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’ INTRODUCTION

The phosphorylation of proteins represents a universal reg-
ulatory mechanism for the control of a broad range of cellular
events including cell division and proliferation. In the case of cell
division, a massive burst of protein phosphorylation is followed
by striking alterations in the activity and turnover of many
proteins as well as dramatic architectural changes involving a
number of cellular structures.1�3 Although phosphorylation is
necessary for many of these alterations, alone it is not sufficient to
effect the dramatic changes that occur. The discovery of Pin1, a
phosphorylation-dependent peptidylprolyl isomerase (PPIase)
of the parvulin family, added an intriguing layer of complexity to
our understanding of the control of cell division and other
cellular processes.4�6

Pin1 is unique among PPIases because it can distinguish
between phosphorylated and nonphosphorylated targets.6,7 In
this respect, Pin1 exhibits PPIase activity preferentially toward
peptide prolyl bonds adjacent to phosphorylated serine or threo-
nine residues, a notable observation because many phosphoryla-
tion events that occur at the initiation of mitosis are catalyzed by
proline-directed protein kinases such as p34cdc2. It has therefore
been proposed that the architectural changes accompanying
mitosis result from Pin1-catalyzed cis�trans isomerization of
peptidylprolyl bonds in proteins phosphorylated at the onset of
mitosis.4 In addition, Pin1 has roles in a variety of other cellular
processes including responses to DNA damage, the regulation
of proliferation and cell cycle events distinct from mitosis, and
transcriptional regulation.8�12

Pin1 has an important role in oncogenesis and human cancer.13

Increased expression of Pin1 is observed in a number of tumors
including breast and prostate as well as oral squamous cell, lung,

cervical, and colon cancers.14�20 Notably, in a study of 580 patients
with prostate cancer, Pin1 levels were a prognostic indicator: patients
with high Pin1 levels had the highest levels of recurrence.14 Although
the precise role of Pin1 in oncogenesis remains incompletely
understood, Pin1 promotes signaling and/or transformation
through Ras, Neu, andWnt signaling pathways and is a downstream
target of theRb/E2Fpathway.14,21�23Also linkingPin1 and theRb/
E2F axis is the demonstration that increased expression of Pin1
results in increased expression of cyclin D1; moreover, Pin1 null
mice exhibit growth defects and phenotypic similarities to cyclin D1
null mice.24 Other targets of Pin1 relevant to its role in oncogenesis
include the tumor suppressor p53 and the antiapoptotic protein Bcl-
2.25�29 Collectively, these observations indicate that Pin1 has an
important, but complex, role in oncogenesis.

On the basis of its role in the control of cell proliferation and
its links to oncogenesis, Pin1 is an attractive therapeutic target.30

Its potential is highlighted by observations that decreasing Pin1
activity through antisense strategies or expression of dominant
negative Pin1 constructs inhibits cancer cell proliferation and
reverses Ras- or Neu-induced transformation.13 Similarly, Pin1
inhibitors exhibit antiproliferative activity and have garnered
interest as anticancer agents.31�36 Pin1 inhibitors include
peptides34,36�39 and organic compounds from nature (juglone),
library screening, and design.31�33,35,40�43

Cyclic peptides have conformational constraints that inhibit
cis�trans isomerization30,36,44 and are of particular interest
because cyclic peptide inhibitors such as cyclosporin (which
targets the cyclophilin family of PPIases) are already used in the
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ABSTRACT: Phage panning led to the discovery of a disulfide-cyclized peptide CRYPEVEIC
that inhibits Pin1 activity with a KI of 0.5 μM. NMR chemical shift perturbation experiments
show that cyclic CRYPEVEIC binds to the active site of Pin1. Pin1 residues K63 and R68,
which bind the phosphate of substrate peptides, do not show a significant chemical shift change
in response to binding of cyclic CRYPEVEIC, consistent with absence of phosphate on the
peptide. Cyclic CRYPEVEIC adopts a stable conformation with the side chains of the Y, P, V,
and I residues packed together on one side of the ring. Cyclic CRYPEVEIC in solution exists as
a mixture of two species, with a 1:4 cis/trans ratio for the Y�P bond. This mixture is stabilized
to a single conformationwhenbound toPin1.The constrained structure of cyclicCRYPEVEIC
apparently facilitates high affinity binding without the presence of a phosphate group.
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clinic. On this basis, cyclic peptides that bind the PPIase domain
of Pin1 should be effective inhibitors of its catalytic activity.
Accordingly, we performed an unbiased screen of a phage display
library of cyclic peptides. This led to the discovery of a nonpho-
sphorylated cyclic peptide that binds to the PPIase domain of
Pin1 and inhibits the PPIase activity of the enzyme.

’RESULTS

Isolation of Pin1 Binding Peptides through Phage Dis-
play. Phage display was used to screen for nonphosphorylated
cyclic peptides that interact with the PPIase domain of Pin1.
In the initial library, 1.2 � 109 random heptameric peptide
sequences are flanked by cysteine residues, which under the
oxidizing conditions at the phage surface are expected to form a
disulfide bond, creating a constrained cyclic arrangement of the
nonapeptide. An initial pool of 2� 1011 M13 bacteriophage was
used in two completely independent screening procedures
(Figure 1). In one screening procedure (Figure 1A), the PPIase
domain of Pin1 fused to GST (GST-PPIase) was the bait for the
first and third rounds of selection and amplification; His6-Pin1
was used for the second round to reduce selection of phage

interacting with the glutathione resin. To further ensure that
bound phage were specifically targeted to the PPIase domain of
Pin1, a “preclear” against the glutathione resin was executed
before the third round of panning. The input and output phage
from each round of panning were titered, and the ratio of bound
to nonbound phage was calculated. The enrichment of high-
affinity binding phage was apparent, as the ratio of bound to
applied phage increased from 3.3 � 10�6 in round 1, to 4.7 �
10�4 in round 2, and 5.7� 10�3 in round 3. Following the third
round of panning, 12 phage were sequenced; these represented
11 independent clones that carried 10 different peptide sequences
(Table 1).
In the second screening procedure a construct with a hex-

