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Abstract
The peptidyl prolyl cis/trans isomerase, PPlase, has been the focus of numerous studies in

the field of cell cycle regulation since proline-directed phosphorylation is an essential signaling
mechanism that might arrest cancer proliferation. Pinl is the first phosphorylation-dependent
PPlase enzyme to be discovered. The Pinl regulatory mechanism, acting on other mitotic
proteins in vivo and in vitro, remains largely unknown. For the study of Pinl function, two types
of assays were used to identity ligands for Pinl: (1) The Enzyme-Linked Enzyme Binding Assay
(ELEBA) for the identification of WW domain ligands, (2) a catalytic assay to identified
inhibitors of Pinl catalytic activity. The ELEBA offers a selective approach for detecting ligands
that bind to the Pinl WW domain from chemical libraries. By using the ELEBA, a pSer-Pro
peptidomimetic library of 315 ligands was screened, identifying three promising ligands cis-D2,
02, and M18. Competitive Ky values for cis-D2, 02, and M18 were determined to be 263 * 6.4,
206 £ 3.4, and 130 + 3.0 uM, respectively. Furthermore, we screened the pSer-Pro
peptidomimetic library using a Pinl discontinuous-catalytic assay to identify inhibitors of Pinl.
Ligands D20 and K7 were identified to decrease more than 90% of the Pinl catalytic activity.

To investigate the nature of the Pinl interaction with c-Myc, we synthesized and
characterized four peptides corresponding to the c-Myc sequence. These peptides were used in
NMR isomerization studies of Pinl by our collaborator Dr. Jeffry Peng (University of Notre
Dame). Preliminary work shows that Pinl binds and isomerizes the Ac-LLPpTPPLSPS-NH,
peptide at the cMyc pThr58 position.

Finally, we measured a secondary Kinetic isotope effect (2° KIE) to study the Pinl
catalytic mechanism of proline isomerization. The ratio of ky/kp for unlabeled and [d3]Ser-
labeled substrate gave a SKIE value of 1.34 = 0.01. The normal 2° KIE value indicates that
carbonyl-serine hybridization is not changing from sp? to sp>. This result supports substrate
analogue inhibitor studies, and previous solvent and SKIE results on Pinl, that suggest a twisted
amide mechanism assisted by a transient hydrogen bond in the transition state.
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Chapter 1

Introduction and Background
1.1 Peptidyl-Amide Isomerization

Peptide bonds populate two distinct conformations: the cis and the trans [1]. The trans
conformation has 99.9% abundance, and it is energetically favorable with the omega torsion
angle (o) of 180° for the aCn—aCn’+1 (n’ = any amino acid (Xaa), except proline) [1, 2]. When
n’ is a proline, the cis conformation has 10-40% abundance. The cis conformation (w = 0°) and
the trans conformation (w = 180°) are both thermodynamically stable with a Gibbs free energy

difference (AG) of ca. 1.5 keal-mol™ [1, 3].

Peptidyl-amide cis-trans isomerization is the rate-determining step for polypeptide
unfolding with a relaxation time of 1-100 sec™ [4, 5]. In vitro, the kinetics of prolyl
isomerization is influenced by physical and chemical variables, such as acidic pH and
temperature. However, in vivo at pH 7.3 and 37 °C, the peptidyl-amide cis-trans isomerization is

catalyzed enzymatically.

1.2 Peptidyl cis-trans isomerases in biology

The peptidyl cis-trans isomerases specifically catalyze secondary amide isomerization,
thereby restoring the thermodynamic equilibrium in a system in which the equilibrium has been
upset [6]. Peptidyl isomerases leave unaltered the chemical constitution of the peptide bond,
demonstrating the difficulty of peptidyl-amide isomerization as a spontaneous process in protein
folding [6, 7]. Peptidyl isomerases are classified in two super-families: 1) the secondary—amide
cis-trans isomerases (APlases), and 2) the peptidyl—prolyl cis-trans isomerases (PPlases). The

primary function of APlases is to catalyze the cis-trans isomerization of peptidyl-nonprolyl



peptide bonds [8]. The heat-shock 70 kDa protein, DnaK, was the first member of this novel

class of enzymes, which was discovered by Schiene-Fischer et al. in 2002 [8].

The second category of peptidyl isomerases is the peptidyl—prolyl cis-trans isomerases
(PPlases) that catalyze the cis-trans isomerization of the peptidyl—prolyl peptide bond (Scheme
1.1) [6]. Fischer et al. identified the first member of this family, cyclophilin A (CyPA), in 1984
using a cyclosporin (CsA)-affinity column. Shortly thereafter, two independent groups identified

FK506 binding protein (FKBP)-12, and more recently Pinl [6, 9, 10, 11].

Scheme 1.1. The peptidyl—prolyl cis-trans isomerization catalyzed by PPlase.
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The PPlases are divided in three subfamilies: (1) the cyclosporin A (CsA)-binding
proteins, cyclophilins (CyP) [6], (2) the FK506 binding proteins (FKBPs) [9], and (3) the
parvulins, which do not bind immunosuppressant drugs [10, 11]. The FKBP12-FK506 and the
CyP18-CsA immunosuppressant complexes share a common inhibition target, the Ser/Thr-
protein phosphatase calcineurin, which dephosphorylates substrates in the signal transduction
pathway leading to T-cell activation [12, 13, 14]. The FKBP12-FK506 and the CyP18-CsA

complex inhibition of calcineurin are independent of their isomerase activity [15].

PPlases are redundant enzymes with a wide range of substrates, unique reaction profiles

(multiple Xaa-Pro sites in a single substrate), and domain compositions. PPlases share a high



degree of conservation in their 3D structure rather than in their linear sequence of amino acids
(Fig. 1.1). Moreover, it is difficult to assigned specific cellular functions to them because of their
poorly defined mechanisms of catalysis. Despite the enigmatic role of PPlases, research confirms
their participation in numerous cellular processes, such as immune responses, protein folding,
cell cycle progression, apoptosis, neurological changes associated with Alzheimer's disease, and
other cellular changes (Table 1.1) [7, 11, 16, 17, 18]. In eukaryotes, multiple gene copies are
present, which indicate their cellular relevancy [19, 20]. In yeast, the knockout of the twelve
PPlase genes, eight corresponding to cyclophilins and four to FKBPs, do not generate a
particular phenotype [14]. Humans have 33 genes that encode PPlases; 16 genes for cyclophilins,
15 genes for FKBPs, and 2 genes for parvulins—the latter being in low frequency in comparison
with CyPs and FKBPs [19]. Parvulins appear to have evolved from the same ancestral gene of

CyPs and FKBPs about 3.5 billion years ago [17].

Table 1.1. PPlases identified in the three kingdoms of life, and their different cellular
functions[11, 19, 20, 21].

PPlase Functions Kingdom
Cyclophilins Apoptosis, ion channel, folding, virulence, T-cell activation Eukaryotic
FKBPs Hormonal response, ion channel, folding Eukaryotic
Pinl, ESS1 Apoptosis, Alzheimer disease, immunoresponse, asthma Eukaryotic
RanBP2, Nup358 Nuclear pore transport Eukaryotic
NinaA Folding Eukaryotic
Trigger Factor Folding Prokaryotic
MIP Virulence Prokaryotic
HcCyP19, MbtCyP15 Environmental stress tolerance Archaea
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Fig. 1.1. Sequence alignment of PPlase domains and 3D structures. Top: multiple sequence
alignment of PPlase domains in some PPlase members show a small degree of amino acid
conservation among members, a high degree of amino acid conservation (blue), and a low degree
of amino acid conservation (yellow). Bottom: a) 3D structures of CyPA (3KON, 18 kDa) [22], b)
FKBP-12 (2PPN, 12 kDa) [23], and c) Pinl (1PIN, 18 kDa) [24] show a higher degree of
homology in 3D-fold than in their linear sequence of amino acids. The residues involved during
substrate recognition are displayed via the ball and stick model, random coils (blue), a-helixes
(magenta), and B-sheets (yellow). (Prepared with UnitPro- CLUSTAL 2.0.10 and Sybyl 8.1.)

1.3 Pin 1: a new switch for proline isomerization

Protein interacting with NIMA-1 (Pinl) is a member of the parvulin family. Parvulins are
noted for their two conserved histidine motifs (His—Xaa—Val/Leu—Xaa-Lys and Gly—Xaa—Ile—

His-lle/Val-Leu) (Fig. 1.2) [5]. Pinl was discovered in a yeast-two hybrid screen while



searching for NIMA substrates [11] in A. nidulans, an important fungal system used in molecular

biology.

Q13526 se -NSSSGG--KNGQGEPA Human-Pinl
QIQUR7 SG-GSTVGGSSKNGQGEPA Mouse-Pinl
P54353 EPMG(AGGGSAGGGDAPD Fruit fly-Pinl
Q9sSL42 D Arabidopsis-Pinl
P22696 Yeast-Essl
POAILS E.Coli-PPIC
013526 LINGYIQKIK--SGEE Human-Pinl
Q9QURT LINGYIQKIK--SGEE MousePinl
P54353 LLLEVYRNKIV--QQEA' Fruit fly-Pinl
Q9sSL42 QLKSIREDIV--SG Arabidopsis-Pinl
P22696 DELKTLITRLDDDSKTN Yeast Essl
POAOLS E.Coli-PPIC
Q13526 Human-Pinl
Q9QURT7 Mouse-Pinl
P54353 Fruit fly-Pinl
Q9sL42 TYALKVGDISDIVDTD Arabidopsis-Pinl
P22696 LKVGEVSDIVESG Yeast-Essl
POAYLS KVVFSCPVLEPTGPLHTQ E.Coli-PPIC

Fig. 1.2. Multiple sequence alignment of Pinl homologues in some model organisms shows a
high degree of amino acid conservation. Conserved residues are shown in red, a high degree of
amino acid conservation is shown in blue, and a low degree of amino acid conservation is
represented by yellow. (Prepared with UnitPro- CLUSTAL 2.0.10)

Pinl is a two-domain protein in a single polypeptide of 163 amino acid residues (NCBI
accession #: AAC50492). Pinl catalyzes the cis-trans isomerization of the pSer/pThr—Pro motif
(Scheme 1.2). The sterically hindered pSer/pThr decreases the rate of cis-trans isomerization of
the prolyl-amide bond by approximately 4- to 8-fold [5, 25]. The Pinl catalytic site is located at
the C-terminus (PPlase domain, residues 45-163) connected by a random coil of 11 amino acids
to a protein-protein binding domain at the N-terminus (WW domain, residues 1-39) (Fig. 1.3)
[11, 24, 26]. In solution, no inter-domain interaction is observed, together, the domains create a
cavity of ca. 22A [24]. Peng and co-workers have shown that a Pinl ligand from Cdc25,
EQPLpTPVTDL, affects the dynamics of Pinl side chains at the hydrophobic interface between
the WW domain and the catalytic domain [27]. Upon ligand binding, however, a conformational

change of Pinl occurs that brings both domains in close proximity with weak interactions [28].



Scheme 1.2. The pSer—prolyl cis-trans isomerization catalyzed by Pinl.
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1.4 Pinl PPlase domain

The PPlase domain folds into four anti-parallel B-sheets, four a-helixes, and a p-barrel,
forming a deep cavity capable of accommodating the pSer/pThr—Pro-containing substrates [24].
A hydrophobic cluster containing Leul22, Met130, His157, and Phel34 creates the proline-
binding pocket, which is flanked at opposite ends with basic and acidic residues (Fig. 1.3) [24,
29]. The presence of an unstructured loop (the catalytic loop, residues 66-77) plays a critical role
in recognizing the pSer/pThr, and in Pinl cellular distribution [30]. The basic cluster contains
Lys63, Arg68, and Arg69 and acts as an active-site gateway for entry of the negatively charged
phosphorylated substrates [24, 29]. The mutation of Lys63 to Ala weakens the strength of the
Pinl interaction with phosphorylated peptide, while mutations of Arg68 or Arg69 deactivate
Pinl specificity for the phosphate moiety of pSer/pThr without compromising enzymatic activity
[31]. In addition, mutations of either Arg68 or Arg69 prevent Pinl from entering into the cell
nucleus by blocking Pinl interaction with Importin-a5, which facilitates nuclear import [30].
This nuclear import was independent of Pinl PPlase activity [30]. A second hydrophobic cluster
containing 1196, Phe103, Met146, and Leul60 is on the back of the PPlase domain, creating a

hydrophobic patch capable of interacting with hydrophobic molecules [24].
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Fig. 1.3. Pinl crystal structure, showing the two-domains. The catalytic site is located at the
PPlase domain, residues 45-163 and connected by a random coil of 11 amino acids to the WW
domain, residues 1-39 (right). The Pin1 WW domain fold creates two hydrophobic clusters in
opposite p-strands capable of binding ligands. Reprinted by permission from Macmillan
Publishers Ltd: Nature Structural Biology (7, 639-43, 2000), copyright (2000) [32].

1.5 Pin1 WW domain

WW domains are stretches of 38-40 amino acid residues that fold in a stable triple-
stranded anti-parallel B-sheet, and participate in protein-protein interactions [33]. WW domains
are named after two conserved tryptophan (W) residues that are 20-23 amino acid residues apart
from each other (Fig. 1.3) [34]. More than 5886 WW domains have been identified in
approximately 3139 proteins; in some cases the WW domain is repeated up to four times in a
single protein [35]. WW domains are classified in six groups according to their ligand-binding
specificity [36, 37]: Group | binds the Pro—Pro—Xaa—Yaa motifs, where Xaa and Yaa are any
amino acid [38]. Group Il binds Pro—Pro—Leu—Pro motifs [39]. Group IIl binds Pro-Gly—Met
motifs [40]. Group IV binds pSer/pThr-Pro motifs [41]. Group V binds Pro—Arg motifs, and

Group VI binds Pro—Pro—-Tyr—pTyr motif [37].

The Pinl WW domain (Group 1V) binds and regulates phosphorylated proteins at
different stages of the cell cycle [32, 42]. This binding appears to occur throughout a conserved

phosphate-binding pocket present among Pinl and its homologues (Fig. 1.3) [32]. In the absence



of ligands, the Pin1 WW domain fold creates two hydrophobic clusters in different p-strands.
Cluster 1 contains Leu7, Trpll, Tyr24, and Pro37; and Cluster 2 contains Argl7, Tyr23, and
Phe25 [32]. When the two clusters come in close proximity, they form a phosphate-binding
pocket in the presence of a ligand [32]. The phosphate-binding pocket is capable of interacting
with up to five consecutive amino acid residues in small phospho-peptides, and interactions
occur with Serl6, Argl7, and Tyr23. In some cases, water facilitates hydrogen bond formation
between the oxygen of the phosphate and the hydroxyl group of Tyr23 (Fig. 1.3) [32]. Trp34
keeps the aliphatic side chain of proline well positioned in the trans conformation by van der

Waals interactions, which is essential for ligand binding [41, 43].

One attractive feature of the human Pinl WW domain is its folding stability of ca. 4 kJ
mol™ compared to similar WW domains in other parvulins [44]. This stability is due to favorable
ionic interactions between the negatively charged side chains of Asp3, Glu4, and Glu5 at the N-
terminus, and the positively charged side chain of Lys13 [45]. Both the Lys13 side chain and the
negatively charged side chains of amino acid residues at the N-terminus are capable of

participating in the ligand binding process [44, 45].

1.6 Postulated mechanisms of prolyl isomerization catalyzed by Pinl

The enzymatic mechanism of prolyl isomerization catalyzed by PPlases remains
unknown. Due to the low degree of amino acid similarity in members of the PPlase family,
different catalytic mechanisms are possible for each member (Fig. 1.1). Four primary
mechanisms for human Pinl prolyl isomerization have been proposed based on site-directed
mutagenesis and various crystallography studies of Pinl in complexes with inhibitors. These
studies have provided a better understanding of the Pinl active site organization and domain

interactions [24, 26, 28, 32, 46].



The first mechanism to be proposed was based on the Pinl crystal structure in complex
with Ala—cis—Pro, and a sequestered SO,* ion [24]. The short distance between the Cys113 and
the carbonyl of the prolyl-amide bond suggested nucleophilic attack on the carbonyl in alanine
by the thiolate anion (Fig.1.3). The mechanism associated with the nucleophilic attack of Cys113
was supported by the irreversible inactivation of Pinl by juglone. Specifically, the Michael
addition of juglone at Cys41, Cys69, and Cys113 partially denatures and changes the Pinl active
site, which indicates a difference in reactivity of the electrostatic environment near the Cys113
[47, 48]. Nevertheless, several studies involving the site-directed mutagenesis of C113A, C113S,
and C113D mutants decrease Kca/Km only 123-, 20-, and 6-fold, respectively [24, 31]. In
addition, Xu et al. showed that ketoamide inhibitors of Pinl, which are highly electrophilic
ketones, and designed for the ideally nucleophilic attack of Cys113 to the ketone group were
poor Pinl catalytic inhibitors with 1Csy values of 100-200 pM, which suggested that the
nucleophilic attack mechanism of Pinl1-Cys113 is unlikely to occur during proline-amide

isomerization[49].

