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ABSTRACT: Protein phosphatase-1 (PP1) is an essential protein Ser/Thr phosphatase that is extraordinarily
conserved from yeast to human, and Inhibitor-2 (I-2) is the most ancient of the heat-stable proteins specific
for PP1. We identified novel I-2 homologues @aenorhabditis elegan&e) andXenopus lagis (Xe)

and compared them to the I-2 proteins frétamo sapiengHs), Saccharomyces cersiae (GLC8), and
Drosophila melanogastgiDm). The Ce I-2 and Dm I-2 showed the highest potency inhibition of rabbit
PP1 with IGo near 5 nM compared to Hs I-2 and Xe I-2 withsf®etween 10 and 50 nM and GLC8 with
>100-fold lower activity. Inhibition of PP1 bound to Nek2 kinase activated the kinase to phosphorylate
a C-Napl domain substrate. All the species of I-2 except GLC8 activated the Nek2::PP1 to the same
extent as microcystin-LR. Only Hs I-2 and Xe I-2, not the I-2 proteins more divergent in sequence, directly
activated human Aurora-A kinase. Various species of I-2 have a common PxTP phosphorylation site that
showed a wide range of reactivity with GSK3, ERK, or CDC2/cyclinB1 kinases. The Sucl subunit of
CDC2/cyclinB1 enhanced reactivity with I-2, consistent with this being a site of mitotic phosphorylation.
The results show species specificity among the 1-2 family within the context of conserved PPL1 inhibitory
activity and variable phosphorylation by Pro-directed kinases.

Protein phosphatase-1 (PPig an essential enzyme that conformational change in the proteib5j. These inhibitors
dephosphorylates Ser/Thr sites in many proteins and isare extremely specific for PP1 compared to other related Ser/
specifically required for metaphase to anaphase transitionThr phosphatases such as PP2A, PP4, and PP6, even though
in fungi (1, 2) and mammalian cells3}. Regulation and  these enzymes are inhibited with nanomolar potency by the
distribution of PP1 within cells involves its binding to many same small molecule toxins binding at their active sites.
different subunits4, 5), estimated to exceed 150 in number Furthermore, certain inhibitors have specificity for PP1
(6). Binding of PP1 involves a primary interaction of an R/K- holoenzymes where PP1 is already engaged with a regulatory
V-x-F motif in the regulatory subunit with sockets for the V. subunit, with perhaps the best example being CPI-17
and F residues on the backside of PP1, opposite the activenhibition of myosin phosphatasé®). More recently, PP1
site. These details have been visualized in 3D from structuresinhibitors have been shown to be multifunctional in that they
of PP1 complexed with a KVSF-containing peptid® ¢r also bind protein kinases to either inhibit or activate them
the MYPT1 subunit ) plus active site inhibitors9-11). (17, 18).

The PP1 holoenzymes exhibit narrow substrate specificity  |nnibitor-2 is the most ancient PP1 regulatory protein,
and differential regulation, often involving phosphorylation  ¢onserved from yeast to human. Here we compared five
of the regulatory subunits. PP1 operates under an additionalspecieS of I-2 in multiple assays. We compare inhibition of
layer of regulation from families of inhibitor protein83), ~ pp1 monomer, PP1 complexed to Nek2, and activation of
first described 30 years agd3). These are proteins of  ayrora-A kinase. We demonstrate that the most conserved
relatively small size (1530 kDa) that are mostly hydrophilic  sequence motif is phosphorylated by multiple Pro-directed

and heat-stable, properties common with other “intrinsically kjnases, but these show large differences in reactivity with
unstructured proteins’@) that are flexible and adapt to the  the |-2 family members.

shape of their targets. PP1 inhibitor proteins are phospho-
rylated at multiple sitesl). Phosphorylation is required for MATERIALS AND METHODS
high potency inhibition by several inhibitors such as I-1,
DARPP-32, CPI-17, KEPI, and PHI-1. In the case of CPI-  Reagents Restriction enzymes and GSK3, CKIl, and
17, NMR demonstrates that phosphorylation produces aCDC2/cyclinB1 kinases were purchased from New England
BioLabs, and §-%2P] ATP was obtained from Amersham

. ) . Biosciences. Oligonucleotides were synthesized by Integrated
e o e et T MSE: DNA Technologies. A RT-PCR kit was purchased from
924-5829. Fax: 434-243-2829. E-mail: db8g@Uvirginia.edu. Invitrogen and the mRNA purification kit from Amersham

! Abbreviations: 1-2, inhibitor-2 of protein phosphatase type-1; PP1, Pharmacia Biotech. Aurora-A kinase was expressed in

protein phosphatase-1; C€. elegans Xe, Xenopus laeis; Dm, ; ; ; ;
Drosophila melanogasteHs, Homo sapiensl-1, inhibitor-1; PCR, bacteria as described previousiy(. Recombinant Sucl

polymerase chain reaction; MCLR, microcystin-LeuArg; MBP, myelin Protein was provided by Dr. Todd Stukenberg (University
basic protein. of Virginia). Active MAP kinase (ERK2) was provided by
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Drs. J. Smith and D. Lannigan (University of Virginia). A
yeast cDNA library was provided by Drs. Nima Mosamma-
parast and Lucy Pemberton (University of Virginia). The
C-terminal domain of C-Napl (residues 19783142) was
cloned by RT-PCR with primers that added a BamH1 site
to the 3-end and a Histag plus Sal | site to the'&nd.
This DNA was cloned into the pMal vector (New England
Biolabs) to produce a maltose binding protein (malE) fusion
protein with a C-terminal Histag. The recombinant protein
was expressed in the BL21 strain BScherichia coliand
purified by sequential chromatography on Ni-NTA (Qiagen)
and amylose resin (New England Biolabs).

Cloning of cDNAs for Different Species of |-Zhe
National Center for Biotechnology Information (NCBI)

Biochemistry, Vol. 46, No. 9, 20072381

ATAGATGAACCAAGCGCCCCATATCACAGG-3 and
5-CCTGTGATATGGGGCGCTTGGTTCATCTAT-3

All mutated codons were underlined. QuickChange (Strat-
agene) mutagenesis reactions were performed on the pET
expression constructs.

Bacterial Expression and Purification of HiS-Tagged
I-2 Proteins. E. colstrain BL21(DE3) plysS was transformed
with pET-I-2 bacterial expression vectors and grown over-
night at 37°C in 10 mL of LB medium containing 3Qg/
mL of kanamycin, 2Q:g/mL of chloramphenicol, and 0.25
mL of 20% glucose. The culture was inoculated into 1.0 L
of LB medium including 30ug/mL of kanamycin and 20
mL of ethanol. The transformed cells were grown to the
absorbance of 0.6 at 600 nm at 37, and the expression of

expressed sequence tag database (dbEST) was searched witi2 proteins was induced by addition of isopropyl-1-tifio-

the human -2 nucleotide sequence using the TBLASTN
algorithm. A cDNA sequence froidenopus lagis (GenBank

D-galactopyranoside into the culture at a final concentration
of 1 mM for 6 h at 37°C. The bacteria were collected by

accession #Bl444584) was identified that encoded a portion centrifugation at 450§ for 10 min, and the cell pellet was

of a polypeptide with significant sequence identity to human
I-2. The Xenopusdatabase (//Xenopus.nibb.ac.jp/) was
queried using TBLASTN with the cDNA #Bl444584 to

identify the contig #036101 that contained the full sequence.