ahistidine tag fused to the PPIase domain of Pin1 (His6-PPIase)
was the bait. In the first two rounds of panning, bound phage
were eluted from the column using imidazole. In the final round,
a peptide substrate for assays of Pin1 PPIase activity, Suc-AEPF-
pNA, was used to specifically elute phage bound to the PPIase
domain (Figure 1B). In this case, four out of four phage analyzed
yielded the same sequence for the displayed peptide, CRYPE-
VEIC. A second cyclic peptide sequence, CTGIPWLYC, was
found when the PPIase domain and the bound phage were
removed from the resin with imidazole (Figure 1B and Table 1);
in this case, four of the six phage analyzed displayed CTGIPW-
LYC, while the other two displayed CRYPEVEIC.
Analysis of the phage sequences from both screens revealed a

common core of Y-P-E-V displayed by four of the isolated phage,
three from screen A and one from screen B, while a fifth phage
displayed the closely related F-P-D-V sequence (Table 1 and
Figure 2A). Analysis of the additional sequences did not reveal a
common pattern, but we note that both screens yielded
CTGIPWLYC. To verify specific binding of phage with the
YPEV consensus sequence to the PPIase domain of Pin1, phage
encoding the peptide CYPEVALFC were mixed at a ratio of
1:100 with random phage and added to either GST-WW domain
or GST-PPIase domain bound to a glutathione resin. After being
washed, bound phage were eluted with glutathione and phage
encoding the CYPEVALFC sequence was identified by PCR

Figure 1. Phage display peptide panning procedure. Two independent
phage display panning schemes were used to isolate a set of related
peptides. (A) To avoid isolating phage that bind to the affinity matrix or
to the WW domain, a GST-PPIase domain construct was used for first
and third rounds of panning, while a hexahistidine tagged full-length
Pin1 construct was used for the second round. (B) An alternative
panning strategy made exclusive use of a hexahistidine tagged Pin1
PPIase domain construct. For the first two rounds of panning, bound
phage were eluted from the resin using imidazole. For the third round of
panning, phage bound to the PPIase domain active site were specifically
eluted with the peptide Ac-AEPF-pNA, which is used as a Pin1 substrate
in kinetics assays, and remaining bound phage were removed from the
resin by a second elution with 250 mM imidazole. For both procedures,
the DNA from individual phage plaques was sequenced, and the results
are indicated in Table 1.

Table 1. Displayed Peptide Sequences from Isolated Phage

amino acid sequencea (no. of unique DNA sequences isolated)

Screen A (Figure 1A)

YPDVHKF (2)

YPEVALF (1)

YPEVHMF (1)

LFPDVQI (1)

TGIPWLY (1)

ERPNMMQ (1)

NAERNKW (1)

PHKLHHW (1)

GLSSRDA (1)

SNTHLQA (1)

LTHHNWR (1)

Screen B (Figure 1B)

RYPEVEI (1)

TGIPWLY (1)
a Peptide sequences were identified using the phage display methods
shown in Figure 1. All sequences were flanked by cysteine-encoding
TGT and TGC at the 30 and 50 ends, respectively.
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(Figure 2B). When the GST-PPIase construct was used, 8 out of
10 phage tested encoded the CYPEVALFC sequence. In con-
trast, when the GST-WWdomain was used, none of the 10 phage
tested encoded the CYPEVALFC sequence, thereby confirming
the specificity of this sequence for the PPIase domain.
Cyclic CRYPEVEIC Inhibits Pin1 Isomerase Activity. To

address the potential of the YPEV-containing peptides to act as
inhibitors of Pin-1, protease-coupled PPIase activity assays were
carried out using GST-Pin1 and the Pin1 substrate peptide Suc-
AEPF-pNA. Previous studies have shown that the GST tag
positioned on the N-terminus of Pin1 is not detrimental to the
isomerase.45 The representative peptide chosen for further
investigation was CRYPEVEIC: this peptide had relatively high
solubility and cyclized rapidly and completely under oxidizing
conditions. The activity assay was carried out in the absence of
inhibitor and at inhibitor concentrations of 0.12 and 0.58 μM
(Figure 3A). Data from the experiments were fit to the equation
for competitive inhibition, yielding a Ki of 0.52 ( 0.07 μM
(Table 2). The linearized peptide was also assayed (Figure 3B)
and inhibited the reaction with aKi of 44( 14 μM, approximately 2
orders of magnitude higher than that of the cyclized peptide
(Table 2).
In vivo targets for Pin1 are almost exclusively phosphorylated,

and Pin1 binds to these phosphorylated substrates with a 1300-
fold greater selectivity.6 To assess the inhibitory potential of the
cyclic peptide against a phosphorylated substrate, the isomerase
activity assay was repeated with “Pintide” (WFYpSPR-pNA) as
the substrate, in the absence and presence of cyclized CRYPE-
VEIC at 0.12 μM (Figure 3C). Because of technical constraints,
only low concentrations of Pintide could be used, and so the data
were fit to a linear version of the Michaelis�Menten equation
that applies at low substrate concentrations. This yielded a Ki of
0.20( 0.15μM(Figure 3C andTable 2), similar to theKi observed
for cyclic CRYPEVEICwhen the nonphosphorylated Suc-AEPF-
pNA peptide was the substrate.
Chemical Shift Perturbation Mapping of the CRYPEVEIC

Binding Site. To define and characterize the CRYPEVEIC

binding site on Pin1, chemical shift perturbation was used to
identify residues whose chemical environment is altered upon
binding cyclic CRYPEVEIC. A solution of full-length 15N-labeled
Pin1 was titrated with cyclic CRYPEVEIC to 2.4 mol equiv.
1H�15NHSQC spectra were acquired following each addition of
the peptide inhibitor. Figure 4A shows the HSQC spectrum of
unliganded Pin1 protein (black peaks) overlaid with the final
spectrum in which Pin1 was saturated with cyclic CRYPEVEIC
(red peaks). Assignment of the resonances in the 1H�15N HSQC
spectrawas accomplished by carrying out additional triple resonance
NMR experiments using an isotopically enriched 15N,13C-Pin1
sample with and without 2.4 equiv of CRYPEVEIC inhibitor.
Comparison of the 1H�15N HSQC spectra for 15N-labeled

