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Mingguang Lif P. Todd Stukenbergand David L. Brautigan®/!

Center for Cell Signaling, Department of Microbiology, and Department of Biochemistry & Molecular Genetiegrsityi of
Virginia School of Medicine Charlottesle, Virginia 22908

Receied September 5, 2007; Reed Manuscript Receéd Naember 5, 2007

ABSTRACT. Inhibitor-2 (I-2) is the most ancient protein that selectively recognizes type-1 protein phosphatase
and is phosphorylated by CDK1-cyclinB during mitosis at Thr72 in a conserved PXTP site. Pinl is a
peptide prolyl cis/trans isomerase conserved among eukaryotes that specifically reacts with proteins
phosphorylated at Ser/Thr-Pro sites. We tested phospho-T72-I-2 as a substrate for Pinl and discovered
that unphosphorylated I-2 bound Pin1 with micromolar affinity and phosphorylation of the PXTP site or
truncation of 1-2 reduced binding 10-fold. Ectopic Pinl coprecipitated endogenous I-2 and ectopic I-2
coprecipitated endogenous Pinl, but only in the absence of detergents, which may account for the interaction
not being detected previously. Endogenous I-2 and Pinl colocalized in HeLa cells and showednuclear
cytoplasmic redistribution in response to cell density, suggestive of their association in living cells.
Recombinant Pinl binding to different phosphoproteins in mitotic cell extracts was modulated by [-2,
and binding to individual mitotic phosphoproteins was increased, decreased or unaffected by I-2, showing
that I-2 allosterically modifies Pinl specificity. This was confirmed by mutation of Serl6 to Ala in the
Pinl WW domain that eliminated I-2 binding and abrogated I-2 effects on Pinl binding to different
phosphoproteins. A S16E mutation to mimic Pin1 phosphorylation restored binding to both I-2 and phospho-
T72-1-2, indicating that phosphorylation of both proteins governs their interaction. The results reveal a
novel function for I-2, and suggest phosphorylation-dependent regulation of Pinl specificity during entry
and exit of mitosis, in other phases of the cell cycle, and in multiple cell signaling processes.

Phosphorylation of Ser/Thr-Pro sites in proteins has The enzyme Pinl, related to the essential yeast gene ESS1
important functions in cell signaling. Cyclin-dependent (5), is an unconventional PPlase discovered about 10 years
kinases (CDKs), mitogen-activated protein kinases (MAPKs), ago 6) as a 2-hybrid prey for the centrosomal NIMA kinase
and glycogen synthase kinase 3 (GSK-3) are referred to as(Nek2A). Pinl has the special property of recognizing (Ser/
proline-directed kinases, because, distinct from other kinases,Thr)-Pro sites only after they are phosphorylated, primarily
they depend on the Pro residue immediately following Ser/ by CDKs (/—12). Many of these sites are recognized by
Thr for substrate recognitiorl). In peptides Pro residues the MPM-2 monoclonal antibody and are phosphorylated at
have the unique property of existing in two distinct isomers, the onset of mitosisl3—15). More recent results suggest
cis and trans, therefore they can provide a potential backbonethere may be a wider repertoire of Pinl substrates, including
switch in the polypeptide chain that is controlled by cyclinD1, p65/RelA subunit of NF-kB, the steroid receptor
isomerization around the peptidyprolyl bond. This intrinsi- coactivator SRC-3, Bruton Tyr kinase, and the neuronal
cally slow conversion is catalyzed by multiple families of microtubule-binding protein tau that is abnormally phospho-
cis/trans peptidyl-prolyl isomerases (PPlases) that participaterylated in Alzheimer’'s diseasel§—21). Deletion of the
in protein folding and refolding2| 3), with 13 genes in yeast ~ single Pinl-related gene Drosophilaor yeast is lethalg,

(4). Isomerization of protein backbone cis/trans conformation 22), and antisense knockdown of Pinl imposes arrest in
at Pro residues is crucial for all eukaryotes, but phosphory- mitosis @3), consistent with a Pinl function in mitotic
lation by the Pro-directed kinases reduces the rate for chromosome condensation involving binding to topoi-
interconverting Thr-Pro dipeptides and renders these sitessomerase2d). Pinl knockout mice are viable without general

resistant to conventional FKBP and cyclophilin families of defects in development or cell cycle contrb(26). Some
PPlases. unknown compensatory mechanisms, perhaps involving other