The sense primer AGCGGATCCCATATGGCGGCTCA-
GACCCAGAGG-3 and antisense primer'-&8GACTC-
GAGCGGCCGCTCAGGATGAGCTTCGGTCTGT-8vere

suspended by a buffer containing 25 mM MOHR$aOH,
1.25 mM EDTA, 0.4 mM Pefabloc, 10g/mL of lima bean
trypsin inhibitor, 0.5 mM TCEP (tris(2-carboxyethyl)phos-
phine), and 1.25 mg/mL of lysozyme and was storee 20

°C overnight. On the next day, the pellet was thawed for 10
min in a 37°C bath, MgC} (10 mM final concentration)
added, plus DNasel (0.01 mg/mL final concentration). After

designed from this entire sequence, and the cDNA wasincubating at room temperature for 10 min, NaCl (0.8 mM
amplified by polymerase chain reaction (PCR). The PCR final concentration) and 15 mL of d)@ were added, and

product was subcloned into the BamH1 and Notl sites of the cells were heated for 10 min in boiling water. The
pET28b. By searching the HomoloGene of NCBI, the supernatants were collected by centrifugation for 20 min at

predicted C. elegansl|-2 cDNA (GenBank accession
#NM_065746) and the cDNA sequences includigcer-
evisiae GLCS8, D. melanogastet-2, and human 1-2 were
identified. TheC. elegansORF clone of I-2 (clone ID:
Y32H12A. 4) was purchased from Open Biosystems. The
cDNA was amplified by PCR with two primers-&CG-
GATCCATGGCATCACCCTCCGCTTCT-3and B3-GC-
GCGGCCGCCTAGTGTTCCATATTTCCACC-*3A yeast
cDNA library was used with specific sense primer 5
GCGAATTCATGGGAGGTATACTTAAAAAC-3and an-
tisense primer'sGCGCGGCCGCTCATGGTTCTTTTGTCG-
TACT-3 for amplifying GLC8 cDNA. ADrosophilacDNA
library made fronDrosophilaS2 cells was used as template
with sense primer 'SGCGGATCCATGCAGAACAATC-
CCAGCCCA-3 and antisense primefr-8CGCGGCCGC-
CTAGTTATTCGATGGCTCCAG-3 for the cloning of
Drosophilal-2. The GLC8, Ce I-2, Dm 1-2, and Hs [-2

20 00@ and transferred into a 50 mL tube. kisgged I-2

in the extracts was adsorbed to?Nbound chelating
sepharose fast flow (Pharmacia) column (%£.5.7 cm) at 4

°C. The column was successively washed with buffer
containing 20 mM imidazole/HCI, pH 7.0, 20 mM potassium
phosphate, and 0.5 M NaCl. The bound proteins were eluted
by buffer with 0.5 M imidazole/HCI, pH 7.0, 20 mM
potassium phosphate, and 0.5 M NaCl. The eluted protein
was dialyzed against buffer of 25 mM HEPES, pH 7.5, 1
mM DTT, 0.4 mM Pefabloc, 5 mM MgG] and 50 mM
NacCl, then was stored at80 °C.

Sequence Alignment and Construction of Phylogenetic
Tree.Sequences were aligned by using the multiple align-
ment algorithm in the MegAlign package (Windows version
3.12e; DNASTAR, Madison, WI) followed by manual
optimization. Phylogenetic analyses using distance methods
were carried out with the GCG Sequence Analysis Package.

cDNAs were subcloned into the pET30a vector to generate The phylogenetic tree is based on the entire amino acid

Hise-S-tagged 1-2 fusion proteins i&. coli.

Mutagenesis of Thr to Ala in Highly Consexd IDEPX-
TPY Motif. Human 1-2 T72 was changed to A72 using
the complementary oligonucleotides-ATAGATGAAC-
CAAGCGCTCCTTACCATAGT-3 and B3-ACTATGG-
TAAGGAGCGCTTGGTTCATCTAT-3;, GLC8 T116 was
changed to A116 by these two pairs of complementary
oligonucleotides BATAGACGAGCCCAAGGCCCCCTAC-
CAAGGT-3 and 3-ACCTTGGTAGGGGGCCTTGGGC-
TCGTCTAT-3; C. elegansl-2 T79A: 5-ATTGATG-
AACCAAAGGCCCCATATCATCAT-3 and 3-ATGAT-
GATATGGGGCCTTTGGTTCATCAAT-3 D. melano-
gaster |-2 T59A: S5-ATCGATGAGCCCAAAGCG-
CCGTACAACTAC-3 and B-GTAGTTGTACG-
GCGCTTTGGGCTCATCGAT-3 Xenopud-2 T71A: 5-

sequence of the members shown. Distance matrices were
generated by the Juke€antor correction model. These
matrices were analyzed by the UPGMA program to construct
a phylogenic tree.

Phosphorylase Phosphatase Ass#&P1 activity was
assayed by the release®® phosphate from phosphorylase
a as described by Shenolikar and Ingebritség)( PP1
purified from rabbit skeletal muscle was incubated with 15
uM phosphorylasain 20 mM MOPS, pH 7.4, 50 mM NacCl,

1 mM MgCl, 1% (v/v) 2-mercaptoethanol, 1 mM dithio-
threitol, 10% glycerol, and 0.1 mg/mL of BSA in a total
volume of 40uL for 15 min at 30°C. The reaction was
terminated by addition of 66L of 1% bovine serum albumin
and 300uL of 15% (w/v) trichloroacetic acid and was
incubated on ice for 10 min. After centrifugation at 15 00
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for 10 min, the supernatant (3Q.) was analyzed fof?P reading frame containing 192 amino acids. This protein had
release by liquid scintillation counting. an extra 22 residues at its N-terminus relative to human I-2.

