
Structural Basis for High-Affinity Peptide Inhibition of Human Pin1

Yan Zhang†, Sebastian Daum‡, Dirk Wildemann‡, Xiao Zhen Zhou§, Mark A. Verdecia†,

Marianne E. Bowman†, Christian Lücke‡, Tony Hunter¶, Kun-Ping Lu§, Gunter Fischer‡, and

Joseph P. Noel†,*

† Howard Hughes Medical Institute, The Jack H. Skirball Center for Chemical Biology and Proteomics, The
Salk Institute for Biological Studies, La Jolla, California 92037

‡ Max Planck Research Unit for Enzymology of Protein Folding, Weinbergweg 22, 06120 Halle/Saale,
Germany

§ Cancer Biology Program, Division of Hematology/Oncology, Department of Medicine, Beth Israel
Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts 02215

¶ Molecular and Cell Biology Laboratory, The Salk Institute for Biological Studies, La Jolla, California
92037

Abstract

Human Pin1 is a key regulator of cell-cycle progression and plays growth-promoting roles in human
cancers. High-affinity inhibitors of Pin1 may provide a unique opportunity for disrupting oncogenic
pathways. Here we report two high-resolution X-ray crystal structures of human Pin1 bound to non-
natural peptide inhibitors. The structures of the bound high-affinity peptides identify a type-I β-turn
conformation for Pin1 prolyl peptide isomerase domain–peptide binding and an extensive molecular
interface for high-affinity recognition. Moreover, these structures suggest chemical elements that
may further improve the affinity and pharmacological properties of future peptide-based Pin
inhibitors. Finally, an intramolecular hydrogen bond observed in both peptide complexes mimics the
cyclic conformation of FK506 and rapamycin. Both FK506 and rapamycin are clinically important
inhibitors of other peptidyl-prolyl cis-trans isomerases. This comparative discovery suggests that a
cyclic peptide polyketide bridge, like that found in FK506 and rapamycin or a similar linkage, may
significantly improve the binding affinity of structure-based Pin1 inhibitors.

Prolyl peptide isomerases (PPIases) catalyze the rapid equilibration of cis–trans conformers
of proline-containing peptide bonds. These backbone conformational changes play a pivotal
role in protein folding (1). Moreover, the polypeptide backbone structural change centered
around proline-containing peptide bonds can result in a kink in the polypeptide chain and,
therefore, conformationally regulate a wide range of biological activities (2), including some
activities resulting in disease (3,4). To date, three families of highly conserved PPIases have
been identified, namely, cyclophilins (Cyp) (5), FK506 binding proteins (FKBPs) (6) and
parvulins (7). The Cyp and FKBP family members are also collectively termed immunophilins
because of their role as binding partners for cyclosporine A (8,9) and FK506 (6,10), both of
which serve as immunosuppressants. The most widely studied member of the parvulin family,
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human Pin1, distinguishes itself from Cyp and FKBP through its unique substrate specificity
for the phosphorylated Ser/Thr-Pro (P.Ser/P.Thr-Pro) motif (11,12).

The identification and characterization of Pin1 led to the discovery of a novel post-
phosphorylation regulatory mechanism in proteins possessing –P.Ser/P. Thr-Pro– motifs (11,
12). Cyclin-dependent protein kinase, glycogen synthase kinase 3β, and mitogen-activated
protein kinases, as well as some of the protein phosphatases such as PP2A, are proline-directed
enzymes that recognize Ser/Thr-Pro segments in their respective substrates (13). These
enzymes act catalytically in a conformationally specific manner, only catalyzing
phosphorylation or dephosphorylation of the trans conformation of proline-containing peptide
bonds in their protein substrates. The intrinsic rate of peptide bond isomerization of these
dipeptide segments is especially slow in phosphorylated proteins because of the steric
hindrance presented by the phosphate group. Therefore, the PPIase activity of Pin1 will greatly
accelerate the reestablishment of the trans-to-cis equilibria of these dipeptide segments,
ultimately affecting the underlying biological pathways (recently reviewed in ref 14).

