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The cis-trans peptidylprolyl isomerase Pinl plays a critical
role in regulating a subset of phosphoproteins by catalyzing con-
formational changes on the phosphorylated Ser/Thr-Pro
motifs. The phosphorylation-directed ubiquitination is one of
the major mechanisms to regulate the abundance of p27%P!, In
this study, we demonstrate that Pin1 catalyzes the cis-trans con-
formational changes of p27* P! and further mediates its stability
through the polyubiquitination mechanism. Our results show
that the phosphorylated Thr-187-Pro motif in p27 %! is a key
Pinl-binding site. In addition, NMR analyses show that this
phosphorylated Thr-187-Pro site undergoes conformational
change catalyzed by Pinl. Moreover, in Pinl knock-out mouse
embryonic fibroblasts, p27°'P! has a shorter lifetime and dis-
plays a higher degree of polyubiquitination than in Pinl wild-
type mouse embryonic fibroblasts, suggesting that Pinl plays a
critical role in regulating p27 P! degradation. Additionally,
Pinl dramatically reduces the interaction between p27*?* and
Cksl, possibly via isomerizing the cis-trans conformation of
p27%PL, Our study thus reveals a novel regulatory mechanism
for p27" P! stability and sheds new light on the biological func-
tion of Pin1 as a general regulator of protein stability.

Cellular differentiation and cell cycle inhibition are tightly
controlled via sensitive molecular mechanisms. p27°"P!, a
member of the Cip/Kip family, is an essential cell cycle inhibitor
that functions largely during the G,/G, phase where it pro-
motes the assembly of the cyclin D1-CDK4 complex and inhib-
its the kinase activity of the cyclin E-CDK2 complex in the G;-S
phase (1—4). Several review articles have elegantly summarized
and discussed the detailed cellular functions of p27"P* (1-6).
p275"®! is also a phosphoprotein with multiple Ser/Thr phos-
phorylation sites, including Ser-10, Ser-178, and Thr-187, fol-
lowed by a proline residue. Hence, these motifs are potential
substrate sites for proline-directed kinases (5, 6). Compared
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with Ser-178, which has not yet been well studied, the phospho-
rylation of Ser-10 and Thr-187 has been well characterized to
be important for the regulation of p27®' function. For
instance, Ser-10 has been found to be the major phosphoryla-
tion site of p27" P! (7) and to play an important role in regulat-
ing cell migration (8-10), although the regulation of Ser-10
phosphorylation is still not completely defined (11, 12).

In contrast to Ser-10 and Thr-178, Thr-187 is the best char-
acterized phosphorylation site on p27 P! and is known to reg-
ulate the complex formation of p27*'-cyclin E-CDK2 (1-2).
In addition, it is also widely accepted that Thr-187 plays a cru-
cial role in determining the abundance of mature p27* ! pro-
teins. The phosphorylation of Thr-187 directs p27*'P! to an
SCF5*P? ubiquitin ligase complex (consisting of Skp2-Skpl-
Cks1-Cull-Rocl), which in turn promotes the polyubiquitina-
tion and degradation of p27*'P' (13, 14). The crystal structure of
the Skp1-Skp2-Cks1-p27*P! phosphopeptide complex shows
that p27""?! binds both Cks1 and Skp2 and that the C terminus
of Skp2 and Cksl forms the substrate recognition core of the
SCF complex (15). Furthermore, the structure of this complex
has revealed that the phosphorylation of Thr-187 in p27*P* is
recognized by the phosphate-binding site of Cksl, indicating
that Cks1 is not only a facilitator but also an indispensable com-
ponent in p27°'P! degradation machinery (15).

Pinl is a unique peptidyl-prolyl isomerase (PPlase)” that rec-
ognizes only the phosphorylated Ser/Thr motif preceding a
proline residue (16). In addition, Pinl is very prominent in
isomerizing the cis-trans conformation of prolyl-peptidyl
bonds in its substrates, resulting in either the modification of
their function (e.g. c-Jun (17), B-catenin (18), Bax (19), and
Notch1 (20)) or modulation of their stability (e.g. cyclin D1 (21),
p53 (22, 23), and NF-«B (24)). Loss of Pinl in mice results in
several phenotypes similar to those of cyclin D1-null mice (21)
and neuronal degenerative phenotypes (25-28), suggesting the
conformational changes mediated by Pinl may be crucial for
the normal functioning of cells. Additionally, Pinl also plays
important roles in cancer and other cellular events, which have

2The abbreviations used are: PPlase, peptidylprolyl isomerase; MEF, mice
embryonic fibroblast; CIP, calf intestinal phosphatase; WT, wild type; GST,
glutathione S-transferase; HEK, human embryonic kidney; ROESY, rotating
frame Overhauser effect spectroscopy; SCF, SKP1-CUL1-F-box; pRb, retino-
blastoma protein.
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been extensively discussed in several recent review articles
(29-33).

In this study, we show that Pinl binds to p27*"*!, mainly
through the phosphorylated Thr-187-Pro motif, and causes
subsequent prolyl isomerization of this cell cycle protein.
Moreover, we also find that Pin1 can protect p27"* from deg-
radation. Importantly, we demonstrate that by catalyzing con-
formational changes in p27*"!, Pinl hinders its association
with Cksl, resulting in a reduction of polyubiquitination of
p27%"P! and protecting its degradation by SCF*?? complexes.
Our results suggest that the cis-trans isomerization catalyzed
by Pinl represents a novel regulatory mechanism during post-
phosphorylation of proteins and polyubiquitination-directed
degradation pathways.