The second mechanism associated with Pinl-catalyzed prolyl isomerization postulated
that either Pinl or the substrate participates as a hydrogen-bond donor for a twisted-amide or
twistase mechanism [50]. Furthermore, the conserved His59 or His157 was suggested to
participate as a hydrogen-bond donor to the proline nitrogen, and decrease the double bond
character of the peptidyl prolyl-amide to enable it to freely rotate.[ref] A Pinl mutant of H157L
was able to catalyze cis-trans isomerization using the pintide substrate [51]. For CyP18, the
twistase mechanism with a transient hydrogen bond is likely to be mediated by Arg55, as
evidenced by the fact that a mutation of Arg55 for Ala abolished 95-99% of CyP18 enzymatic

activity [15, 52, 53].



The third mechanism suggests that the hydrophobic cavity containing Leul22, Met130,
and Phel34 in the Pinl active site creates a hydrophobic environment with the appropriate
dimensions to accommodate the proline side chain [24], in addition to facilitating the twisting of
the prolyl-amide bond by electrostatic stabilization [54]. This mechanism was demonstrated for
FKBPs, which indicates that the site of the PPlase cavity constitutes the main element for prolyl-

amide isomerization [55].

1.7 Pinl: acell cycle regulator

The eukaryotic cell cycle is controlled by the activation and deactivation of a subset of
proteins, often called cell cycle regulatory proteins (CCRPs) [56, 57]. Cyclin-dependent kinases
(CDKs) are major proteins that control cell cycle progression, and their activities and levels are
regulated by phosphorylation and dephosphorylation [57]. Pinl plays an important role in cell
cycle progression by direct association with CDKs and a subset of CCRPs (Table 1.2.); which
direct to the identification of a new post-phosphorylation regulatory mechanism facilitated by

Pin1[58, 59, 60].
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Table 1.2. Cell cycle regulatory proteins identified as Pinl binding targets.

Protein Function Reference

B-Catenin Cadherin-associated protein Pang, et al. 2004 [61]
Bcl-2 Adapter molecular protein Basu, et al. 2001 [62]
Bcel-xL Adapter molecular protein Pathan, et al. 2001 [63]
Cdc2 Cell cycle kinase Pathan, et al. 2001 [63]
Cdc25¢c Cell cycle phosphatase Shen, et al. 1998 [42]
Cdc27 Cell cycle phosphatase Shen, et al. 1998 [42]
CENP-F Centromere protein-F Lu, et al. 2006 [64]
Che-1 RNA Pol. binding protein De Nicola, et al. 2007 [65]
CK2 Protein Kinase Messenger, et al.2002 [66]
CyclinD Cell cycle regulator Lu, et al. 2002 [60]
CyclinE-Cdc2 Cell cycle regulator Stanya, et al. 2008 [67]
Daxx Transcriptional regulator Ryo, et al. 2007 [68]

I-2 Phosphatase inhibitor Li, et al. 2007 [69]

Mytl Cdc2 inhibitory kinase Shen, et al. 1998 [42]
NFAT Nuclear factor Lui, et al. 2001 [70]
NHERF-1 Mitotic rreceptor He, et al. 2001 [71]
NIMA Cell cycle kinase Lu, etal. 1996 [11]

Myc Transcription factor Yeh, et al. 2004 [72]

P53 family Pro/onco-proteins Lu, et al. 2002 [60]
Pim-1 Ser/Thr kinase Ma, et al. 2007 [73]

Plk1 Cell cycle Kinase Lu, et al. 2002 [74]

PML Cell cycle regulator Reineke, et al. 2008 [75]
Rab4 Small GTPase Lu, et al. 2002 [60]

Rafl Signaling protein Dougherty, et al. 2005 [76]
RAR« Transcrition factor Brondani, et al. 2005 [77]
RNaP-II Transcritional machinary Verdecia, et al. 2000 [32]
SMRT Mediator protein Stanya, et al. 2008 [67]
Survivin Cell cycle protein Dourlen, et al. 2007 [78]
Top-II Cell cycle protein Xu et al. 2007 [79]
Weel Cell cycle kinase Lavoie, et al. 2003 [80]

More than 134 proteins have been identified as Pinl substrates. Among these proteins,
78% are cell cycle proteins, 14% are transcription factors, 6% are neuronal proteins, and 2% are
immune-mediator proteins [35]. The significant number of Pinl substrates is related to the fact
that multiple Ser/Thr—Pro-directed kinases, including the mitogen activator protein kinases
(MAPKSs), the cyclin dependent kinases (CDKSs), and the extracellular-regulated kinases (ERKS)

are capable of creating binding sites for Pinl.
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Pinl binds and isomerizes the pSer/pThr—Pro motif in substrate proteins, thus altering their
conformation. This conformational change can generate different forms of isomeric-native
proteins with different functions, locations, and stabilities [21, 60]. Conversely, specific
isomeric-proteins could prevent or be coupled to a sequential post-translational modification

(PTM) that could activate or deactivate substrate proteins (Scheme 1.3) [21, 81].

Scheme 1.3. Pinl regulatory mechanisms. Phosphorylation can acts as an ON/OFF regulatory
mechanism by (1) changing protein conformation, (2) altering protein-protein interactions, and
(3) modulating steric or charge effects in proteins[82]. After phosphorylation, some proteins can
exist in two different conformational native states. The shift from one conformation to another
could result in an alternative protein native state with a different cellular function, location, and
stability [82]. The interconversion from the cis-trans isomeric forms is catalyzed by Pinl in
living cells [83].
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1.8 Pinl interaction with Cdc25c

To elucidate the nature of Pinl interactions with phosphoproteins, cyclin D and the dual-
specific phosphatase (Cdc25c¢) have been extensively studied as Pinl-binding partners. Cdc25c is
the key activator for the Cdc2/cyclin B heterodimer, which is significant since the activation of
this heterodimer is the event that marks the onset of mitosis. During the G,-to-M transition,

Cdc2/cyclin B complex is sequestered in the cytoplasm by Mytl [58], and it is negatively
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regulated by the phosphorylation of Thrl4 and Tyrl5. Weel and Mytl are the two kinases
responsible for these phosphorylations, and therefore Cdc2/cyclin B inhibition, which prevents
the early onset of mitosis [84]. Pinl inhibits Weel by binding the pThr186—Pro187 motif [85],
and Pinl binds Myt1 at the C-terminal domain, affecting its interaction with Cdc2/cyclin B [58].
Cdc2/cyclinB becomes active through the removal of inhibitory phosphates by Cdc25c, and the
phosphorylation of Thrl61 by the cAMP-dependent kinases (CAK) [58]. Furthermore, when
levels of active Cdc2/cyclin B decrease in the cell, Cdc25c is feedback-activated by

phosphorylation via the polo-like kinase (PIx1) (Fig. 1.4) [58].

__PP2A
TOPIXL
Pinl
Positive feedback
Cyclin B activation
Cyclln B ee Cyclln B Cyclln B
Cdc2/Cyclin B (-) Cdc2/Cyclin B (+) Cdc2/Cyclin B

Fig. 1.4. Cdc2 associates with cyclin B forming a Cdc2/Cyclin B complex. The resulting
Cdc2/Cyclin B complex is phosphorylated at a pair of inhibitory sites by Weel and Mytl
kinases. Then, inactive (-) Cdc2/Cyclin B complex is activated by the phosphatase Cdc25c and
CAK. Cdc2/Cyclin B and PIx1 provide positive feedback to activate (+) Cdc25c by
phosphorylation[58]. Pinl binds Cdc25c at different phosphorylation sites altering the Cdc25c
conformation, and either facilitating the Cdc25c dephosphorylation by PP2A, or enhancing its
phosphatase activity[42, 86].

The N-terminus of human Cdc25c (isoform 1) becomes phosphorylated at six distinct
Ser/Thr-Pro motifs [35]; five separate interactions with human Pinl have been confirmed at
pThr48-Pro49, pThr67—-Pro68, pThr138-Pro139, pSerl68-Prol169, and pSer214-Pro215 motifs
[27, 32, 42, 87, 88, 89, 90 ]. Pinl binds Cdc25c in a catalytic manner and induces a change in its
conformation [42, 86]. Pinl either enhances or inhibits Cdc25¢c phosphatase activity depending

on its phosphorylation state [42, 86]. In addition, Pinl enhances the ability of Cdc25c to become
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phosphorylated by the Cdc2/cyclin B complex [86], and facilitates the dephosphorylation of
Cdc25c via the conformation-specific protein phosphatase-2A (PP2A) (Fig. 1.4) [91].
Understanding the nature of Pinl interactions with Cdc25c could facilitate the search for new

anti-cancer treatments.

1.9 Pinlin carcinogenesis

Understanding cell growth and controlled cell death by apoptosis is vitally important for
advancing cancer treatments, since many forms—such as breast and prostate cancer—
demonstrate a high rate of recurrence even after clinical interventions [92, 93, 94]. Cancer cells
can undergo a variety of transformations in response to extracellular stress, genetoxic agents, or
irradiation. Phosphorylation and dephosphorylation are the most profound mechanisms for signal
cascade amplification in response to cellular transformations. Pinl is linked to cellular events
such as cell cycle progression, transcriptional regulation, and cell proliferation by its direct
association with multiple proteins that can trigger or block apoptosis (Table 1.2). Moreover,
about 52% of human cancers show a high expression of Pinl, and many types of cancers are
positively linked to the metastatic stage [93]. In addition, high levels of Pinl correlate with the
overexpression and stability of proteins frequently found in a variety of tumors. They are well
documented as oncoproteins, such as c-jun/AP-1, B-catenin/TCF, Bcl-2 antiapototic members, c-

Myc, Rab4, Ras, cyclin E, and cyclin D1 [95, 96].

Nearly 15 years ago, Lu et al. (1996) demonstrated Pinl’s association with cancer cells
by proving that, when Pinl was depleted in HelLa cells, mitotic arrest ensued, followed by
apoptosis [11]. Pinl was found to be essential for the transition from G, through M in Xenopus
laevis extracts [97]. Research has also shown that mice with a Pinl knock-out are viable, but
developed similar phenotypes to cyclin D deficient mice [94]. Specifically, mice with low levels
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of cyclin D showed premature aging, retinal atrophy, and inconsistent neuronal regulation of
amyloid disposition [64, 94]. Because Pinl binds cyclin D1 at the pThr286—Pro287 site, thereby
stabilizing cyclin D1 in the nucleus and preventing its degradation in the cytoplasm [64, 98], it is

hypothesized that Pin1 might be associated with aberrant-cell proliferation.

Since mutation of the PIN1 gene has not been identified in either normal or cancer cells,
Pinl is considered to be an oncogenic-signaling activator, rather than an oncogene [99].
Functionally, Pinl activation is needed for maintaining DNA integrity in response to cell stress
by activating and stabilizing pro-oncoproteins such as Che-1, p21, p73, and p53 [64, 65, 78, 100,
101]. Pinl binds p53 at pSer33-Pro34 and pSer46-Pro4d7 motifs, thereby altering its
conformation and preventing p53 degradation by the E3-ubiquitin ligase [100]. An accumulation
of p53 activates the transcription of several pro-oncogenes that arrest uncontrolled cell growth,
and triggers the signal for apoptosis [100]. The ways in which Pinl can participate as either an
oncogenic-activator or an oncogenic-suppressor in different cancer cells are not clear and need to

be studied in greater detail.

1.10 Pinl in Alzheimer’s disease

Pinl appears to have a protective role in neuronal development and neuronal integrity.
Specifically, Pinl is down-regulated in the neuronal cells of patients with Alzheimer’s disease
[102]. In addition, Pinl binds several important neuronal proteins—such as the Tau protein,
which has been the focus of several studies (Table 1.3). Tau is a neuronal protein responsible for
microtubule polymerization and stability [102]. Aberrant phosphorylation of Tau is a hallmark of
neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and dementia [103]. Pinl has
been shown to be capable of binding the Tau protein at the pThr231-Pro232 motif, thereby
facilitating Tau dephosphorylation by the protein phosphatase 2A (PP2A) [102]. Pinl catalyzes
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the cis-trans isomerization of pThr231-Pro232; PP2A then recognizes the trans isomer, removes
the phosphate, and restores Tau’s ability to bind microtubules [102]. Pinl also interacts with the
Amyloid precursor protein APP at pThr668—Pro669, reducing proteolytic cleavage and thereby
preventing the production of amyloidogenic peptides. This is notable since amyloid-p (AB)
deposits play a fundamental role in neurodegenerative diseases. The exact mechanism by which
Pinl prevents a hypherphosphorylated form of Tau from forming intraneuronal aggregates, and
thus the accumulation of amyloidogenic peptides associated with Alzheimer’s disease is

currently not well understood.

Table 1.3. Neuronal proteins identified as Pinl substrates

Protein Function Reference

Amyloid precursor protein synapse formation Lee, et al. 2009 [104]

Tau microtubule stability Lu, et al. 1999 [102]
Gephyrin glycine receptors modulator Zita, et al. 2007 [105]

TIPS21 Receptor Hong, et al. 2005 [106]

NF-H neurofilament protein Rudrabhatla, et al. 2008 [107]

1.11 Significance of Pinl inhibition

Pinl inhibition has been extensively studied as a viable approach for treating a large
number of diseases, such as cancer and Alzheimer’s disease, as well as organ transplant
rejection, allergies, and asthma [92, 93, 94, 108, 109, 110, 111, 112]. In efforts to identify
potential inhibitors of Pinl, different approaches have been used including the screening of
combinatorial libraries, molecular modeling, chemical synthesis, and bioassays [29, 46, 113, 114,
115, 116, 117]. The first identified Pinl inhibitor was the natural product 5-hydroxy-1,4-
naphthoquinone (juglone). This compound binds irreversibly exposed cysteine residues Cys41,
Cys69, and Cys113 producing thioether adducts that cause Pinl to partially unfold [118].
Inhibition of Pinl with juglone was thought to be a promising approach to addressing organ

transplant rejection since it works differently from the commonly used immunosuppressant drugs
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cyclosporine A and FK506. These immunosuppressant are leading drugs in the treatment of
organ rejection, both of which induce numerous unwanted side effects due to the high dosage
levels needed to make them effective [94, 109]. Treating Pinl with juglone was found to regulate
the stability of TGF-p1, which promotes fibrosis in asthmatic mice [94]. However, the use of
juglone is currently not viewed as a feasible way of producing therapeutic drugs because it
demonstrates poor specificity, and it irreversibly binds multiple protein kinases and

phosphatases[109, 119].

Structural studies of the Pinl active site have revealed two key elements that can be used
in the design of novel drug therapies. First, the positively charged loop of Pinl binds a phosphate
moiety or a dianionic group in the target inhibitor [24, 29]. Second, the Pinl proline-binding
pocket can accommodate five- or six-membered aliphatic rings, facilitating important
hydrophobic interactions with a ligand [24, 29, 116]. Based on this knowledge of the Pinl active-
site structure, reversible peptidomimetic and non-peptidomimetic compounds have been
synthesized that display moderate to potent levels of Pinl inhibition (Fig. 1.5). Unfortunately, a
significant number of compounds with effective Pinl inhibition in vitro have also shown low cell

permeability in vivo due to the negatively charged phosphate moiety [29].

In 2004, Wang et al. synthesized conformationally locked isosteres of the cis-trans pSer—
Pro motif and inserted them into short peptides [114]. These isosteres demonstrated moderate
inhibition of Pinl catalytic activity and antiproliferative activity in the ovarian cancer cell line
A2780 [114]. Shortly thereafter, the cell permeability and the antiproliferative activity in ovarian
cancer cell line A2780 of the isosteres was improved by masking the negatively charged

phosphate with bis-pivaloyloxymethyl (POM) phosphate [117].
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Pinl shares some structural similarities with FKBP, which binds to the cyclic
immunosuppressant drug FK506 [54]. In an effort to develop effective Pinl inhibitors, a library
of more than 200 FKBP-12 inhibitors was screened against Pinl. However, no viable candidates
were identified [29]. Tricyclic and tetracyclic benzofuranones were synthesized and tested—also
with poor inhibition of Pin1[120]. More recently, a library of cyclic peptides containing a
phospho-(D)-Thr—Pip—Nal core were modified by incorporating polyarginines, which facilitated
membrane permeability and anti-proliferation properties [121]. In another study, aryl indole
ketones were synthesized and used as twisted-amide transition state analogs, which also showed
moderate inhibition of Pinl [122]. Bivalent-inhibitors containing a ligand with an affinity for
both domains, and covalently linked by rigid polyproline linkers, were tested. The results
revealed a 305-fold increase in the inhibitory constant in comparison to the individual building

blocks [123].

In addition to the Pinl catalytic site (PPlase domain), the Pinl WW domain also
represents a target site for the inhibition of Pinl. In 2002, Lu et al. showed that in healthy tissues,
the phosphorylation of Ser16 located in the WW domain reduced the Pinl binding affinity for its
target substrates, essentially inactivating Pinl [74]. In 2005, Smet et al. reported that small
dipeptide analogues were able to abolish the interaction between the Pinl WW domain and
phosphopeptides [124]. Therefore, either the Pinl catalytic site or the WW domain represents a

viable approach for the inactivation of Pinl.
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1.12 Current research goals

The overall aims of this research are to explore the impact of Pinl on cell cycle
regulation by screening organic molecules from compound libraries, and by using peptide

substrates to study Pinl catalytic mechanism of proline cis/trans isomerization.

Aim 1. To design an enzyme-linked enzyme binding assay (ELEBA) for the
identification of Pin1 WW domain ligands from a compound library. Hypothesis: By using a
peptide-core (-VPRpTPV-, 7.7 uM) derived from the sequence of Cdc25c [32] and specific for
the Pinl WW domain, a competitive binding-assay can be designed for the selective
identification of ligands that bind at the Pinl WW domain from chemical libraries. The
identification of ligands that selectively block the Pinl WW domain association with
phosphoproteins represents a promising approach for the study of Pinl in cell cycle regulation

and a rational drug design for cancer treatment.