Over the last decade, >30 proteins have been identified as Pin1 targets, most of which are
involved in cell cycle regulation and growth promotion, including cyclin D1 (15), c-Jun (16),
c-Myc (17), β-catenin (18), and p53 (19,20). Through a P.Ser/P.Thr-Pro-specific N-terminal
WW domain binding module (21,22) and a P.Ser/P.Thr-Pro-specific recognition motif on
Pin1’s C-terminal PPIase catalytic domain (12,23), Pin1 can both bind to and modify the
function of phosphorylated protein targets. By altering the cis–trans state of P.Ser/P.Thr-Pro
peptide bonds, Pin1 catalyzes peptide backbone conformation changes that can then alter the
catalytic activity, stability, subcellular localization, and the rate and extent of
dephosphorylation of phospho-protein targets (24,25).

Pin1 can amplify oncogenic signals (17,26) and is highly expressed in several human tumors
(27), including breast (16), colorectal (28), prostate (29), and thyroid cancers (30). Studies have
shown a direct correlation between Pin1 protein levels, Pin1 catalytic activity, and tumor
growth (14). Furthermore, Pin1 appears to be a highly predictive and early diagnostic marker
for prostate cancer prognosis (29). Loss of Pin1 function triggers apoptosis (31), suppresses
the transformed phenotype in some cell lines (31,32), and can even prevent oncogenic
transformation (32,33). In contrast, Pin1 overexpression induces cancer development in vitro
and in vivo (34).

Given Pin1’s role in cell cycle regulation and oncogenesis, Pin1 has been used as a unique
target for anti-neoplastic agents. Here, we designed and synthesized two non-natural peptide
inhibitors that can bind to the PPIase domain of Pin1 with nanomolar affinity. The structural
analyses of these high-affinity peptides bound to human Pin1 provide additional insight into
the structure–affinity relationships of these peptide-based inhibitors. More importantly, the
high-resolution structures clarify the chemical features underlying high-affinity Pin1-peptide
recognition and shed light on the peptide bond isomerization mechanism.

RESULTS AND DISCUSSION

Peptide Inhibitor Design

By examining the structure of Pin1 bound to a low-affinity Ala-Pro dipeptide (Protein Data
Bank (PDB) code 1PIN), we speculated that the hydrophobicity and excess volume of the
proline-binding pocket in Pin1 might serve as a prominent target for enhancing inhibitor
binding to Pin1’s PPIase domain. Indeed, more bulky proline mimics like pipe-colic acid (Pip)
are found in PPIase inhibitors such as the natural products FK506 and rapamycin, and this
amino acid is used in other synthetic pharmacophores as a surrogate for proline. In addition,
based upon previous results obtained with a Pin1 substrate library (23), the inclusion of
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aromatic residues surrounding the core P.Ser/P.Thr-Pro motif may provide additional
hydrophobic contacts around the central proline-binding pocket.

Using a cellulose-bound combinatorial peptide library containing non-natural amino acids, we
qualitatively identified Ac-Phe1-L-(or D-)P.Thr2-Pip3-Nal4 (naphthylalanine)-Gln5-NH2
(called L-PEPTIDE and D-PEPTIDE, respectively) (Figure 1, panel a) as high-affinity, Pin1-
interacting peptides. Each peptide was then synthesized in solution to quantitatively assess
peptide-based inhibiton of Pin1’s PPIase activity (35). Both the L- and D-PEPTIDE exhibited
a high degree of inhibitory activity with Ki values of 507 ± 37 and 20.4 ± 4.3 nM
(Supplementary Table 1), respectively. Furthermore, the metabolically stable D-PEPTIDE was
shown to block cell cycle progression in HeLa cells in a dose-dependent manner (35).