EXPERIMENTAL PROCEDURES

Constructs, Reagents, and Antibodies—Full-length cDNAs
for p27%!, Cksl, and Skp2 were cloned from a HeLa cDNA
library and inserted into the pX]J-40-FLAG vector and/or pX]J-
40-GFP vector (a gift from Dr. B. C. Low, Department of Bio-
logical Sciences, National University of Singapore) or into
p3x-FLAG-CMYV vector (Sigma). Recombinant proteins of the
full-length human Pin1, and its WW and PPlase domains, were
expressed from the pET42b(+) vector (Novagen). All mutant
constructs were generated using the QuikChange® site-di-
rected mutagenesis kit (Stratagene). Cycloheximide, FLAG-M2
beads, and MG132 were purchased from Sigma. Okadaic acid
was purchased from Santa Cruz Biotechnology. Antibodies
used for Western blotting and pulldown assays were as follows:
polyclonal antibody against p27*'P! (C-19), monoclonal anti-
body against p27"P' (F-8), polyclonal antibodies against
Ser(P)-10-p27%"P!, Skp2 (H-435), Cksl (FL-79), and ubiquitin
(P4D1) (Santa Cruz Biotechnology); polyclonal antibody
against Thr(P)-187-p27"P! (Zymed Laboratories Inc.); mono-
clonal antibodies against a-tubulin and FLAG (Sigma).

Cell Culture and Transfection—Human embryonic kidney
(HEK) epithelial 293T cells and Pinl-WT (wild-type) and
Pin1-KO (knock-out) mouse embryonic fibroblasts (MEFs; a
gift from Dr. K. P. Lu, Department of Medicine, Beth Israel
Deaconess Medical Center, Harvard Medical School) were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomy-
cin unless otherwise noted. For overexpression analysis, all con-
structs into MEFs were transfected using Lipofectamine
(Invitrogen) according to the manufacturer’s protocol. HEK
293T cells were transfected using the calcium phosphate
method. Following transfection, cells were harvested in mam-
malian lysis buffer (50 mm Tris-HCI, pH 7.4, 100 mm NaCl, 10%
glycerol, 1% Triton X-100, 1 mm EDTA, supplemented with
protease inhibitors and phosphatase inhibitors, including 1 um
pepstatin, 1 um leupeptin, 50 um B-glycerophosphatase, 1 mm
okadaic acid, 1 mm NazVO,).

GST Pulldown and Co-immunoprecipitation Assays—For
GST pulldown assay, recombinant GST-full-length Pinl,
-WW, or -PPlase domain proteins were conjugated to glutathi-
one-Sepharose 4B beads. Beads were rocked with lysates from
cells overexpressing WT or mutant p27*'?' constructs for 3 h at
4 °C, followed by five washes with mammalian lysis buffer. The
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bound proteins were eluted with SDS-loading dye and resolved
by 12-15% SDS-PAGE, followed by Western blotting. Calf
intestinal phosphatase (CIP) treatments were performed as
described previously (23). CIP, 1 unit/ml (Promega), was added
to the cell lysates for 30 min at 30 °C, which were then subjected
to GST pulldown. For co-immunoprecipitation, FLAG-p27%®*
and mutant constructs were overexpressed in HEK 293T cells.
Cell lysates were then cleared by centrifugation at 13,000 rpm
for 10 min, and the resulting supernatants were incubated with
FLAG-M2 beads for 3-5 h at 4 °C. The bound proteins were
then analyzed by Western blotting.

Protein Stability Assay—Pin1-WT and -KO MEF cells were
transfected with FLAG-p27"""' WT or mutant constructs.
Within 24 h of transfection, cycloheximide (100 ug/ml) was
added to the cells to block protein synthesis. Cells were then
harvested at 4-h intervals, followed by Western blotting.

In Vivo Ubiquitination Assay—FLAG-p27°®' and Myc-
ubiquitin constructs were co-transfected into Pinl-WT and
-KO MEF cells, respectively. At 24 h following transfection,
cells were treated with 10 um MG132 to inhibit protein degra-
dation. After 3 h of drug treatment, cells were harvested. The
supernatants of cell lysates were then incubated with FLAG-M2
beads at 4 °C for 3 h, followed by five washes with mammalian
lysis buffer and Western blotting using anti-ubiquitin antibody.
The membranes were subsequently stripped and re-blotted
with anti-p27®! antibody to evaluate the amount of p27**
that had bound to the beads. Reciprocal experiments were car-
ried out by co-overexpressing FLAG-ubiquitin and GFP-
p27°"P! in Pin1-WT and KO MEF cells. After MG312 treat-
ment, cell lysates were subjected to pulldown assays using
FLAG-M2 beads. Consequently, the beads were cooked at 95 °C
for 5 min. Western blotting analyses were done using either
anti-p27""! or anti-ubiquitin antibody.