PPlases, such as the previously unrecognized Pinl-like gene
Thi . red by USPHS Grants GM-56362 fo D LB that encodes a protein with phosphosite prolyl isomerase
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and GM-63045 to P.T.S. from the National Institutes of Health. activity (27), may account for the viability. Pinl overex
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instability (23, 32). How Pinl produces these effects or conjugated AffiniPure Goat Anti-Mouse 1gG (H.) (Jackson
contributes to cancer is not understood, and the critical InmunoResearch Laboratories, INC), Oregon green 488
substrates are yet to be identified. donkey anti-sheep IgG (HL) (Molecular Probes). Anti-HA
Pinl is a relatively small protein (163 residues) composed (12CAS5) monoclonal antibody was obtained from antibody
of two domains, an N terminal WW domain (residues3b) core facility at the University of Virginia and affinity-purified
and a C terminal PPlase catalytic domain (residuesi#®). ~ sheep anti-I-2 antibody was described previousiy).(
Both domains can recognize phosphorylated Ser/Thr residuesPhosphosite-specific (PXTP) 1-2(Thr72) antibody was pro-
Therefore, it has been proposed that proteins need to beduced by BioSource International using a peptide DYTSpTP
phosphorylated at two sites: one to dock at the WW site forimmunization and affinity purification. S-protein agarose
and one to be isomerized at the active site of the PPlasewas purchased from Novagen and glutathione Sepharose
(12, 33). A pair of highly conserved Arg residues in the Pin1 beads from Amersham Biosciences. TNT Quick Coupled
catalytic site is responsible for phosphorylation specificity; Transcription/Translation System was purchased from Prome-
these residues are not found in the corresponding locationga. The rabbit anti-human Pinl antibody and plasmid DNAs
in other known PPlase8), Phosphorylation of Ser16 inthe for in vitro transcription and translation were described
WW domain was reported to prevent phosphosubstratepreviously @8). Lipofectamine was purchased from Invit-
binding to Pinl, and this site becomes dephosphorylatedrogen. ExGen 500 was purchased from Fermentas. Recom-
during mitosis, as a possible mechanism for mitotic activation binant 1-2 was prepared and phosphorylated at Thr72 by
of Pin1 33). But this scheme predicts that pSer16-Pin1 overnight reaction with GSK{3(New England BioLabs) as
would be unable to bind substrates during interphase, so theredescribed previously3@).
must be other mechanisms to control Pin1 activity. Pin1 has Pull-Down and Coprecipitation Binding Assajie direct
been selected as a target for drug developm@4t {ts 3D binding assay of I-2 with Pinl was performed in vitro by
structure determined by crystallographg) @nd by NMR two different methods, with identical results. In solution
(35), and Pin1 protein has been used to screen combinatoriadifferent recombinant HisS-tagged recombinant I-2 (WT,
chemical libraries for specific inhibitors36). Despite this ~ T72A, P-T72, 14-197) were mixed with GST-Pin1 proteins
progress, important questions remain as to whether Pin1 car(WT, S16A, S16E) in buffer containing 50 mM HEPES (pH
be used as a diagnostic marker or therapeutic target for7.4), 100 mM NacCl, 10 mM MgG| 0.5 mM MnCh, 5 mM
human cancer37). EGTA, 1 mg/mL BSA, 0.5 mM DTT, 1 mM Pefabloc
Inhibitor-2 is a PP1-specificinhibitor protein of 204  Protease inhibitor. After incubation HiS-I-2 proteins or
residues with a Pro-X-Thr-Pro sequence motif that is GST-Pinl proteins were pulled down by either S-Sepharose
conserved from yeast to humaBg( 39). The PXTP site is peads or glutathione beads. A]ternauve_ly, as described in
phosphorylated in biochemical assays by GSK3, MAPK and figure legends, one of th_e proteins was first bou'nd to beads,
CDK kinases 40—43). The I-2 heterodimer with PP1 has the beads pelleted and rinsed, then incubated with the second
been studied as an “MgATP-dependent phosphatase”, whereirpluble protein. In both methods after the binding step the
the dephosphorylation of Thr72 in I-2 causes conformational Peads were pelleted by centrifugation, the supernatant was
activation of the bound PP1. The structure of the heterodimer'@moved, and the beads washed three times with 1 mL of
was recently determinedi4), but the I-2 phosphosite was th.e same buffer without BSA. Bound_ proteins were eluted
not located near the PP1 active site, making it difficult to With 2X SDS sample buffer and subjected to 12% SDS
envision the mechanism for PP1 activation by dephospho-PAGE and Western blotting as previously describég).(
rylation of I-2. We found phosphorylation of the PXTP site  The binding of Pinl with I-2 in cells was tested by
in 1-2 during mitosis and showed that this was catalyzed by coexpression of pTriex-Pin1(WT) with pK-HA-2 in 293T
CDK1:cyclinB1 @5, 46). Therefore we tested whether Pin1  Cells using Lipofectamine 2000 or by individual expression
might react with this mitotic phosphorylation site and instead Of PTriex-Pin1(WT) or pTriex-I-2(WT) in HeLa cells using
found that I-2 acts an allosteric regulator that modifies Pin1 ExGen 500 for transfection. After 48 h the cells were scraped
binding to its phosphoprotein substrates. Mechanisms for Off plates in the HeLa cell lysis buffer described above
regulation of Pin1 activity are needed to understand how this Without Triton-X-100. The cell suspension was sonicated and
protein fulfills so many reported functions in cells that are centrifuged at 130a9for 10 min. The S-Pinl or the S-I-2

related to human disease. in the supernatants was pulled down by S-Sepharose beads.
The beads were washed 3 times with 1 mL of buffer
MATERIALS AND METHODS containing 150 mM NacCl, or other buffers, as indicated. The