To determine whether the L-PEPTIDE serves as a substrate for Pin1’s PPIase domain, 2D 1H
NMR exchange spectra of D- and L-PEPTIDE were measured (Supplementary Table 3 and
Supplementary Figure 2). The lack of any detectable cis isomer of the D.Thr2-Pip3 peptide
bond prevented further evaluation of the substrate potential of the D-PEPTIDE. However, the
inability of oligopeptides with a D-amino acid preceding the peptide bond to undergo PPIase-
mediated isomerization has been shown previously (36). In fact, for all PPIases investigated
to date, kcat/KM values decreased 102- to 105-fold for substrates bearing a D-amino acid at the
position preceding proline (37). This loss in catalytic efficiency for other structural classes of
PPIases is consistent with the results presented here for Pin1 and the D- and L-PEPTIDES. The
high affinity and selectivity place the D-PEPTIDE among the most promising small molecule
inhibitors discovered to date for in vivo studies of Pin1-mediated signaling pathways
(Supplementary Table 1).

Crystallization and Structure Determination

To better understand the structural features accompanying high-affinity recognition of the Pin1
PPIase domain by the L-PEPTIDE and D-PEPTIDE, as well as the inhibitory mechanism of the
D-PEPTIDE, we solved high-resolution crystal structures of Pin1 complexed to each non-
natural peptide (Table 1). An R14A mutant of Pin1 was used in the structural studies because
it exhibits higher stability, more predictable crystallization of very large crystals, and no
interference with Pin1 phosphopeptide binding (WW domain) or catalytic activity (PPIase
domain) (21). While both Pin1 domains are capable of binding to phosphorylated targets, the
L-PEPTIDE and D-PEPTIDE specifically bind to Pin1’s PPIase domain, leaving the WW
domain untouched (where Arg14 is located) with a poly(ethylene glycol) (PEG) molecule
derived from the crystallization conditions bound between the WW and PPIase domain
interfaces (Figure 1, panel b). The R14A mutation favors crystal formation and crystal growth
in a different space group, P3121, than wild-type Pin1, P43212. Notably, in addition to the
other practical properties mentioned above, the new crystal form is much more resistant to
damage and cracking introduced during inhibitor soaking than wild-type Pin1.

3D Structure of the Pin1–D-PEPTIDE Complex

The structure of the D-PEPTIDE complex was determined and refined to 1.45 Å resolution
(Figure 2, panel a; Table 1). The bound peptide forms an extensive interface with the Pin1
PPIase domain that includes van der Waals interactions as well as hydrogen bonds and
electrostatic interactions with backbone and side chains of Pin1 (Figure 2, panel c). The
extensive and intimate nature of the D-PEPTIDE binding site coupled with the observed nearly
trans pipecolinyl peptide bond conformation (ω bond angle = 183°) of the D-P.Thr2-Pip3
dipeptide segment supports the measured inhibitory activity of the peptide for Pin1 (Figure 2,
panel c and Supplementary Table 1).
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The positively charged patch formed by a triad of basic residues, Lys63, Arg68, and Arg69,
defines the entrance to the PPIase domain’s active site (Figure 2, panel c), and two of these
residues, Lys63 and Arg69, modulate specificity for the anionic side chain, D-P.Thr2, amino-
terminal to the proline mimic Pip. Somewhat surprisingly, the D-P.Thr2 residue is cradled in a
basic cavity that is more spacious than anticipated, with Lys63 and Arg69 making direct contact
to the phosphate moiety and the Arg68 side chain highly disordered with no direct interaction
with inhibitor peptide. Indeed, this relatively spacious phosphate binding cavity would allow
for “rolling” of the phosphate as the isomerization reaction proceeds while maintaining
electrostatic contact to the basic side chains. In addition, the side chain hydroxyl group of
Ser154 forms a hydrogen bond to the carbonyl oxygen that would undergo peptide bond
isomerization resulting in a complete sequestration of the peptide bond carbonyl at the entrance
to the Pin1 active site cavity.

Pip, used as a more spacious mimic of proline, is cradled in a greasy pocket formed by the side
chains of Leu122, Met130, and Phe134 (Figure 2, panel b). The six-membered ring of Pip
compared to the five-membered ring of proline provides a larger accessible surface, possibly
accounting for at least part of the high affinity of the inhibitor for the Pin1 PPIase domain active
site. As mentioned previously, Pip is found in natural products like FK506 and rapamycin, and
this amino acid is used in other synthetic pharmacophores as a surrogate for proline.