Pin1 revealed approximately 15 peaks that shifted significantly in
position and an additional 5 peaks that shifted and broadened on
the slow NMR time scale upon addition of cyclic CRYPEVEIC.
There was little perturbation of peaks corresponding to residues
of the WW domain (examples are highlighted as square boxes in
Figure 4A), with all of the significantly shifted or broadened peaks
corresponding to residues in the PPIase domain (Figure 4B). The
peak shifts for residues in the PPIase domain that exhibited some
of the largest chemical shift changes are highlighted by arrows and
italicized labels in the overlaid HSQC spectra (Figure 4A). This
result confirms that the peptide interacts solely with the PPIase
domain of Pin1 and is consistent with the outcome of the
complementary phage display panning assay for the related cyclic
peptide, CYPEVALFC (Figure 2).
To define in greater detail the region of interaction between

cyclic CRYPEVEIC and Pin1, the magnitudes of the chemical
shift changes caused by binding of CRYPEVEIC were mapped to
the surface of Pin1 (Figure 5): residues are colored using a gradient
from white, representing little or no chemical shift change, to green,
representing the largest chemical shift change, which corresponded
to a 9σ change observed for L160. This analysis showed that the
largest chemical shift changes were concentrated to the sheets
β1 (C57, H59), β3 (M146, T152), and β4 (L160), the helices
R3 (K117, A118) and R4 (Q131, F134), and the linker regions

Figure 2. Interaction of cyclic CYPEVALFC with the Pin1 PPIase domain. (A) The peptide with sequence CYPEVALFC is one of five found by phage
display panning that contain a “YPEV” sequence or highly related motif. (B) The specificity of the phage-displayed peptide CYPEVALFC for the Pin1
PPIase domain was tested using GST fusions carrying either the Pin1 WW domain or the Pin1 PPIase domain. Phage displaying CYPEVALFC were
mixed at a 1:100 ratio with phage displaying random peptide sequences, and the mixture was used for panning against either GST-WW or GST-PPIase.
Bound phage were characterized by PCR using a common phage primer and a primer specific for phage displaying the cyclic peptide CYPEVALFC. Lane
1 corresponds to the CYPEVALFC phage clone (þ), and lane 2 is the nonspecific phage from the original phage library (�). Lanes 3�12 were phage
eluted from the PPIase domain, while lanes 13�22 were phage eluted from the WW domain. Expected amplified product is 280 base pairs.
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connecting β1 and R1 (S71), β2 and R4 (F125, S126, G128,
Q129), andR4 and β3 (L141). In addition to these 15 residues an
additional five residues, located at the N-terminal end of helix R3

(C113, S114, S115) and the C-terminal end of β3 (D153, S154),
displayed chemical shift changes and extensive peak broadening
upon binding of cyclic CRYPEVEIC and could not be identified
in the 1H�15N HSQC spectrum. These residues likely have
reduced mobility in the complex and are colored red in Figure 5.
Notably, no residues in the range 72�112 were shifted greater
than 1σ (Figure 4B). This region comprises the large helixR1 and

the smaller helix R2, both of which are located adjacent to the
active site but do not contribute any residues to the binding
pocket. Several residues implicated in catalysis46,47 exhibit greater
than a 1.5σ change in their chemical shift and/or extensive
broadening in response to binding of cyclic CRYPEVEIC. These
include C113, H59, and S154, which are involved in catalysis of
peptide bond isomerization, along with F134, M130, and L122
which bind the cyclic side chain of the substrate proline (Figure 5B).
Of particular note are C113 and S154, both of which are thought to

Figure 3. Effect of cyclic and linear peptides on Pin1 PPIase activity.
(A) Pin1 PPIase activity with the substrate cis-Suc-AEPF-pNA was
measured in the absence (squares) or presence of either 0.12 μM
(inverted triangles) or 0.58 μM (triangles) cyclic CRYPEVEIC. (B)
Pin1 PPIase activity against cis-Suc-AEPF-pNA was measured in the
absence (squares) or presence (triangles) of 35 μM linear CRYPEVEIC.
(C) Pin1 PPIase activity with a phosphorylated substrate, cis-WFYpSPR-
pNA, was measured in the absence (squares) or presence (triangles) of
0.21 μM cyclic CRYPEVEIC.

Table 2. Inhibition of Pin1 PPIase Activity by Cyclic and Linear CRYPEVEIC

peptide inhibitor substrate KM ( SE b (mM) kCAT ( SE b (s�1) KI ( SE b (μM)

cyclic CRYPEVEICa,b Suc-AEPF-pNA 0.33 ( 0.06 7.3 ( 0.8 0.52 ( 0.07

linear CRYPEVEICb Suc-AEPF-pNA 0.45 ( 0.25 9.3 ( 3.5 44 ( 14

cyclic CRYPEVEICa WFYpSPR-pNA kCAT/KM = 5.3 ( 0.8 (μM 3 s)
�1 0.20 ( 0.15

aCyclic cysteine peptides were cyclized through a disulfide bond. b Parameters were determined using a global fit of all data to the standard
Michaelis�Menten equation for competitive inhibition.

Figure 4. Defining the CRYPEVEIC binding site by chemical shift
perturbation. (A) Overlaid 1H�15N HSQC spectra of 200 μM purified
Pin1 in the absence (black) and presence (red) of 480 μM cyclic
CRYPEVEIC. Arrows show the chemical shift perturbation of selected
residues, while circles around peaks indicate residues that were assigned
in the unliganded form of Pin1 but which broadened and disappeared in
the presence of saturating cyclic CRYPEVEIC. Peaks outlined by squares
show the resonances of residues in the WW domain that were not
perturbed by cyclic CRYPEVEIC binding. (B) Plot of the change in
chemical shift (∑Δδ) for individual Pin1 residues due to binding of cyclic
CRYPEVEIC. Dashed lines indicate 1 or 2 standard deviations. Residues
belonging to the WW domain are highlighted in gray. Chemical shift
changes greater than 1σ were limited to the PPIase domain.
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be key catalytic residues46,47 and, based upon the shifting and
extensive broadening of their peaks, are likely heavily involved in
the Pin1�CRYPEVEIC interactions. Notably absent from the
collection of catalytic residues involved in cyclic CRYPEVEIC
binding are K63 and R68, which are responsible for binding the
phosphorylated serine or threonine of Pin1 substrates; therefore,
even though there are two acidic residues in the peptide, one of
which is conserved as either D or E in the YP(E/D)V motifs, it
appears that neither one is acting as a phosphate mimic.
In summary, binding of cyclic CRYPEVEIC brought about