. ] o proteins were eluted from beads with 2X SDS sample buffer

Materials. The following antibodies were purchased from and immunoblotted with the indicated antibodies.
the indicated suppliers: anti-GST(26H1) monoclonal anti-  For the assay of I-2 effects on the binding of Pin1 with
body (Cell Signaling Technology), anti-phospho-Ser/Thr-pro pjn1 substrates glutathione Sepharose beads were prepared
MPM-2 antibody (mouse monoclonal IgG1) (Millipore-  py pinding 5ug of GST-Pin(WT) protein. The beads were
Upgtate.), S-protein HRP conjugate (Novagen),the secondarypreincubated with BSA as control or with recombinant
antibodies for immunofluorescence- Rhodamine Red-X- |.2(WT) at final concentration of 1@M in the same buffer
used for preparing the cell extracts. Afte h incubation,

1 Abbreviations: BSA, bovine serum albumin; GST, glutathione the beads were pelleted and the supernatant was removed.
S-transferase; PBS, phosphate-buffered saffiMlE, f-mercaptoet-  The beads were incubated with 1 mg protein of mitotic lysate
hanol; DTT, 1,4-dithiothreitol; PP1, protein phosphatase 1; -2, phos- 4 1 1y at 4°C, then pelleted. The supernatant was removed
phatase inhibitor-2; DAPI,'46-diamidino-2-phenylindole; |, interphase ! ) . .
cell lysates; M, mitotic cell lysates; anti-MPM-2 antibody, anti-mitotic and the beads were washed three times with 1 mL of HeLa
protein monoclonal-2 antibody. cell lysis buffer, and then the protein eluted with 10 mL of
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2X SDS sample buffer. The samples were immunoblotted
by anti-MPM-2 antibody.

Preparation of Mitotic HeLa Cell ExtractddelLa cells
were synchronized by incubating with 200 ng/mL nocodazole
for 16 h. Cells were rinsed once with PBS, and the mitotic
cells were shaken off and suspended in the buffer containing
50 mM Tris-Cl, pH 8.0, 150 mM NacCl, 50 mM NaF, 20
mM S-glycerophosphate, 1 mM NedO,4, 1 mM DTT, 0.1%
2-mercaptoethanol, 1 mM Pefabloc ang® microcystin
LR. After shaking, the cells remaining on the plate were

scraped off and used as interphase cells. Collected cells were

disrupted by sonication on ice, and cell debris was pelleted
by centrifugation (1300for 10 min). The supernatants were
stored frozen at-80 °C.

Preparation of Phosphorylated Pinl Substrate Proteins.
Individual Pinl substrate proteins were prepared using the
TNT Coupled Reticulocyte Lysate System from Promega,
according to the manufacturer’'s instructions, except the
reaction volume was scaled down to 26 and 1ug of
plasmid DNA was used per reaction. For making phospho-
rylated Pin1 substrate$°$] methionine-labeled protein pools
(12 uL) were mixed with 25«L of mitotic cell extract in a
total 50uL kinase reaction containing 50 mM Tris (pH 8.0),
10 mM MgCh, 1 mM DTT, 1 mM ATP. The kinase reaction
was performed at room temperature for 1 h. Instead of mitotic
cell lysate, interphase lysate from the same culture of HelLa
cells was used as control. Proteins were stored&Q °C.

Pull-Down of In Vitro Translated Proteins by GST-Pin1.
Glutathione Sepharose beads with GST-Pin1(WT) or (S16A)
mutant were preincubated with BSA or 1-2(T72A) as
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Ficure 1: Binding of Pinl with I-2 proteins. (A) Direct binding
of GST-Pinl to immobilized recombinant I-2 proteins. GST-Pin1

described above. The beads were further incubated with thewas incubate 1 h at 4°C with S-Sepharose beads loaded with

phosphorylated Pinl individual substrate proteins for another
1 h at 4°C. After incubation, the beads were washed three
times with 1 mL of HeLa cell lysis buffer and proteins eluted
with 10 mL of 2X SDS sample buffer. The samples were
resolved by SDSPAGE and gels dried and analyzed by
autoradiography with Kodak X-ray film.
Immunofluorescence MicroscopyeLa cells were cultured
to confluence and then replated at different cell densities onto
22 mm cover slips, grown overnight, then rinsed with PBS
and fixed with 2% paraformaldehyde in PBS at q7 for
20 min. Cells were permeabilized with 0.1% Triton X-100
in PBS for 5 min, washed three times with PBS and blocked
with 3% bovine serum albumin in PBSrfd h at 37°C.
Primary antibody (rabbit anti-human Pinl at 1:250 and the
sheep anti-human 1-2 at 1:500 dilution) was incubated
overnight at 4°C and following three washes with PBS the
secondary antibodies plus Hoechst (1:20,000 dilution) were
incubatel 1 h at 37°C. The specimens were washed three
times with PBS and then mounted with Vectashield (Vector
Labs, Burlingham, CA) and microscopic images acquired
on a Nikon Microphot SA with a Hamamatsu C4742 digital
camera operated by OpenLab software (Improvision) or with
a Zeiss confocal microscope and processed in Adobe
PhotoShop47).