Conformational Change by NMR Spectroscopy—All NMR
experiments were performed using a Bruker 800-MHz NMR
spectrometer at 25 °C. All spectra were recorded for a 2.0 mm
peptide concentration dissolved in a 20 mM phosphate buffer
(90% H,O and 10% D,O, pH 6.5) in the presence or absence of
0.03 mm Pinl. For all experiments, 256 X 512 complex points
were acquired with spectral widths of 7200 X 9600 Hz in ¢; X £,
dimensions and a relaxation delay of 1 s. ROESY spectra (34)
were acquired at a mixing time of 110 ms, a spin-lock field
strength of 4 kHz, and 16 scans. The mixing times were 30, 50,
70, 90, and 110 ms. TOSCY experiments (35) were carried out
at a mixing time of 75 ms and 8 scans.

RESULTS

Interaction of Pinl and Phosphorylated p27<7!—Observa-
tions from our several preliminary experiments led us to spec-
ulate that Pinl may associate with p27*'P! (supplemental Fig.
S1). Sequence analysis also showed that p27*'P! contains three
potential Pinl-binding Ser/Thr-Pro motifs as follows: S10P,
S178P, and T187P (Fig. 1A). To confirm that Pin1 could inter-
act with p27"'P! we performed glutathione S-transferase (GST)
pulldown assays using recombinant GST-Pinl, GST-Pinl-
W34A (impaired WW domain-binding site), and GST-Pinl-
R68A/R69A mutants (impaired PPlase domain-binding sites)
or GST proteins to pull down FLAG-p27 P! protein overex-
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FIGURE 1. Pin1 bmds the Ser/Thr-Pro motifs of p27""’1 through its WW and PPlase domain. A, sche-
matic illustration of the potential Pin1-binding sites in p27""', which includes the S10P (Ser-10-Pro),
S178P (Ser-178-Pro), and T187P (Thr-187-Pro) motifs. NLS, nuclear localization signal. B, immunoblotting
analysis following the use of GST-Pin1, GST-Pin1-W34A (W34A mutant), and GST-Pin1-R2A (R68A/R69A
mutants) to pull down FLAG-p27%P', GST beads were used as a control. GST and GST-Pin1 proteins were
stained as loading controls. C,immunoblotting (/B) analyses following the use of GST-Pin1 or GST beads to
pull down either FLAG-p27%"P" or -p27¥P! mutants, in the absence (left panel) or presence (right panel) of
CIP. OA, okadaic acid; CIP, calf intestinal phosphatase. D, co-immunoprecipitation (/P) assay using
FLAG-M2 beads. GFP-Pin1-S16A was co-immunoprecipitated with FLAG-p27"P', but not a FLAG-
p27%P1-3A mutant. £, GFP-Pin1-S16A was co-immunoprecipitated with either the FLAG-p27P"-WT or the
FLAG-p27XiP1-S10A mutant but not with the FLAG-p27XP'-T187A mutant.

pressed in HEK 293T cells. As shown in Fig. 1B, our results
indicate that GST-Pin1 interacts with FLAG-p27"'"', but not
GST control, indicating that Pin1 can bind p27***" in vitro (Fig.
1B, Ist and 2nd lanes). It is also known that both WW and
PPlase domains of Pinl can bind phosphorylated Ser/Thr-
Pro motifs (36). Therefore, we further performed GST pull-
downs using Pin1-W34A and Pin1-R68A/R69A mutants to
identify the region of Pinl that is responsible for p27*®!
binding. Notably, neither GST-Pin1-W34A nor GST-Pinl-
R68A/R69A mutant associates strongly with p27*"?! protein
compared with GST-Pin1-WT, suggesting that both the
WW and PPlase domains are required for an efficient Pinl-
p27%P! interaction (Fig. 1B, 3rd and 4th lanes). To further
test for a direct interaction of p27*'?* with Pin1, which does
not rely on any bridging proteins, cell lysates with overex-
pressed FLAG-p27%"®! were subjected to heating at 95 °C for
10 min before GST pulldown because p27*P* is an intrinsi-
cally heat-stable protein (13). As shown in Fig. 1B (5th and
6th lanes), the Pinl-p27""P! interaction is intact after the
heat treatment, indicating that p27""P! directly interacts
with Pinl in vitro. In addition, using an antibody specifically
against phosphorylated p27"?!, we also found that Pinl
interacts with phosphorylated p27*** (Fig. 1B).
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CIP before performing GST pull-
down assays. As shown in Fig. 1C
(right panel), the interactions
between Pinl and p27*""* WT/mu-
tants are completely disrupted by
CIP treatment, suggesting that the
binding of Pinl to p27%P' is
phosphorylation-dependent. By
next co-overexpressing FLAG-
p27%P' and GFP-Pinl-S16A, a
stronger binding derivative of Pinl
(37), the co-immunoprecipitation
assays further demonstrated that
Pinl binds p27*"** WT but not the
triple mutant (3A) in vivo (Fig. 1D),
consistent with the GST pulldown results (Fig. 1C). Interest-
ingly, we observed that the p27*'*' S10A mutant co-immuno-
precipitated significantly with Pin1 (Fig. 1E) but that there was
almost no interaction between Pinl and the p27*P' T187A
mutant. Taken together, these results suggest that Thr-187
could be the major Pin1-binding site in p27*""* in vivo (Fig. 1E).

