP1α immunopre-
cipitates with exogenous peptides R and F (for
quence, see materials and methods) correspondin
the two motifs R/K-x(0,1)-V-x-F and F-x-x-R/K-x
R/K, respectively.

The recent development of penetrating peptides
addition to the identification of peptide sequences s
rounding PP1c docking sites in important regulat
proteins, suggests a new approach for phospha
derived drug research. This strategy might be ba
on the specific ‘peptide knock out’ of an intracellul
pathway controlled by a specific PP1 holoenzyme
develop this academic or therapeutic strategy as
as to facilitate academic research, we propose a
website:http://PP1signature.pasteur.fr, which allows
the identification of putative PP1-interacting prote
containing the two distinct PP1c docking consen
motifs represented in the Swissprot library.

http://PP1signature.pasteur.fr
http://www.expasy.org/tools/scanprosite/scanprosite-doc.htlm
http://PP1signature.pasteur.fr
http://PP1signature.pasteur.fr
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Fig. 2. Identification and characterization of new PP1c interac
proteins with a putative signature predicted by sequence ana
(A) Cytoplasmic lysates from TS1αβ cells were immunoprecipi-
tated with anti-p85 PI3K, anti-p110 PI3K, anti-Hsp70, anti-CD
anti-Bcl-2 (as a positive control) and anti-Ras (as a negative con
antibodies, transferred to nitrocellulose and immunoblotted w
anti-PP1α and anti-Ras. (B) Similarly, cytoplasmic lysates wer
immunoprecipitated with anti-PP1α, transferred to nitrocellulose
and blotted with anti-p85 PI3K, anti-p110 PI3K, and anti-Hsp
anti-CD4, anti-Bcl-2 and anti-Ras antibodies. For the two pan
A and B, the interaction hsp70/PP1α(hsp70C) was competed wit
1.5 mM of R (NWGRIVAFFSF) and F (GDEFELRYRRAF) pep-
tides for 30 min at room temperature. Proteins were detected u
the ECL system. Similar results were obtained in three indepen
experiments.
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