RESULTS

Binding of I-2 and Phospho-I-2 to PinDifferent recom-
binant His-S-peptide-I-2 proteins were incubated with
recombinant GST-Pinl. After repeated washing, proteins

Hise-S-peptide tagged recombinant 1-2 (WT), 1-2(T72A), P-T72-
I-2 or 1-2(14-197) in buffer without detergent as described in
Materials and Methods. The beads were washed by centrifugation,
and the bound proteins immunoblotted with anti-GST (top panel)
and anti-S antibodies (bottom panel). (B) Binding of ¢-i&51-2
proteins to immobilized GST-Pinl. Glutathione Sepharose beads
with GST-Pinl bound were incubated with various concentrations
of Hise-S-1-2(T72A), P-T72-1-2 or 1-2(14197) as described in
Materials and Methods. Proteins were eluted and immunoblotted
utilizing pairs of antibodies detected simultaneously with different
fluorescently labeled secondary antibodies using dual wavelength
scanning (Odyssey, Li-Cor Industries). Sheep anti-I-2 antibody and
mouse monoclonal anti-GST antibody were detected using rabbit
anti-sheep at 680 nm and goat anti-mouse at 800 nm. The intensity
of the bands were quantitated and normalized to GST. The binding
curves were made using SigmaPlot 9.0 software.

Western blotting (Figure 1A). GST-Pinl alone as a control
sample did not bind to the S-protein beads (lane 1). We
observed binding of GST-Pin1 to wild type I-2(WT) or the
[-2(T72A) phosphosite mutant (lanes 2 and 3), showing that
phosphorylation of the PXTP site in I-2 was not required
for binding. Here the opposite applies, because phosphory-
lation of I-2 in the PXTP site by reaction with GSK3
essentially eliminated binding of GST-Pinl (lane 4). GST-
Pin1 also did not bind to truncated I-2 (residues-197), a
form that does not exhibit high affinity association with PP1
(39). This indicates that binding of Pinl and PP1 requires
the same region of I-2 and therefore they are probably
mutually exclusive partners. To confirm the results we
reversed the binding assay and did a GST pull-down (Figure
1B). GST-Pinl bound to glutathione beads was mixed with

adsorbed on S-protein beads were eluted and analyzed byifferent purified 1-2 proteins. We titrated the amount of I-2



Pinl and PP1 Inhibitor-2 Biochemistry, Vol. 47, No. 1, 2008295

proteins to demonstrate concentration-dependent binding tofA) + 2 s 4 (B) ohraln S
Pinl. Analysis of the binding curve for I-2(T72A) gave a Souidom =

Kos of ~1 uM, well below the estimated 530 uM | - S || sz - Pt
concentration of 1-2 in tissue culture cell¥he calculated p— ‘_"_:L — ant-2 el P
apparent affinity was reduced 10-fold by either phosphory- | || s El SPint E si2

anti-5 anti-s ani-

lation of T72 or truncation of I-2. These reciprocal pull- | - an am| i 1 . o
down assays gave the same results, demonstrating differentia — -_“ (exraci) E’ fenracs)
binding of I-2 and phospho-T72-1-2 to Pin1. e et

[-2 and Pinl Associate Together and Colocalize in Cells (C)
We coexpressed HAtagged I-2 and S-tagged Pinl in HEK |
293T cells and recovered complexes by immunoprecipitation .
from cell extracts (Figure 2A). Association of I-2 with Pin1 &
was disrupted if detergents were used for cell lysis. We tested 8
Triton-X-100, IGEPAL CA-630 (NP-40), Tween 20 and 2
CHAPS, and all prevented recovery of complexes. Binding —
between I-2 and Pinl was stable in salt, and complexes ‘
resisted washing with 500 mM NacCl (Figure 2A). Individual
expression of either S-tagged -2 or S-tagged Pinl in Hela |
cells afforded recovery of their endogenous partner, Pin 1
and |I-2, respectively (Figure 2B). This showed that ectopic 2
I-2 could associate with Pin1 in cells and ectopic Pin1 could
associate with I-2 in cells. Attempts to coprecipitate endog- &
enous I-2 and Pin1 together were not successful using either™
anti-I-2 or anti-Pinl antibodies. We attributed this to the
relatively small size of both proteins (23 and 16 kDa,
respectively), suspecting that the binding of antibodies Ficure 2: Association of Pinl with 1-2 in cells. (A) HEK293T
interfered with proteir-protein association. We previously cells were transfected with pTriex-Pin1 and empty vector (lane 1)

published that I-2 is concentrated in the nucleus of HeLa ©OF cotransfected with pTriex-Pinl and pKHA-1-2(WT) (lanes 2, 3,