Aim 2: To utilize a proteolytic-discontinuous assay for the identification of Pinl catalytic
inhibitors. Hypothesis: By adapting the traditional Pinl continuous-catalytic assay to a
discontinuous assay in a 96/384-microplate format, organic molecule libraries can be screened in
parallel against the Pinl catalytic activity. The identification organic molecules that affect Pinl
catalytic activity will provide the groundwork for rational design of potent and specific Pinl

inhibitors.

Aim 3: To identify the site/or sites of cis-trans isomerization on c-Myc peptides catalyzed
by Pinl. Hypothesis: By varying the position of the phosphorylation in four small peptides

corresponding to the c-Myc sequence, the site of Pinl interaction with c-Myc can be identified
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using NMR isomerization studies. The results of these experiments will provide the necessary

evidence for the understanding of Pinl effects in c-Myc degradation.

Aim 4: To use peptide substrates for the study of Pinl catalytic mechanism by measuring
the kinetic isotopic effect. Hyphothesis: By synthesizing efficient chromogenic substrates, Ac—
Phe—Phe—pSer—Pro—Arg—pNA (unlabeled) and the Ac—Phe—Phe—p[ds]Ser—Pro—Arg—pNA
(labeled), analogues to pintide (H-Trp—Phe—Tyr—pSer—Pro—Arg—pNA, Kea/Km = 20,160 mMs”
1). The secondary kinetic isotopic effect (2° KIE) catalyzed by Pinl can be measured. The ratio
of ku/kp for unlabeled and [ds]-labeled substrate will provide evidence for the Pinl catalytic
mechanism of cis-trans isomerization. Results of this experiment will facilitate the rational

design of transition-state-analogue Pinl catalytic inhibitors.
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Chapter 2

This chapter is an article titled Enzyme-linked enzyme-binding assay for Pinl WW domain
ligands, published in the journal of Analytical Biochemistry, Elsevier License # 2441121102930
for dissertation use of the full article. I wrote the first draft of the manuscript, and Dr. Felicia
Etzkorn edited and rewrote portions of the manuscript in close consultation with me.

Reproduced with permission from Mercedes-Camacho, A.Y. and F.A. Etzkorn, Enzyme-linked
enzyme-binding assay for Pin1 WW domain ligands. Anal Biochem. 2010, 402(1): p. 77-82.

Enzyme-linked enzyme-binding assay for Pin1 WW domain ligands

Ana Y. Mercedes-Camacho *Pand Felicia A. Etzkorn,?
8Department of Chemistry, Virginia Tech, Blacksburg, VA 24061, USA
bDepartment of Biochemistry, Virginia Tech, Blacksburg, VA 24061, USA

2.1 Abstract

Peptidyl prolyl cis-trans isomerase (PPlase) interacting with NIMA-1 (Pinl) catalyzes
the cis-trans isomerization of pSer/pThr—Pro amide bonds. Pinl is a two-domain protein that
represents a promising target for the treatment of cancer. Both domains of Pinl bind the
pSer/pThr-Pro motif; PPlase enzymatic activity occurs in the catalytic domain, and the WW
domain acts as a recognition module for the pSer/pThr—Pro motif. An assay we call an enzyme-
linked enzyme-binding assay (ELEBA) was developed to measure the Ky of ligands that bind
selectively to the WW domain. A ligand specific for the WW domain of Pinl was covalently
immobilized in a 96-well plate. Commercially available Pinl conjugated to horseradish
peroxidase was used for chemiluminescent detection of ligands that block the association of the
WW domain with immobilized ligand. The peptide ligands were derived from the cell cycle
regulatory phosphatase, Cdc25c, residues 45-50. The Ky values for Fmoc-VPRpTPVGGGK-
NH; and Ac-VPRpTPV-NH; were determined to be 36 + 4 and 110 £ 30 uM, respectively. The

ELEBA offers a selective approach for detecting ligands that bind to the Pin1 WW domain, even
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in the presence of the catalytic domain. This method may be applied to any dual specificity,

multidomain protein.

Keywords: Pinl; WW domain assay; PPlase; HRP; Chemiluminescent binding assay; Pinl

ligands

2.2 Background

Pinl is a two-domain protein that catalyzes the cis-trans isomerization of pSer/pThr—Pro
motifs through its PPlase (peptidyl prolyl isomerase)* catalytic domain[11, 24]. Pinl also
contains a WW domain, so called because it has two invariant Trp residues [41]. The WW
domain binds pSer/pThr—Pro motifs in target ligands, but does not catalyze cis-trans proline
isomerization [11, 41]. The Pinl WW domain interaction with ligands occurs through a
conserved phosphate-binding pocket, present in Pinl and its homologues [11, 32]. The Pin1 WW
domain binds and regulates phosphorylated proteins at different stages of the cell cycle [26, 32,
42], and the WW domain is the site of Pinl regulation by protein kinase A [74]. Pinl
phosphoprotein-binding activity is abolished by phosphorylation of Serl6, located in the WW
domain [74]. Peng and co-workers have shown that a Pinl ligand from Cdc25, EQPLpTPVTDL,
affects the dynamics of Pinl side chains at the hydrophobic interface between the WW domain
and the catalytic domain [27]. The possibility of a tight-binding WW domain ligand that blocks
Pinl association with its physiological substrates represents an alternative approach for

inactivation of Pinl, a potential strategy for cancer therapy [125].

In previous efforts to identify Pinl WW domain ligands with prospective clinical
applications, several focused compound libraries have been screened by a variety of methods:

fluorescence anisotropy, nuclear magnetic resonance (NMR), Forster resonance energy transfer
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(FRET), and virtual screening [32, 87, 88, 126, 127]. However, for screening larger libraries,
these techniques have various limitations, such as the requirement for fluorescent labeling of
ligands, the amount of protein needed, the use of isolated WW domain, isotopic labeling of
protein, or the time for data acquisition and interpretation [32, 87, 88, 126, 127]. We now
describe an assay to screen for ligands that bind to the Pin1 WW domain. The enzyme-linked
enzyme-binding assay (ELEBA) is simple to use compared with other protein—ligand interaction
techniques. This assay can be adapted to screen compound libraries with multiple domains, or
multimeric proteins with different ligand affinities and specificities in each domain or protein
subunit, such as proteins containing Src homology (SH2 and SH3) domains [128],
phosphotyrosine-binding (PTB) domains, or other protein-interacting modules. The major
requirement for the assay is to identify a selective ligand with moderate affinity, but high

specificity, for the site of interest. This is already known for the Pin1 WW domain [32].

For the ELEBA, we synthesized peptides containing the VPRpTPV core of the dual-
specificity phosphatase Cdc25c at the pThr48-Pro49 position. Fluorescence anisotropy has
shown that the Pin1 WW domain is highly selective for the VPRpTPV sequence, with an affinity
of 7.7 uM for the WW domain, and no detectable binding to the catalytic domain [32]. Synthetic
H-GGGGVPRpTPVGG-NH; was covalently immobilized to a 96-well microtiter plate, and
commercially available Pinl (residues 2-163) conjugated to horseradish peroxidase (Pin1-HRP)
was used for chemiluminescent detection of binding. Full-length Pinl is more stable than the
isolated WW domain [32]. WW domain ligands in solution that have similar or better affinity
than the immobilized ligand block the binding of the WW domain with the immobilized ligand
on the plate. Therefore, WW domain ligands in complex with Pin1-HRP are removed during

washing, and produce little or no colorimetric signal after the addition of peroxidase substrate.
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Materials and Methods
2.3 Peptide synthesis

Peptides were synthesized using manual solid-phase peptide synthesis (SPPS) in
disposable polypropylene columns (Thermo Scientific) with standard 9-fluorenylmethoxy-
carbonyl (Fmoc) chemistry. All Fmoc amino acids were purchased from Novabiochem. 4-
Methylbenzhydrylamine (MBHA, Rink amide) resin (100 mg, 0.66 meqg/g, 0.064 meq) was
swelled in CH,CI; (3 mL) for 20 min, and the Fmoc protecting group was removed with 20%
piperidine in N-methyl-2-pyrrolidone (NMP) (2 x 3 mL). The resin was washed twice with NMP
(ca. 8 mL). The first amino acid in the sequence (3 eq) was coupled to the resin using 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) (70 mg, 0.19
mmol), N-hydroxybenzotriazole (HOBt) (29 mg, 0.19 mmol), and diisopropylethylamine (DIEA)
(67 pL, 0.38 mmol) in NMP (2 mL), and the mixture was double-coupled (2 x 2 h). Completion
of coupling was monitored by the Kaiser test for primary amines, and by the p-chloranil test for
prolines [129, 130]. The reaction mixture was washed with NMP (2 x 6 mL), and a solution of
acetic anhydride (0.2 mL, 1.1 mmol), DIEA (0.2 mL, 2.1 mmol), and CH,Cl, (1.6 mL) was
added and shaken for 10 min to cap any uncoupled amines. The Fmoc group was removed with
20% piperidine in NMP (2 x 3 mL). The following amino acids were added one at a time in the
same manner: Fmoc-Gly—OH (59 mg, 0.19 mmol), Fmoc—Val-OH (65 mg, 0.19 mmol), Fmoc—
Pro-OH (65 mg, 0.19 mmol), Fmoc-Thr(PO,H(OBzl))-OH (98 mg, 0.19 mmol), Fmoc—
Lys(Boc)-OH (93 mg, 0.19 mmol), and Fmoc—Arg(Pbf)-OH (125 mg, 0.19 mmol), Fmoc—Leu—
OH (68 mg, 0.19 mmol), and Fmoc-Ser(tBu)-OH (74 mg, 0.19 mmol). The peptide resins were
cleaved with a mixture of 95% CF;CO;H, 2.5% H,0, 2.5% triisopropylsilane for 4 h at 30 °C.
With exceptions noted, crude peptides were precipitated with cold diethyl ether (3 x 10 mL), and

purified using reverse-phase high-pressure liquid chromatography (RP-HPLC), using a Waters
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C18 XBridge 5 um, 19 x 100 mm semipreparative column (unless otherwise noted) on a Varian
Pro-Star 218 HPLC with linear gradients as noted, flow rate 10 mL/min, 2 = 210 nm. CH3CN
was removed under vacuum, and the water was removed by lyophilization. Analytical HPLC
were obtained on a Beckman HPLC with linear gradients as noted, flow rate 1.0 mL/min, 4 = 210
nm. Peptides were characterized by 'H NMR on an INOVA-400 MHz, and by liquid
chromatography—mass spectrometry (LC-MS) on an Agilent 1100 LC-ThermoFinnigan TSQ MS

with electrospray ionization (ESI+) for molecular ion identification (Supplementary Material).

H-GGGGVPRpTPVGG-NH; (1) was purified by RP-HPLC with 0.1% ammonium
formate in 5 to 60% CH3CN/H,O gradient over 7 min. The desired peak was collected at 6 min
to give 8 mg (11% vyield). Analytical HPLC using a Waters C18 XBridge 2.5 um, 4.6 x 50 mm
column, with 5% CH3;CN/H0 for 2 min and then 5 to 50% gradient over 15 min showed a major
peak at 14.2 min, 91.2% pure. LC-MS 13.25 min, calcd. for CyH74N16016P [M+H]" m/z =

1089.5, found m/z = 1089.7 (Supplementary Material, Figs. S1-S5).

Fmoc-VPRpTPVGGGK-NH; (2) was purified by RP-HPLC with 0.1% CF3;CO,H in 20
to 70% CH3CN/H,0 gradient over 8 min. The desired peak was collected at 6.5 min to give 38
mg (47% yield). Analytical HPLC using an XBridge BET130 3.5 um C18 4.6 x 50 mm column,
with 5% CH3;CN/H,0 for 2 min and then 5 to 80% gradient over 5 min, showed a major peak at
4.3 min, 96.2% pure. LC-MS 14.04 min, calcd. for Cs7Hg7N15016P [M+H]" m/z = 1268.6, found

m/z = 1268.7 (Supplementary Material, Figs. S6-S9).

Ac-VPRpTPV-NH; (3) was purified by RP-HPLC with 5 to 60% CH3;CN/H,O gradient
over 18 min. The desired peak was collected at 11 min to give 9 mg (18% vyield). Analytical

HPLC using a Waters C18 XBridge 2.5 um, 4.6 x 50 mm column, with 5% CH3CN/H,O for 2
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min, 5 to 60% gradient over 5 min, and then 60% for 4.5 min, showed a major peak at 5.48 min,
91.7% pure. LC-MS 15.32 min, calcd. for CsHsgNygO11P [M+H]" m/z = 789.4, found m/z =

789.4 (Supplementary Material, Figs. S10-S13).

Ac-LPTPPLSPS—NH, (4) was purified by RP-HPLC, using a Varian Polaris 10 um, C18
100 x 212 mm semipreparative column, with 0.1% CF3;CO;H in 10 to 60% CH3CN/H,0 gradient
over 15 min, 4 = 220 nm. The desired peak was collected at 7 min to obtain 9.4 mg (16% yield).
Analytical HPLC using a Varian Polaris 5 um C18 4.4 x 100 mm column, with 0.1% CF3CO;H
in 10 to 40% CH3CN/H,0 gradient over 15 min, showed a major peak at 8.5 min, 84.5% pure.
LC-MS 14 min, calcd. for Cy4sH73N10013 [M+H]" m/z = 949.5, found m/z = 949.6 (Supplementary

Material, Figs. S14-S17).
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2.4 Immobilization of ligands to the 96-well plate

H-GGGGVPRpTPVGG-NHjy, ligand 1 (100 uL, 2.8 mM), in phosphate-buffered saline
(PBS), 15 mM sodium phosphate, 2 mM potassium phosphate buffer, and 150 mM NaCl at pH
9.2, was added to each well of a DNA-BIND microtiter plate (Corning Life Sciences, Wilkes
Barre, PA). The plate was sealed with clear tape (Corning Costar Corporation), and incubated for
2 h at 37 °C with shaking. The uncoupled ligand was decanted and the wells were washed (3 x
150 uL/well). The wash buffer contained 10 nM imidazole, and 0.05% Tween 20 in PBS at pH
7.3. The plate was shaken in air and inverted on a paper towel until dry ca. 30 min, and the
remaining active sites were blocked with PBS buffer containing 5% sucrose, 0.05% NaN3, 2%
bovine serum albumin (BSA), Fraction V, ELISA grade (Calbiochem) at pH 7.3 (100 pL/well).
The plate was sealed with tape, and incubated overnight at 0°C. The solution was decanted via
pipet, and the plate was rinsed 3 times with a squeeze bottle of wash buffer, and inverted on a

paper towel to drain excess buffer.

Fmoc-VPRpTPVGGGK-NHj, ligand 2 (100 uL, 0.1 mM), was covalently attached to
the 96-well plate through the g-amino group of the Lys side chain at pH 11.0, otherwise as

described above.

2.5 ELEBA procedure

Competitive binding with the Pinl WW domain of ligands 2 and 3 with plate-linked
GGGGVPRpTPVGG-NH; 1 was measured. UV-vis spectroscopy was used for accurate
determination of ligand 2 concentration using the Fmoc ¢ value of 3981 cm™' M at 256 nm.

Ligand 3 was dried over P,0s for 2 days prior to assay, weighed (4.3 mg) to determine the
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concentration, and dissolved in 200 mM phosphate, 30 mM NaCl, pH 7.0 (1.0 mL, 5.4 mM).
Recombinant human Pinl1-HRP (R&D Systems, Minneapolis, MN) was diluted to a final
concentration of 200 pM in PBS buffer containing 2% BSA at pH 7.3 (Fig. S18). For ligand 2,
the concentrations were 1.1, 3.3, 7.7, 15, 44, 95, 146, 230, 460, and 730 uM; for ligand 3, 2, 6,
12, 25, 40, 120, and 180 uM; for ligand 4, 7.7, 95, 460, 1000, and 2000 uM; for ligand 5, 7.7, 95,
and 460 uM; and for ligand 6, 7.7, 95, 460, and 1000 uM. For ligand 2 against ligand 2 linked to

the plate, the concentrations were 1.1, 4.0, 10, 33, 62, 102, 345, and 550 uM.

The Pin1-HRP solution was incubated at room temperature for 1 h with orbital shaking
in the plate with ligands 2-6 in a total volume of 100 puL/well. The solutions were decanted, and
the wells were washed with wash buffer (3 x 150 uL/well). Hydrogen peroxide and 3,3",5,5'-
tetramethylbenzidine (TMB, R&D Systems, Minneapolis, MN) were added to the plate ina 1:1
ratio (100 pL/well), and incubated at room temperature for 20 min in the dark. The stop solution,
2 N H,SO4 (50 pL/well), was added to the 96-well plate. The optical density (OD) of each well
was determined immediately, using a plate reader (Spectra Max 340 PC) with UV absorbance
detection at 450 nm. The 96-well plate with covalently attached ligand is reusable after

appropriate washing steps and storage (Supplementary Material, Fig. S19).