Moreover, the non-natural and aromatic amino acid Nal stacks edge-to-face with the Pip ring
and resides in a pocket formed by Leu122, Ala124, Phe125, and Met130. Notably, the thioether
side chain of Met130 is sandwiched by Pip on the bottom and Nal on top (Figure 2, panel b).
The extensive nature of this Nal-mediated interaction with Pin1 may also explain Pin1’s
preference for bulky hydrophobic/aromatic residues in the X + 1 position relative to proline in
Pin1 substrates (23). The N-terminal residue abutting P.Thr is consistently disordered in these
structures, and other Pin1–substrate complexes (M. Verdecia, Y. Zhang, and J. Noel, Salk
Institute, unpublished data), suggesting that the polypeptide chain preceding the phospho-
amino acid residue is highly flexible.

Rotation Direction of Isomerized Peptide Bonds in Pin1-Mediated Catalysis

It is worth considering which end of a protein defined centrally by the P.Ser/P.Thr-Pro
dipeptide segment complexed in the Pin1 PPIase domain active site will remain fixed and which
end will undergo rotation as the peptide bond flips between a cis and trans configuration. The
complex of Pin1 with the D-PEPTIDE provides important clues with which to answer this
question. Rotation of the C-terminal end of a bound peptide/protein would result in a movement
of Pro/Pip out of the proline-binding pocket as well as a loss of a hydrogen bond between the
proline carbonyl oxygen and the backbone amide of Gln131. Conversely, rotation of the N-
terminal end of a bound peptide/protein would not significantly alter Pin1-substrate recognition
due to the spacious phosphate binding pocket that can accommodate a rolling P.Ser/P.Thr side
chain (Figure 3) and due to the paucity of interactions between Pin1 and residues amino-
terminal to the D-P.Thr residue of D-PEPTIDE as described earlier. Notably, the first amino acid
of D-PEPTIDE, Phe1, exhibits no traceable electron density. Furthermore, the N-terminal
segment of the bound peptide enters the Pin1 active site near Arg68, the latter of which shows
a high degree of positional flexibility as evidenced in previously determined Pin1 structures
(12) providing a mobile structural element that can accommodate multiple conformations of
N-terminal flanking residues of Pin1 substrates. The C-terminal end of the bound peptide
resides in a much more restrictive environment, effectively limiting the range of conformations
accessible to a bound substrate.
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Structure of Pin1 with the L-PEPTIDE and Comparison with the D-PEPTIDE Complex

The complex of Pin1 with L-PEPTIDE refined to 1.5 Å resolution (Table 1) is almost identical
in structure to that of D-PEPTIDE bound to Pin1 except for a few notable and complementary
differences (Figure 4, panel a). The position of the peptide bond carbonyl between L-P.Thr and
Pip faces out of the active site cavity and away from the side chains of Arg68, Gln131, and
Ser154, resulting in an ω bond angle for the L-P.Thr-Pip peptide bond close to the cis
conformation (ω = −19°). In both peptide complexes with Pin1, the nitrogen atom in the Pip
heterocyclic ring assumes some degree of distortion from the idealized sp2 arrangement
common in peptide bonds and is in fact close to a tetrahedral sp3 hybridization state. This
conformation is indicative of a transition of the intervening peptide bond from a partial double
bond character to characteristics of a single C–N bond.

D-PEPTIDE possesses a higher inhibitory activity than L-PEPTIDE, even though the two
complexes are highly similar (Figure 4, panel a). One possible distinguishing feature is the
carbonyl group of the P.Thr-Pip peptide bond in D-PEPTIDE that forms a hydrogen bond with
the Ser154 hydroxyl moiety. Mutation of Ser154 to bulkier residues including cysteine (S154C)
or aspartic acid (S154D) results in clashes with the carbonyl group of the P.Thr-Pip peptide
bond and an attendant increase of Ki by nearly 100-fold (Supplementary Table 1). However,
in contrast, an S154A Pin1 mutant demonstrates that the loss of this hydrogen bond does not
compromise the high-affinity binding of the D-PEPTIDE (Supplementary Table 1). Moreover,
based upon the 3D structure of the D-PEPTIDE complex of the R14A–S154A mutant, D-
PEPTIDE binds in a conformation identical to that with which it binds R14A mutant
(Supplementary Table 2 and Supplementary Figure 1). On the other hand, the S154C mutant
binds L-PEPTIDE, which does not possess the Ser154 hydrogen bond to the peptide bond
carbonyl, with higher affinity than the wild-type Pin1. This favorable energetic result may be
the consequence of the hydrophobic interaction between the backbone and the cysteine side
chain when the prolyl-peptide bond carbonyl group faces outward (Figure 4, panel c).