. . 4). After 48 h cell extracts were prepared using buffer without
cells plated at low density, but is excluded from the detergent (lane 1, 2, 3) or cell lysis buffer containing 1% Triton-

nucleus of cells ?t_high densit¢?). We fOUUd by immun' X-100 (lane 4). The extracts were incubated with S-Sepharose beads
ofluorescent staining that endogenous Pinl exhibited theand the beads were washed with buffer containing 150 mM NaCl
same pattern of nuclear vs cytoplasmic distribution as \éV'tthOUt dte(tlefgeg)t (lart];e?f 1"2);| %ufferl\év(l)th iﬂoa rT(]:’\l/I Ngclilnghtolﬂ
9 ) i ; ; etergent (lane 3); or buffer including mM NaCl and 1% Triton-
ggdo%er:j(_)us_bl 2 In Io(\;v s;nd lhlgh_ den?Itg_ clells d(lTlgu_re X-100 (lane 4). The proteins were eluted and Western blotted with
C). Redistribution and colocalization of Pinl and I-2 in i HA antibody (top panel) to show coprecipitated I-2 and with
either the nucleus or cytoplasm depending on cell anti-S antibody (middle panel) to show pull-down yield of Pinl.
density was consistent with their association together in living The cell extracts were immunoblotted with anti-HA antibody to
cells. show the expression levels of ectopic I-2 (bottom panel). (B) HeLa

) P : : L : cells were transfected with pTriEx-4 empty vector (lanes 1, 3) or
I-2 Alters Binding of Pin1 with Mitotic Phosphoproteins transfected with pTriEx-Pinl (lane 2) or pTriEx-I-2 (lane 4). After

Pin1 binds proteins with phosphorylated Ser/Thr-Pro sites, 45 cell extracts were prepared without detergent and incubated
and the MPM-2 antibody recognizes many, but not all, with S-Sepharose beads. The beads were washed with the same
mitotic proteins precipitated by GST-Pin8)( We tested lysis buffer containing 150 mM NaCl. The proteins were eluted
whether interaction with 1-2 affected binding of Pinl to i‘“g)vgfggetfr}gbr:‘itgerﬂ_‘t’;’gg a(rt‘g;ggre]gl 'c?Igrr‘lgzoéjy‘lgtoﬁn?ag2&&'}%&65
- . o , i-Pi ibody ,4). I- IDoay
MPMfZ'pOSItlve prOtemS' EXtra.CtS from mitotic HeLa (_:e"S was used to detect the S-tagged Pinl (middle panel of lanes 1, 2)
were immunoblotted directly with MPM-2 to show various angd S-tagged I-2 (middle panel of lanes 3, 4). The cell extracts
proteins present (Figure 3, lane 1). These extracts were(bottom panels) were blotted to show the endogenous I-2 and Pin1.
incubated with GST-Pinl on glutathione beads that were (C) Cellular localization of endogenous Pinl and I-2 at different
preincubated with either I-2 (lane 3), or BSA as a control cell densities. HeLa cells were replated at either low density (top

. ! panel) or high density (bottom panel) on coverslips, fixed and
(lane 2). Proteins bound to GST-Pinl were analyzed by examined by indirect immunofluorescence using rabbit anti-human

Western blotting using anti-MPM-2 antibody. Anti-GST  pin1 antibody and sheep anti-human 1-2 antibody. DAPI staining
staining demonstrated equal loading (Figure 3, lower panel). was used to determine the position of the nuclei in low-density
Binding of Pinl with some proteins was increased by -2 cells using wide-field fluorescence microscopy. Confocal images
relative to BSA (lane 3, arrows), whereas binding of at least ©f the high-density cells were merged to show overlap.

one other protein was diminished by I-2 binding to Pinl (lane  |-2 Alters Pinl1 Binding to Indiidual SubstratesWe

2 vs 3, open arrow). These results indicated that |-2 examined Pinl binding to several individual mitotic phos-
association with Pin1 altered specificity for different mitotic phoproteins that had been identified by a systematic phos-
phosphoproteins. phoprotein screerf). The proteins were synthesized by in
vitro transcription and translation in the presence®8J-

2 Immunoblotting of a range of 550 ng of purified recombinant ~ methionine and were phosphorylated under identical reaction
human 1-2 with different volumes of human ARPE-19 cell extracts conditions with either mitotic or nonmitotic HeLa extracts
showed 5 ng of I-2 per 10g cell protein, or 22 pmol/mg total protein. a5 5 source of kinases. Many proteins phosphorylated by
Using 10 cells per mg protein and per cell volume of 4 pL gives 5.5 L L . .
uM as the calculated cellular concentration. Compared to these cells MItOUC extracts exhibited a shift to lower e'_ECtrOPhorEUC
HeLa had>6-fold higher relative I-2 levels. mobility during SDS-PAGE, seen by comparing the lanes

nsi

Pin1 DAPI

Pin1
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Ficure 3: Effects of I-2 on binding of Pinl with phosphoproteins
from mitotic HeLa cells. Glutathione beads saturated with GST-
Pinl were preincubated with BSA (lane 2) or I-2(WT) (lane 3),
washed by centrifugation and mixed with mitotic HeLa cell extracts.
After washing, proteins were eluted from the beads and subjected
to immunoblotting with anti-MPM-2 antibody (top panel) or anti-
GST antibody as a loading control (bottom panel). Mitotic extracts
were blotted with MPM-2 antibody (lane 1) to show all the proteins
reactive with MPM-2.