A single Alaresidue substitution at the Ser/Thr-Pro motifs of
p27%""! did not totally eliminate the interaction between Pinl
and p27°"! in GST pulldown assays (Fig. 1C). Hence, to further
elucidate the binding property of the Pin1-p27**! interaction,
we developed phosphopeptide chips for binding analysis. To
this end, three N-terminal biotinylated phosphopeptides
derived from Ser/Thr-Pro motifs in p27*'P* were synthesized
(Fig. 2B). Subsequently, we immobilized these three biotiny-
lated-p27™"P* peptides on glass slides coated with avidin to gen-
erate peptide chips, as described previously (38, 39). To deter-
mine the affinity of Pinl to these peptides, different
concentrations of Cy3-labeled Pinl were titrated on chips. The
fluorescence reading for each spot was then extracted from the
unbound background intensities and fitted to binding curves
for individual Pinl-peptide interaction (Fig. 24). A smaller K,
value indicates a stronger binding. As shown in Fig. 2B, Pinl
binds most strongly to the phosphorylated Thr-187 peptide,
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FIGURE 2. Phosphorylated Thr-187 is the major Pin1-binding site on
p27%P1, A, fitted binding curves for Pin1 recombinant protein bound to
three phosphorylated peptides derived from p27%P'. B, phosphorylated
peptide sequences and K, and S.D. values calculated from the binding
curve shown in A, indicating the affinity of Pin1 for phosphorylated pep-
tides derived from p27¢P',

with a dissociation constant (K ;) of ~7.2 um. In contrast, Pinl
has a weaker affinity for phosphorylated Ser-10 or Ser-178 pep-
tides with K, values of ~16 um. Therefore, taken together both
in vitro and in vivo binding assays confirm that the phosphoryl-
ated Thr-187 residue on p27"P* is the major Pin1-binding site.

Pinl Accelerates Conformational Changes in p27<?'—Pin1
is a peptidylprolyl isomerase and accelerates conformational
changes between the cis and trans forms of phosphorylated
polypeptides. In addition to its binding of cognate substrates,
the best way to demonstrate the function of Pin1 is to measure
these catalytically driven conformational changes. To this end,
we analyzed the isomerase activity of Pin1 against nonphospho-
rylated (Fig. 3A) and phosphorylated Thr-187-Pro peptides
(GSVEGPTPKKPGA, where boldface indicates positions 6 and
8, respectively), in the absence of (Fig. 3B) or presence of Pinl
(Fig. 3C). Because of the slow exchange between cis and trans
conformations of proline, several residues in both peptides dis-
played two distinct sets of 'H signals in the ROESY and total
correlation spectroscopy spectra (Fig. 3, B and C). The cis and
trans populations of both peptides were ~10 and 90%, respec-
tively, as estimated from the one-dimensional 'H spectrum. In
anormal situation, the exchange between the cis and trans con-
formations was so slow on an NMR time scale; therefore, no
cross-peaks between the two conformations were observed by
NMR (<0.1 s !, see Fig. 3B). In contrast, in the presence of
Pin1, the proline isomerization rate of the phosphorylated pep-
tide is greatly enhanced by Pinl. Cross-peaks from conforma-
tional exchange were also identified (Fig. 3B). Both cross-peaks
and diagonal peaks of Thr-6 and Lys-8 amide protons from the
phosphorylated Thr-187 peptides were also found (Fig. 3B). On
the other hand, the nonphosphorylated peptide displayed no
exchange peaks, even in the presence of Pinl (Fig. 34). Hence,
Pinl only accelerates the isomerization of the phosphorylated
Thr-187 peptide in p27*"* (Fig. 3C) but not the nonphospho-
rylated control (Fig. 34).
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Taking the intensities of cross-peaks and diagonal peaks of
Thr-6 and Lys-8 amide protons of phosphopeptide, we further
calculated the isomerization rates from the cis to trans (k. )
and from the trans to cis (k,.**) conformations of Thr-6 (Fig. 3,
D and E). The values of k_,“**- and k, “**-obtained intensities for
Thr-6 were 1.08 and 0.12 s~ !, respectively. Similarly, the values
of k., and k,°**-obtained intensities for Thr-8 were 1.05 and
0.15s~ !, respectively (data not shown). The enhanced cis-trans
conformational exchange rate by more than 10-fold suggests
that the isomerization rates catalyzed by Pinl are significantly
faster than those without Pin1 (Fig. 3F).

Pinl Protects p27°*" from Degradation—Phosphorylation
on Thr-187 was known to be very important for p27*"?! degra-
dation (6, 40). Our current results show that Pinl catalyzes
p27""P! through its phosphorylated Thr-187-Pro motif (Fig. 3).
We next speculated whether Pinl is involved in regulating
p27""P! stability. To test this possibility, we measured endoge-
nous p27°** levels and found them to be dramatically lower, by
about 50%, in Pin1-KO MEFs compared with Pin1-WT MEFs
(Fig. 4, A and B); as previously reported, in our Pin1-KO MEFs,
the cyclin D1 levels are markedly decreased (21), and cyclin E is
significantly increased (41) (Fig. 4A). Consistently, we also find
in our present experiments that a knockdown of Pinl using
small interfering RNA causes a decrease of the p27*** levels in
HEK 293T cells (supplemental Fig. S2). This observation indi-
cates that Pin1 is able to stabilize p27*®" protein. Subsequently,
we compared the half-life of endogenous p27*P! in both
Pin1-WT and -KO MEFs exposed to cycloheximide. As shown
in Fig. 4C, the endogenous p27""" levels in Pin1-KO MEFs are
significantly less stable than those in Pin1-WT MEFs. After 12 h
of cycloheximide inhibition, endogenous p27*'P! is markedly
reduced by up to ~76% in the absence of Pinl. In contrast, only
a 50% reduction of p27*"*! is evident in Pin1-WT MEFs (Fig. 4,
C and D). To demonstrate that the destabilization of p27* P! is
a direct effect of the absence of Pinl, we investigated the turn-
over rate of p27""*' by re-introducing GFP-Pin1 into Pin1-KO
MEFs. As shown in Fig. 4, C and D, the stability of p27*'P! is
markedly enhanced by re-overexpression of GFP-Pinl, but not
GEP alone, in Pin1-KO MEFs, suggesting that Pin1 plays a crit-
ical role in modulating p27*'P* stability.