Implications for Structure-Based Design

In addition to the enhanced hydrophobic interactions provided by Nal and Pip, one additional
structural feature possibly accounting for the high affinity of the D-PEPTIDE and L-PEPTIDE
Pin1 ligands and also reminiscent of conformational constraints found in other clinically
important PPIase inhibitors is the presence of a well-defined intramolecular hydrogen bond
between the carbonyl oxygen of Phe1 and the amide group of Nal4 (Figure 2, panel c, and
Figure 4, panel c). The formation of this intramolecular hydrogen bond results in a type I β-
turn for both the L-PEPTIDE and D-PEPTIDE Pin1 inhibitors (Figure 4, panel a). This
noncovalent, intramolecular bridge shows considerable conformational homology with the
cyclic structures of natural PPIase inhibitors, namely, FK506 (Kd = 0.4 nM to FKBP12) and
rapamycin (Kd = 0.2 nM to FKBP12). These two natural products of mixed biosynthetic origin
(nonribosomal peptide and polyketide) share a similar overall structure with a Pip moiety
serving as a proline mimic (Figure 4, panel d). Interestingly, while there is no clear sequence
similarity between human Pin1 and human FKBP, these two PPIases share a 3D fold (12).
Furthermore, both the Pin1 and FKBP active sites share a conserved shape and cavity volume
outside of the recognition elements responsible for selectivity of the residue amino terminal to
proline (Figure 4, panels c and d).

This similarity in structure extends to the conformations of FK506/rapamycin bound to FKBP
and the L-PEPTIDE/D-PEPTIDE bound to Pin1 (Figure 4, panels c and d). The close similarity
in the chemical features of the respective PPIase binding pockets in Pin1 and FKBP and the
conformations of high-affinity inhibitors in each case suggest new avenues for future
improvements in the inhibitory potency and pharmacological properties of peptide-based Pin1
inhibitors. This includes the use of cyclic peptides or peptidomimetics.
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A significant issue that remains in D-PEPTIDE from the drug design perspective concerns the
difficulty associated with delivering phosphate groups across the hydrophobic barrier of the
plasma membrane. To obtain a lead peptide with better cell permeability, one could take
advantage of the greatly enhanced inhibitory potential of D-PEPTIDE due to conformational
(type I β-turn) and steric factors (Pip and Nal binding) to eliminate the phosphate group entirely,
pay the electrostatic energetic penalty, and recover enough binding energy by replacing the
phosphate group with neutral hydrogen bonding partners.

METHODS

Inhibitor Synthesis

Ac-Phe1-P.Thr2-Pip3-Nal4-Gln5-NH2 was synthesized on a Syro II multiple peptide
synthesizer (Multi-SynTech). Synthesis was accomplished using commercially available Nα-
Fmoc-protected amino acid derivatives (Bachem; NovaBiochem) and a Rink Amide MBHA
resin. Acylation was performed using PyBOP as activation reagent except for the activation
of Fmoc-Thr(PO(OBzl)OH) that was accomplished by HATU. Ac-Phe-D-P.Thr-Pip-Nal-Gln-
NH2 was synthesized using the standard method for “global phosphorylation” of resin-bound
peptides and Fmoc-D-Thr(Trt)-OH as building block (38–41).

Peptides were cleaved from the resin by treatment with 94% trifluoroacetic acid/2.5% H2O/
2.5% ethylene dithiol/1% triisopropylsilane (v/v/v/v), precipitated with diethylether, purified
by preparative reversed-phase high-performance liquid chromatography, lyophilized, and
stored at −80 °C. Peptide identity was verified by MALDI TOFMS.