labeled | and M in Figure 4. To assay effects of -2 on Pinl
binding, these mitotic phosphorylated proteins were incu-
bated with GST-Pinl beads preincubated with saturating
amounts of 1-2(T72A) to form Pinl::1-2 complexes, or
preincubated with BSA as control. The phosphorylated form
of in vitro translated CDC25 bound to GST-Pin1, validating
the assay (Figure 4A). About 3-fold more CDC25 bound to
Pinl complexed with I-2(T72A) compared to the control Pin1
incubated with BSA. A total of 9 different mitotic phos-
phoproteins were tested for binding to Pinl or to Pinl::l-2
complex. Based on the results we divided these proteins into
four groups: (A) proteins whose binding to Pinl was
increased by I-2 (Figure 4A), (B) proteins where binding of
the most highly phosphorylated form(s) (lowest mobility)
was selectively enhanced by I-2 (Figure 4B); (C) proteins
whose binding to Pinl was decreased by I-2 (Figure 4C);
(D) proteins whose binding to Pinl was not affected by I-2
(Figure 4D). The results demonstrate that I-2 changes the
binding of Pinl with individual substrates. Both increases
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Ficure 4: Binding of Pinl with individual phosphoproteins is
modulated by I-2. Pinl substrate proteins wé&®-labeled by in
vitro translation and incubated in either interphase (I) or mitotic
(M) extracts with Mg-ATP. Aliquots of the samples were treated
with SDS sample buffer and directly loaded onto the gel (lanes 1,
2). Another portion of the samples was mixed with GST-Pin1 bound
to glutathione Sepharose beads after preincubation with either BSA
as a control or I-2(T72A). The beads were washed and proteins
eluted and separated by SBBAGE (lane 3, 4). The dried gels
were analyzed by autoradiography. The results were divided into
four groups: (A) I-2 increased binding of substrates to Pinl; (B)
I-2 selectively enhances binding Pinl to hyperphosphorylated form
of substrates after incubating; (C) binding decreased by I-2; (D)
no change in binding with 1-2.

and decreases suggest that I-2 interaction modulates Pin{Figure 5A). The same amounts of recombinantgt8s

specificity and makes it likely that I-2 itself participates in
recognition of the phosphoproteins.

Mutation of Ser16 in Pin1 WW Domain Alters I-2 Binding.
Pinl is phosphorylated on Serl6, and this prevents binding
to mitotic phosphoproteins3g). On the other hand, Pinl-
(S16A) binds most Pinl substrates and to synthetic Pintide
peptide with undiminished affinity compared to wild type.
We assayed the ability of Pin1(S16A) or Pin1(S16E) to bind
wild type 1-2, 1-2(T72A) or P-T72-1-2, whose phosphoryla-
tion was confirmed by phosphosite-specific immunoblotting

tagged I-2 proteins were bound to S-beads and incubated
with either GST-Pin1(S16A) or GST-Pin1(S16E). Bound
proteins were eluted and analyzed by Western blotting.
Added Pin1(S16A) did not bind to I-2(WT) or I-2(T72A)

on beads (lanes 1, 2) and showed low level binding with
P-T72-1-2 (lane 3). In contrast, Pin1(S16E) bound to all the
[-2 proteins that were tested (lanes-@). There was
especially robust binding between Pin1(S16E) and P-T72-
[-2. These results show that I-2 discriminated between
different residues at position 16 in the Pinl WW domain,
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(B) GST-Pin1(S16A) FiGURE 6: Model for association of I-2 with Pinl. Based on the
pull down 3D structure Pinl is depicted as a two lobed protein with a larger
T PPlase domain and smaller WW domain. A substrate with two
+|-

separate phosphosites is shown as a thick line with one phosphosite

0 B | Foveet docked in each domain of Pin1. When I-2 binds to the WW domain,
involving Ser16 of Pinl, a new composite surface is formed, so a

substrate (thick line) interacts with I-2 to position the phospho-

8 BB | P-PLKY Ser/Thr-Pro at the active site in the PPlase domain of Pinl.

interphase

W% e | P-MPESB il
y . \ E\ mitosis
P Y | enty
P-Incenp A
qq [Pin1; Pin1-E 1-2-P

Ficure 5: Binding of GST-Pinl (S16A) or GST-Pinl (S16E) to {}

different I-2 proteins. (A) S-Sepharose beads with bound His-S-I- mitosis |1 A /l_-J/
2(WT), (T72A) or P-T72-1-2 were mixed with recombinant GST- exit Q] Binl) + [I-2-P (g
Pin1(S16A) or (S16E) mutant proteins. After incubation the beads -