Kinase AssaysRecombinant GSK3, CKIl, ERK2, or Another homologue was identified frot{enopus laeis
CDC2 was incubated with different species of recombinant (GenBank accession #B1444584). This sequence contained
Hise-S-tagged-1-2 wild type or I-2 (T/A) mutant proteins in 85 bp of 3 untranslated region and was missing a portion
reactions containing 25 mM MOPS, pH 7.4, 0.1% 2-mer- Of the 3 coding region. Because this was only a partial clone,
captoethanol, 5 mM MgGJ 50 mM NacCl, 1 mM EGTA, 1 we searched th&enopusdatabase (//Xenopus.nibb.ac.jp/)
mM Pefabloc, 1uM MCLR, 10 mM NaF, 1 mM vanadate,  Using this cDNA and found the entire sequence of predicted
4 mM -glycerophosphate, 0.1% NP-40, and 100 [32P]- Xenopud-2 encoding a polypeptide of 187 amino acids that
ATP (20uCi). The whole reactions in 50L were runat 30 ~ Was 17 residues shorter than human I-2 at the C-terminus.
°C for 1 h, then stopped by>2 SDS sample buffer. The =~ We also cloned by RT-PCR the I-2 cDNA frof sapiens
samples were resolved by SDS-PAGE, gels stained bySaccharomyces cersiae (GLC8), andDrosophila mela-
Coomassie, and labeled I-2 detected by autoradiography. Theogaster
32p-labeled protein bands were cut from gels, and the The amino acid sequences of these five species of I-2 are
radioactivity was quantitated with a Beckman model LS- aligned in Figure 1A to reveal three regions that are most
6500 scintillation counter. highly conserved among these proteins. One region is the

For Aurora-A kinase assay, recombinant Aurora-A (300 site (PIKGILKN) at the N-terminus required for high potency

nM) was incubated with or without species of 1-2 proteins inhibition of the PP1 catalytic subunit. This site is identical
for 10 min at 30°C in the kinase buffer containing 20 mM N Hs -2 and Xe 1-2. In Dm I-2 and Ce I-2, there are two
Tris, pH 7.5, 1 mM MgCJ, 25 mM KCI, 1 mM dithiothreitol, and three residues substituted, respectively, involving the first
and 40ug/mL of bovine serum albumin. Reactions were /€ and the Asn. In the yeast GLC8 protein, this region
stopped with % SDS sample buffer and proteins separated aPP€ars at the N-terminus of the entire protein with the PIK
by SDS-PAGE {8). Gels were stained with Coomassie blue, Séduence substituted by MG, followed by the GILKN motif.
dried, and analyzed by Phosphor Imager using Image Quant! "€ second conserved region (IDERXY) contains a
software (Amersham Biosciences). phosphorylation site, and seven of eight residues are identical

For the Nek2 kinase assay, HEK293T cells at 60% in all five species. The third conserved sequence region
confluence in 6 cm dishes weré co-transfected withg? (FEXKRKXHY) is in the C-terminal region. The sequence

: i ; (RKLHY) has been proposed as a secondary PP1 binding
ngFXa% TISP[]);[\Iﬁ fO£D|_||\|§3N?,|I;i2n (2(3 ?)?gctipntw ?ngl?zgmgm site 26). In addition to these three sequence motifs, we noted
(Invitrogen). After 26 h extractsgwefe prepared in 094 mL that the C-terminal region of all these I-2 consists of a large

. : N X proportion of acidic amino acid residues, including several
gfllylalil:éslaslfob#]f;;rMcggflgt??nﬂ ,\SA?&MS"#;\BI‘?E&'X 75, Consecutive acidic residues (e.g., DDDEDEE, DEEEDEDEE,
and 0.1% NP-40 with protease inhibitor cocktail (CalBio- EEDDDDDDED, EDDEEE, or DEDEDEDD). The only

P ; . : functions assigned to the C-terminal region of I-2 have been
Chem) at 1:100 dilution. Following centrifugation at 13 000 N . )
rpm for 10 min, the supernatants were recovered and useaaCt'V"Jltlon of Aurora-A kinase1@) and a role in GSK3

for immunoprecipitations with protein A agarose beads reactlvatlog ofhPllDl n the |'2"PP% heteIrOQ|méh§)( Vg/e
(Amersham) preloaded with 12CA5 antibody. After 1 h f%nStrL,J[Ct.e aFP yoglegetl_ltzr:.ree ;]OS %V\{[Krﬁeeatllons '5’32 etween
mixing end-over-end, the beads were recovered by centrifu- theprz?oiltns r(m']%ﬁ/r: mtgfazolzns vc:avrvseion Ofel-eZQanf;in?slieS
gation, washed once with 1 mL of the lysis assay buffer, P hilaand i '

and resuspended and dispensed for assay. Beads with thgetwe_gnD(osop raand yeast. . . .
HAs-Nek2::PP1 complex were incubated alone as control Purification of Recombinant I-2 Proteinghe five dif-

or with 2uM MCLR or different I-2 before starting reactions ferent Species of I'.2 were su'pcloned Into p_ET vectors for
with addition of 1004M [#P]JATP (104Ci) and 3.5ug of expression in bacteria and purified as recombinant heat-stable

malE-cNAP1-Hig as substrates. After 40 min at 3C proteins. Treatment of total bacterial lysates at @D

reactions were stopped with SDS buffer and boiling and followed by centrifugation resulted in removal 80% of

products resolved by SDS-PAGE. After Coomassie staining tbhe_lltotal %rotein. Thgf_l—(jz fprotetigs rr]emtair:egl S?Ubtl.e aftt)er
and drying, the band of malE-cNAP1-Hiprotein was olling and were purilied from the heat-stablé fraction by

excised from the gel and radioactivity was determined by Ni-agarose affinity chromatography. Analysis of the purified

Cherenkov radiation with a Beckman model LC-6500 proteins by SDS-PAGE and Coomassie staining showed that
scintillation counter these I-2s were essentially homogeneous and all displayed

anomalous low mobility on SDS-PAGE (Figure 2). The
RESULTS observed (and expected) sizes in kDa were: GLC8325 (

Ce |-2, 33 27); Dm I-2, 35 8); Xe I-2, 32 £5); Hs I-2, 39

Identification of N@el I-2 Proteins from Various Eukary-  (28). The properties of these I-2 proteins are consistent with

otic Species Phosphatase inhibitor-2 protein from rabbit them being inherently unstructured or relatively disordered
muscle was sequenced before its cDNA was clor], ( proteins, characteristic of many regulatory proteins involved
and subsequently, homologues have been identified by DNAIn cell signaling (4).
sequence in human, rddyosophila andS. cereisiae (22— Inhibition of PP1 by Different Species of ['@/e assayed
25). We searched the NCBI EST (expressed sequence tag)ifferent species of I-2 for the ability to inhibit the type-1
database using human I-2 cDNA to identify related proteins protein phosphatase monomeric catalytic subunit. PP1 puri-
in other species. We found @. elegansl-2 homologue fied from rabbit skeletal muscle dephosphoryl&teslabeled
(GenBank accession #NM_065746) with an entire open phosphorylasa, and we determined the concentration range
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Ficure 1: (A) Sequence comparison of different species of I-2. $heereisiae GLC8, C. elegand-2 (Ce 1-2),D. melanogastel-2 (Dm