significant changes in the chemical environments of isomerase
domain residues implicated in substrate binding and catalysis.
Interestingly, K63 and R68, responsible for binding the phos-
phate group of the substrate, are not affected by binding of cyclic
CRYPEVEIC. The cyclic peptide therefore binds to the PPIase
active site without requiring a phosphate.
Structure of Cyclic CRYPEVEIC. To further characterize the

structural basis for its ability to inhibit Pin1, the solution structure
of the cyclic CRYPEVEIC was solved by NMR spectroscopy.
All NMR spectra of cyclic CRYPEVEIC showed the presence of
two populations with an approximate 80:20 distribution. On the
basis of chemical shift assessment from 1H�13C HSQC data,
the major species of cyclic CRYPEVEIC contained the tyrosyl�
prolyl bond in a trans conformation, with the minor species in a
cis conformation. This ratio of trans to cis proline populations

corresponds to the expected conformational distribution of the
proline backbone.48 The low abundance of the cis cyclic CRY-
PEVEIC peptide produced weak proton cross-peaks in two-
dimensional spectra. However, the trans cyclic CRYPEVEIC
peptide population produced excellent quality two-dimensional
1H�1H NOESY spectra that were used to assign all cross-peak
resonances. A total of 135 NOE distance restraints (∼15 per
residue) and 12 angular restraints (j, ψ, χ1) were used to
calculate the solution structure of cyclic CRYPEVEIC, yielding
a final ensemble of 20 structures with a pairwise rmsd of 0.30 (
0.14Å for the peptide backbone (Table 3, Figure 6A). All residues of
the cyclic CRYPEVEIC peptide ensemble fall in the “allowed” or
“additionally allowed” regions of the Ramachandran plot, as deter-
mined by analysis of the final ensemble with PROCHECK-NMR.49

The low rmsd value of the cyclic CRYPEVEIC ensemble
indicates that it forms a tightly folded and constrained structure
in solution. The main chain structure is constrained by the
disulfide bond and the presence of the proline residue, as well
as the lack of glycine in the sequence. A key contribution to the
conformational stability is the clustering of the three hydropho-
bic residues Y3, V6, and I8 with the side chain of P4 on the same
face of the peptide structure (Figure 6B). The packing of these
side chains into a stable cluster was supported by a total of 22
NOEs in the NOESY spectra between these residues, including
cross-peaks between Y3 Hε�V6 Hγ1, Y3 Hδ�I8 Hδ1, and

Figure 5. Mapping chemical shift changes to Pin1 structure. The Pin1 PPIase domain is shown with residues colored from white to green according to
the magnitude of the chemical shift change observed upon binding cyclic CRYPEVEIC. White indicates no change in chemical shift, while the darkest
green represents the largest change observed (a 9σ change for residue L160). Residues colored red are those whose chemical shifts broadened to the
point that they could not be assigned in the CRYPEVEIC-boundNMR spectrum. (A) Surface of Pin1 showing the active site (left) and the opposite side
of the protein (right). The circled region represents residues 122�135 all of which showed generally large chemical shifts. Residues K63 and R68
implicated in binding the phosphate of substrate peptides, exhibited little or no chemical shift change, consistent with the absence of phosphate in
CRYPEVEIC. (B) A stereodiagram of Pin1, shown as a ribbon along with side chains of residues exhibiting a 1.5σ or greater change in their chemical shift
upon CRYPEVEIC binding. Also shown is the Ala-Pro dipeptide present in the original crystal structure of Pin1.47
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V6 Hγ1�I8 Hβ. The packing of the hydrophobic residues at the
core of the peptide structure forces the acidic residues, E5 and E7,
to point out away from the peptide core (Figure 6B). Interest-
ingly, the only basic residue in the peptide, R2, points in the
opposite direction, creating polarity on the peptide surface. The
cyclic CRYPEVEIC peptide therefore has an acidic end and a

basic end separated by a hydrophobic region. Examination of the
structure of the trans proline CRYPEVEIC suggests that steric
hindrance, mostly due to the packing of the hydrophobic side
chains, prevents rotation of the proline backbone and inhibits
interchange of the cis and trans proline conformations.
Pin1-Bound Cyclic CRYPEVEIC Exists in a Single Confor-

mation. To further investigate the interactions between cyclic
CRYPEVEIC and Pin1, the peptide was labeled with 13C and 15N
at the key Y, P, and V positions. With this peptide, chemical shifts
were assigned to either the cis or the trans conformations and
changes in these peak positions weremeasured upon the addition
of unlabeled Pin1 (Figure 7). Importantly, only one set of peaks
was identified for the spectrum of the cyclic CRYPEVEIC�Pin1
complex. This indicates that addition of Pin1 to cyclic-CRYPE-
VEIC depletes the solution of both the cis and trans conforma-
tions and that the peptide exists in a single conformation when
bound to Pin1. When purified by reversed-phase HPLC, cyclic
CRYPEVEIC elutes as two separate peaks of identical molecular
weight (data not shown), indicating that interconversion of the
cis and trans conformations is relatively slow. Separation of the
cis and trans conformations of proline-containing cyclic peptides
has been shown previously,50 and a more detailed study esti-
mated a time constant for interconversion of approximately 4 h,44

which corresponds to the time scale of our NMRmeasurements.
On this basis, it is not clear whether Pin1 is able to bind both
solution conformers and catalyze conformational change to
stabilize a single conformer or whether Pin1 is able to bind only
one solution conformer, and the second conformer disappears
from solution by chemical equilibration.
Binding of cyclic CRYPEVEIC to Pin1 caused changes in

the resonances of the three labeled residues. In the case of Y3,
resonances from the aromatic ring and β-CH2 group were so
severely broadened that they could not be identified in the bound
spectrum; in the case of the Y3 R-CH, there was less broadening
and a clear shift in its peak position was evident (Figure 7). V6
was also strongly affected by binding to Pin1, with very large
changes in the peak positions for the β-CH, γ-CH3, and γ0-CH3

groups and a significant change in R-CH. Obvious changes in
chemical shifts were also observed for P4 β-CH2 and δ-CH2. On
the other hand, two resonances assigned to the trans form of P4,
corresponding to the γ-CH2 and R-CH groups, did not undergo
a significant change in position upon binding Pin1. The lack of

Figure 6. Solution structure of cyclic CRYPEVEIC determined by NMR spectroscopy. (A) Final ensemble of 20 structures satisfying the NMR
restraints. The pairwise rmsd for backbone atoms of the ensemble is 0.30( 0.14 Å. (B) Representative structure of the peptide showing the arrangement
of Y3, P4, V6, and I8 forming the hydrophobic cluster on the face of the structure.