Pin1 Activity Assay and Inhibition Constants

PPIase activities were measured at 10 °C in 35 mM HEPES buffer, 1 mM DTT at pH 7.8 with
a Hewlett-Packard 8453A UV–vis spectrophotometer using the protease-free assay according
to Janowski et al. (42–44). Suc-Ala-Glu-Pro-Phe-4-nitroanilide in 0.5 M LiCl/trifluoroethanol
(anhydrous) was used as the substrate. The concentration of wild-type Pin1 or Pin1 variants
ranged between 5 and 200 nM depending on the activity of the respective Pin1 variant. Prior
to measurements, all components except substrate were incubated for 300 s at 10 °C, and the
measurement was initiated upon addition of the substrate. Kinetic traces of cis/trans
isomerization of the substrate were followed at 330 nm for several half-lives of the total
reaction. Ki for D- and L-PEPTIDE was obtained by measuring the remaining Pin1 activity at
different inhibitor concentrations of the respective peptide in the activity assay mentioned
above. Since the affinity of Pin1 for Suc-Ala-Glu-Pro-Phe-pNA is low when compared to L-
and D-PEPTIDE, the plot of remaining activity versus concentration can be used to calculate
Ki values. In several cases, isotermal titration calorimetry (ITC) of the Pin1–inhibitor pairs
served as an independent measure of affinity. Results are given as mean averages ± 10% (n =
3–5).

Protein Purification, Crystallization, and Data Collection

The Pin1 R14A mutant was prepared using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene) and expressed and purified in a manner similar to wild-type human Pin1 as
described previously (12). Crystals grew from 1.9 –2.2 M ammonium sulfate, 50 mM HEPES,
pH 7.5, and 1 mM DTT within 2 d using vapor diffusion in 2 μL of sitting drops containing
18 mg ml−1 R14A Pin1. Peptide inhibitors were dissolved in 50 mM NaCl, 100 mM HEPES,
pH 7.5, at a concentration of 50 mM. One-tenth volume of inhibitor stocks was added to the
mother liquor made up of 2.0 M ammonium sulfate, 50 mM HEPES, pH 7.5, and 1 mM DTT.
R14A Pin1 crystals were transferred into 2 μL of mother liquor containing 0.5 mM of either
the L-PEPTIDE or the D-PEPTIDE. The crystals were harvested into 2 μL of a cryoprotection
solution consisting of 40% (v/v) PEG400 after 48 h of soaking and then transferred to a crystal
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freezing loop for flash-freezing in liquid nitrogen. Data were collected at wavelength 0.9537
Å at 100 K on beam-line 8.2.2 of the Advanced Light Source (ALS). Diffraction data were
processed with HKL2000 (45), and the statistics are summarized (Table 1).

Structure Solution and Refinement

The crystal structures of human Pin1 R14A in complex with D-PEPTIDE and L-PEPTIDE were
determined by molecular replacement using wild-type Pin1 (PDB code 1PIN) as the search
model and the program AmoRe (46) from the CCP4 package (47). Refinement was first carried
out using CNS (48), with a 5% test set (reflections) excluded for Rfree cross-validation (49).
Final refinements employed REFMAC in CCP4 (50). SigmaA-weighted 2Fo − Fc and Fo −
Fc electron density maps were calculated after each cycle of refinement and inspected to guide
model rebuilding using O (51). The locations of the peptides were clear in Fo − Fc maps even
after the first round of refinement. The inhibitor model was built into the electron density maps
using O (51).

During initial stages of refinement, the prolyl peptide amide nitrogen, while constrained to be
sp2, consistently deviated from the sp2 hybridization state in electron density maps. After
several rounds of refinement, the geometric restraint was lessened to allow the refinement of
the amide nitrogen position to account for the “extra” electron density indicative of a partially
pyrimidalized nitrogen. The final models were evaluated using PROCHECK (52). For the
Pin1–D-PEPTIDE complex, 94.4% of the residues reside in the most favored regions of the
Ramachandran plot and the remaining 5.6% are found in additionally allowed areas. For the
Pin1–L-PEPTIDE complex, 94.4% of the residues are found in the most favored regions of the
Ramachandran plot, with 4.8% in additionally allowed regions and 0.8% in generally allowed
regions with no residues found in the disallowed regions. Refinement statistics are summarized
(Table 1). Figures in this manuscript were prepared with PyMOL (53).