To clearly determine whether Pinl specifically regulates
p27"iP! stability through the phosphorylated Thr-187 site, we
investigated this stability in the presence or absence of Pinl
using the p27"P! double mutants, S10A/S178A (potential
Thr(P)-187), SI0A/T187A (potential Ser(P)-178), and S178A/
T187A (potential Ser(P)-10), instead of single mutants of
p275P! We found that the stability of the two mutants contain-
ing T187A and the triple mutant (3A) showed no significant
difference in the presence or absence of Pin1 (Fig. 4E). Further-
more, even though Pinl may potentially interact with Ser(P)-10
(Fig. 1), the S178A/T187A mutant (potential Ser(P)-10) has no
significant difference in turnover rate between Pin1-WT (73%
remaining) and -KO MEFs (76% remaining), suggesting that
Pinl has little or no effect on p27P! degradation through the
Ser-10 site. Most importantly, the double mutant SI0A/S178A
(potential Thr(P)-187) displays a shorter half-life in the absence
of Pinl, degrading 66% of its total level (Fig. 4E), underscoring
the significance of Thr-187 of p27*®! for Pin1 function.
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FIGURE 3. Pin1 catalyzes conformational changes in phosphorylated p27%i'. 4, selected region of a two-
dimensional ROESY spectrum of a nonphosphorylated Thr-187 peptide (AGSVEGTPKKPGLR) at a concentration
of 2.4 mm and in the presence of 0.03 mm Pin1 (mixing time 110 ms) is shown. There is no cross-peak found (as
indicated by arrows). B and C, selected regions of a two-dimensional ROESY spectrum of a phosphorylated
Thr-187 peptide (GSVEGpTPKKPGA, where boldface indicates positions 6 and 8, respectively) at a concentra-
tion of 2.0 mm are shown in the absence (B) or in the presence (C) of 0.03 mm Pin1 (mixing time 110 ms).
Negative and positive peaks are indicated by arrows. Diagonal peaks from cis and trans conformers are indi-
cated by ccand tt, respectively. Exchange peaks resulting from Pin1-catalyzed isomerization are labeled ct and
tc. Note that rotating frame nuclear Overhauser enhancement and exchange cross-peaks are indicated by
arrows. Diagonal peaks of Thr (T6) and Lys (K8) amide protons from the phosphorylated Thr-187 peptides are
identified by arrows. D and E, ratios of cross-peak and diagonal peak intensities for the cis and trans conforma-
tions of Thr-6 on rotating frame nuclear Overhauser enhancement mixing times and its isomerization rates are
indicated; D, from the cis to trans (k") conformation; £, from the trans to cis (k,.*") conformation. F, illustration
of the conformational change of phosphorylated Thr-187 peptides by Pin1. The peptide models were gener-
ated using PyMOL. In the absence of Pin1, the isomerization rates between the cis and trans conformations are
very slow; however, in the presence of Pin1, the isomerization rates are greatly enhanced by Pin1. The rates of
Thr-6 are presented.

pThrés-Pro+Pin1

involved in the p27""*! ubiquitina-
tion machinery. To this end, we per-
formed in vivo ubiquitination assays
in which following the treatment of
MG132, FLAG-p27""! and Myc-
ubiquitin proteins were co-immu-
noprecipitated from Pinl-WT and
-KO MEEF cell lysates, respectively.
Western blotting analyses revealed
that p27°®! is strongly polyubiq-
uitinated in Pin1-KO MEFs but only
modestly so in Pin1-WT MEFs (Fig.
5A). To rule out the possibility that
the polyubiquitination bands de-
tected were not because of a contam-
ination by the polyubiquitinated
p27%"P1associated proteins, we per-
formed a reciprocal pulldown experi-
ment by co-expressing the FLAG-
ubiquitin  and  GFP-p27"* in
Pin1-WT and KO MEF cells. Consist-
ent with previous results shown in
Fig. 54, loss of Pinl significantly
enhanced the polyubiquitination of
p27"P! (Fig. 5B). Theseresultsareina
good agreement with our previous
findings that in the presence of Pinl,
p27 P! protein accumulates at a
higher level (Fig. 44 and supplemen-
tal Fig. S2), whereas in the absence of
Pinl, the half-life of p27*"P* is much
shorter because of a more rapid deg-
radation rate (Fig. 4C).