I-2), Xenopud-2 (Xe 1-2), andHomo sapiens-2 (Hs |-2) protein sequences in single letter code were aligned. Numbering of the amino
acids is from the residue following the initiator Met. The highly conserved IDEPXTPY site in each I-2 protein is indicated and the
phosphorylated Thr marked ks Other conserved regions, including the putative PP1 binding motif, are also indicated by brackets. The
comparison was created using the program DNASTAR (DNASTAR, Inc. Madison, WI) followed by manual optimization of the alignment,
and shading was done using the program BOXshade. (B) Phylogenetic relationship among I-2 genes. The phylogenetic tree is based on I-2
amino acid sequences constructed by UPGMA clustering of Jt@®astor distances. The scale bar indicates the scale of sequence divergence.
The boxes show I-2 proteins analyzed in this study.

of PP1 in the assay that produced a linear releas€Rf  inhibition by the novel Ce I-2 protein. By comparison, the
(Figure 3A). Using a concentration of PP1 in this range, the two proteins from vertebrate species, Hs I-2 and Xe 1-2, had
dose-dependent inhibition by different species of I-2 proteins slightly lower activity with 1G, between 10 and 50 nM.
was determined (Figure 3B). The concentrations of 1-2 GLC8 had more than 100-fold lower activity than any of
proteins were quantitated both by Bradford assay and bythese other I-2s, with 1§ of 1 uM. The potency of GLC8
Coomassie staining after gel electrophoresis (data not shown)was about the same as that of the truncated protein Hs [-2
The Ce I-2 and Dm I-2 showed the highest potency with (14—197), which has the primary PP1 binding site at the
ICso near 5 nM. This shows conservation of potent PP1 N-terminus deleted. Thus, all these proteins were inhibitors



2384 Biochemistry, Vol. 46, No. 9, 2007 Li et al.

75 { 4 inhibitory action of the different species of I-2 using a
— holoenzyme composed of PP1 bound to Nek2. In this
complex, the PP1 is bound to a KVKF motif in the
50 1 W= an noncatalytic C-terminal region of Nek2. The RBAek2:
PP1 complex was recovered by anti-HA immunoprecipitation
37 1. - - from extracts of HEK293T cells that had been co-transfected
- - with plasmids for HA-Nek2 and untagged PR1The Nek2
kinase is activated by autophosphorylation but is inactivated
25 | - by constant PP1 dephosphorylation within the complex.
1 2 3 4 5 6 7 Inhibition of the PP1 in this complex can be indirectly
FiGURE 2: Expression of various species of I-2 i coli. Heat- assayed by measuring the increase in Nek2 kinase activity
treated extracts were prepared from transforiedoli cells, with (20), using here recombinant C-Napl fusion protein as a

chgtrﬁfgﬁdta?(?ti?ns'ﬁﬁa}sgﬁebd gsb S%S'Xg%edA igo'(\)/'r?]fsfiséilésbﬁjned preferred Nek2 substrate. MCLR was used as positive control
stained gel is zhown. Laneyl, sizgstandard proteins; lane 2, bovine.to comple_tely mh'b't PP1, "fmd it produced a 4-fold increase
serum albumin; lane 3, GLCS8: lane 4, Dm I-2; lane 5, Ce I-2: lane 1N Nek2 kinase activity relative to the untreated control where
6, Xe I-2; lane 7, Hs I-2. All I-2 proteins have a HiS-tag at the PP1 remained active. In this assay, micromolar concentra-
N-terminal except Xe I-2, which has only a Hisg. The numbers tions of Ce I-2, Dm I-2, Xe I-2, and Hs I-2 all produced
at the left side indicate relative molecular mass expressed in yctivation of Nek2 about equivalent to the activation seen
kilodaltons. with MCLR, whereas the yeast I-2 (GLC8) was not effective
(Figure 4A). Other assays with lower concentrations of added
(A) I-2 showed incomplete activation of the Nek2, compared to
1600 the effects of MCLR in the same assay (not shown). We
1400 concluded that all these species of I-2 except GLC8 inhibited
1200 PP1 that was bound to Nek2, albeit with lower apparent
1000 potency relative to PP1C monomer. Inhibition of PP1 in this
800 holoenzyme did not require I-2 interaction with the KVxF
600 site on PP1 because Nek2 already occupied this site on PP1.
400 The added I-2 did not promote dissociation of the HA
200 Nek2::PP1 complex. On the contrary, we found that the I-2
0 - " , formed ternary complexes, with PP1 binding both Nek2 and
0 005 o1 015 02 025 03 I-2 at the same time. Following incubation of the HNek2::
Relative concentration of PP1 PP1 holoenzyme with either GLC8 or Hs I-2, the beads were
pelleted, washed with assay buffer, and the bound proteins
were analyzed by immunoblotting (Figure 4B). Results
1 showed that the PP1 remained bound to Nek2, and further-
more, both GLC8 and Hs I-2 were recovered with thesHA
Nek2::PP1 complex. We took this as evidence that the GLC8
0.6 | and Hs I-2 bound to the PP1 already engaged with Nek2.
However, the Hs I-2, not the GLCS8, inhibited the PP1 to
allow activation of the Nek2. The results suggest that the
02 weak inhibitory activity of GLCS8 in this assay is not simply
due to differences in its primary PP1 binding site at the
0 001 041 1 10 100 1000 10000 N-terminus, or even in its ability to associate with PP1, but
-2 concentration due to differences in sequence elsewhere in the protein that
(nM) are critical for inhibiting mammalian PP1.

Ficure 3: (A) Phosphorylase phosphatase activity of rabbit skeletal Au_rora Kinase Actiation by Various_l-2 Prot(_einsWe
muscle PP13?P-Labeled phosphorylase was incubated with ~ previously reported 18) that Hs I-2 directly stimulated
various amounts of PP1 isolated from rabbit skeletal muscle, and recombinant human Aurora-A kinase activity and co-

release of acid-solublé?P] phosphate was measured by scintill-  precipitated with Aurora from cell extracts. Recombinant

ation counting. Results demonstrate linear response of the assay, A Li Iy . .
used to measure inhibitor activity. (B) Effect of I-2 proteins on the Aurora-A kinase was purified fronk. coli and incubated

phosphorylase phosphatase activity of PPR:Labeled phospho-  With or without I-2 proteins for 10 min at 3T, then kinase
rylase a was incubated with PP1 in the presence of increasing activity was measured by adding the substrates MBP and

concentrations of recombinant I-2 proteins: GLC8, open circles; [32P]ATP. In this assay, Hs |-2 producees-fold increase
human I-2 (14-197) deletion mutant protein, asterisks; Xe 1-2, iy Aurora-A kinase activity, and Xe I-2 activated Aurora-A
crosses; Hs I-2 diamonds; Dm |-2, squares; Ce I-2, triangles. Resultsk. 13-fold d' ith Ll Ce -2
calculated as average of duplicate samples. Inase~15-10 compare_ with control. In con_trast, e_ B
Dm -2, and GLC8 only stimulated Aurora-A kinase activity
of purified PP1 catalytic subunit, and the low activity of slightly above control, much less effective compared to Hs
GLC8 might be due to sequence variation near the N- I-2 and Xe I-2 (Figure 5). We conclude that Hs I-2 and Xe
terminus. [-2 can bind and activate human Aurora-A kinase. This
Inhibition of PP1 Bound to Nek2 KinasBP1 exists as a  property is not shared by Ce I-2, Dm -2, and GLC8, any
collection of holoenzymes in cells; therefore, we tested one of which has only 30% identity to either Hs I-2 or Xe