Table 3. NMR and Refinement Statistics for Cyclic
CRYPEVEIC

protein

NMR Distance and Dihedral Constraints

distance constraints

total NOEs 135

intraresidue 61

interresidue 74

sequential (|i � j| = 1) 42

medium-rangea (|i � j| e 4) 32

hydrogen bonds

total dihedral angle restraints

φ 4

ψ 1

χ1 5

Structure statistics

violations (mean and SD)

distance constraints (Å) 0.0119 ( 0.0002

dihedral angle constraints (deg) 0.0000 ( 0.0000

max. dihedral angle violation (deg) NA

max. distance constraint violation (Å) 0.0127

deviations from idealized geometry

bond lengths (Å) 0.00160 ( 0.00005

bond angles (deg) 0.4812 ( 0.0019

impropers (deg) 0.0000 ( 0.0000

average pairwise rms deviationb (Å)

heavy 1.08 ( 0.16

backbone 0.30 ( 0.14
aThe cyclic nine-residue CRYPEVEIC contains only medium-range and
smaller class NOEs. b Pairwise rmsd was calculated for residues 1�9 of
20 refined structures.
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change in the P4γ-CH2 is suggestive of a trans conformation for the
bound peptide.

’DISCUSSION

The original goal of this study was to find a “suicide substrate”
for Pin1. We hypothesized that a cyclic peptide could bind to the
PPIase domain and become engaged with the catalytic machinery
but that the constrained nature of the peptide would prevent
completion of the catalytic cycle. The structure of such a complex
would offer insight into the PPIase mechanism. Phage panning
provided an unbiased means of searching sequence space for
such a cyclic peptide and led to the discovery that peptides
containing a common YP(E/D)V motif interact specifically with
the PPIase domain of Pin1. The existence of this common prolyl-
containing PPIase binding motif prompted us to analyze the
interaction in greater detail. The Pin1�CRYPEVEIC complex
has been recalcitrant to crystallization, and so we characterized
the interaction using NMR spectroscopy.

In preliminary phage panning experiments, we used full length
Pin1 as the target and found it bound a relatively large percentage
of the phage library. In contrast, the isolated PPIase domain was
much more selective. The phage panning experiments are
consistent with the notion that the Pin1 WW domain is a
promiscuous protein interaction domain that is not limited to
binding proline-rich motifs or p(S/T)Pmotifs,51 which would be
rare or nonexistent, respectively, in peptides displayed in the
phage library.

The YP(E/D)V motif was present in displayed peptides
identified in two completely independent phage panning proce-
dures, and the solution structure of cyclic CRYPEVEIC shows
that the Y, P, and V side chains pack together to form a stable
hydrophobic core, with additional interactions from a hydrophobic

residue (I, L, or M) after the valine. The motif is present at either
the first or second residue after the N-terminal cysteine, and so
presumably the cyclic peptide can adopt a different main chain
conformation to generate the essential features of the structure
even when the Y immediately follows the N-terminal cysteine.
Cyclic CRYPEVEIC is specific for the active site of the PPIase
domain: not only does it inhibit Pin1 PPIase activity with a KI of
approximately 0.5 μM, but chemical shift changes brought about
by peptide binding are localized to residues in, or immediately
surrounding, the active site. With regard to the residues that
experience a change in their chemical environment upon peptide
binding, many were previously identified as being critical for Pin1
function. This includes residues C113, S115, and S154 that under-
went line broadening upon cyclic CRYPEVEIC binding. In addition
to the Y, P, and V residues of the motif, there was also a conserved
acidic residue between the P and V. It seems unlikely that this
charged residue is acting as a phosphate mimic because residues
involved in binding the phosphate of Pin1 substrates, namely, K63
and R68, showed very little change in their chemical shift upon
binding of CRYPEVEIC. Thus, cyclic CRYPEVEIC binds to the
PPIase domain of Pin1 relatively tightly without requiring a strong
interaction with the phosphate binding site of the enzyme.

Given the cyclic structure of CRYPEVEIC, which it has in
common with membrane permeable peptidylprolyl isomerase
inhibitors cyclophilin and rapamycin, we considered the possi-
bility that cyclic CRYPEVEICmay be able to inhibit Pin1 activity
in cells. In fact, Liu et al.36 developed cyclic phosphorylated peptide
inhibitors against Pin1 using a systematic approach. Peptides that
bind and inhibit Pin1 were selected from a library based on the
sequences of linear peptide inhibitors of Pin1. Several tight-
binding inhibitors were isolated, all of which incorporated a
phosphorylated D-threonine and Pip sequence. Selected peptides
were rendered membrane-permeable by fusion to a polyarginine

Figure 7. Effect of Pin1 binding on cyclic CRYPEVEIC. CRYPEVEIC was labeled with 13C and 15N at Y3, P4, and V6. Shown is the region of the
1H,13C-HSQC spectrum for the peptide in the absence (black) and presence (red) of unlabeled Pin1. Peaks labeled with a “c” indicate those assigned to
cyclic CRYPEVEIC containing a cis Y�P bond, while peaks labeled with a “t” are those corresponding to cyclic CRYPEVEIC with a trans Y�P peptide
bond. Only one set of peaks was observed for the Pin1-bound peptide, and these are labeled in red.
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linker and/or incorporation of arginines into the cyclic peptide
itself. These peptides enter cells and slow cell proliferation. The
absence of a phosphate group in CRYPEVEIC should increase its
membrane permeability, possibly to the extent that a fused
transduction domain is not required for uptake into cells. To
avoid linearization of the peptide in the reducing environment of
the cell, we synthesized two related peptides in which the N- and
C-terminal cysteines were replaced with lysine and glutamic
acid, respectively. The peptides were then cyclized by either a
peptide bond or an isopeptide bond between the terminal
residues. Interestingly, neither of these peptides inhibited Pin1
to a significant degree. This result suggests that the geometry of
the peptide ring is critical for inhibition and emphasizes the
importance of structure, and not only sequence, in the engineer-
ing of Pin1 inhibitors.