Results
2.6 Design, synthesis, and immobilization of ligand 1

The Cdc25c-T48 peptide of Verdecia et al. [32] was modified with the addition of two
glycine residues at the C-terminus to avoid diketopiperazine formation [131], and four glycine
residues at the N-terminus as an additional spacer between the ligand and the 96-well plate

surface to give H-GGGGVPRpTPVGG-NH; 1. Computer modeling was used to evaluate the

29



interactions of ligand 1 with the Pin1 WW domain-binding pocket. All of the glycine residues

extended outside of the Pinl contact region (Supplementary Material, Fig. S20).

Peptides were synthesized using standard Fmoc chemistry on a Rink amide resin to
produce amidated C-termini. During purification of phosphopeptides, improved recovery from
HPLC was obtained without acid in the mobile phase, which we have observed to cause B-
elimination of phosphate from pSer or pThr. Ligand 4, that is not phosphorylated, was purified

with CF3COH in the mobile phase.

2.7 ELEBA validation with conjugated Pin1-HRP

Ligand 1 was covalently bound to the 96-well plate, which contained an N-
oxysuccinimide ester (NOS)-activating group that was reacted with the peptide primary amine at
pH 9.2 to capture the ligand covalently on the solid surface (Fig. 2.1) [132]. The effects of the
buffers we used in the ELEBA assay were tested at pH values +1 of their respective pK, values,
and with and without 150 mM NaCl (Supplementary Material, Figs. S21 and S22). For the
ELEBA, the most suitable buffer to prevent Pinl-HRP nonspecific binding with the plate surface
was PBS at pH 7.3 with 150 mM NaCl. Two specific WW domain ligands Fmoc—
VPRpTPVGGGK-NH; 2 and Ac-VPRpTPV-NH, 3 were used as positive controls for ELEBA
validation (Table 2.1). Commercially available recombinant human Pinl, residues 2-163,
chemically conjugated via a peptide linker to horseradish peroxidase (Pin1-HRP) was used with
varying concentrations of 2 and 3 to measure affinity (Fig. 2.2). As the concentrations of 2 and 3
were increased, they competed with ligand 1 on the plate for binding to the Pinl WW domain,

leaving unbound Pin1-HRP which was washed away.
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Fig. 2.1. ELEBA methodology. (a) At alkaline pH, the free N-terminus of H-
GGGGVPRpTPVGG-NH; 1 was coupled to an N-oxysuccinimide ester becoming covalently
linked to the plate surface. (b) Pinl-HRP-conjugated enzyme bound to immobilized ligand 1 in
the absence of ligands that block the WW domain-binding site. The amount of Pin1-HRP bound
to the plate was measured by oxidation of the HRP-substrate. (Prepared with ChemBioDraw

Ultra and Canvas 8.)
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Table 2.1. Binding affinities (Kq4) for ligands used in ELEBA. The pT/S—P motif is
shown in bold.

Ligand Structure Ky Pinl PPlase ICs
1 H-GGGGVPRpTPVGG-NH, N.A2 N.A2
2 Fmoc-VPRpTPVGGGK-NH; 36 + 4 uM N.A2
3 Ac-VPRpTPV-NH; 110 + 30 pM N.A2
4 Ac-LPTPPLSPS-NH, > 2 mM° N.A2
5 Fmoc-pS—¥[CH,N]-P-2-(3-indolyl)- > 0.5 mM° 6.3+ 0.4 uM[133]
ethylamine
6 Ac—pS-¥[(Z)CH=C]-Pip—2-(2- > 1 mMm° 141 + 18 uM [134]

naphthyl)-ethylamine

 Not applicable. ° No detectable binding.
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Fig. 2.2. Binding curves showing the percentage of Pinl-HRP bound to plate-linked
GGGGVPRpTPVGG-NH; 1 at varying concentrations of ligands 2 and 3. Data are an average of
N = 3 with standard deviations shown in the error bars; the data were fitted to (Eq.1), using
KaleidaGraph 4.3. Left: binding curve for ligand 2. Right: binding curve for ligand 3. The
calculated Ky values were 36 + 4 uM for 2 and 110 + 30 uM for 3. (Prepared with Kaleidagraph
4.3))

The data for ligands 2 and 3 were fitted to a dose—response binding curve, using Kaleidagraph v.

4.3,

(b-a)
(1+10C- (LD

% of binding=a + 1)
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where [L] is the concentration of the ligand in solution. The dose—response binding curve
measures the binding constant at a single concentration of Pin1-HRP in the presence of varying
concentrations of competing ligands 2 and 3 [135]. We normalized the data to percentage Pinl—
HRP bound to the plate-linked ligand by setting the lowest concentration of competitive ligand in
solution to 100% binding. The top of the curve is a plateau represented by the value of a. The
highest concentration of ligand in solution was set to 1% binding, which is represented by the
bottom of the curve as a plateau, corresponding to the value of b. The log of the concentration at
zero is undefined. Instead, we entered very low competitor concentration values of 1.1 and 2 uM
for ligands 2 and 3, respectively. The c value corresponds to the response halfway between a and
b values. This variable is sometimes called EDsy (effective dose, 50%), or ICso (inhibitory
concentration, 50%). The competitive Ky values were calculated by solving for log [L] when %
binding (y) = 50%. The values, a =85+ 2, b =—-2.6 + 3, and ¢ = 1.7 + 0.07 with R? = 0.9966,
were fitted for ligand 2. The Kqy value of 36 + 4 uM was determined from three data sets (Table
2.1, Fig. 2.2). The values, a = 108 + 6, b = —29 + 20, and ¢ = 2.0 + 0.2 with R? = 0.9877, were
fitted for ligand 3. The Kqy value of 110 + 30 uM was determined from three data sets (Table 2.1

and Fig. 2.2).

2.8 ELEBA selectivity for WW domain ligands

To study the specificity of the assay for phosphopeptides, an unphosphorylated, proline-
rich peptide, c-Myc 56-64, Ac-LPTPPLSPS-NH; 4, was assayed. Pinl is known to regulate
turnover of transcription factor c-Myc that is dependent on phosphoThr-58 [72]. Varying
concentrations of 4 were used as described above. Ligand 4 was not able to compete with plate-
linked ligand 1, even at a concentration of 2 mM, and Pin1-HRP remained fully bound to the

plate after washing (Fig. 2.3).
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Fig. 2.3. Pin1-HRP was incubated with varying concentrations of ligands 2—6 (Table 2.1), to
detect the ability of the ligands to block Pin1 WW association with immobilized ligand 1. Pinl—
HRP-binding with ligand 1 on the plate decreased with increasing concentration of 2 in solution.
Ligands 4, 5, and 6 did not show any decrease in binding of Pin1-HRP to the plate. The last
column shows Pin1-HRP nonspecific binding (NSB) when ligand 1 was not linked to the plate.
Mean of N = 3 was used for data analysis with standard deviations shown as error bars.
(Prepared with Kaleidagraph 4.3.)

To further investigate the site of ligand binding to Pinl, two of our Pinl PPlase
inhibitors, Fmoc—pSer—y[CH,N]-Pro—-2-(3-indolyl)ethylamine 5 and Ac—pSer—y[(Z)CH=C]-
Pip—2-(2-naphthyl)ethylamine 6 [133, 134], were assayed. Both PPlase catalysis inhibitors were
unable to prevent Pinl WW domain binding with ligand 1, even at high concentrations (Table
2.1 and Fig. 2.3). Nonspecific binding of Pin1-HRP to the plate surface was reduced by blocking
any residual NOS sites with the noninterfering protein, BSA. The affinity of Pin1-HRP for
bound ligand 1 was tested in the presence and absence of ligand 1 attached to the 96-well plate

surface. In the presence of ligand 1, Pin1-HRP was detected at high levels on the plate after
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washing (OD 1.2-2.7). However, in the absence of ligand 1, only 0.89-2.5% nonspecifically

bound Pin1-HRP was detected on the plate after washing (Fig. 2.3).

2.9 Effect of the plate-linked ligand in the competitive ELEBA

Fmoc—-VPRpTPVGGGK-NH,, ligand 2, was covalently attached to the 96-well plate via
the Lys side chain g-amine. Pin1-HRP was incubated with different concentrations of ligand 2 in
solution, in competition with ligand 2 bound to the plate. The variable values fitted were a =99 +
3,b=-10+4, and c = 1.8 + 0.1 with R? = 0.9976. The Kg value of 66 = 10 uM was determined
from two data sets (Fig. 2.4).

Ligand 2 — Pin1 ELEBA

- | —®— Fmoc-vPRpTPVGGGK-NH2 [L2] |
100 +

80
60
40

20

% Pin1-HRP bound to plate-ligand 2

0\\\\ . .
0 0.5 1 1.5 2 2.5 3

log [2] uM
Fig. 2.4. The effect of plate-linked ligand 2 in the competitive ELEBA. The Ky value for Pin1—
HRP was calculated to be 66 = 10 uM for N = 3 with standard deviations shown as error bars.
(Prepared with Kaleidagraph 4.3.)

2.10 Discussion

Pinl contains catalytic (PPlase) and regulatory (WW) domains within the same

polypeptide chain. Both domains have specificity for the pSer/pThr—Pro motif, but with different
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binding affinities and specificities [26, 32]. The study of ligand-binding site preference with full-
length Pinl is challenging because high concentrations of ligands that bind at the Pinl catalytic
site can mask binding to the Pin1 WW domain. Therefore, the isolated domains are often used in

the identification of ligand-binding site preference [32, 126, 127].

We designed the enzyme-linked enzyme-binding assay to selectively identify ligands that
bind at the Pin1 WW domain using full-length Pinl (Fig. 2.1). The ELEBA was intended to
measure only Pinl WW domain affinities, not PPlase inhibition constants. The availability of
Pin1-HRP-conjugated protein allowed us to develop a high-throughput assay, similar to an
ELISA, without the requirement for antibodies. Such covalent protein—~HRP conjugates have
been used to date in Western blots with Protein A and Protein G HRP conjugates [136], and in a
viral protease assay with Gag precursor substrate—HRP conjugate [137] The labeled peptide
sequence from Cdc25c 45-50, rhodamine-VPRpTPV, is highly selective for the WW domain
(7.7 uM), with no detectable binding to the PPlase domain [32]. We used peptides with the
sequence VPRpTPV covalently linked to 96-well plates for the selective identification of ligands

that compete for the Pin1 WW domain.

Glycine residues were added at either the N- or the C-termini of ligands 1 and 2, with the
objective of extending the peptide at least 12 or 15 atoms away from the 96-well plate surface to
avoid Pin1-HRP absorption on the plate surface (Fig. 2.1). Computer modeling indicated that the
additional Gly residues do not affect Pinl binding with the VPRpTPV core (Fig. S20), in
agreement with published results that the WW domain phosphate-binding pocket is capable of
interacting with up to five consecutive amino acid residues, and polar residues do not affect the

peptide affinities [32, 126].
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Binding affinities for ligands 2 and 3 with the Pin1 WW domain were measured by the
ELEBA in a concentration-dependent manner (Table 2.1 and Fig. 2.2). Both ligands 2 and 3
effectively competed with ligand 1 on the plate surface for the Pin1 WW domain. The affinity of
Pin1-HRP for Fmoc—VPRpTPVGGGK-NH, 2 was 3-fold tighter than for Ac-VPRpTPV-NH; 3
(Table 2.1). A similar binding affinity has been measured for EQPLpTPVTDL (120 uM),
lacking a hydrophobic label, by NMR [27, 87, 88]. Since ligand 3 exhibited weaker affinity than
ligand 2 for the Pin1 WW domain, the Fmoc group contributed to the binding affinity. The Fmoc
derivative 2 was more similar in hydrophobicity to the original rhodamine-VPRpTPV ligand
used in the fluorescence assay, which may explain the higher affinity [32]. This demonstrates the

utility of the ELEBA in differentiating the affinities of two similar ligands.

Fmoc-VPRpTPVGGGK-NH; 2 showed a 2-fold tighter Pin1-HRP-binding affinity in
competition with ligand 1 covalently linked to the plate, than it did in competition with ligand 2
covalently linked to the plate (Fig. 2.4). This also suggests that the hydrophobic Fmoc group of
ligand 2 improves the affinity for the Pin1 WW domain in comparison with ligand 1 [32, 41,
126]. Either ligand 1 or ligand 2 attached to the plate gives a suitable assay for screening libraries

to obtain hit compounds with affinity for the WW domain in the micromolar or better range.

The ELEBA was developed as a method for high-throughput screening, rather than as an
absolute measure of binding affinity. Since our method is competitive with ligand linked to a
plate, it is not to be taken as a direct measurement of binding affinity. We chose to compare the
affinities of several different ligands primarily to permit flexibility in the choice of plate-linked
ligand. In some cases, it makes more sense to have a weak ligand on the plate so that a high-

throughput assay would not miss weaker potential hits. On the other hand, if the high-throughput
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assay gave too many hits, it might be necessary to make the screening more stringent with a

tighter binding ligand bound to the plate.

An unphosphorylated, proline-rich peptide, Ac—LPTPPLSPS—NH,, showed no detectable
binding to the Pin1 WW domain, in agreement with published data that the Pin1 WW domain
does not interact with unphosphorylated peptides [32, 41]. Two of our small molecule inhibitors
of the Pinl catalytic activity, 5 and 6, respectively, were used as negative controls [133, 134].
Neither compound showed any competition with ligand 1, indicating that the inhibitors were
unable to block the Pinl WW domain-binding site, and that Pin1-HRP was fully capable of
interacting with ligand 1 covalently linked to the plate (Table 2.1). These experiments
demonstrated the selectivity of the ELEBA for phosphorylated ligands that bind to the WW

domain.

2.11 Conclusions

The ELEBA is a noncatalytic binding assay for the identification of ligands that bind to
the Pin1 WW domain. The assay is fast, selective, and amenable to screening ligand libraries,
with the potential for automation. The assay is advantageous over existing methods, because it
selectively identifies compounds that bind to the Pin1 WW domain, it uses small quantities of

reagents, and no antibodies, fluorescent labels, or radioactive labels are required.
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Chapter 3

Enzyme-Linked Enzyme Binding Assay (ELEBA) screen of a combinatorial
pSer—Pro peptidomimetic library

3.1 WW domain affinity for pSer/pThr-Pro motif

The Pinl WW domain interacts with a large number of mitotic phosphoproteins
suggesting that Pinl could play a role in cell cycle control in addition to its role in isomerization
(Table 3.1) [32]. The Pinl WW domain and the PPlase domain both recognize and bind the
pSer/pThr-Pro motif. One important difference, however, is that the WW domain displays a
higher affinity for the pThr—Pro than the pSer—Pro motif in small peptides; this difference likely
results from the longer retardation time for the prolyl cis/trans isomerization of the pThr—Pro
bond. In short peptides, the amount of the pThr—cis—Pro bond is dependent on the dianionic state
of the phosphate moiety, which is not the case for the pSer—cis—Pro [45]. The Pin1 WW domain
appears to have a stronger interaction for pThr than pSer, and that affinity increases when the
consensus sequence is (pThr—Pro—Pro) [45]. Our molecular model of Pinl in complex with H—
GGGGVPRpTPVGG-NH; 1 also revealed the methyl side chain of pThr inserted into a small
hydrophobic pocket, which probably enhances the affinity of the WW domain for pThr (Fig.
3.1). Crystallography and NMR studies revealed the preference of the WW domain for binding
ligands in the trans conformation [32, 87, 114]. Molecular modeling of peptides in the cis

conformation resulted in ligands with no binding affinity [32].
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Fig. 3.1. Molecular model showing the Pin1 WW domain binding pocket in complex with H-
GGGGVPRpTPVGG-NH; 1, and minimized using Sybyl 8.1.1 (Tripos, Inc.). The electrostatic
potential of Pinl surface indicates sites of attractive interactions with ligand 1 by matching
opposite colors, red (most positive) to purple (most negative). The model showed the presence of
a methyl side chain of pThr inserted into a small hydrophobic pocket, which probably enhances
the affinity of the WW domain for pThr.

The Pinl PPlase domain is capable of binding both the cis- and trans-substrates—while the
Pin1 WW domain is only capable of binding the trans conformation—suggesting a possible role
for the WW domain in the stabilization of trans-ligands for the downstream dephosphorylation

by protein phosphatases [138].

Table 3.1. Binding affinities (Kq) by fluorescence polarization for peptide fragments
identified as Pinl substrates from cell cycle regulatory proteins. The pT/S—P motif is
shown in bold [32].

Peptides Full-length Pinl WW domain PPlase domain
Kg (UM) Ka (LM) Kg (UM)
*Rh-VPRpTPV (Cdc25¢) 49+11 7.7+33 N.B.°
*Rh-PPApTPP (Myt1) 12+2.1 15+4.7 N.B.°
*Rh—PPGpSPP (Myt1) 80 + 18 126 + 21 N.B.°
"Rh-STSpTPR (Mytl) 46 +6.5 39+12 N.B."
*Rh—YpSPTSPS (CTD) 61+6.3 110 + 26 N.B.°

®Rh = rhodamine
®No detectable binding (N.B).
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3.2 WW domain ligands in drug discovery

Ligands that block the Pinl WW domain have several advantages compared to Pinl
catalytic inhibitors. First, catalytic inhibitors of enzymes are frequently associated with both high
drug tolerance and dependence, since enzyme active sites evolve after drug treatments,
eventually leading to drug resistance [139]. Second, enzyme active sites are more likely to be
conserved among protein homologues, making it very difficult to achieve drug selectivity for a
single member of a protein family [139, 140, 141]. Third, once a drug is bound to a receptor in a
regulatory site (i.e., a binding site other than the active site) and saturation occurs, no further
changes will take place. This makes allosteric drugs a safer choice for avoiding a drug overdose
[139]. Fourth, Pinl is the only PPlase in humans that has a type IV WW domain. This feature
facilitates desired drug selectivity without affecting other essential cellular proteins containing
pSer/pThr binding modules [37, 138]. Our objective is to identify ligands that bind selectively
the Pinl WW domain from a combinatorial pSer-Pro dipeptide library. The identification of
ligands that block the Pin1 WW domain association with phosphoproteins represents a promising
approach for the study of Pinl in cell cycle regulation and a rational drug design for cancer

treatment.