Phosphorylase phosphatase activity
(**P-phosphate released [cpm])
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z

1.2

0.8

04

Relative activity of I-2
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— +— GLC8 )
- | Hs -2 p.MBP |

anti-S

Ficure 4: (A) Activation of Nek2::PP1 kinase by MCLR and
recombinant 1-2. Kinase assays were performed as described in
Materials and Methods using anti-HA immunoprecipitates from
293T cells transiently transfected with vectors encodingNak?2
and untagged PR1Recombinant C-Napl domain plys{?P]ATP
(0.1 mM) were added as substrates in the kinase reaction. The
reaction was started by addition of ATP within 40 min after adding
2 uM MCLR or recombinant I-2 proteins. Results were replicated
in two independent experiments, and the average activities are
shown. (B) Binding of GLC8 and Hs I-2 to HANek2:PP1
heterodimer. Anti-HA immunoprecipitate prepared from 293T cells
transiently transfected with vectors encoding #Mek2 and un-
tagged PP was split and incubated fd. h with either GLC8 or ¢ Hsl-2Xel-2 Cel-2Dm I-2 GLCS8
Hs I-2 (each at 0.2 mM). The beads were collected by centrifuga- pigure 5: Human I-2 andKenopus-2 stimulate Aurora-A kinase
tion, washed with 1.0 mL assay buffer and pelleted. Proteins bound activity. Recombinant Aurora-A was incubatédadded I-2 for 10
to the beads were analyzed by immunoblotting with anti-HA *min Assays containing 300 nM Aurora-A were performed for 10
(polyclonal antibody Y-11, Santa Cruz; 1:2000), anti-PP1 (chicken min after addition of substrates myelin basic protein (MBP; Sigma)
antiserum at 1:10000), and anti-S peptide (monoclonal from zn4 0.1 mMm }-32P] ATP. Samples were resolved by SDS-PAGE,
Novagen; 1:5000) antibodies, developed with anti-rabbit HRP, anti- \inase activity quantitated by Phosphorimager detectiGArokBP
mouse HRP, or anti-chicken HRP (all at 1:10000) using enhanced (upper image). Kinase activity was normalized to untreated
chemiluminescence and exposure of X-ray film that was scanned pyrora-A kinase (leftmost lane), andfold activation is given as
and processed in Photoshdgy). numbers in the histogram in the top panel. The amount of myelin

) ) ) basic protein substrate and I-2 added to assay is shown by scans of
I-2 that are closest to one another in amino acid sequencethe Coomassie stained gel (lower two panels). Results are repre-
and 60% identical (Figure 1A,B). sentative of two independent experiments.

Phosphorylation of Different Species of I-2 by CKIl, GSK3,

and ERK The I-2 protein is phosphorylated at multiple Ser CKIl in the kinase assay and were probably phosphorylated
residues by purified CKIl Z7). These sites were first at multiple sites.
identified in the I-2 protein isolated from rabbit muscRs) Rabbit I-2 can be phosphorylated at Thr72 by GSBGA
and also were found in I-2 from human tissue culture cells 32) and ERK 33). These kinases phosphorylate I-2 in the
(29). These sites are Ser86 in the SDxE motif and the tandemPXTP site that is the most conserved region of all I-2 proteins
SerSer at 120121 in a SSXEE motif (humbering for rabbit  (see Figure 1). The I-2 proteins from the five species were
I-2 sequence). We reacted various species of |-2 with purified reacted with recombinant GSK3 (Figure 7A) or ERK (Figure
CKIl and found that the proteins were all efficiently 7B), and the®?P-labeled I-2 proteins were excised from gels
phosphorylated (Figure 6). Compared to GLC8 (set to 1.0 and the radioactivity was quantitated. With GSK3, the Dm
for normalization), Hs I-2 was phosphorylated about the samel-2 was by far the best substrate, with 60 times more
and Dm I-2 slightly more, while Xe I-2 and Ce I-2 were phosphorylation than GLC8 or Ce |-2 or Xe I-2, proteins
phosphorylated about twice as much as GLC8. These resultsthat were essentially nonreactive under the same conditions
an average of two independent assays, demonstrate that alfFigure 7A). This observation is all the more impressive
of the recombinant I-2 proteins were effective substrates for when considering the nearly identical reactivity of all the

—— e e —
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Ficure 6: Phosphorylation of I-2 proteins by CKIl kinase. Different 57
species of I-2 (final concentratiorydv) were incubated with CKII 41
(500 V) in kinase reaction buffer for 1 h, then stopped by addition 31
of 2x SDS sample buffer. The proteins were resolved by SDS- 2
PAGE and analyzed by autoradiography. Film was scanned and 11
image shown in the bottom panel processed in Photoshop. Protein L —— Col2 p— _— Her2
bands were excised from the gel, radioactivity quantitated with a Wi TA wr TA Wr TA Wr TA  wr  TA
scintillation counter, and results normalized to GLCS8. Data from
two independent reactions were averaged to generate the histogram. — -

I-2 proteins with CKII (see Figure 6). Hs 1-2 was the other Ficure 7: Phosphorylation of wild-type I-2 (solid bars) or T/A

family member that was reactive with GSK3 _and Was  mytant I-2 proteins (open bars) by GSK3 (panel A) and ERK kinase
phosphorylated about 1/3 as mu_ch as D_m I-2 (Figure 7A). (panel B). I-2 proteins at a final concentration il were reacted
As controls, we mutated each of five species of I-2 to change with GSK3 (50 U) or ERK (0.3ug). The kinase reaction was

the threonine residue in the PXTP site to alanine. This single stopped by mixing aliquots of the reaction wittkk DS sample

residue T to A mutation essentially eliminated phosphory- Eifgéaéééjt’sﬂdh‘lwg’r: gﬂatlr;/ie%%; 'thg\;ggeiogzgxs(;: gh%VDvﬁ'