The crystallographic structure of
Skp2-Cks1-p27*®! complex shows
that Cks1 directly binds to the phos-
phorylated Thr-187 site in p27*P!
and promotes its degradation (15).
On the other hand, we find in our
present study that Pinl enhances
p27""P! stability also through the
phosphorylated Thr-187. Given
that these two proteins bind to the
same site on p27°'P! but exert an
opposite effect, we hypothesized
that Pinl might compete with Cks1
for binding to p27¥'P!, To test this
hypothesis, a gradient concentra-
tion of recombinant human Pinl
proteins was added to co-immuno-
precipitation lysates in which
FLAG-p27P1.T187D (a mutant
that mimics the phosphorylated-
Thr-187 of p27*P') and HA-Cksl
were co-overexpressed. As shown in

Pinl Plays a Role in the Ubiquitination of p27~7'—To fur-
ther explore the molecular mechanisms underlying Pin1 regu-
lation of p27''P! stability, we evaluated whether Pinl is in fact
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Fig. 5C, a lower level of Cks1 remains bound to p27*'*" in the
presence of a higher concentration of Pin1, suggesting that Pin1
competes with Cks1 for binding to p27*"*'. Moreover, we fur-
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FIGURE 4. Pin1 regulates p27¥iP1 stability. A, immunoblotting analysis of the endogenous p27X®', cyclin
E, and cyclin D1 levels in Pin1-WT and -KO MEFs. B, quantification of endogenous p27X®" |evels shown in
A, normalized to tubulin levels. C, protein stability assay of endogenous p27X"*" in both Pin1-WT and -KO
MEFs. Cells were starved for 36 h before their arrest at G, phase. The cells were then treated with cyclo-
heximide, harvested at 4-h intervals (left panel), and analyzed by immunoblotting. To confirm the function
of Pin1 in regulating p27XP" stability, GFP-Pin1 and GFP vectors were re-introduced into Pin1-KO MEF
cells, respectively, followed by a protein stability assay. D, densitometric analysis of the degradation
assays from C, normalized to tubulin levels. E, protein stability assay of exogenous FLAG-p27"" or its
mutants in either Pin1-WT or -KO MEFs. Cells were treated with cycloheximide after 24 h of transfection
and then harvested at 4-h intervals, followed by immunoblotting (/B) analyses. Tubulin was used as a

loading control. KO, knock-out.

ther confirmed this observation in vivo by co-overexpressing
FLAG-p27*'-T187D and HA-Cksl in Pin1-WT and -KO
MEFs. Our co-immunoprecipitation results show that a mark-
edly higher level of Cksl is precipitated by p27*'"! in the Pin1-
null background compared with the WT background (Fig. 5D),
suggesting that the interaction of p27*'P* with Cksl is signifi-
cantly impaired in the presence of Pinl. Collectively, however,

“BSEMEN
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between post-phosphorylation reg-
ulation and the ubiquitination-me-
diated degradation of proteins.
Pinl provides a novel mechanism
for p27"P! ubiquitin-proteasome
degradation. It has been extensively
shown that the degradation of
p27""P! is regulated by its subcellu-
lar compartmentalization (11, 42),
phosphorylation status (43-44),
and the availability of components
in the degradation complex (13-
15). In this study, we show that the
ubiquitination status of p27*®! is
noticeably increased in the absence
of Pinl, indicating that the role of
Pinl is significant in regulating this
process. Our NMR studies clearly
show that the phosphorylated
p27%""* undergoes a conformational
change mediated by Pinl, suggest-
ing that the post-phosphorylation
modification may be crucial for pre-
venting the recognition of p27<P*
by its degradation machinery. Cksl
is an important factor in p27*P!
degradation (13—15), and we further
find that Pinl disrupts the binding
of Cks1 to phosphorylated p27<'P!,
Therefore, one of the possible
mechanisms could be that the conformational changes of
p27"'P! catalyzed by Pin1 is unfavorable for the binding of Cks1,
resulting in a reduced interaction of p27*"** with the SCF com-
plex and an enhancement of p27""P* stability (Figs. 5 and 6).
From the structure of Skpl-Skp2-Cksl-p27"* complex, we
further found that Cks1 indeed interacts with a trans confor-
mation of the Thr-187-Pro motif in p27<"* (15), suggesting
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FIGURE 5.Pin1 is involved in p27¥'P" polyubiquitination. A, in vivo ubiquiti-
nation (Ub) assay of FLAG-p27""*" in Pin1-WT and -KO MEFs. At 24 h following
transfection, cells were treated with 10 um MG132 to inhibit protein degra-
dation. After 3 h of MG132 treatment, cells were harvested, and lysates were
then incubated with FLAG-M2. Western blots were carried out using anti-
FLAG or anti-ubiquitin antibody. /P, immunoprecipitation; KO, knock-out.
B, reciprocal experiments were carried out asin A, after FLAG beads pulldown,
and the beads were cooked at 95 °C for 5 min, and Western blots were done
by blotting with either anti-p27%"" or anti-ubiquitin antibody. C, effects of
Pin1 on co-immunoprecipitation of HA-Cks1 and FLAG-p27%P'. Immunoblot-
ting analysis of HA-Cks1 bound to FLAG-p27XP" in the presence of different
concentrations of recombinant Pin1 protein are shown. D, co-immunopre-
cipitation of HA-Cks1 and FLAG-p27XP" in the presence or absence of Pin1.
Immunoblotting analysis of HA-Cks1 bound to FLAG-p27""" in Pin1-WT and
-KO MEFs, respectively, is shown.