Because cyclic CRYPEVEIC was selected in an unbiased
manner and it lacks a phosphorylated residue, it is difficult to
say whether its prolyl residue is important for engaging the
catalytic machinery of Pin1 or whether it simply stabilizes the
structure of the cyclic peptide. Computational docking of cyclic
CRYPEVEIC into the Pin1 active site did not offer a consistent
low-energy binding mode, and it was clear that the peptide could
bind in a number of different orientations. To evaluate whether
cyclic CRYPEVEIC could potentially act as a substrate, we
modeled the peptide into the active site using as a guide the
crystal structure of Pin1 bound to an inhibitor peptide.34,38 The
inhibitor peptide incorporates D-phosphothreonine and a pyridine-
2-carboxyl (Pip) residue that acts as a prolylmimic. A second related
structure contains the same peptide but with L-phosphothreo-
nine in place of D-phosphothreonine.38 The Pip ring occupies the
same position in both structures, and in the case of the peptide
with L-phosphothreonine, the Pip nitrogen is nonplanar and
the ω bond angle is �19�, indicating that the peptide bond is
distorted toward the transition state. This mode of binding of the
inhibitor peptide is therefore representative of what occurs
during catalysis. It is possible to fit cyclic CRYPEVEIC into the
active site by superimposing its prolyl residue over the Pip
residue of the peptide inhibitor (Figure 8); in this case, only
minor changes in side chain conformations are required to avoid
steric clashes between Pin1 and cyclic CRYPEVEIC. When
bound in this fashion, the Y3 side chain of CRYPEVEIC interacts
with residues C113, S114, and S115; it is noteworthy that all of
these residues showed extensive peak broadening in the complex.
On this basis, it is possible that cyclic CRYPEVEIC acts as a
“suicide substrate”. We are using alternative strategies to crystal-
lize Pin1 in complex with CRYPEVEIC or one of the related

cyclic peptides to obtain a more detailed picture of the exact
mode of binding.

In conclusion, the ability of cyclic CRYPEVEIC to bind and
inhibit Pin1 illustrates that a phosphate group is not absolutely
required for high affinity binding and offers a starting point for
the development of nonphosphorylated and membrane-perme-
able cyclic inhibitors of Pin1.

’EXPERIMENTAL PROCEDURES

Phage Display. Phage displaying a disulfide-constrained and fully
degenerate library of heptapeptides (1.2 � 109 independent clones; PhD-
C7C kit, New England Biolabs) were used for the panning experiments
following the manufacturer’s instructions. Phage display was performed as
two independent experiments using different Pin1 constructs as targets for
the phage in each of the three rounds of panning, whichwere carried out at
4 �C. The first phage display panning scheme is shown schematically in
Figure 1A. For round 1, 2.2 mg of GST-PPIase domain of Pin-1 was
applied to 100 μL of glutathione-Sepharose 4B (GEHealthcare) in buffer
A (50 mMTris-HCl, 200 mMNaCl, 0.5 mM EDTA, pH 8.0) containing
0.01 mM phenylmethylsulfonyl fluoride (PMSF) and mixed for 1.5 h.
Beads were pelleted by centrifugation and washed twice with buffer A and
twice with TBST (50 mMTris-HCl, 150 mMNaCl, 0.1% Tween-20, pH
7.5). A total of 2� 1011 phage were diluted in 200 μL of TBST, added to
the beads, andmixed for 1.5 h. The beads were washedwith 7� 800μL of
TBST. Bound phage were eluted with 250 μL of buffer A containing
10 mM reduced glutathione and titered. The eluted phage were amplified
in 20mL of LB-tetracyclin, purified, and suspended in 200 μL of TBS plus
0.02% sodium azide. For the second round of panningHis6-Pin1 bound to
TALON metal affinity resin (BD Biosciences) was used. A total of 2 �
1011 phage from round 1 were added to the His6-Pin1 bound resin in
TBST (0.5% Tween-20). Bound phage were eluted with TBST contain-
ing 200 mM imidazole. Before the third round of panning, a preclear was
performed by incubating the second round of amplified phage with
Sepharose 4B (GEHealthcare). The third round of panning using GST-
PPIase protein was performed as in round 1 except the phage were not
amplified following elution.

The second phage display panning scheme is shown in Figure 1B. For
round 1, 2.5�5.0 mg of His6-PPIase domain of Pin1 was used to
completely saturate 100 μL of nickel-loaded chelating Sepharose (GE
Healthcare) in 1:10 PBST (phosphate-buffered saline, 0.1% Tween-20)
and rotated overnight at 4 �C. Beads were pelleted by centrifugation and
washed three times with PBST. A total of 2� 1011 phage were diluted in
1 mL of incubation buffer (PBST, 30 mM imidazole), added to the
beads, and rotated for 1.5 h at 4 �C. The beads were washed 10� with
PBST. Bound phage were eluted with 250 μL of elution buffer contain-
ing PBST with 300 mM imidazole, then titered and amplified. The same

Figure 8. Possible bindingmode for cyclic CRYPEVEIC in the Pin1 active site. Cyclic CRYPEVEIC (yellow carbons) wasmodeled into the active site of
Pin1 using the structure of Pin1 (green) bound to an inhibitory phosphopeptide (white) as a guide.38 The prolyl residue of Pin1 was superimposed over
the proline-mimicking pipecolic acid of the inhibitory peptide (magenta dot).
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panning procedure was repeated for the second and third rounds except
that in the third round, bound phage were eluted using a substrate for the
PPIase domain, Suc-AEPF-pNa (600 nM, Bachem) in PBST and 3%
EtOH. Histidine-tagged Pin1 and any additional bound phage were
eluted with 250 mM imidazole in PBST. Phage clones were prepared for
sequencing by amplifying individual colonies in 1.5 mL of LB-tetracyclin
and purifying the phage DNA following manufacturers' directions.
Phage Specificity for PPIase Domain.To confirm that the class