were washed and proteins eluted and immunoblotted with anti- mitosis

GST antibody (top panel), anti-S antibody (middle panel) and Ficure 7: Cycle of phosphorylation-dependent binding of I-2 and
phosphosite specific anti-P-T72 antibody to demonstrate I-2 phos- Pin1. A model to show complexes between Pinl (shadowed) and
phorylation (bottom panel). (B) Binding phosphoprotein substrates |-2 (open) where squares are phosphorylated proteins and circles
by Pin1(S16A) is unaffected by I-2. The phosphorylated proteins are unphosphorylated. The asterisks indicate preteintein bind-
including weel, PLK1, MP68 and Incenp were prepared as ing. Pinl phosphorylation at Ser16 occurs during interphase and is
described in Materials and Methods and incubated with GST-Pin1- dephosphorylated in mitosis, conversely I-2 is unphosphorylated
(S16A) on glutathione beads that had been preincubated with eitherduring interphase and is phosphorylated at Thr72 in mitosis. The
BSA or I-2(T72A). After 1 h incubation, the beads were washed model predicts that different Pin1 complexes are active at the entry
and the proteins eluted and resolved by SIPAGE. Dried gels and exit of mitosis and during interphase.
were analyzed by autoradiography.
Mytl, Weel and Plk1, and Cdc25 phosphatale 15).
Phosphorylation of these proteins during mitosis has been
thought to be the sole requirement for recognition by Pin1.
We demonstrate that I-2 binding to Pinl introduces an extra
=) vt . _ layer of complexity to Pinl substrate specificity and in effect
on the bmdmg of mitotic phosphoprqtems by GST-P|_n1- acts as a Pinl regulatory subunit (Figure 6). The results link
($1§A). This contrasts with I-2 alteratlon of wild type Pinl together these two highly conserved proteins and suggest a
binding to each of these same proteins (compare Figures 4Byynamic interplay between them that may have an important
and 5B). The results demonstrate that I-2 changes the bindingq|e i orchestrating events before and during mitosis (Figure
of Plnl_ with phosphoprqtelns, _mvolvmg I-2 recognition of 7), or in other signaling pathways such as beta-catenin
Serl16 in the WW domain of Pinl. degradation and tau hyperphosphorylation in Alzheimer’s
disease.
DISCUSSION Direct protein-protein interaction between 1-2 and Pinl
Mitotic phosphorylation sites in many proteins are rec- was demonstrated with pure recombinant proteins in recipro-
ognized by the prolyl isomerase Pinl, and the most conservedcal pull-down assays. Soluble Pinl bound to immobilized
sequence region in inhibitor-2 (I-2) defines a PXTP site that I-2 and soluble 1-2 bound to immobilized Pinl and the
is phosphorylated during mitosis by CDK:cyclinB6). We soluble proteins bound together in solution and could be
tested whether Pinl would bind to phospho-I-2, but surpris- pulled down together by different affinity beads. Analysis
ingly found Pinl bound to unphosphorylated I-2 that was of the concentration dependence yielded an apparent affinity
being used as a negative control. Our results demonstrateof about 1uM, which is well below the estimated micromolar
that I-2 is not a typical substrate for Pinl isomerization, and concentrations of I-2 in tissue culture cells. Binding of -2
instead acts as an allosteric regulator of Pinl specificity. Pin1to Pin1 was reduced 10-fold by either phosphorylation of
reacts with cell cycle regulatory enzymes including kinases I-2 in the PXTP site by GSK3 or deletion of the extreme