p27

p27 degradation p27 stabilization

FIGURE 6. A putative mechanism for Pin1 in the regulation of p27XiPT,
Cks1 binds to phosphorylated p27X"*" and promotes its degradation through
ubiquitination (Ub). However, to regulate p27¥PT stability at specific time
points, Pin1 binds phosphorylated p27"P" and catalyzes its conformational
change, which hinders the association of p27“P! with Cks1. This process in
turn inhibits the polyubiquitination and degradation of p27%".

that Cks1 may have a structural preference to its target. In the
presence of Pinl, the cis-trans isomerization rate of Thr-187-
Pro motif is increased by more than 10-fold. This result sug-
gests that the conformational change catalyzed by Pinl is a
critical regulatory mechanism in mediating the interaction of
Cksl and p27*P*, Another possible mechanism could be that
the Pinl enhances the dephosphorylation of p27 "' by its
downstream phosphatase, resulting in a reduction of the bind-
ing to Cks1 and rescuing p27*'P! stability. It has been reported
that Pinl can regulate the conformation and dephosphoryla-
tion of its substrates (25, 29). Pin1 facilitates the dephosphoryl-
ation of Cdc25 and Tau by PP2A, a conformation-specific pro-
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line-directed phosphatase that effectively dephosphorylates
only the trans-Ser/Thr-Pro motifs (29). It would be interesting
to further investigate whether Pinl can regulate the dephos-
phorylation of p27 P! in the future. The third possible mecha-
nism is that Pinl competes with Cks1 or other components of
the SCF complex for binding to phosphorylated p27""P* (Figs. 5
and 6). Indeed, we also find that GST-Pin1 can pulldown Skp2
in vitro (data not shown), indicating that Pinl may become
incorporated into the p27*'P! degradation complex and is likely
to have a regulatory role. Our current study provides the first
experimental evidence of a novel “post-phosphorylation” regu-
lation mechanism for the polyubiquitination of p27*"P*. There-
fore, overall the post-phosphorylation mechanisms mediated
by prolyl isomerases may be a crucial determinant of the abun-
dance of some proteins such as 3-catenin (18), cyclin D1 (21),
and NF-«B (24) in vivo.

There are three Ser/Thr-Pro motifs on p27<'P!, Ser-10, Ser-
178, and Thr-187, which are potential Pinl-binding sites.
Among these, Thr-187 is the most well characterized site for
p275P! degradation, as revealed in a number of previous stud-
ies (13, 40, 45). Using peptide chips and co-immunoprecipita-
tion assays, our current results further indicate that phospho-
rylated Thr-187 of p27* P! is the most favored Pinl-binding
site. At the same time, we also find that this interaction is fully
abolished only when all three of these Ser/Thr-Pro sites are
mutated, indicating that all Ser/Thr-Pro motifs, at least par-
tially, might be involved in the Pin1-p27""! interaction.
Although Ser-10 is reported to be the major phosphorylated
site in p27™P* (6, 7), our stability assay shows that the stability
of S178A/T187A mutant has no significant difference in
Pin1-WT and -KO MEEF cells (Fig. 4E), suggesting that the
interaction of Pinl with phosphorylated Ser-10 may not have a
significant effect on p27 P! stability. On the other hand,
because Pinl can associate both sites, it would also be interest-
ing to test whether Pin1 can induce conformational changes on
Ser(P)-10 or Ser(P)-178 peptides in the future. In addition,
FOXO4 is known to regulate the p27°"** level through tran-
scriptional regulation. Recently, it was reported that the over-
expression of Pinl inhibits FOXO4 transcriptional activity
resulting in an impairment of p27*! expression (46). To con-
firm this, we also tested the turnover rate of p27*'?* in HEK
293T cells with or without ectopically overexpressed Pin1 (sup-
plemental Fig. S2), but we observed no ectopic effects of Pinl on
p27"P! stability. However, because of a high endogenous level
of Pinl in HEK 293T cells, additional ectopic expression may
not have significant effects, similar to the results shown previ-
ously (46). On the other hand, we show that the loss of Pinl in
cells significantly enhances the polyubiquitination levels of
p27%"! resulting in reduced stability (Fig. 4, A and C). Further-
more, we also demonstrated that there is little or no detectable
FOXO4 in our MEFs (supplemental Fig. S3), suggesting the
regulatory function of Pin1 on p27*"* degradation is not likely
to be mediated through FOXO4 in our study.