lation, demonstrating t_his_ was the only site phosphoryla;ed in the bottom panels, and the bands were cut from the gel,
by GSKS3. The results indicate that there must be other sitesquantitated with a scintillation counter, and results normalized to
for recognition by GSK3 besides the consensus motif GLC8 (T/A). The relative differences in phosphorylation between
surrounding the phosphorylation site in these proteins, anddifferent proteins were consistent at different times of assay.
there was a substantial difference between species of -2 for
these interactions. Likewise, the reactivity of ERK kinase
was different with various species of -2 and different
compared to GSK3 (Figure 7B). In this case, all of the five
species of 1-2 were phosphorylated at the PXTP site, shown
by the difference in radiolabeling of the wild-type (WT) and
mutant (TA) proteins (solid and open bars in Figure 7B).
Dm I-2 and Ce I-2 were phosphorylated equally and were
the best substrates, and there was abeut-ld more3?P
labeling compared to GLCS8, Xe I-2, or Hs I-2. Because at
least 8 of 10 residues are identical in the MKIDEPKY
motif defining this site in the five species of I-2, we expected 8B).
them all to be substrates with both GSK3 and_E_RK and to DISCUSSION
be phosphorylated nearly the same. However, it is clear that
this phosphorylation site has quite different reactivity with In this study, we compared phosphorylation and function
GSK3 and ERK in the context of different I-2 proteins. of five different I-2 proteins from various eukaryotic species,
The PXTP site in I-2 was phosphorylated by CDC2/ yeast to human. Among this group, are two new proteins
cyclinB as previously reported®9, 32), but we found that  that we identified inC. elegansand Xenopus whose
the reactivity differed between various species of I-2. In this properties are reported here for the first time. The family of
case, Dm I-2 was the best substrate, and Ce I-2, GLCS8, andl-2 proteins exhibits considerable sequence variation. GLC8
Hs I-2 were phosphorylated to about the same extent, butis the most different, with only 1417% identity to any of
curiously Xe I-2 was not readily phosphorylated (Figure 8A). the other proteins. As a group, the I-2s from non-vertebrate
Again, the T to A mutants of each |-2 were used as controls species (GLC8, Ce I-2, Dm I-2) have only 30% identity with
to demonstrate phosphorylation in the PXTP site. In this case,the I-2s from vertebrate species (Xe I-2 and Hs I-2). Despite
the Ce I-2 T/A mutant showed more than double the this divergence in sequence, all of these I-2 proteins are about

phosphorylation compare to the other T/A controls. Our
interpretation of this result was that Ce I-2 is phosphorylated
at another site in addition to the PXTP site. There is aSer
Pro at residues-34 and Pre-Thr at residues 6465 and
98—99 (Figure 1A). The protein Sucl (human CKS) binds
to the CDC2/cyclinB kinase as a regulatory subunit and
enhances reactivity with certain mitotic substra@g).(Sucl
addition to reactions increased by-8-fold the phosphory-
lation of all of the various I-2 by CDC2/cyclinB1 (Figure
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(A) 40 are not yet identified, but our results with Ce I-2 impose

35 cbe2 constraints on their identity.

30 We demonstrate that I-2 proteins also inhibited PP1 that
25 was engaged in a heterodimer with Nek2 via its KVKF motif.
20 Inhibition of bound PP1 allowed the activation of Nek2
15 kinase by autophosphorylation, confirmed by addition of
0 MCLR as a positive control in each assay. C-Nap-1 binds

| ]
GLCa Cel-2

5 to Nek2 and is phosphorylated by Nek2 at multiple sites in
0 o2 12 He 2 the C-terminal domain35), making it an especially good
WE TA WT TA WT TA WI TA wr TA substrate to assay Nek?2 activity. Various I-2s were consider-
p— = ably less potent inhibitors of Nek2::PP1 heterodimers,
S compared to monomeric PP1 catalytic subunit, and required
[*P] autoradiography micromolar concentration of 1-2 for full activation. In the
Nek2 assay, even micromolar GLC8 failed to inhibit PP1.
CDC2/Suc1 Both GLC8 and Hs I-2 bound to the PP1 tethered tosHA
Nek2 on beads, demonstrating formation of heterotrimers.

In these trimers, GLC8 did not inhibit PP1, whereas the other
species of I-2 were inhibitory. This difference in I-2 activity
probably is due to sequence variations between GLC8 and
— ]
=+ - + -

(B)

Ce I-2 (the closest family relative) and may have to do with
the ~50 residue insertion in GLC8 between the N-terminus
and the conserved phosphorylation site. The results show
GLC: m: - ‘otz M: that I-2 (other than GLCS8) inhibits not just the PP1 monomer

Ficure 8: Phosphorylation of wild-type I-2 or T/A mutant proteins buF also gertaln PP1 complexes containing regulgtory sub-
by CDC2/cyclinB1 or CDC2/cyclinB1 with Sucl. (A) Wild-type ~ Units. This expands the role of I-2 beyond acting as a
I-2 (solid bars) or T/A mutant I-2 (open bars) proteing«{a) were scavenger to neutralize the PP1 catalytic subunit released
mi)zeﬁ \é\/)i/tgxcngé/gg%"ngeleJZf?erLJ)aﬁgdtgga;rtciﬁgiSn :t\?vg?:(:eifé?\;e%j from regulatory subunits. Because some PP1 holoenzymes
or . ' - (e.g., myosin phosphatase) are resistant to inhibition by I-2,
G lcradiography resls OME(h 1 1E8Con a1y WHIE Others (e.g, Nek2: PP are no,this indicates that -2
was quantitated, and results were normalized to Xe I-2. (B) can function in cells to regulate the activity of a select subset
Reactions with wild-type I-2 and T/A mutant proteins using CDC2/ of the PP1. On the basis of these results, expression of GLC8
cyclinB1 (20 U) alone (solid bars) or plus recombinant Sucl (open in cells would inhibit PP1 monomer but not holoenzymes,
bars) were done as described above, the results for the wild-typeg, this may prove to be a useful tool for research. Thus, I-2
proteins quantified and plotted for comparison. . . o

forms heterotrimeric complexes containing PP1 and a regula-

tory subunit, and we suspect that the 1-2::PP1 heterodimer
the same size (187229 residues) and they are heat stable; known as MgATP-dependent phosphatase is derived from
that is, they are soluble after boiling, a property probably such heterotrimers by dissociation of regulatory subunits and
due to a preponderance of charged and hydrophilic aminorearrangement of the heterodimer.
acid residues. This amino acid composition is consistent with  Only the I-2 from vertebrate species (Xe I-2 and Hs |-2)
lower than average binding of SDS, which would account activated Aurora-A kinase. These [-2 proteins are 60%
for their relatively low migration during SDS-PAGE. The identical in sequence and are divergent in sequence from all
new C. elegansprotein (Ce I-2) is the most primitive the other I-2s tested. Previous results showed that deletion
metazoan I-2, and the phylogenetic tree shows that it andof the N-terminal 13 residues of I-2 did not impair Aurora-A
Drosophilal-2 (Dm I-2) are well separated from vertebrate activation (8). Therefore, sequence differences at the
I-2. Therefore, it was interesting that Ce 1-2 and Dm 1-2 N-terminal of the various I-2s cannot account for the lack
displayed the highest potency inhibition of rabbit PP1, better of Aurora-A activation. This activity reveals the largest
even than the Xe I-2 and Hs I-2 proteins. Inhibition of PP1 functional differences among I-2 family members. Presum-
is one clearly conserved function of this protein family. The ably, there are residues conserved between Xe I-2 and Hs
poorest inhibitor of this group is GLC8, and we demonstrate |-2 but not in Dm I-2, Ce I-2, or GLCS8 that are critical for
that its potency with PP1 catalytic subunit is the same asthe binding and activation of Aurora-A kinase, but these
that of Hs I-2 deleted of the first 13 residues. The N-terminal remain to be identified.
sequence IKGI (residues @3) in Hs I-2 has been shown All 1-2 family members have multiple phosphorylation
by mutagenesis to be necessary for high potency inhibition sites for different kinases. CKIl effectively phosphorylated
of the PP1 catalytic subuni84). Binding of I-2 to PP1was  all five species of I-2 at multiple sites, showing these
proposed to involve the aliphatic side chains of the lle recombinant proteins were good substrates in the kinase
residues. GLCS8 appears as a natural truncation of I-2, with assay, probably because they are heat-stable and extended
the first residue aligning with residue 11 of Hs I-2, supporting or unstructured polypeptides. The incorporatior?®f and
this model. However, Ce I-2 and Dm [-2 are natural mutants the knowledge from direct sequencing that there are three
in the first lle in the IKGI motif but exhibit the highest sites of CKIlI phosphorylation in Hs 1-220) or rabbit -2
potency inhibition. We suggest that high potency inhibition (28) indicate that there are-% sites for CKIl phosphory-
does not necessarily depend on the IKGI motif. The lation in the various I-2 proteins. The CKIl sites determined
sequences necessary for potent and specific inhibition of PP1by sequence analysis, namely, Ser86, Ser120, and Ser121,
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are not well conserved between species; however, a SSx-