I peptides were binding to the PPIase domain and not the WW domain,
phage encoding the heptapeptide sequence YPEVALF were mixed with
10 random phage clones from the original phage library to give a pool of
nonspecific phage. A 1:100 ratio of specific phage (class I phage clone
(YPEVALF)) to nonspecific phage was added to the resin-bound
protein domains which were prepared using purified GST-PPIase or
GST-WWbound to glutathione-Sepharose resin. Phage were bound and
eluted in a similar manner as in the panning process. Individual plaques
were suspended in 100 μL of TE buffer and left at 25 �C overnight.
These plaques were used as the template in a PCR reaction (52 �C
anneal, extension for 30 s at 45 �C, 25 cycles). PCR primers contained an
internal sequence (3

0
GACGATCCCGCAAAAGCGGCC50) common

to every phage in the library and a sequence (3
0
AAAAAGCGCAACC-

TCAGGATA50 0) which was unique to the heptapeptide sequence of the
specific phage clone (YPEVALF). PCR products were separated by
electrophoresis on a 1% agarose gel. A 280-base pair product signified
that a particular plaque represented a specific phage, while no product
signified that the bound phage was nonspecific.
PPIase Activity Assay. For the measurement of peptidylprolyl

isomerization, wild-type Pin1 was overexpressed using a pGEX vector to
produce a protein comprising an N-terminal GST fused to Pin1; the
protein was purified as previously described.45 The purified protein was
dialyzed into 50 mM phosphate buffer (pH 7.7), 150 mM NaCl, and
20% (v/v) glycerol for storage at�80 �C. The peptide CRYPEVEICwas
purchased from EZBiolab (Westfield, IN) as either the linear, reduced
form or the cyclic, oxidized form; the peptides were greater than 90%
pure as determined by HPLC and mass spectrometric analysis. Both the
linear and cyclic versions of CRYPEVEICwere prepared as 20mM stock
solutions by dissolution into assay buffer (50 mM Hepes, 0.1 M NaCl,
5 mM NaN3, pH 7.4) with 20% acetonitrile. The concentration of the
stock solution was confirmed by measuring the absorbance at 280 nm
and using calculated extinction coefficients of 1341 and 1615M�1 cm�1

for the linear and cyclic forms, respectively.
A modified isomerization activity assay46,52 was used to measure Pin1

activity in the presence and absence of the potential peptide inhibitors.
The assay exploits the conformational specificity exhibited by chymo-
trypsin and trypsin for trans proline-containing peptides: the proteases
rapidly consume trans forms of substrate peptides and are then
dependent on cis�trans isomerization to produce cleavable substrate;
therefore, after consumption of the initial trans peptides, the protease-
dependent color change can be used to measure the rate of cis�trans
isomerization. Two proline-containing peptides that are substrates for
Pin1, Suc-AEPF-pNA and WFYpSPR-pNA (Pintide) each containing a
C-terminal p-nitroaniline (pNA) group, were used to characterize the
Pin1 isomerase activity. Both peptides were purchased from Bachem
(Bubendorf, Switzerland) and were received in lyophilized form at greater
than 90% purity as assessed by HPLC. The peptides were dissolved in dry
trifluoroethanol containing 0.3 M LiCl in order to maximize the cis proline
conformation. For assays carried out in the presence of CRYPEVEIC,
the peptide and GST-Pin1 (1.1 μM) were incubated together for a
minimum of 5 min before adding to the reaction mixture. The rate of
uncatalyzed cis�trans isomerization was measured and subtracted from the
Pin1-catalyzed cis�trans isomerization. Rates were plotted in Prism 4.0
(Graphpad Software) and fit to the Michaelis�Menten equation for
competitive inhibition. In the case WFYpSPR-pNA peptide, only relatively
low concentrations of the cis-containing form could be used, limiting the

analysis to the linear region of the rate vs substrate concentration curve,
and for these assays the kinetics data were fit to eq 1, which applies at low
substrate concentrations:

rate ¼ kCAT
KM

½S�½E�T ð1Þ

Protein Expression and Purification for NMR Studies.
Uniformly 15N- and 15N,13C-labeled GST-tagged Pin1 was overex-
pressed in E. coli strain BL21 using the pGEX construct in 1 L of M9
minimal media containing 100 μg/mL ampicillin (Roche), 1.0 g/L of
99% 15NH4Cl (Cambridge Isotope Laboratories), and 2.0 g/L of 99%
[13C]glucose (Cambridge Isotope Laboratories) in the case of the 13C-
labeled protein. Cultures were grown at 37 �Cuntil midlog phase (OD600 =
0.5), then induced overnight at 16 �C by the addition of 0.6 mM isopropyl-
β-D-thiogalactopyranoside (IPTG). Bacteria were pelleted and resuspended
in PBS and lysed by French press at 20 000 psi in the presence of a protease
inhibitor cocktail (10 μg/mL leupeptin, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 10 μg/mL pepstatin A). Following centrifugation of
the cell lysates, the supernatant was passed over a glutathione-Sepharose
column pre-equilibrated with PBS (pH 7.5) and the isotopically labeled
GST-fusion proteins were eluted with 10 mM glutathione prepared in PBS
(pH 7.5). The GST fusion tag was cleaved from the recombinant protein
using tobacco etch virus (TEV) protease following dialysis of the tagged
protein into the appropriate cleavage buffer (50 mM Tris-HCl, 10 mM
EDTA, 5mMNaN3, 20mM β-mercaptoethanol, pH 8.0). TEV was added
to theGST-Pin1 protein solution in two aliquotswith a ratio of 1mgofTEV
for every 20 mg of GST-Pin1 with constant rotation overnight at room
temperature. The cleaved proteinwas purified on an S-SepharoseHP cation
exchange column (Amersham Biosciences) pre-equilibrated with 10 mM
monobasic sodium phosphate (pH 6.5), 5 mM NaN3, 20 mM β-mercap-
toethanol, and 15%glycerol and elutedwith a gradient of 0�600mMNaCl.
Column fractions were analyzed by SDS�PAGE on a 15% gel, and the
appropriate fractions were pooled, dialyzed into the final NMR buffer
(50 mM phosphate buffer, 100 mM Na2SO4, 1 mM DTT, 5 mM EDTA,
5 mM NaN3, pH 6.6), and concentrated using a 4 mL Amicon centrifuge
filter (5000 MWCO) (Amersham Biosciences). The final volume and
concentration of the isotopically labeled Pin1 NMR samples were 600 μL
and 200μM, respectively, following the addition of 10%D2O to provide the
field frequency lock and 100 μM2,2-dimethyl-2-silapentane-5-sulfonic acid
(DSS) as an internal standard, as determined by UV absorption at 280 nm
(ε = 18 970 M�1 cm�1). Protein purity was assessed by SDS�PAGE and
ESI mass spectrometry.
Pin1-Peptide Inhibitor NMR Titration. All NMR experiments