NMR

For the 1H assignments, the NMR samples contained 1.17 mM L-PEPTIDE or 1.67 mM D-
PEPTIDE adjusted to pH 7.8 in a H2O/D2O mixture (95:5 v/v). Standard homonuclear 1D and
2D (total correlation spectroscopy and rotational frame nuclear Overhauser effect spectroscopy
(ROESY)) pulse sequences were collected at 25 °C using a DRX500 spectrometer
(Bruker). 1H NMR data were acquired at a 500.13 MHz resonance frequency with a 5 mm
inverse triple-resonance probe that possessed XYZ-gradient capability. All spectra were
processed with the XWINNMR 3.5 software (Bruker) and referenced to external 2,2-
dimethyl-2-silapentane-5-sulfonate. The proton resonances (Supplementary Table 3) were
assigned according to classical assignment strategies (54). The cis and trans conformers were
distinguishable in the ROESY spectra based on Thr2 Hα–Pip3 Hα and Thr2 Hα–Pip3 Hα

connectivities, respectively. The L-PEPTIDE exhibited both a cis and a trans conformation of
Pip3 at a 61:39 ratio (Supplementary Figure 2), while the D-PEPTIDE existed solely in the
trans form.

Exchange measurements were performed in 100% D2O (pD 7.8) at 25 °C using a 2D Nuclear
Overhauser Effect Spectroscopy pulse sequence with the mixing time set to 450 ms. On the
basis of signal intensities (Supplementary Figure 3), the rate constant of the isomerization
reaction was calculated according to the formula:

(1)

where Icc is the intensity of the diagonal peak representing the cis form, Itc is the intensity of
the trans-to-cis exchange cross-peak, and xcis is the mole fraction of the cis component (55).
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In the absence of Pin1, the intensity of the exchange cross-peak was 2.08% of the diagonal
peak, resulting in a turnover kuncat of 0.083 ± 0.011 s−1. After addition of Pin1 (4 μM final
concentration), the intensity of the exchange cross-peak increased to 2.38% of the diagonal
peak, resulting in a turnover kcat of 0.097 ± 0.024 s−1. With the addition of D-PEPTIDE (10
μM final concentration), the intensity of the exchange cross-peak returned to 2.07% of the
diagonal peak, resulting in a turnover k of 0.088 ± 0.010 s−1, indicating inhibition of the
previously Pin1-catalyzed interconversion of L-PEPTIDE cis/trans isomers. No significant
alterations in the turnover numbers were observed upon further addition of D-PEPTIDE (up to
25 μM final concentration).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

D- and L-PEPTIDE peptide-based PPIase inhibitors of Pin1. a) Chemical structure of the
peptides used in crystallization experiments. P.Thr2-Pip3 mimicking the substrate recognition
motif is colored blue. The peptide bond analogous to the one subject to catalytic isomerization
in peptide/protein substrates is colored red. b) Ribbon representation of the overall structure
of the complex of Pin1 and D-PEPTIDE. The D-PEPTIDE bound to the PPIase domain and a
PEG400 molecule bound to the WW domain are shown as half-colored bonds with yellow
specifying carbon, red oxygen, blue nitrogen, and magenta phosphorus. The R14A Pin1
mutation that improves crystal growth, size, and stability is also shown.
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Figure 2.

Recognition of D-PEPTIDE by human Pin1. a) The electron density associated with the D-
PEPTIDE shown as a SigmaA-weighted 2Fo − Fc electron density map contoured at 1.5σ with
D-PEPTIDE carbon atoms color-coded yellow. The side chain of Phe1 of D-PEPTIDE was not
visible at any stage of structure elucidation and refinement. b) Surface representation of the
binding pocket surrounding Pip3. One wall of the hydrophobic binding pocket is composed of
Leu122, Met130, and Phe134 colored orange. The lower active site wall consisting of His59
and His157 is colored slate. The flexible side chain of Arg68 is colored blue. c) Stereoview of
D-PEPTIDE bound to Pin1’s PPIase domain. Hydrogen bonds are shown with intermolecular
hydrogen bonds rendered as green dashed cylinders and an intramolecular hydrogen bond in
D-PEPTIDE rendered as red dashed cylinders.
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Figure 3.