3.3 Combinatorial pSer—Pro dipeptide library for Pin1 WW domain

To identify potent inhibitors of Pinl, the synthesis of a compound library with substrate
analogues, and an efficient high-throughput screening (HTS) assays were used. Developing a
combinatorial library involves the efficient and timely generation of a large number of ligands
that are different, but related in their core structure. Dr. Etzkorn proposed the design and

synthesis of small combinatorial libraries targeted to bind at the Pin1 WW domain. Accordingly,
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the combinatorial synthesis of a pSer—Pro dipeptide library was achieved by solid-phase peptide
synthesis using a Wang resin linked via a phosphoester bond to a phosphorylating reagent
developed by Xingguo R. Chen. The incorporation of 21 diverse amines at the C-terminus and
15 diverse carboxylic acids at the N-terminus of the pSer—Pro core generated a combinatorial
library of 315 ligands (Fig. 3.2). The substituent amines and carboxylic acids were selected with
different structural and chemical properties in order to determine the Pin1 WW domain binding

preference (Fig. 3.3a-b).
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pSer-Pro as the core structure
RINH2 = 21 amines, including some secondary amines
R2COOH = 17 carboxylic acids
Fig. 3.2. pSer—Pro core structure used for the synthesis of a combinatorial library of dipeptides.
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Fig. 3.3a. Structures of the 21 diverse amines to be incorporated at the C-terminus of the
pSer—Pro core.
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Material and Methods
3.4 Screening of the pSer—Pro dipeptide library using ELEBA

Fmoc—VPRpTPVGGGK-NH,, (100 pL/well, 245 uM stock solution) was covalently
attached to a 96-well plate through the e-amino group of the Lys side chain at pH 11.0, as
published [90]. Ligands were dissolved in DMSO at stock concentrations of ca. 50 mM by
weight. Competitive binding with plate-linked Fmoc-VPRpTPVGGGK-NH, (L1) of pSer—Pro
dipeptides was measured at ca. 600 UM (Table 3.2) for primary screening. Competitive
dissociation constants (Kq) were determined after the large-scale synthesis, HPLC purification,
and quantification of cis-D2, trans-D2, 02, and M18 ligands that proved to be good hits during a
secondary screening. Ligand stock concentrations were 88 mM by weight, and the final
concentrations for competitive dissociation constants (Kq) were 2000, 1000, 700, 500, 300, 200,
100, 50, 30, 10, and 5.0 uM. Recombinant human Pin1l-HRP (R&D System) was diluted to a
final concentration of 200 pM in a PBS buffer containing 2% BSA at a pH of 7.3. The Pin1-HRP
in the ligand solution was pre-incubated with ligand for 30 min with orbital shaking. The
resulting solutions containing 100 pL/well of Pin1-HRP and ligand were added to the 96-well
plate and incubated for one additional hour. The solutions were decanted, and the wells were
washed with wash buffer containing 10 nM imidazole, and 0.05% Tween 20 in PBS at pH 7.3 (3
x 150 pL/well). The substrates hydrogen peroxide and 3,3°,5,5’-tetramethylbenzidine (R&D
System) were added to the plate in a 1:1 ratio (100 pL/well), and incubated at room temperature
for 20 minutes in the dark. The stop solution, 2 N H,SO4 (50 pL/well), was then added to the 96-
well plate in order to ensure similar kinetics among the samples. The optical density (OD) of
each well was immediately determined using a plate reader (Spectra Max 340 PC) with UV

absorbance detection at 450 nm.

47



Table 3.2. ELEBA screening of the pSer—Pro dipeptide library.

Groups No. of ligands No. of positive hits Retest
Aand B 42 1 1
Cand D 42 3 1
E,F,G,andH 83 2 1
I,J,and K 63 4 1
M, N, O, and P 84 6 1
QandR 42 0 0

Primary screening of library ligands was performed at ca. 600 uM by weight. Positive hits were
ligands that blocked 50% or more of the Pin1-HRP association with plate-linked ligand (L1).

3.5 Screening results of the pSer—Pro dipeptide library

In total, we screened a library of 356 pSer—Pro ligands (Appendix B). Acid N and P did
not couple during the synthesis, which made the assay results useless for group N and P. We
developed the ELEBA for the screening of ligand libraries. From the screen, we identified seven
ligands that were capable of blocking 50% or more of the Pin1-HRP association with plate-
linked ligand (L1), confirming the efficacy of ELEBA in identifying ligands that bind at the WW
domain from a compound library[90]. Competitive dissociation constants (Kg) for the best
ligands: trans-D2, cis-D2, 02, and M18 were measured. Ky values were normalized to
percentage Pin1-HRP bound to the plate-linked ligand by setting the lowest concentration of
competitive ligand in solution to 100% binding (eq.1)[90]. The Kq4 values were 820 + 6.4 uM
(trans-D2), 263 £ 6.4 uM (cis-D2), 206 £ 3.4 uM (02), and 130 £ 3.0 uM (M18) (Table 3.3, Fig.

3.4-3.5).

(b-a)

% of binding=a +
of binding=a (1+10(C'[LD)

1)

The a value represents the top of the fitted curve, the b value represent the bottom of the curve,
the ¢ value corresponds to the response halfway between a and b values. The competitive Kq

values were calculated by solving for log [L] when % binding (y) = 50% (Eq. 1)[90].
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Fig. 3.4. Binding curves showing the % of Pin1-HRP bound to plate-linked ligand L1 at varying
concentrations of ligands cis-D2 (top left), trans-D2 (top right), O2 (bottom left), M18 (bottom
right). Data are an average of N = 2 with standard deviations shown in the error bars; the data
were fitted to Eq. (1), using KaleidaGraph 4.3. The estimated competitive Ky values were 820 +
6.4uM for D2 trans, 263 £ 6.4 uM for D2 trans, 206 +3.4 uM for O2, and 130 + 3.0 uM for M18
respectively. (Prepared with Kaleidagraph 4.3.)

Table 3.3. Variable values fitted for ligand binding curves.

Ligand a b c R? Kq4 value
Trans-D2 109 £ 2 -32+17 3.1+0.1 0.996 820+ 6.4
Cis-D2 110+ 7 14+12 2.3+0.2 0.976 263+6.4
02 93+4 6.3+6 2.3+10.1 0.994 206+ 34
M18 101 +4 0.06 £5 21+0.1 0.993 130 £ 3.0
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Table 3.4. Competitive dissociation constants (Kg) for the best ligands identified as the
best hits during a secondary screening.
Ligand Structure Kgvalue uM

11
HO-P—OH

Trans-D2 o 0o
PPt %9 820 + 6.4
ST H
O &/ ~NH

9
@\ HO-P—OH
s o (°

Cis-D2
X N
K/ILHLW 3 263 + 6.4
o NH

o}
NH
—N
HO P OH
0
M18 130+ 3.0
HN =
/
H3CO NH 07
Q@
HO-P—-OH

O
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Cl
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The Ky values provide the basis for a structure-activity relationship (SAR) for the WW

domain. We identified two major structural features of ligands that enhance the Pinl WW
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domain affinity for ligands. Polar aromatic acids appear to be the best building blocks at the N-
terminus, and polar hydrophobic amines were the best substituents at the C-terminus. It appears
that the acid and amine structures at each side of the pSer—Pro motif are not additive for the WW
domain binding of ligands. For example, from the screening, ligands M18 and O2 have the
higher affinity for the WW domain, Ky values of 130 and 206 puM, respectively (Table 3.4). An
additive structure would result in ligands O18 and M2 being as good or better than M18 and O2.
However, ligands O18 had lower affinity for the WW domain than M18, and M2 was worse than
02 (Fig. 3.5). We hypothesize that the WW domain binding-pocket could not accommodate

simultaneously two large bulky-hydrophobic substituents at each side of the pSer-Pro motif.

The ELEBA was developed as a method for high-throughput screening, rather than as an
absolute measure of binding affinity. Since our method is competitive with a potent ligand linked
to a plate (L1), it is not to be taken as a direct measurement of binding affinity [90]. The Kq4
values for cis-D2, 02, and M18 with the Pin1 WW domain were measured another way by NMR
(Jill Bouchard and Jeffrey Peng, University of Notre Dame). The Ky values were determined to
be 88 £ 8 (cis-D2), 175 = 21 (02), and 108 £ 20 uM (M18). NMR titration studies were
performed using the full-length Pinl at different concentrations of ligands (Appendix, 2. Fig
S.27-S28). The chemical shift perturbations demonstrate localized binding of ligands to the WW
domain of Pinl. Eleven residues from the WW domain (K13, R14, M15, S16, G20, R21, A31,
S32, Q33, W34, and E35) consistently reported perturbations upon ligand binding, versus three
residues located at the PPlase domain (S114, K132, and V150). Interestingly, chemical shift
perturbations of Pinl catalytic residues (H59, C113, S116, and H157) were not observed during

the titration studies, which indicates that ligands bind selectively at the Pin1 WW domain.
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Molecular models of trans-D2, cis-D2, O2, and M18 at the Pin1 WW domain, under
investigation by Xingguo R. Chen, will provide additional evidence for ligand binding modes in
the WW domain. The ELEBA proved crucial for the rapid detection of ligands that bind at the
WW domain from a pSer—Pro ligand library, and the measurement of competitive binding
affinities (Ky) for hit ligands. The Kqy values provide structural activity relationship (SAR) that
could serve in the rational design of a specific tight-binding WW domain ligand. Such a ligand

could block the Pinl association with its physiological substrates.

We observed an apparent enhanced signal in comparison to the negative control
(DMSO), for some ligands that do not block the Pin1 WW domain association with the plate-
linked ligand (L1), i.e. ligand B20 (Fig. 3.5). B20 could be an agonist for WW domain binding
L1 on the plate. But, we did not investigate this further. It is likely, therefore, that some ligands
bind at the PPlase domain, since all ligands contain the pSer—Pro motif, which is also recognized
by the PPlase domain. Once ligands are bound to the PPlase domain, the free WW domain may
become more stably folded and bind tightly to the plate-linked ligand L1. Verdecia et al. showed
that full-length Pinl binds phosphorylated ligands more tightly than the isolated Pinl domains;

these findings can be attributed to the folding stabilization of the whole protein [32].
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Fig. 3.5. Secondary screening of pSer-Pro dipeptide ligands. Fifteen pSer—Pro dipeptide ligands
(600 uM) were screened again using ELEBA, DMSO was used as negative control, and Fmoc—
VPRpTPVGGGK-NH; (L1) (60 uM) was used as positive control. (Prepared with Kaleidagraph
4.3))

3.6 Screening of proteins with ELEBA

Application of the ELEBA was extended to proteins that bind at the Pinl WW
domain[32, 69]. We performed ELEBA with protein phosphatase inhibitor-2 (1-2) as the WW
domain ligand. 1-2 is a small protein of 205 amino residues containing a single pThr72—Pro73
motif, which is a known Pinl binding partner [69]. To study the nature of the Pinl interaction
with 1-2, we assayed six I-2 protein homologues obtained from Dr. David Brautigan (University
of Virginia) using ELEBA (Table 3.5). These proteins were diluted in PBS at pH 7.3 to make

equal concentration stock solutions of ca. 65 uM. We assayed concentrations ranging from 0.1-
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10 uM for each protein, in accord with an identified dissociation constant of 1 uM for an 1-2 wild
type (wt) in complex with Pinl [69]. BSA as the negative control was used at the same
concentration as the I-2 proteins. Fmoc-VPRpTPVGGGK-NH, (L1) (100 pL/well, 245 uM stock

solution) was used as the plate-linked ligand, and as the positive control (78 uM).

Table 3.5. ELEBA for I-2 proteins.

Protein M, concentrations

Xenopus laevis 1-2 21470 0.1,1, and 10 uM

Drosophila melanogaster -2 22968 0.1,1,and 7.3 uM

Truncated 1-2 (14-197) 20523 0.1,1,and 6.6 uM
GLC ND 1and 6.6 uM

1-2 wt 23015 0.1,1,and 10 uM

pThr-1-2 23095 0.1,1, and 10 uM

BSA 69293 0.1,1,and 10 uM

Concentration of I-2 proteins used based in an identified Kq of 1 uM, ND = no-determined [69].

3.7 Result of protein screening with ELEBA

None of the I-2 proteins appeared to block the Pin1-HRP WW domain association with
plate-linked ligand (WW1) at an assay concentration of 0.1-10 uM (Fig. 3.6). Interestingly, the
binding of the 1-2 protein to Pinl appears to be independent of the 1-2 phosphorylation state, but
rather depends of the phosphorylation state of Pinl [69]. These findings confirm a prior report
that the binding of 1-2 proteins to Pinl requires the phosphorylation of Pinl at Serl6 [69]. In
conducting the ELEBA, we used commercially available recombinant Pin1-HRP expressed in E.

coli; therefore, not phosphorylated Ser16.

The Pinl WW domain is phosphorylated at Serl6 (pS16-Pinl) by the protein kinase-A
(PK-A), a cAMP-dependent kinase, which hinders Pin1’s ability to bind phosphoproteins during
interphase and during the onset of mitosis [69, 74]. Specifically, during interphase and entry into
mitosis, the binding of Pinl to the protein I-2 restores the pS16-Pinl binding affinity for

phosphoproteins [69]. The binding of pS16-Pinl to I-2 is likely to alter the Pinl conformation
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and facilitate the formation of a ternary complex with some (but not all) phosphoproteins

identified as Pinl substrates [69].

ELEBA for I-2 proteins
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200 | Hl BSA B Pinl-HRP
I X. laevis 1-2 B wwi (78 uM)
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% of Pin1-HRP bound to plate-linked ligand L1
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Fig. 3.6. 1-2 proteins were screened using ELEBA, BSA was used as negative control, and
Fmoc-VPRpTPVGGGK-NH; (L1) was used as positive control. (Prepared with Kaleidagraph
4.3).

3.8 Summary of library screening using ELEBA

We would like to extend the use of ELEBA to full-length phosphoproteins identified as
Pinl WW domain ligands, such as Cdc25c, Weel, CTD, and Mytl. Quantitative Ky values of
Pinl interactions with phosphoproteins can be easily identified and compared to known peptide
ligands [32]. Our study of Pinl with 1-2 was inconclusive because wt Pinl was used. Therefore,
an in vitro kinase phosphorylation of Pinl at Serl6 using pK-A will be used to produce the

desired pSer16-Pinl for a better understanding of Pinl interactions with I-2 proteins.
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Chapter 4

PPlase catalytic assay for the identification of Pinl inhibitors
4.1 Inhibitors of Pinl catalysis

Research evidence suggests that Pinl regulates the activity, location, and function of
other proteins and plays a critical role in the activation of various oncogenic pathways [26, 60,
72, 93]. To identify Pinl inhibitors with therapeutic properties, a number of approaches have
been used, including the following: the screening of combinatorial libraries, molecular modeling,
chemical synthesis, and bioassays [29, 46, 49, 113, 114, 115, 116, 117, 125, 133]. Because of
these efforts, several molecules have been broadly identified as Pinl inhibitors [29, 46, 49, 113,
114, 115, 116, 117, 125, 133]—not all of which function in the same way. Some of these
molecular inhibitors lack selectivity and potency for Pinl, which limit their use as therapeutic
drugs (Chapter 1). Previously, we developed an Enzyme-Linked Enzyme-Binding Assay
(ELEBA), which was designed to identify ligands that bind at the Pin1 WW domain (Chapter 2)
[90]. In this chapter, I describe our efforts to identify inhibitors of Pinl1 from a compound library

using the Pinl catalytic discontinuous assay (PPlase assay).

4.2 Pinl PPlase assay

The catalytic activity of PPlases is detected by the hydrolysis of a chromophore from the
trans-amide isomer by a serine protease [114, 142, 143]. We used o-chymotrypsin, which
hydrolyzes only the trans conformation of the Suc—Ala—Glu—Pro—Phe—chromophore when
proline occupies the P2 position of the C-terminus in a peptide chain [142]. In aqueous solution,

only 10% of the assay substrate adopts the cis conformation and often, 0.5 M LiCI/TFE is used
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to increase the amount of cis substrate from 10 to 30-70% (Fig. 4.1) [143]. In addition, the
suppression of non-enzymatically catalyzed, or thermal isomerization (ks) is necessary by careful
control of the assay temperature at ca. 2-5 °C [114, 143]. For the Pinl assay automation and
library screening, assay conditions such as temperature, the ratio of cis to trans substrate, and the

concentrations of enzymes must be carefully controlled.
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Fig. 4.1. Pinl proteolytic coupled assay: The enzymatic activity of Pinl is coupled with a-
chymotrypsin hydrolysis of a chromophore.
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4.3 Assay substrate

Traditionally, p-nitroanilide (pNA) substrates are the preferred chromogenic substrates
used to monitor PPlase activity in the presence of serine proteases [26, 114, 143]. During a
preliminary assay, we observed pNA precipitation at high substrate concentration 150-200 pM.
Therefore, we replaced the pNA moiety in the peptide substrate with a 7-amino-4-
methylcoumarin (AMC) chromophore [113]. The resulting AMC fluorescent product was shown
to increase assay sensitivity approximately 700-fold after chymotrypsin hydrolysis [144]. The
Suc-Ala-Glu—Pro—Phe-AMC is analogous to the pNA-substrate. The negatively charged, long,
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and flexible side chain of the glutamic acid mimics the phosphate. In addition, previous
experiments have shown that Suc—Ala—Glu-Pro—Phe—pNA has a Ky, of 120 puM [113], which
makes the Suc-Ala—Glu—Pro—Phe-AMC a good substrate to screen for weak hits from the
library. Since large quantities of substrate were required for high-throughput screening, a

solution phase synthesis was performed (Scheme 4.1).