were acquired at 25 �C on a Varian Inova 600 MHz spectrometer with
pulse field gradient triple resonance probes. Unlabeled peptide inhibitor
cyclic CRYPEVEIC was prepared as a 20 mM stock solution in NMR
buffer supplemented with 20% acetonitrile. The concentration of the
peptide solution was determined by UV absorption at 280 nm (ε = 1615
M�1 cm�1). CRYPEVEIC was titrated into a solution of uniformly
labeled 15N-labeled Pin1 (200 μM) in 1.2 μL increments for seven
additions followed by a final titration of 7.2 μL for a final peptide
concentration of 480 μM (2.4 mol equiv). The sample was mixed
carefully at each addition and equilibrated for aminimum of 15min prior
to data acquisition. The total volume increase at the completion of the
peptide titration was 8.4 μL (1.4% of the total volume). Sensitivity-
enhanced 1H�15N HSQC spectra53 were collected following each
incremental addition of cyclic CRYPEVEIC, using 512 complex points
in the 1H dimension and 64 increments in the 15N dimension.

Sequential assignment of the backbone residues in the 1H�15N
HSQC spectra in the absence and presence of peptide inhibitor was
accomplished using two additionally prepared NMR samples of uni-
formly labeled 13C,15N-labeled Pin1 (200 μM) prepared in the same
buffer as used in the titration without added inhibitor as well as with
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2.4 mol equiv of CRYPEVEIC added. 1H and 15N chemical shift
assignments for Pin1 were assigned from HNCA54 and HN(CO)CA55

triple resonance experiments in combination with previous assignments
obtained from the BioMagResBank (BMRB 5305). Chemical shift
perturbations observed in the 1H�15N HSQC spectra between the free
and complexed state of the protein were quantified using eq 2:56

∑Δδ ¼ 0:5ðjΔδð1HÞjÞ þ 0:125ðjΔδð15NÞjÞ ð2Þ

The mean and standard deviation (σ) of the chemical shifts changes
were calculated for the entire protein including both theWWand PPIase
domains. The individual chemical shift changes, expressed in terms of
the number of standard deviations from the mean shift, were mapped to
the surface of Pin1 using the coordinates from the 1PIN crystal structure.47

NMRStructure Calculations of Cyclic CRYPEVEIC. Sequential
assignment of cyclic CRYPEVEIC was completed using a sample of the
peptide in 50mMphosphate and 100mMNa2SO4 in a 30% acetonitrile,
70% H2O solution at pH 6.1. DQF-COSY,57 1H�1H TOCSY,58 and
1H�13CHSQC spectra were collected at 25 �Cusing a Varian Inova 600
NMR spectrometer. TOCSY spectra utilized a 6000 Hz spin-lock field
and 40 ms mixing time. Two dimensional 1H�1H NOESY spectra of
CRYPEVEIC in 90%H2O/10% D2O were collected using 300 or 75 ms
mixing times. ANOESY spectrum in 100%D2Owas collected with a 300
ms mixing time. Distance restraints from NOESY spectra were cali-
brated by intensity into three bins using NMRView59 corresponding to
upper bound distances of 2.8, 3.6, and 5.0 Å each with a lower bound of
1.8 Å. j angle restraints were determined by measurement of 3JHNR
coupling constants from one-dimensional 1H NMR spectra. Large
coupling constants (>8.0 Hz) were set to a range of �150� < j <
�90�. Smaller coupling constants (<5.0 Hz) were given a range of
�90�<j<�40�. The programTALOS60 was used to determine thej/
ψ angles for R2 using HR, CR, and Cβ chemical shifts. TALOS was
unable to predict, with confidence, angles for any other residue in
CRYPEVEIC. The ratio of NOE intensities between NH, RCH, and
βCH2 protons were combined with J-coupling patterns from DQF-
COSY spectra to determine χ1 angles and stereospecifically assign β
protons according to the method of Wagner et al.61 χ1 angles were input
as χ1 ( 30� for stereospecifically assigned residues. A dihedral angle of
90� ( 30� was input for the Cys�Cys disulfide bond, which covers the
range of common conformations for this type of bond. CNS software
was used for all structure calculations.62 The standard anneal.inp file was
employed to calculate a family of 100 structures. On the basis of total
residual energies (NOE, dihedral, VDW, etc.) and geometry, the 20 top
conformers were selected for further analysis.
Determination of the Cyclic Peptide Isoform Interacting

with the Pin1 Active Site. CRYPEVEIC peptide labeled with 13C
and 15N at the Y, P, and V residues was obtained from Cambridge
Isotope Laboratories (Andover, MA). All NMR experiments were
acquired at 25 �C on a Varian Inova 600 MHz spectrometer. Identical
sample conditions as described for the Pin1-peptide inhibitor titration
were maintained except buffers were made in 100% D2O and did not
contain acetonitrile, DTT, or EDTA. Five separate NMR samples of
cyclic CRYPEVEIC and Pin1 were made with different peptide/protein
ratios of 1:0, 1:0.5, 1:1.0, 1:1.5, 0:1.5. The 1:1 ratio sample contained 200
μM cyclic CRYPEVEIC peptide and 200 μM Pin1 protein. 1H�13C
HSQC spectra were collected using either 48 or 184 transients in the 1H
dimension and 128 increments in the 13C dimension. A two-dimensional
HCCH-TOCSY experiment was used to confirm the assignment and
chemical shifts of cis and trans peaks in the initial cyclic CRYPEVEIC
peptide sample. The final spectrum containing a 1:1.5 ratio of cyclic
CRYPEVEIC/Pin1 was processed using NMRDraw,63 by subtracting an
identical 1H�13CHSQC spectrum of 300 μMPin1 (1.5 equiv) from the
data in order to remove natural abundance 1H�13C peaks from the
spectrum.
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