3D models depicting a possible isomerization trajectory of the P.Ser-Pro peptide bond. Human
Pin1 is shown as a ribbon diagram colored blue with the Pin1-accessible surface depicted as a
semitransparent skin. A rendered model of an Ala-P.Ser-Pro-Ala tetrapeptide substrate is
shown as half-colored bonds. The carbon atoms of the section of peptide most likely to undergo
rotation are colored yellow, while the carbon atoms of the portion of the peptide most likely
to remain relatively fixed are colored light gray. Pin1 residues providing possible stabilizing
interactions are also shown as half-colored bonds with carbon atoms depicted as dark pink. a)
The P.Ser-Pro peptide bond depicted with an ω angle of 180° (trans). b) The P.Ser-Pro peptide
bond depicted with an ω angle of 90°. c) The P.Ser-Pro peptide bond depicted with an ω angle
of 0° (cis).
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Figure 4.

Comparison of the active sites of human Pin1 and FKBP complexes. a) Comparative binding
modes of D- and L-PEPTIDE to human Pin1 shown as superimposed images. The D- and L-
PEPTIDE-bound structures of Pin1 are identical to each other. The Pin1 amino acid side chains
involved in peptide recognition are shown as half-colored bonds with carbon rendered brown
for the D-PEPTIDE complex and yellow for the L-PEPTIDE complex. D- and L-PEPTIDE are
depicted as half-colored bonds with carbon colored light gray for the D-PEPTIDE and cyan for
the L-PEPTIDE. b) A close-up view rendered in a slightly different orientation than panel a.
Only the P.Thr2-Pip3-Nal4 subsection of the peptides are shown for clarity. c) The accessible
surface of Pin1 complexed with the D-PEPTIDE. The intramolecular hydrogen bond (dashed
red cylinders) between the carbonyl oxygen of Phe1 and the amide nitrogen of Nal4 defines a
bound peptide conformation that closely resembles the conformation and binding mode of
rapamycin bound to FKBP depicted in panel d (PDB code 1fkb). d) Rendered 3D structure of
the FKBP12 accessible surface shown bound to rapamycin. In Pin1, the Pip residue forms an
intimate set of hydrophobic interactions with Phe134 and Leu122 in the Pin1 active site. This
interaction is spatially conserved in the FKBP–rapamycin complex with Phe46 and Trp59 in
human FKBP12 sequestering the Pip moiety of rapamycin.
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TABLE 1

Data collection and refinement statistics

L-PEPTIDE complex D-PEPTIDE complex

Data collection

Space group P3121 P3121

Cell dimensions

 a, b, c (Å) 68.84, 68.84, 79.51 68.73, 68.73, 79.96

 α, β, γ (deg) 90.0, 90.0, 120.0 90.0, 90.0, 120.0

Resolution (Å) 33.0–1.50 (1.36–1.50)a 35.0 –1.45 (1.49 –1.45)a

Rsym or Rmerge (%) 2.6 (17.0)a 4.5 (46.9)a

I/σI 44.6 (6.9)a 41.2 (2.0)a

Completeness (%) 98.4 (96.6)a 98.6 (97.1)a

Redundancy 3.6 (3.3)a 4.6 (3.0)a

Refinement

Resolution (Å) 33.0 –1.50 35.0 –1.45

No. reflections 32653 35494

Rwork/Rfree (%)b 23.6/25.1 22.2/23.5

No. atoms

 Protein 1155 1155

 Ligand 67 73

 Water 165 172

B-factors (Å2)

 Protein 17.7 21.4

 Ligand/ion 23.2 30.2

 Water 28.6 33.6

Rms deviations

 Bond lengths (Å) 0.011 0.010

 Bond angles (deg) 1.35 1.36

a
Highest-resolution shell is shown in parenthesis.

b
Rfree is calculated with 5% of the data randomly omitted from refinement.
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