Scheme 4.1. Synthesis of Suc—Ala—Glu—Pro—Phe-AMC, 6.

1. 30% TFA, TIPS,DCM O H

N
BocHN (BOC)zO dloxane BocHN 2. Boc-Pro-OH, EDC, O)J\H “AMC
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Material and Methods
4.4 Synthesis of Suc-Ala—Glu—Pro—-Phe-AMC

Boc-Phe-AMC, 1. Boc—Phe-OH (859 mg, 3.31 mmol), pyridine (0.27 mL, 3.4 mmol),
and (Boc),0 (732 mg, 3.35 mmol) were dissolved in dioxane (10 mL). Excluding from the light
to protect the AMC, the AMC (500 mg, 2.79 mmol) was dissolved in dioxane (5 mL), THF (5
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mL) was added as a co-solvent to increase the poor solubility of the AMC. The reaction mixture
was stirred at 25°C for 24 h [145],and quenched by the addition of EtOAc (30 mL). The mixture
was washed three times with 1M agq. KHSO, (3 x 60 mL), H,O (60 mL), saturated aqueous
NaHCO;3; (60 mL), H,O (60 mL), and brine (60 mL). The organic layer was then dried with
MgSQO, and concentrated in vacuum. The crude product was recrystallized from CH,Cl, (20 mL)
atrt (1.1 g, 89%). 1H NMR (400 MHz, CDCI3) & 8.8 (brs, 1H), 7.6 (brs, 1H), 7.4 (d, J = 8.0
Hz, 2H), 7.36-7.19 (m, 7H), 7.1 (br s, 1H), 6.1 (s, 1H), 5.2 (br s, 1H), 4.6 (s, 1H), 3.1 (dd, J =

8.0, 7 Hz, 2H), 2.4 (s, 3H), 1.4 (s, 9H), (Appendix C, Fig. S29).

Boc-Pro—-Phe-AMC, 2. Compound 1 (1.1 g, 2.51 mmol) was dissolved in TFA (4.0
mL), CH,Cl, (12.0 mL), and triisopropyl silane (TIPS) (0.98 mL). The reaction mixture was
stirred at 25 °C for 30 min; residual solvent was evaporated in vacuum. A mixture containing
Boc-Pro-OH (1.1 g, 5.0 mmol), DIEA (4.5 mL, 25.2 mmol), HOBt (0.77 g, 5 mmol), 1-[3-
(dimethylammino)propyl]-3-ethylcarbodiimide hydrochloride (EDC-HCI) (0.96 g, 5 mmol), and
4-(dimethylamino)pyridine (DMAP) (6.9 mg, 0.05 mmol) in DMF (20 mL) was stirred at 0°C
for 10 min. Crude H-Phe-AMC-TFA salt in DMF (20 mL) was added to the mixture and stirred
at 25 °C for 24 h. The reaction was quenched with EtOAc (60 mL). The mixture was washed
with H,0 (3 x 60 mL), 1N HCI (3 x 60 mL), NaH,CO3 (3 x 60 mL), and saturated NaCl (3 x 60
mL). The organic layer was dried with MgSQO, and concentrated under vacuum, which resulted
in crude 2 (0.95 g, 74%). *H NMR (400 MHz, CDCls) § 8.93 ( br s, 1H), 7.82 (s, 1H), 7.67 (d, J
= 8 Hz, 1H), 7.48 (d, J = 9.0 Hz, 1H), 7.34-7.11 (m, 8H), 7.04 (s, 1H), 6.41 (d, J = 8.5 Hz, 1H),
6.17 (s, 1H), 4.88 (s, 1H), 4.23 (d, J = 5.0 Hz, 1H), 3.56-2.81 (m, 5H), 2.38 (s, 3H), 1.99 (m,

6H), 1.27 (s, 9H), 1.04 (s,1H) (Appendix C, Fig. S30).
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Boc-Glu(OBn)-Pro-Phe-AMC, 3. Boc-Pro—Phe-AMC 2 (0.95 g, 1.8 mmol) was
dissolved in TFA (4.0 mL), CH,Cl, (12.0 mL), and TIPS (0.98 mL, 6.2 mmol) for deprotection
similar to compound 1. A mixture containing Boc—Glu(OBn)-OH (1.2 g, 3.6 mmol), DIEA (3.10
mL, 18.4 mmol), HOBt (0.56 g, 3.6 mmol), EDC-HCI (0.69 g, 3.6 mmol), and DMAP (5.5 mg,
0.04 mmol) was stirred at 0 °C for 10 min. Crude H-Pro—Phe—AMC-TFA salt in DMF (20 mL)
was added to the mixture and stirred at 25 °C for 26 h. The reaction was quenched and worked
up as for 2. Silica gel flash chromatography with a 1:9 ratio of hexane and ethyl acetate was used
for separation of the two apparent isomers in a 2:1 ratio. A major isomer (625 mg, 47%) and a
minor isomer (343 mg, 26%) were obtained. Both isomers were independently synthesized to
final products. Major isomer: *H NMR (400 MHz, CDCls) & 8.77 (s, 1H), 7.80 (s, 1H), 7.68 (d, J
= 7.8 Hz, 1H), 7.49 (d, J = 8.7 Hz, 1H), 7.39-7.14 (m, 16H), 6.86 (d, J = 9.1 Hz, 1H), 6.18 (s,
1H), 5.19 (d, J = 7.7 Hz, 1H), 5.08 (dd, J = 12.1, 12.2 Hz, 2H), 4.90 (dd, J = 5.6, 8.6 Hz, 1H),
451 (m, 3H), 3.64 (s, 1H), 3.52 (s, 1H), 3.42-3.29 (m, 1H), 3.26-3.12 (m, 1H), 3.05 (m, 1H),
2.39 (s, 3H), 2.18-1.55 (m, 9H), 1.44 (s, 9H), 1.26 (t, J = 7.1 Hz, 1H) (TMS ref.) (Appendix C,
Fig. S31). Minor isomer: *H NMR (400 MHz, CDCls) & 8.88 (s, 1H), 7.79 (s, 1H), 7.65 (d, J =
7.02 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H), 7.35-7.12 (m, 13H), 6.80 (s, 1H), 6.14 (s, 1H), 5.24 (s,
1H), 5.14 (br s, 2H), 4.82 (dd, J = 6.5, 5.0 Hz, 1H), 4.39 (t, J = 6.0 Hz, 1H), 4.29 (s, 1H), 3.29
(m, 4H), 2.34 (s, 3H), 2.29 (d, J = 6.5 Hz, 1H), 2.21-1.55 (m, 9H), 1.36 (s, 9H) (Appendix C,

Fig. S32).

Boc-Ala—Glu(OBn)-Pro—-Phe-AMC, 4. The major isomer 3 (0.63 g, 0.85 mmol) was
dissolved in TFA (2.0 mL), CH,Cl, (6.0 mL), and TIPS (0.49 mL, 3.1 mmol) and reacted as in 2.

A mixture containing Boc-Ala—OH (0.32 g, 1.7 mmol), DIEA (1.5 mL, 10.2 mmol), HOBt (0.26
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g, 1.7 mmol), EDC-HCI (0.33 g, 1.7 mmol), and DMAP (2.3 mg, 0.02 mmol) was stirred at 0 °C
for 10 min. Crude H-Glu—Pro—Phe-AMC-TFA salt in DMF (12 mL) was added to the mixture
and stirred at 25 °C for 24 h. The reaction was quenched with EtOAc (30 mL), and worked up as
for 2. The crude major isomer 4 (0.64 g, 92%) was obtained. *H NMR (400 MHz, CDCls) & 8.90
(s, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.75 (s, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.39 - 7.13 (m, 18H),
6.84 (d, J = 8.8 Hz, 1H), 6.20 (s, 1H), 5.46 (s, 1H), 5.04 (dd, J = 34.6, 12.3 Hz, 2H), 4.89 (dd, J
=13.9, 9.1 Hz, 2H), 4.72 (dd, J = 9.3, 4.8 Hz, 1H), 4.36-4.30 (m, 1H), 4.18-4.08 (m, 1H), 3.69-
3.51 (m, 2H), 3.44 (g, J = 6.3, 6.2, 6.4 Hz, 1H), 3.23 (dd, J = 4.6, 9.6 Hz, 1H), 2.51-2.30 (m,
7H), 2.19-1.64 (m, 9H), 1.39 (d, J = 7.2 Hz, 3H), 1.36 (s, 10H), 1.07 (s, 1H) (Appendix C, Fig.
S$33). Minor isomer 4, *H NMR (400 MHz, CDCls) & 8.94 (s, 1H), 7.72 (s, 3H), 7.47 (d, J = 9.3
Hz, 2H), 7.39-7.18 (m, 31H), 6.86 (s, 1H), 6.70 (s, 1H), 6.17 (s, 1H), 5.14 (s, 3H), 4.82 (s, 1H),
457 (s, 1H), 4.32 (s, 1H), 4.12 (m, 1H), 3.42-3.16 (m, 7H), 2.38 (s, 3H), 2.25-1.66 (m, 15H),
1.60 (s, 8H), 1.41 (s, 9H), 1.29 (d, J = 7.1 Hz, 5H), 1.06 (d, J = 1.7 Hz, 1H) (Appendix C, Fig.

S34).

Suc-Ala-Glu(OBn)-Pro—Phe-AMC, 5. Boc-Ala—Glu(OBn)-Pro—Phe-AMC 4 (0.64 g,
0.79 mmol) was dissolved in TFA (4.0 mL), CH,Cl, (12.0 mL), and TIPS (0.98 mL, 6.2 mmol)
and reacted as for 2. The crude H-Ala—Glu(OBn)-Pro—Phe—AMC-TFA salt was dissolved in dry
THF (20 mL) with DIEA (0.6 mL, 4.2 mmol), and succinic anhydride (78 mg, 0.7 mmol). The
mixture was then heated at reflux (70 °C) in an oil bath for 30 h protected from light? [146].
After cooling to rt, the THF was evaporated in vacuum, and CH,Cl, (40.0 mL) was added. The
reaction mixture was washed with 1N HCI (2 x 50 mL) and the organic layers were dried with

MgSQ, and concentrated under vacuum. The crude peptide 5 (0.5 g, 89%) was obtained.
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Suc-Ala-Glu-Pro-Phe-AMC, 6. Suc-Ala-Glu(OBn)-Pro-Phe-AMC 5 (0.5 g, 0.68
mmol) and 10% Pd/C (73 mg) were combined under vacuum avoiding moisture, after which
anhydrous CH3OH (18 mL) and a balloon filled with Hy(g) were added. The reaction mixture
was stirred at 25 °C for 21 hours, the Pd/C was removed by filtration through Celite, and the
solvent was evaporated under vacuum to obtained compound 6 (380 mg, 78%). Major isomer 6:
'H NMR (400 MHz, DMSO) & 12.23 (s, 1H), 10.33 (S, 1H), 8.36 (d, J = 7.5 Hz, 1H), 8.15 (d, J
= 7.1 Hz, 2H), 7.90 (s, 1H), 7.82 (d, J = 8.3 Hz, 1H), 7.60 (d, J = 8.8 Hz, 1H), 7.43-7.28 (m, 5H),
7.31 (m, 1H), 6.39 (s, 1H), 4.72 (m, 1H), 4.63 (M, 1H), 4.47-4.33 (m, 2H), 3.69 (M, 3H), 3.49 (s,
3H), 3.33-3.00 (m, 2H), 2.62 (s, 3H), 2.50 (s, 4H), 2.41 (m, 3H), 2.19-1.75 (m, 5H), 1.28 (d, J =
7.1 Hz, 2H) (Appendix C, Fig. $35). Minor isomer 6: "H NMR (400 MHz, DMSO) & 12.23 (s,
1H), 10.33 (S, 1H), 8.36 (d, J = 7.5 Hz, 1H), 8.15 (d, J = 7.1 Hz, 2H), 7.90 (s, 1H), 7.82 (d, J =
8.3 Hz, 1H), 7.60 (d, J = 8.8 Hz, 1H), 7.43-7.28 (m, 5H), 7.31 (m, 1H), 6.39 (s, 1H), 4.72 (m,
1H), 4.63 (m, 1H), 4.47-4.33 (m, 2H), 3.69 (m, 3H), 3.49 (s, 3H), 3.33-3.00 (m, 2H), 2.62 (s,
3H), 2.50 (s, 4H), 2.41 (m, 3H), 2.19-1.75 (m, 5H), 1.28 (d, J = 7.1 Hz, 3H) (Appendix C, Fig.

S36).

FAB+ molecular ion detection calcd. for C3HyNsO11 [M + H]" m/z = 719.3, found m/z
= 720.3 for both isomers (Appendix C, Fig. S37-S38). Analytical HPLC in an X-Bridge C18
column, 2.5 uM (4.6 x 50 mm), 10% ACN for 2.5 min, 60% B over 19 min, 210 nm. One single
broad peak with a retention time of 12.0 min for the major isomer (Appendix C, Fig. S39), and

11.3 min for the minor isomer (Appendix C, Fig. S40) were observed.

4.5 Expression and Purification of Pinl

The plasmid pET28C that expresses a recombinant form of human His6-Pinl was a
generous gift from Professor Joseph Noel at the Salk Institute. The plasmid pET28C (2 pL) was
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transfected in competent E. coli cells BL21-DE3 in CaCl, 0.1 M (20 min on ice, heat-shocked 2
min at 42°C). The cells were then plated on LB kanamycin-50 agar plates (Sigma-Aldrich,
L0543) for 15 h, after which they were cultivated in LB media (50 mL) containing 40 pg/mL
kanamycin (Sigma-Aldrich, K0254) for 2 h until an OD of 0.8 was reached. The cells were then
induced with 1% lactose at 30 °C for 4 h, and then centrifugated at 5,000 rpm at 4 °C for 10 min.
The supernatant was subsequently poured out, and the cell pellet was stored at —20°C for one
week. The cell pellet (3.5 g) was resuspended in 10 mL of buffer (5 mM imidazole, 500 mM
NaCl, 20 mM Tris at pH 7.9) containing a protease inhibitor cocktail (100 pL, Thermo
Scientific, # 78410), after which it was sonicated (Branson Sonifier®, S-450D) at the 60% level
(1 min in, 1 min out) for 8 min, with cooling in an ice bath. The supernatant was collected after
centrifuging the cells at 20,000 rpm at 4 °C for 20 min. The resulting protein was purified on a
cobalt (Co?*) metal-chelating 6% agarose resin slurry (1.5 mL, Thermo Scientific, # 89964) in a
disposable polypropylene tube (Thermo Scientific). The eluted fractions (3 of 5 mL) were
dialyzed overnight in dialysis tubing with a 10,000 MWCO (Fisher Scientific, 08667B) in 20
mM HEPES, 100 mM NaCl at pH 7.5, 1L at 4 °C, and concentrated via membrane filtration
(Vivascience, VS0601). The protein was analyzed by SDS-PAGE, and a single band of ca. 22
kDa was identified (Appendix C, Fig. S41). A protein concentration of 1.2 mg/mL was

determined by Bradford assay (Appendix C, Fig. S42).

4.6 Determination of kea/Ky, for Suc—=Ala—Glu—Pro—Phe-MCA

HEPES buffer pH 7.5 (880 uL, 35 mM stock) and chymotrypsin (100 pL, 60 mg/mL in
0.001 N HCI) were added to the 1.5 mL, 1 cm quartz cuvette, and pre-equilibrated for 20 min at
2 °C. Pinl in 20 mM Tris-HCI, pH 7.8 (5 pL, 1.7 uM stock) was added. The thermal

isomerization rate constant ks was determined in the absence of Pinl at 2 °C. Substrate in dry
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0.47 M LICI/TFE (15 pL, 6.8 mM stock for major isomer, 5.8 mM for minor isomer, determined
by absorbance at 325 nm, ezgonm = 7700 M cm™) was added via syringe, and mixed vigorously
by inversion three times, with a total time delay of 3-5 sec. The progress of the reaction was
monitored at 370 nm for 90 s. The concentrations of the cis component of the major isomer
(56%) and minor isomer (25%) substrates were determined by the UV-Vis absorbance after

complete cleavage of the AMC by chymotrypsin after 2 min.