Isomerization of the phosphorylated Ser/Thr-Pro motifs by
Pinl is a key mechanism underlying a post-phosphorylation
regulation in many proteins. In general, Pin1 catalyzes the con-
formational changes of its substrates and thereby alters their
properties, e.g. transcriptional activity, protein-protein interac-
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tion, and subcellular localization. The cis-trans isomerization
of proline is thus likely to be a key regulatory switch in signal
transduction. Given the cumulative evidence to date, we also
propose that by switching the cis-trans conformations of the
proline residue, Pinl plays a pivotal role in the protein degra-
dation machinery. For instance, Pin1 stabilizes cyclin D1 (21),
NEF-«B (24), B-catenin (18), p53 (22, 23), p73 (47), and Tax (48).
On the other hand, Pinl negatively regulates protein stability,
including that of c-Myc (49), SRC-3 (50), IRF3 (51), cyclin E
(41), Daxx (52), and SMRT (53). Additionally, many of these
substrates undergo ubiquitination-mediated proteosomal deg-
radation. The turnover of Pinl substrates is generally through
the cis-trans conformational changes. In this study, we report
that Pin1 stabilizes p27"'P! by a direct involvement in its deg-
radation machinery, which adds weight to a general role for
Pinl in regulating protein stability. Hence, the post-phospho-
rylation isomerization by Pinl may act as a molecular switch
that determines the fate of its substrates. However, the reason
why Pinl can act as both a stabilizer and a de-stabilizer is
unclear at present. Future studies focusing on the general func-
tion of Pinl in ubiquitination-mediated protein degradation
may help to elucidate this issue.

The molecular mechanisms underlying the regulation of
p27P! by Pin1 are likely to be highly complex given the roles
that both proteins play in different phases of the cell cycle. As an
example of this, the overexpression of Pinl in mammalian cells
leads to a G, arrest, whereas its inhibition causes mitotic arrest
(16). Moreover, Pin1 regulates the turnover of c-Myc and cyclin
E (49, 41), both of which play critical roles in the G,/S phase
transition, and the cyclin E protein has been shown to be further
destabilized by Pinl in MEFs (41). On the other hand, we have
also reported that Pinl can regulate cyclin D1 through both
transcriptional and translational mechanisms (17-18, 21). Pinl
directly stabilizes cyclin D1 and regulates its localization; in the
absence of Pinl, the cyclin D1 protein levels are markedly
reduced (21). Furthermore, the cell cycle reentry of Pin1-KO
MEFs is retarded in response to serum starvation (55). Taken
together, these results suggest that Pinl plays a pivotal role in
the G,/G;-S transition. You et al. (56) have reported in their
previous study that in response to IGF-1 treatment, Pin1-KO
MEFs display a delayed entry into S phase. Conversely, IGF-1
was found to stimulate Pinl expression, resulting in an
increased expression of cyclin D1 and the phosphorylation of
pRbD, thus further promoting the G,/G;-S transition (56). The
transcription factor E2F is known to be regulated by pRb, the
hyperphosphorylation of which releases E2F1 thereby activat-
ing the downstream essential genes for the G,/S phases of the
cell cycle. In addition, F2F1 cannot only bind to the p27*P!
promoter (57), but also the Pin1 promoter (58) and activates the
expression of these two proteins. On the other hand, the Cdk
inhibitor p27*'P! can prevent pRb phosphorylation by inhibit-
ing the activities of cyclin D1/Cdk4 and cyclin E/Cdk2 (59, 60).
Interestingly, the phosphorylation of Thr-187 on p27*"' by
cyclin E/Cdk2 and the subsequent recognition by the ubiquitin
ligase Skp2 SCF proteasome complex are the predominant
mechanisms that regulate the protein abundance of p27**. In
this study, we show that the phosphorylation-dependent ubiq-
uitination of p27*®" is highly controlled by Pin1, further high-
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lighting the complexity of the cell cycle regulatory processes in
which Pinl and p27*?* function.

Interestingly and unexpectedly, Pinl knock-out mice are via-
ble and undergo relatively normal development despite several
age-dependent and cell-proliferative abnormalities (21).
Accordingly, Pin1-KO MEFs are slightly slower growing than
their wild-type counterparts but otherwise show no significant
differences. Conversely, overexpression of Pinl not only con-
fers transforming properties on epithelial cells but also
enhances the transformed phenotypes of Neu/Ras activated
mammary epithelial cells, indicating an important role of Pinl
in tumor formation (58). On the other hand, it is also surprising
that the inactivation of the Thr-187-dependent p27*"P* turn-
over pathway has no severe impact on cell cycle regulation, as
revealed by studies of p27*"?'T187A knock-in mice. In addi-
tion, these mice are viable and display only modest cell-prolif-
erative alterations (61). More interestingly, the p27*"*Thr-
187A can also be down-regulated in activated K-ras-induced
lung tumors, and the p27"®' Thr-187A mice have a same tumor-
dependent death rate as the p27*"** wild-type mice, implying
that an alternative degradation pathway other than Skp2-de-
pendent mechanism plays a significant role in regulating
p275"P! stability (54). Taken together, these observations sug-
gest, at least in part, that there are negative feedback mecha-
nisms in different phases of the cell cycle that control p27*P!
degradation and Pinl isomerase activity. Given our current
data showing that Pinl also interacts with and stabilizes
p27°"P! further studies of the temporal and spatial regulation of
phosphorylated p27"?! mediated by Pin1 may provide a better
understanding of cell cycle control. Also, it would be interesting
to cross Pinl knock-out mice with cyclin D1, cyclin E, or
p27""! transgenic/knock-out mice to dissect each of their roles
in this complicated cell cycle progression.

In conclusion, our current study elucidates a novel molecular
mechanism by which phosphorylated p27*'*" is further regu-
lated by the peptidylprolyl isomerase Pinl. This may under-
score the significance of prolyl isomerization in the post-phos-
phorylation regulation and polyubiquitination-directed
degradation of proteins in the cell.
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