[D/E][D/E] motif does appear in the same region of the other
I-2 proteins, except GLC8. In contrast to the reactivity of
all these I-2 proteins with CKIl, the reaction with GSK3 was
highly specific for Dm 1-2 and Hs I-2, with Dm |-2 by far

being the best GSK3 substrate. The phosphorylation of Dm
I-2 was at a single site in the PXTP motif, demonstrated by

the loss of phosphorylation in the single residue Thr to Ala
mutated protein. The IDEPXTPY motif is the single most
highly conserved sequence in the entire I-2 family of proteins.

Li et al.

6. Van Eynde, A., and Bollen, M. (2003) Validation of interactions
with protein phosphatase-Methods Enzymol. 36@.44—156.

7. Egloff, M., Johnson, D. F., Moorhead, G., Cohen, P. T. W., Cohen,
P., and Barford, D. (1997) Structural basis for the recognition of
regulatory subunits by the catalytic subunit of protein phosphatase
1, EMBO J. 16 1876-1887.

8. Terrak, M., Kerff, F., Langsetmo, K., Tao, T., and Dominguez,
R. (2004) Structural basis of protein phosphatase 1 regulation,
Nature 429 780—-784.

9. Maynes, J. T., Bateman, K. S., Cherney, M. M., Das, A. K., Luu,
H. A., Holmes, C. F., and James, M. N. (2001) Crystal structure
of the tumor-promoter okadaic acid bound to protein phosphatase-
1, J. Biol. Chem. 27644078-44082.

Therefore, it was unexpected that phosphorylation of the Thr 10. Kita, A., Matsunaga, S., Takai, A., Kataiwa, H., Wakimoto, T.,

in this motif was so different in the five I-2 proteins tested,
and neither GLCS8 nor Ce I-2 nor Xe I-2 was phosphorylated
by GSK3 to any significant extent. GSK3 must require other

sequence elements distal to the phosphoacceptor for effective
phosphorylation of this site, and these elements distinguish

Dm 1-2 and Hs I-2 from Xe 1-2, Ce |-2, and GLCS.

Furthermore, this was not seen just with GSK3 because

phosphorylation of this same site in the five species of I-2
was distinctively different for ERK2 and CDC2 kinases. Each
kinase showed a different pattern of reactivity with the five

Fusetani, N., Isobe, M., and Miki, K. (2002) Crystal structure of
the complex between calyculin A and the catalytic subunit of
protein phosphatase $ructure 10 715-724.

11. Egloff, M.-P., Cohen, P. T. W., Reinemer, P., and Barford, D.
(1995) Crystal structure of the catalytic subunit of human protein
phosphatase 1 and its complex with tungstatéviol. Biol. 254
942—-959.

12. Eto, M., Leach, C., Tountas, N. A., and Brautigan, D. L. (2003)
Phosphoprotein inhibitors of protein phosphataseviethods
Enzymol. 366243-260.

13. Huang, F. L., and Glinsmann, W. H. (1975) Inactivation of rabbit
muscle phosphorylase phosphatase by cyclic AMP-dependent
kinas,Proc. Natl. Acad. Sci. U.S.A. 73004-3008.

I-2 proteins, even though they were phosphorylating the same 14. lakoucheva, L. M., Brown, C. J., Lawson, J. D., Obradovic, Z.,

single site within the conserved IDEPXTPY sequence. In this

regard the 1-2 family offers an opportunity to better

understand the basis of substrate specificity for these kinases.

The protein Sucl/CKS is a regulatory subunit that binds to

the CDC2 kinase subunit and enhances the phosphorylation

of 1-2 by CDC2/cyclinB1. Because the Sucl/CKS protein
binds to CDC2 and selectively enhances reactivity of this
kinase with mitotic substrate86), our results support the

idea that I-2 is phosphorylated especially during mitosis by
CDC2 kinase 29, 37). However, Suc1/CKS did not change

the relative specificity of CDC2/cyclinB1 for different species
of I-2 proteins, but it increased reactivity about the same

extent with each protein. The disparate reactivity of the PXTP

site in various species of 1-2 with three different kinases

shows that even heat-stable proteins that are unstructured

and flexible probably interact with different kinases at

multiple sites to enhance or reduce their phosphorylation at 19.

a common site.

ACKNOWLEDGMENT

We are grateful to Weiping Wang for making the phylo-
genetic tree in Figure 1. This work supported in part by
USPHS Grant GM53632 from the National Institute of
General Medical Sciences (to D.L.B.).

REFERENCES

1. Ohkura, H., Kinoshita, N., Miyatani, S., Toda, T., and Yanagida,
M. (1989) The fission yeast dis2gene required for chromosome

disjoining encodes one of two putative type 1 protein phosphatases,

Cell 57, 997-1007.

2. Doonan, J. H., and Morris, N. R. (1989) The bimG gene of
Aspergillus nidulansrequired for completion of anaphase, encodes
a homolog of mammalian phosphoprotein phosphataSell 57,
987-996.

3. Fernandez, A., Brautigan, D. L., and Lamb, N. J. C. (1992) Protein
phosphatase type 1 in mammalian cell mitosis: chromosomal
localization and involvement in mitotic exifl. Cell Biol. 116
1421-1430.

4. Ceulemans, H., and Bollen, M. (2004) Functional diversity of

protein phosphatase-1, a cellular economizer and reset button,

Physiol. Re. 84, 1—-39.
5. Cohen, P. T. (2002) Protein phosphatasetatgeted in many
directions,J. Cell Sci. 115241—-256.

and Dunker, A. K. (2002) Intrinsic disorder in cell-signaling and
cancer-associated proteirds,Mol. Biol. 323 573-584.