4.7 Pinl PPlase discontinuous-assay optimization

Suc-Ala-Glu—-Pro-Phe-MCA (1.0 mM stock, 3.4 pL), and varying Pinl (1 mM stock, 5-30
nM final) in 50 mM HEPES buffer at pH 7.5 for a total volume of 34 pL were mixed. DMSO
was used as negative control (2 uL). The mixture was incubated in an ice bath to reduce the
thermal background reaction rate k3 and then initiated with ice-cold a-chymotrypsin in 0.001 N
HCI (4 uL, 60 mg/mL). After 10-50 seconds, the reaction was quenched with HOAc:MeOH (1:1,
40 pL) to obtain a total volume of 80 pL. The absorbance was monitored using a plate reader
(Spectra Max 340 PC) at discrete wavelengths from 345-370 nm to identify the most suitable

wavelength for the assay.

4.8 Plate reader PPlase assay for screening of the pSer—Pro ligand library

Ligands (10 uL, 500 uM stock solution) were added to a 96-well microplate (Corning Costar
3690, ¥2 area), DMSO (10 uL) was used as a negative control. The Fmoc-pSer—W[CH,N]-Pro—2-
(3-indolyl)-ethylamine was used as a positive control inhibitor (100 puM, ICso 6.3 uM )[133].
HEPES buffer pH 7.8 (50 mM stock) containing Pinl (25 nM stock) and Suc—Ala—Glu—Pro—
Phe-AMC (250 uM stock), for a total volume of 20 uM, were pre-mixed and incubated with the
ligands in an ice bath to reduce the k3. The reaction was initiated with a-chymotrypsin in HEPES
buffer (8 mg/mL stock, 20 pL). After 30 seconds, the reaction was quenched with HOAc:MeOH
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(1:1, 50 uL) to obtain a total volume of 100 pL in the presence and absence of Pinl. A Synergy-
Biotek microplate reader in the laboratory of Dr. Sakiko Okumoto, (Department of Plant
Pathology of Virginia Tech) was used to monitor the relative fluorescence unit (RFU) using an

excitation A 365 and emission A 460 nm.

Results and discussion

4.9 Synthesis results of Suc-Ala—Glu-Pro—-Phe-MCA

Two Suc-Ala-Glu-Pro-Phe-MCA isomers with similar chemical properties were
obtained in a 2:1 ratio. HPLC co-injection of both isomers revealed an overlapping peak that
split at the crest (Appendix C, Fig. S43). Both isomers displayed similar UV-Vis spectra, which
indicated that there was no decomposition of the AMC moiety (Appendix C, Fig. S44). To
explain this outcome, we hypothesized that during glutamic acid coupling, epimerization could
take place. We assume that the major product was an all L-amino acid peptide, which was used
in screening the library. The rate constants of Pinl with substrates confirmed that both isomers
are good for subsequent assays with kco/Km = 3.6 Msec for the major isomer, and Keat/Km = 3.0
M™ sec™ for the minor isomer. The difference in catalytic rates can likely be attributed to the
percentage of cis component in each isomer—which was 56% for the major isomer and 26% for
the minor isomer. We obtained 0.76 g of the major isomer and 0.99 g of the minor isomer. It
should be noted that a portion of the major isomer was lost during the O-benzyl deprotection.
The new Pd/C catalyst was highly active, and after contact with wet MeOH a fire took place. In
addition, HPLC re-purification for the major isomer was necessary after we observed three
methylated-side products (Appendix C, Fig. S45), which indicated that the use of MeOH should

be avoided during O-benzyl deprotection and HPLC purification.
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Table 4.1. Summary of the synthesis results

Major isomer

Minor isomer

calcd. [M + H]" =719.3 720.3 720.3
Analytical HPLC tg 12.0 min 11.3 min
Keat/ K 3.6 M'Sect 3.0 Mt Sect
Yield 0.76 g 0.99 g

4.10 High-throughput screening assay of Pinl inhibitors

We perform a preliminary Pinl proteolytic-catalytic assay to investigate the difference in

signal between the enzymatically-catalyzed reaction ko,s and the non-enzymatically-catalyzed

isomerization k3 (Fig. 4.2a) for high-throughput screening (HTS). The most significant difference

was observed at 10 seconds, and 20 nM of Pinl. However, at 20 and 30 seconds, the reactions

gave more consistent results (Fig. 4.2b).

Varying Pinl at different wavelength

Varying Pinl at different time
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Fig 4.2. Assay optimization. a) Varying Pinl concentrations with 100 uM of Suc-Ala—Glu—Pro—
Phe-MCA substrate at different wavelengths from 345-375 nm. b) Determination of the best
time for quenching at discrete time points from 10-50 sec. (Prepared with Kaleidagraph 4.3.)

We sought to automate the assay to screen 165,000 small molecules at the High

Throughput Screening Resource Center (HTSRC) at Rockefeller University, which features a
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real-time fluorescence instrument that measures fluorescence using a CCD camera in 96 or 384
microplates. Peptidyl-MCA is an excellent substrate for fluorescence assay, since a large
enhancement in fluorescence can be observed. We used similar screening conditions as reported
for hCyPA by Mori et al. [147]. Mrs. Onyi Freeman (Etzkorn Lab Specialist at Virginia Tech),
and Dr. Fraser Glickman (Rockefeller University) conducted the preliminary assays. Data results
were not interpretable, revealing a higher signal for Pinl with the inhibitor Fmoc-
pS-¥[CH,N]-P-2-(3-indolyl)-ethylamine (50 pM, ICsy 6.3 uM ) [133], and without Pinl than
with Pinl alone (Fig. 4.3). For successful automation of the Pinl catalytic assay, we discovered
that it was essential to suppress the non-enzymatically-catalyzed isomerization (ks), and short
instrumentation delay, as reported for hCyPA of 4s. Regrettably, it was difficult to identify a

HTS facility that featured robotic dispensers housed in a cold room, which was essential for our

assays.
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Fig. 4.3. Preliminary screening for assay automation. Pinl with Fmoc-pS—¥[CH,N]-P-2-(3-
indolyl)-ethylamine inhibitor (black line), no Pinl (dotted line), and Pinl (dashed line) with
different chymotrypsin concentrations. Data was obtained at the High Throughput Screening
Resource Center (HTSRC) at Rockefeller University by Onyi Freeman (Virginia Tech).

4.11 Results of the pSer—Pro ligand library screening

During our search for Pinl WW domain ligands from a combinatorial library of 315

pSer—Pro ligands (Chapter 3), we observed an enhancement in the association between Pinl-
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HRP with the plate-linked ligand L1 (Fig. 3.5). Based on this observation, we hypothesized that
some ligands might be binding the PPlase domain, because ligands containing the pSer—Pro
motif are also recognized by the PPlase domain. To investigate our hypothesis, we screened the

combinatorial library of 315 pSer—Pro ligands using the PPlase discontinuous assay (Table 4.2).

Table 4.2. PPlase screening of the pSer—Pro dipeptide library.

Groups No. of ligands No. of positive hits Retest for
False positives

Aand B 42 0 2
Cand D 42 1 5
Eand F 42 0 0
GandH 42 1 1
I,J,and K 63 2 2
M, and O 42 0 3
QandR 42 0 0

Primary screening of library ligands was performed at 100 pM by weight.
Positive hits were ligands that decreased the release of the AMC 50% or more.
Ligands were re-tested with and without Pinl.

The intensity of the signal (1) was determined using (eq. 2), where RFU pin1+1) represents
the amount of AMC cleaved in the presence of Pinl and ligand, RFU pin1) represents the
amount of peptide cleaved in the absence of Pinl(background thermal isomerization), and [Pinl1]
represents the final Pinl concentration for the assay [148]. Data were normalized to percent of
active Pinl using the ratio of RFU in the presence of ligand (L) to the RFU of the negative

control (DMSO) using (eq. 3).

_ (RFUin1+ L) — RFU (nopir)

! [Pin] )

I (Ligand) y
| (DMSO)

% of activePinl= 100 (3)

We classified as positive hits the ligands capable of decreasing the catalytic rate of Pinl

by more than 50%. From the primary screening, ligands D20, H16, K7, and K19 appeared to
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affect the Pinl catalytic activity (Table 4.2). However, we observed a great deal of data
inconsistency for some ligands and the positive control Fmoc-pS—¥[CH,N]-P—2-(3-indolyl)-
ethylamine (Appendix C, Fig. S44-47). To investigate the source of the data inconsistency, and
re-test hit ligands, and ligands with aromatic moieties for the measurement of possible signal
interference at Emsgs/EXa60 NM. Ligands D20 and K7 decreased Pinl catalytic activity by 90% or
more, consistent with the primary screen. In addition, we observed that some ligands have an
effect on the intensity of the RFU of the substrate, but the data variability remained unclear
(Appendix C, Fig. S48). We quenched the assay with 2 mM phenylmethanesulfonyl fluoride
(PMSF) in 100% 2-propanol to ensure the complete inactivation of a-chymotrypsin after
guenching. PMSF is a suicide inhibitor of serine protease. In our continuous-kinetic assay, PMSF
inactivated a-chymotrypsin within four seconds with proper mixing of the sample by inversion
of the cuvette three times. However, pipetting the PMSF quenching solution up and down in the
well was not sufficient for the complete inactivation of a-chymotrypsin (Appendix C, Fig. S49).
We believe that the source of the data inconsistency for our bench-top PPlase discontinuous
assay could be the mixing technique of pipetting the sample up and down using the micropipettor

with either HOAc:MeOH (1:1) or PMSF.

4.12 PPlase assay summary

The traditional Pinl continuous, proteolytic assay was adapted to a discontinuous assay
in a 96/384-well microplate format to identify inhibitors of Pinl. Despite our efforts, it was
difficult to identify a HTS facility that featured robotic dispensers housed in a cold room, which
was essential for automation of our assay. We manually screened a small, focused library of 315
pSer-Pro ligands, and two potential ligands were identified. Because our manual screening was

in aqueous solution, the 10 % cis-substrate conversion had low sensitivity for the detection of

69



weak ligands with ICsg values greater than 10 uM [127, 148]. In addition, the manual screening
assay results were ambiguous with a great deal of data variability, due to the poor mixing
technique. For the success of manual screening, a future approach will be to use 0.5 M LiCI/TFE
substrate solution to give a higher cis/trans ratio, and a 96-well plate shaker to the quench the
assay, which has been proven essential in HTS for the identification of PPlase inhibitors from
chemical libraries [29, 113, 147, 148, 149]. Results from these studies will lead to a deeper

understanding of the role of Pinl in regulating mitosis.
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Chapter 5

Synthesis and characterization of peptide substrate to elucidate the Pinl
interaction with c-Myc

5.1 Pinl interaction with c-Myc

Pinl associates with Cdc25c, Tau, and c-Myc in a manner that facilitates their
dephosphorylation by protein phosphatase 2A (PP2A) [48, 72, 73, 80, 150, 151]. c-Myc is a
transcription factor involved in cell cycle regulation and apoptosis, and it is a Pinl substrate. c-
Myc undergoes phosphorylation of Ser62 and Thr58 at the trans-activation domain via the extra-
cellular signal-regulated kinases (ERKSs) and glycogen synthase kinase-3 (GSK-3p),
respectively [72, 151]. The phosphorylation that occurs at these two sites influences c-Myc
stability and degradation differently. Specifically, phosphorylation of Ser62 stabilizes c-Myc,
thereby promoting the phosphorylation of Thr58, which is essential for c-Myc degradation [72,
150, 151]. Pinl plays an essential role in c-Myc stability by facilitating the dephosphorylation of
Thr58 by PP2A. Moreover, the Axinl scaffold protein creates the platform for the formation of a
protein complex essential for the signal cascade that promotes c-Myc ubiquitination [72, 151]
(Fig. 5.1). Our collaborator, Prof. Jeffry W. Peng at the University of Notre Dame, is interested
in conducting NMR dynamics studies of the Pinl interaction with c-Myc using small peptides.
To examine the catalytic activity of Pinl towards differentially phosphorylated peptides by
NMR, we synthesized four peptides corresponding to the c-Myc sequence to investigate the
effect of phosphorylation on the Ser62 and Thr58 sites on Pinl interactions with c-Myc (Fig.

5.2).
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| Degraded by
26S proteasome

Fig. 5.1 A model showing the formation of a protein complex essential for c-Myc ubiquitination.
c-Myc is phosphorylated at S62 by ERK, creating a stable form of c-Myc protein capable of
binding a scaffold protein, Axinl. Axinl binds GSK3 that consequently phosphorylates c-Myc at
pT58. Pinl recognizes the pT58-P motif and isomerizes P63. PP2A associates with Axinl, and
dephosphorylates S62 creating an unstable form of c-Myc that is destined for ubiquitination and
degradation. Reprinted by permission from Nature Publishing Group: The EMBO Journal (28,
500-12, 2009), copyright (2009)[151].

1. AC—-LLPTPPLSPS-NH,
2. Ac—LLPTPPLpSPS-NH,
3. AC—LLPpTPPLSPS—-NH,
4. Ac-LLPpTPPLpSPS-NH,
Fig. 5.2 c-Myc peptides: the position of phosphorylation was varied to study the Pinl
interactions with non-, mono- and di-phosphorylated peptides; the pS/pT-Pro motif is highlighted
in bold.

Material and Methods
5.2 Peptide synthesis

Four c-Myc peptides were synthesized using manual solid-phase peptide synthesis (SPPS) in
disposable polypropylene columns (Thermo Scientific) via standard 9-fluorenylmethoxy-
carbonyl (Fmoc) chemistry. All Fmoc amino acids were purchased from Novabiochem. MBHA
resin (300 mg, 0.192 mol/g) was swelled in DMF (3 mL) for 1 hour, and the Fmoc protecting
group was removed with 20% piperidine in DMF (2 x 5 mL, 5 and 15 min). The resin was
washed twice with DMF (ca. 8 mL). The Fmoc-Ser(t-Bu)-OH (221 mg, 0.57) was coupled to the

resin using HBTU (219 mg, 0.58 mmol), HOBt (78 mg, 0.58 mmol), and DIEA (200 uL, 1.15
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mmol) in DMF (4 mL), and the mixture was double-coupled (2 x 2 h). The completion of
coupling was monitored by the Kaiser test for the primary amines[129], and by the p-chloranil
test for the prolines and [130]. The reaction mixture was washed with DMF (2 x 8 mL), after
which a solution of Ac,0 (0.2 mL, 1.1 mmol), DIEA (0.2 mL, 1.1 mmol), and CH,Cl, (1.6 mL)
was added and shaken for 10 min to cap any uncoupled amines. The Fmoc group was removed
with 20% piperidine in DMF (2 x 5 mL). Batch syntheses were performed for two peptides
simultaneously. At the desired elongation point, the resin was split in half, and the reagent added
was reduced by half. The following amino acids were added one at a time in the same manner:
Fmoc—Pro-OH (194 mg, 0.58 mmol), Fmoc-Thr(PO,H(OBzl))-OH (511 mg, 0.58 mmol),
Fmoc—Thr(tBu)-OH (229 mg, 0.58 mmol), Fmoc—Ser(PO,H(OBzl))-OH (221 mg, 0.58 mmol),
and Fmoc—Leu—OH (204 mg, 0.58 mmol). The peptide were cleaved from the resin with a
mixture of 2.5% H,0, 2.5% TIPS, and 95% TFA, (5 mL) for 3 h at 30 °C. Crude peptides were
precipitated with cold Et,O (15 mL) for 15-17 h, centrifuged, and decanted. Peptides were
purified via reverse-phase high-pressure liquid chromatography (RP-HPLC), using a Varian
Polaris (100 x 50 mm RP C18) semi-preparative column on a Varian Pro-Star 218 HPLC with
linear gradients of 0.1% TFA in CH3CN/H,0 as noted, flow rate 10 mL/min, A 220 nm. CH3CN
was removed under vacuum, and the water was removed by lyophilization. Analytical HPLC
were obtained on a the Varian HPLC using a Polaris C18 column 5 pum, (250 x 4.4 mm RP C18)
with linear gradients as noted, flow rate 1.0 mL/min, A 220 nm. Peptides were characterized by
'"H NMR with water-suppression in (D,0:H20 1:1) on an INOVA-400 MHz, and FAB* and by
liquid chromatography—mass spectrometry (LC-MS) on an Agilent 1100 LC-ThermoFinnigan

TSQ MS with electrospray ionization (ESI™) for molecular ion identification (Appendix D).
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Ac-LLPTPPLSPS-NH, (1) was purified by RP-HPLC with 0.1% TFA in 10 to 35%
CH3CN/H,0 gradient over 15 min. The desired peak was collected at 8.5 min to give 3.5 mg
(1.7% vyield). FAB+, calcd. for CsoHgsN11014 [MH]+ m/z = 1063.3, found m/z = 1063.2

(Appendix D, Figs. S53-S54).

AC-LLPTPPLpSPS—NH; (2) was purified by RP-HPLC with 0.1% TFA in 10 to 55%
CH3CN/H,0 gradient over 26 min. The desired peak was collected at 17 min to give 2.6 mg
(2.3% vyield). LC-MS calcd. for CsoHggN1:017P [M] m/z = 1142.3, found m/z = 1142.6; for
CsoHgsN1:017P [MH,]?*/2 m/z = 571.1, found m/z = 571.9; for CsoHgsN1.017P Na [M-Na] calcd

m/z = 1164.3, found m/z = 1164.5, (Appendix D, Figs. S55-S57).

AC-LLPpTPPLSPS-NH; (3) was purified by RP-HPLC with 10 to 30% CH3;CN/H,O
gradient over 12 min. The desired peak was collected at 11.1 min to give 5.4 mg (5.4 % vyield).
FAB+, calcd. for CsoHgsN11017P [MH]™ m/z = 1143.2, found m/z = 1143.3 (Appendix D, Figs.