and bound with either Ser or Glu, but not Ala. We confirmed
the structural integrity and activity of the Pin1(S16A) mutant
in a pull-down assay with individual mitotic phosphoproteins
(Figure 5B). There was no effect of preincubation with -2
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ends of I-2, including thélKGI*? motif critical for high of I-2 is needed for both Pin1 and PP1 binding, we propose
potency inhibition of PP1 49). This implies mutually that these I-2 binding partners are mutually exclusive and
exclusive binding of I-2 to these partners and highlights the therefore redistribution probably reflects parallel movement
multifunctional nature of I-2, not simply being a PP1 of separate Pinl:l-2 and PP1:1-2 complexes. Consistent with
inhibitor. The N terminus of I-2 is separated from the PXTP a common site on |-2 for these partners, no coprecipitation
phosphorylation site by 60 residues, but both regions areof PP1 with Pinl was observed. Even bound together, 1-2
implicated in binding to Pinl. I-2 is an inherently unstruc- and Pinl are small enough proteins that they would be
tured protein that is heat-resistant, with extended and flexible expected to freely diffuse through nuclear pores. Therefore
conformation, making it plausible that 1-2 can loop out to the restricted localization depends on interaction with other
bring regions well separated in sequence into proximal sitesproteins in the nucleus and cytoplasm. The extensive
of interaction with a small partner such as PiivVk (6 kDa). colocalization supports the idea that I-2 and Pinl are bound
The ability of I-2 to form loops and make multiple contacts to one another in live cells.
with a partner protein is seen in the 3D structure of the [-2  Most important, the binding of I-2 to Pinl alters the
complex with PP144). specificity of Pinl for different phosphoproteins. This was
Binding of I-2 seems to primarily involve the N-terminal  shown first with Pin1 pull-down of proteins from extracts
WW domain of Pinl and especially the side chain at residue of mitotic HeLa cells, using the MPM2 antibody to detect a
16. We saw weak interaction of I-2 with the WW domain variety of mitotic phosphoproteins that are Pinl binding
of Pinl in a pull-down assay (not shown). Mutation of Pinl1 partners. Pinl saturated with I-2 showed reduced binding to
Serl6 in the WW domain to Ala eliminated binding to I-2 one prominent protein and enhanced binding to several other
or phospho-1-2, whereas mutation of Serl6 to Glu restored proteins reactive with MPM2 antibody. These results sug-
I-2 binding and even supported binding of phospho-I-2. Our gested that an 1-2:Pin1 complex has distinctively different
suggestion is that an H bond acceptor, namely Ser, P-Ser oispecificity for phosphoproteins compared to Pinl alone. This
Glu, is required in this location to interact with 1-2. It is idea was confirmed by examination of a panel of nine
notable that the S16A mutant of Pinl1 bound neither I-2 nor individual mitotic phosphoproteins known to bind to Pinl
phospho-I-2, but still binds phosphoprotein substrates. This (48). The results are compelling. Phosphoproteins Nek2 and
suggests that phenotypes ascribed to S16A mutation of Pin1,Sox3 bind the same to Pinl alone (with BSA) vs Pinl:l-2
including mitotic block and apoptosis, may actually be a complexes, providing controls. By comparison phosphory-
result of loss of I-2 binding33). Our results suggest a cycle lated cdc25 binds more effectively to the Pinl:I-2 complex,
of phosphorylation-dependent regulation for I-2:Pinl as- whereas binding to MP110 and MP75 is reduced relative to
sociation (see Figure 7): (1) The interphase form of Pin1, Pinl without I-2. Other proteins including Weel, PLK1,
phosphorylated at Serl6 (mimicked by S16E), binds un- MP68 and Incenp show a response where |-2 enhances the
phosphorylated I-2. (2) Early during mitosis I-2 is phospho- binding just to the form of these proteins with the lowest
rylated at Thr72 but remains bound to Pinl, because we showmobility in SDS-PAGE, presumably the most highly
phospho-I-2 binds Pin1(S16E). (3) Later during mitosis Pinl phosphorylated form, while suppressing Pinl binding to the
is dephosphorylated at Ser183], causing dissociation of less completely phosphorylated forms. This intriguing result
the phospho-I-2. (4) Before entry into the next cell cycle suggests that I-2 restrains Pinl action until these substrates
the 1-2 is dephosphorylated and rebinds to Pinl to reform aare fully phosphorylated, thereby producing an abrupt
complex. This provides a plausible scenario for the forma- response from a process of gradual or progressive phospho-
tion—dissociation-re-formation of distinct Pinl::I-2 com-  rylation. Such a response could contribute to the G2 to M
plexes during transit through mitosis. We propose that eachtransition in cells. The assays were repeated using Pinl-
of the Pinl::1-2 complexes will exhibit different substrate (S16A), a mutant protein that does not bind to I-2, and
specificity, creating a sequence of Pin1-dependent events forpreincubation with 1-2 was without effects. We expect that
timing of progression through mitosis. both proteins in a Pin1::1-2 complex contribute to a composite
We provide evidence that I-2 and Pinl associate togetherprotein surface responsible for substrate specificity and in
in live cells. Tagged proteins were coprecipitated from cell this complex the phosphosite in the WW domain is occupied
extracts and also individually precipitated their endogenous by I-2 (see Figure 6). Under these circumstances substrates
partner. These complexes resisted salt concentrations up tanight not conform to the proposed “double-phosphosite”
0.5 M, but were exceedingly sensitive to ionic and non-ionic recognition model that has been widely disseminated, but
detergents. Pull-down assays with recombinant proteins alsonot rigorously tested.
were sensitive to added detergents, suggesting that 1-2 and Furthermore, because phosphorylation of I-2 at the PXTP
Pinl form a complex with a hydrophobic interface readily site and phosphomimetic mutation of Serl6 in Pinl alter
disrupted by detergents, but stable to salt. The detergentbinding of the proteins to one another, we predict that cell
sensitivity probably accounts for 1-2:Pin1 complexes not cycle dependent phosphorylation regulates the stability of
being reported in the literature previously. We observed Pinl:l-2 complexes in cells. Other sites of phosphorylation
colocalization of endogenous I-2 and Pinl within subcom- in Pinl (e.g., Ser655()) and in I-2 may influence complex
partments of the nucleus (not shown), confirming previous stability, substrate binding and/or Pinl PPlase catalytic
independent reports of Pinl in nuclear speckB3; $0). We activity. Our model proposes dynamic alterations in Pinl
demonstrate drastic nuclear vs cytoplasmic redistribution of complexes in cells before, during and after mitosis (Figure
Pinl and I-2, dependent on cell density. The method reveals7), and each Pinl complex is likely to have distinctive
intracellular distribution but cannot demonstrate protein specificity. A remaining challenge is to demonstrate a
protein binding. We previously reported similar intracellular sequence of Pinl-dependent changes in different proteins at
redistribution of I-2 and PRiL(47). Because the N terminus  various times, which would permit construction of models
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that generate a temporal sequence of events for mitotic 21
progression. Last, the Pinl:I-2 complex beckons analysis of
the protein structure and screening for interacting small »,
molecules with potential therapeutic applications.
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