15. Ohki, S., Eto, M., Kariya, E., Hayano, T., Hayashi, Y., Yazawa,
M., Brautigan, D., and Kainosho, M. (2001) Solution NMR
structure of the myosin phosphatase inhibitor protein CPI-17 shows
phosphorylation-induced conformational changes responsible for
activation,J. Mol. Biol. 314 839-849.

16. Eto, M., Kitazawa, T., and Brautigan, D. L. (2004) Phosphoprotein
inhibitor CPI-17 specificity depends on allosteric regulation of
protein phosphatase-1 by regulatory suburisc. Natl. Acad.

Sci. U.S.A. 1018888-8893.

17. Bibb, J. A., Snyder, G. L., Nishi, A., Yan, Z., Meijer, L., Fienberg,
A. A, Tsai, L., Kwon, Y. T., Girault, J., Czernik, A. J., Huganir,

R. L., Hemmings, H. C., Jr., Nairn, A. C., and Greengard, P.
(1999) Phosphorylation of DARPP-32 by Cdk5 modulates dopam-
ine signalling in neurond\ature 402 669-671.

18. Satinover, D. L., Leach, C. A., Stukenberg, P. T., and Brautigan,
D. L. (2004) Activation of Aurora-A kinase by protein phosphatase
inhibitor-2, a bifunctional signaling proteiRroc. Natl. Acad. Sci.
U.S.A. 101 8625-8630.

9. Shenolikar, S., and Ingebritsen, T. S. (1984) Protein (serine and

threonine) phosphate phosphatasésthods Enzymol. 10202—

129.

20. Eto, M., Elliott, E., Prickett, T. D., and Brautigan, D. L. (2002)
Inhibitor-2 regulates protein phosphatase-1 complexed with NimA-
related kinase to induce centrosome separatiorBiol. Chem.
277, 44013-44020.

21. Holmes, C. F. B., Campbell, D. G., Caudwell, F. B., Aitken, A.,
and Cohen, P. (1986) The protein phosphatases involved in cellular
regulation. Primary structure of inhibitor-2 from rabbit skeletal
muscle,Eur. J. Biochem155 173-182.

22. Helps, N. R., Street, A. J., Elledge, S. J., and Cohen, P. T. W.
(1994) Cloning of the complete coding region for human protein
phosphatase inhibitor 2 using the two hybrid system and expres-
sion of inhibitor 2 inE. coli., FEBS Lett. 34093—98.

23. Sakagami, H., and Kondo, H. (1995) Molecular cloning of the
cDNA for rat phosphatase inhibitor-2 and its wide gene expression
in the central nervous syste, Chem. Neuroanat., 259-266.

24. Helps, N. R., and Cohen, P. T. W. (1988psophila melanogaster
protein phosphatase inhibitor-2: identification of a site important
for PP1 inhibition,FEBS Lett. 46372—76.

25. Tung, H. Y., Wang, W., and Chan, C. S. (1995) Regulation of
chromosome segregation by Glc8p, a structural homolog of
mammalian inhibitor 2 that functions as both an activator and an
inhibitor of yeast protein phosphataseVigl. Cell. Biol. 15 6064~
6074.

26. Park, 1.-K., and DePaoli-Roach, A. (1994) Domains of phosphatase
inhibitor-2 involved in the control of the ATP-Mg-dependent
protein phosphatasd, Biol. Chem 26928919-28928.

27. Marin, O., Meggio, F., Sarno, S., Andretta, M., and Pinna, L. A.
(1994) Phosphorylation of synthetic fragments of inhibitor-2 of



Phosphorylation and Functions of I-2 Proteins

28.

29.

30.

31.

32.

protein phosphatase-1 by casein kinase-1 and -2. Evidence that
phosphorylated residues are not strictly required for efficient
targeting by casein kinase-Eur. J. Biochem?223 647-653.
Holmes, C. F. B., Tonks, N. K., Major, H., and Cohen, P. (1987)
Analysis of the in vivo phosphorylation state of protein phos-
phatase inhibitor-2 from rabbit skeletal muscle by fast-atom
bombardment mass spectrometBipchim. Biophys. Acta 929
208-219.

Leach, C., Shenolikar, S., and Brautigan, D. L. (2003) Phospho-
rylation of phosphatase inhibitor-2 at centrosomes during mitosis,
J. Biol. Chem. 27826015-26020.

Hemmings, B. A., Resink, T. J., and Cohen, P. (1982) Reconstitu-
tion of a Mg-ATP-dependent protein phosphatase and its activation
through a phosphorylation mechanisfEBS Lett. 150310—

324.

Aitken, A., Holmes, C. F. B., Campbell, D. G., Resink, T. J.,
Cohen, P., Leung, C. T. W., and Williams, D. H. (1984) Amino
acid sequence at the site on protein phosphatase inhibitor-2,
phosphorylated by glycogen synthase kinasBi@¢him. Biophys.
Acta 790 288-291.

Puntoni, F., and Villa-Moruzzi, E. (1995) Phosphorylation of the
inhibitor-2 of protein phosphatase-1 by cdc2-cyclin B and GSK3,
Biochem. Biophys. Res. Commun. 2032—-739.

33.

35

36.

37.

Biochemistry, Vol. 46, No. 9, 20072389

Wang, M., Guan, K.-L., Roach, P. J., and DePaoli-Roach, A. A.
(1995) Phosphorylation and activation of the ATP-Mg-dependent
protein phosphatase by the mitogen-activated protein kirhse,
Biol. Chem. 27018352-18358.

. Huang, H.-b., Horichi, A., Watanabe, T., Shih, S.-R., Tsay, H.-J.,

Li, H.-C., Greengard, P., and Nairn, A. C. (1999) Characterization
of the inhibition of protein phosphatase-1 by DARPP-32 and
inhibitor-2, J. Biol. Chem. 2747870-7878.

. Fry, A. M., Mayor, T., Meraldi, P., Stierhof, Y.-D., Tanaka, K.,

and Nigg, E. A. (1998) C-Nap1l, a novel centrosomal coiled-coil
protein and candidate substrate of the cell cycle-regulated protein
kinase Nek2,). Cell Biol. 141 1563-1574.

Patra, D., Wang, S. X., Kumagai, A., and Dunphy, W. G. (1999)
The xenopus Sucl/Cks protein promotes the phosphorylation of
G(2)/M regulators,). Biol. Chem. 27436839-36842.

Li, M., Stefansson, B., Wang, W., Schaefer, E. M., and Brautigan,
D. L. (2006) Phosphorylation of the Pro-X-Thr-Pro site in
phosphatase inhibitor-2 by cyclin-dependent protein kinase during
M-phase of the cell cycleCellular Signal 18 1318-1326.

BI602369M