S58-S60).

AC-LLPpTPPLpSPS-NH; (4) was purified by RP-HPLC with 0.1% TFA in 10 to 55%

CH3CN/H,0 gradient over 26 min. The desired peak was collected at 15.1 min to give 2.6 mg

(1% vyield). LC-MS calcd. for CsoHgsN11020P, [M] m/z = 1222.5, found m/z = 1222.7, m/z

[M-Na]" calcd m/z = 1244.5, found m/z = 1244.6, [MH]**/2 calcd. m/z = 611.3, found m/z

611.3 (Appendix D, Figs. S61-S62).

Results
5.3 Synthesis results

Four c-Myc peptides were synthesized using standard Fmoc chemistry on a Rink amide

resin to produce amidated C-terminus. During purification of the phosphopeptides, low recovery
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from HPLC was obtained. We believe this resulted from the addition of TFA during the mobile
phase, which causes B-elimination of phosphate from pSer or pThr. All four peptides were sent
to Dr. Jeffrey Peng for NMR analysis of Pinl interactions with c-Myc (unpublished results). One
example of experimental of double-selective EXchange Spectroscopy (EXSY) at 400 ms for Ac—
LLpPTPPLSPS—NH, (1 mM) with labeled N15-H2 Pinl (50 pM) is shown in Figure 5.3. Data
was collected on a 700 MHz NMR spectrophotometer at 295 K. The chemical shift perturbation
of the two cross peaks of the peptide in complex with Pinl was measured. Additionally, the
prolyl-cis-trans isomerization of the Thr58—Pro methyl side chain was observed. Precipitation of
Pinl was observed in experiments with Ac—LLPpTPPLpSPS—NH,. Therefore, we synthesized
more Ac-LLPpTPPLpSPS—NH, and sent the peptide to Dr. Peng for the NMR experiment.
Results from these experiments will help the elucidate the Pinl interactions with the various

phosphorylation states of c-Myc.

130 125 120 115 1.0

130 155 120 135 1.0
@ - H (ppm)

Fig. 5.3. Double-selective EXchange Spectroscopy (EXSY) at 400 ms of Ac-LLpPTPPLSPS—
NH, (1 mM) with N15-H2 labeled Pinl (50 uM). Cis-trans isomerization is shown by the two
cross peaks of the Thr58 side chain methyl.
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5.4 Flexibility-activity studies of Pinl with ligands

This section is part of an article titled Toward Flexibility-Activity Relationships by NMR
Spectroscopy: Dynamics of Pinl Ligands, published in the Journal of the American Chemical
Society, Elsevier Licence # 2442850117821 for dissertation use of less than 50% of original
article. Reproduced with permission from Namanja, A.T;" Wang, X.J;* Xu, B; ¥ Mercedes-
Camacho, A.Y;* Wilson, B. D;" Wilson, K. A;" Etzkorn, F.A;¥ and Peng, J.W, Toward
Flexibility-Activity Relationships by NMR Spectroscopy: Dynamics of Pinl Ligands. J. Am.
Chem. Soc. 2010, 132, 5607-5609. My contribution in this work was the synthesis and

characterization of the Ac-FFpSPR-NHj; peptide.

5.5 Synthesis of Ac—-FFpSPR-NH,

Ac—FFpSPR-NH, was synthesized manually with 3 equiv Fmoc-protected amino acids
on a Rink-amide resin, coupling with HBTU, HOBt, and DIEA in NMP (2 x 20 min), and
deprotecting with 20% piperidine/NMP. Fmoc-Ser(PO(OBzl)OH)-OH was obtained from
Novabiochem. The peptide was acetylated with 10% Ac,0/10% DIEA/CH,CI, (2 x 10 min),
cleaved with 2.5% H,0/2.5% triisopropylsilane/TFA for 4 h, and purified by HPLC with 10%
CH3CN (2 min) to 90% CH3CN over 17 min, holding at 90% CH3CN for 4 min, on a Waters X-
Bridge 5um C18 1.9 x 10 cm column. LC-MS (ESI+) [MH]" calcd. 774.3, found 774.4

[89](Appendix D, Figs. S63-S65).

5.6 Binding affinities of Ac—-FFpSPR-NH,

To investigate interactions between human Pinl, a peptidyl-prolyl isomerase, and

structurally similar, but flexibility differentiated, ligands. A truncated Pinl construct (Pinl-
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PPlase) that omits the WW domain was used. 2-D "H-'H EXSY experiments [152] on Ac—
FFpSPR—NH; confirmed the cis—trans isomerase activity of Pinl-PPlase, and fits of Pin1-PPlase
>’N—-'H chemical shift perturbations during ligand titrations gave binding affinities of Kg, Ac—
FFpSPR-NH, = 203 + 46 uM (Fig 5.4). Our results reveal how structural variations among the
ligands alter the millisecond dynamics relevant for their interactions with the Pinl-PPlase
domain. Our results suggest flexibility-activity studies can provide FAR, in complete analogy to

traditional structure-activity relationships (SAR).

0.12

0.09

0.06

Change in Chemical Shift

|
9 12

3 6
[Ligand]/[PPlase]

Fig. 5.4. Examples of ligand titrations as monitored by >N/*H chemical shift perturbations of
Pinl-PPlase at 295 K. The chemical shift of S72 of the Pinl-PPlase catalytic loop vs. the
[ligand]/[PPlase] ratio is shown for the substrate Ac—FFpSPR-NH, (e), cis-locked (=), and
trans-locked (#) inhibitors [89].
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Chapter 6

Toward understanding the Pinl catalytic mechanism using kinetic isotopic
effect studies

6.1 Kinetic isotopic effects

The determination of kinetic parameters is a good starting point for the understanding of the
Pinl catalytic mechanism, and the rational design of Pinl inhibitors [15, 24, 51, 53]. One
hypothesized mechanism is that the prolyl-amide nitrogen is hydrogen-bonded with either His59
or Hisl57 in the transition state [50]. These highly conserved residues cluster at a nearby
distance of the pSer/pThr-Pro motif of the substrate, with the potential to participate as

hydrogen-bond donors (Fig. 6.1)[153].

Fig. 6.1. Catalytic residues located at the Pinl ace sit. Reprinted by permission from
Heikkinen et al; license BioMed Central Ltd., copyright (2009)[153].

We employed kinetic isotopic effect (KIE) studies to investigate the formation of a twisted-
amide transition state facilitated by a transient hydrogen-bond to the proline nitrogen. KIE
measurement involves the determination of the ratio of catalytic efficiencies (kca/Km) Of an
unlabeled and labeled substrate for a particular reaction [154, 155]. There are two types of KIE,
primary and secondary isotopic effects. In a primary isotopic effect (1° KIE), an isotopically

labeled atom is in a chemical bond that is broken or created during the rate-limiting step; as a
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result, the ratio in ky/kp values vary between 2 and 7[154]. In a secondary Kinetic isotopic effect
(2° KIE), the isotopically labeled atom is not involved in the bond that is breaking or forming
during the rate-limiting step, but involves the C—H bond relaxation or tightening in the transition
state. In this case, the ratio of ky/kp is less than 2 [154, 155, 156]. The 2° KIE are called a, B, vy, 0.
or g, depending on the distance between the isotope-labeled atom and the reacting center, with
values between 0.7-1.5 [154, 155, 156]. The 2° KIE is sub-divided into normal 2° KIE or inverse
2° KIE. In a normal 2° KIE, the value for the ratio of ky/kp is between 1 and 2. In an inverse 2°
KIE, the value for the ratio of ky/kp is less than 1, indicating that the labeled substrate reacts

faster than the unlabeled substrate.

Pin1-His157
i N BE:
\_NH
© Q - @ —_— R g&(o
R O% Rwi?o 0 f
R
sp? spd R _ sp?

Fig. 6.2. Proposed twisted-amide transition state mechanism.

To measure the secondary kinetic isotope effects, we adapted the assay substrate from a
peptide developed by Yaffe et al. Similar substrates have kq./Km, values ranging from 9,300 to
20,160 mM™ Sec? [26]. Peptide Ac—Phe—Phe—pSer—Pro-Arg—pNA was synthesized using
natural L-Ser and deuterated ds-L-Ser using a combination of solution and solid phase peptide
synthesis (Scheme 6.1-6.3). The ratio of ku/kp of unlabeled (Ac—Phe—Phe—pSer—Pro—Arg—pNA)
and labeled (Ac—Phe—Phe—p[ds;]Ser—Pro—Arg—pNA) substrates from kc./Ky, was measured as
described by Kofron et al [114, 142, 143]. Results from the Kinetic isotope effect studies provide

evidence of whether the peptidyl-proline amide carbonyl rehybridizes from sp? to sp® or not.

79



6.2. Ac—Phe—-Phe—pSer—Pro-Arg—pNA substrates

Previously, Matthew Mason successfully achieved the synthesis and purification of
unlabeled Ac-Phe-Phe—pSer—Pro-Arg—pNA and labeled Ac-Phe-Phe—pSer—[d;]Pro-Arg—pNA
substrates (unpublished results). Ashley Mullins collected kinetic data using these substrates,
varying the Pinl concentration. The Kinetic data indicates an inverse-secondary Kinetic isotopic
effect value of 0.85 + 0.03 (unpublished results), establishing that the prolyl-amide nitrogen
proceeds through a pyramidal transition state during the rate-limiting step [157]. However, we
sought to prove that pyramidalization occurs at the prolyl-amide nitrogen, and not at serine-
carbonyl, which can also rehybridize from sp? to sp® forming a tetrahedral transition state during
the rate-limiting step, and faciliting free rotation of the prolyl-amide (Fig. 6.3). The Ac—Phe—

Phe—pSer—Pro—Arg—pNA was deuterium labeled at the a- and B-carbons of serine.

>/% é ks
@] \‘\ 0 O Q/Z(
— R\ . R 0
R}’%%O - ,S R —_— O%% g
sp? R sp?

Pin1-Cys113
sp?
cis = - trans

Fig. 6.3. Proposed tetrahedral transition state mechanism.

Material and Methods
6.3 Synthesis of Fmoc—-Orn(Boc)—pNA

Fmoc—Orn(Boc)-OH (2.3 g, 5 mmol) was dissolved in pyridine (0.48 mL, 6 mmol), and
(Boc),0 (1.3 g, 3.35 mmol) was dissolved in dioxane (15 mL). The p-nitroaniline (500 mg, 6
mmol) was dissolved in dioxane (5 mL), and the reaction mixture was stirred for 20.5 h at rt
[145]. The reaction mixture was quenched by addition of EtOAc (30 mL). The mixture was
washed with 1M KHSO,, H,0, saturated aqueous NaHCO3 (3 x 60 mL), H,O(3 x 60 mL), and

brine (3 x 60 mL). The organic layer was dried with MgSO,, and concentrated in vacuum (1.3 g,
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57% yield). '"H NMR (400 MHz, CDCls) §9.4 (s, 1H), 8.5 (d, J = 7.4, 2H), 7.89 (m, 4H), 7.73
(m, 2H), 7.43-7.37 (m, 5H), 5.7 (s, 1H), 4.23 (m, 3H), 3.91 (m, 1H), 3.0 (s, 1H), 1.61 (m, 1H),
1.50 (m, 1H), 1.37 (s, 9H). (Appendix E, Fig. S66). The crude Fmoc-Orn(Boc)-OH (700 mg,1.2
mmol) was dissolved in TFA (6.0 mL), CH,Cl, (14 mL), and TIPS (0.49 mL, 3.1 mmol). The

reaction mixture was stirred for 30 min at rt, and solvents were evaporated in vacuum.

6.4 Solid phase synthesis of Ac—-Phe—-Phe—pSer—-Pro-Arg—pNA peptides

Both peptides Ac—Phe—Phe—pSer—Pro—Arg—-pNA and Ac—Phe—Phe—p[ds]Ser—Pro—Arg—
pPNA were treated under identical conditions unless otherwise noted. 2-chlorotritylchloride resin
(500 mg, 0.8-1.6 mmol/g) was swollen for 20 min in DCM using a polypropylene disposable
column. The Fmoc-Orn(NHz")-pNA-TFA salt (552 mg, 1.2 mmol) and DIEA (730 pL 4.2
mmol) were dissolved in NMP (2 mL). The mixture was added to the 2-chlorotritylchloride resin
and reacted for 4 h. The Fmoc protecting group was removed with 50% morpholine in NMP (2 x
5 mL). The resin was washed with NMP (2 x 8 mL). The Fmoc-Pro-OH (700 mg, 2.1 mmol)
was coupled to the resin using HBTU (797 mg, 2.1 mmol), HOBt (284 mg, 2.1 mmol), and
DIEA (730 uL, 4.2 mmol) in NMP (5 mL), and the mixture was double coupled (2 x 20 min).
The peptide was dried under high vacuum overnight, and split in two batches of 282 mg. The
peptide on resin (282 mg) was elongated by adding the following amino acids one at the time:
Fmoc—Ser(TBS)-OH (150 mg, 0.35 mmol), HOBt (142 mg, 1.1 mmol), HBTU (399 mg, 1.1
mmol), and DIEA (365 pL, 2.1 mmol) were coupled for 20 min, and Fmoc—Phe—OH (400 mg,
1.05 mmol) was double coupled for 20 min each. For the labeled substrate; L-[d3]Serine was
purchased from Cambridge Isotope Laboratories, and modified by the addition of Fmoc at the N-
terminus, and TBS on the hydroxyl-side chain by Guoyan G. Xu. Fmoc—[d3]Ser(TBS)-OH (150

mg, 0.35 mmol) was coupled for 20 min. After elongation, the final Fmoc protecting group was
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removed using 50% morpholine/NMP (5 mL, 2 x 20 min) and the free N-terminus was
acetylated using a mixture of 10% DIEA and 10% Ac,0 in DCM for 10 min (3 mL). The peptide
was dried under vacuum overnight. The resin was suspended in DMF (6 mL), to which tetrabutyl
ammonium fluoride (0.15 M, 2.5 mL) and 0.4% H,O were added, and mixture was shaken for 4
h. The resin was then washed with DMF (5 mL, 3 x 30 sec), DCM (5mL, 3 x 30 sec), MeOH (5

mL, 3 x 30 sec), and dried in vacuo overnight.

6.5 Global phosphorylation of substrates

The (N,N-diisopropyl)dibenzylphosphoramidite (345 pL, 1.05 mmol) was dissolved in
anhydrous DMF (5 mL) containing 5-ethylthio-1-tetrazole (365 mg, 2.8 mmol). This solution
was transferred to a 10 mL conical bottom flask containing the peptide using dry techniques
under Ar, and reacted for 6 h. The resin was then covered with DMF 1 mL, tBuOOH (5 M in
decane, 3 mL), and agitated for 45 min. The resin was transfered to a polypropylene disposable
column, and washed with DMF(5 mL, 3 x 30 sec), DCM (5 mL, 3 x 30 sec), MeOH (5 mL, 3 x

30 sec), and dried in vacuum overnight.

The dried resin was then treated with 95% TFA, 2.5% TIPS, and 2.5% H,O for 4 h, the
resin was removed by filtration, and the peptide was collected by filtration. The resin beads were
washed with MeOH (5 mL, 3 x 1 min), and DCM (5 mL, 3 x 1 min), and the filtrates were
combined and concentrated. Diethyl ether (15 mL) was added to remove any remaining TFA.
Ac—Phe-Phe—pSer-Pro-Orn—pNA (31.7 mg) and Ac—Phe-Phe—p[ds]Ser—Pro-Orn—pNA (24.3
mg) crude were obtained. Peaks were identified by LC-MS as the Ac—Phe—Phe—pSer—Pro-Orn—
PNA for CagHs9NgO1,P [MH]" m/z = 853.3, found m/z = 853.4, and Ac—Phe—Phe—p[ds]Ser—Pro—

Orn—pNA for CagHs6D3NgO1,P [MH]" m/z = 857.2, found m/z = 857.2.

82



Scheme 6.1. Synthesis of Fmoc-Orn(Boc)-pNA.

NHBoc
HoN NO,

NA H
OH - FmocHN N
F HN (Boc),0, dioxane, o \©\
moc o pyridine, 57% NO

Scheme 6.2. Solid phase peptide synthesis of Ac-Phe—Phe—pSer—Pro-Orn—pNA.

NHBoc

2

1) 50% morpholine, NMP
2) HBTU, HOBt, DIEA

NHBoc O Fmoc-Pro-OH, NMP
NH 3) 50% morpholine, NMP
H 1)TFAIDCM 4) HBTU, HOBt, DIEA, NMP
N, Fmoc-Ser(OTBS)-OH
FmocHN PNA 5y 2-Cletrityl chioride 8
o resin, DIEA EmocHN “pNA 5) 50% morpholine, NMP
o} 6) HBTU, HOBt, DIEA
Fmoc-Phe-OH, NMP
7) repeat step 5), 6) and 5)
) 8) Ac,0, DIEA, DCM
NH, 1) 5-ethylthl\c:1-tetrazole 9) TBAF, DMF, H,0
(BnO),PN
H Ac-Phe-Phe-pSer-Pro-Orn-pNA
Ac-Phe-Phe-Ser-Pro-HN “pNA

2) 2.tBuOOH (5M in decane)
3) 95%TFA,2.5 % TIPS, 2.5% H,0

6.6 Guanidinylation of ornithine side chain

The crude Ac-Phe—Phe—p[ds]Ser—Pro-Orn—pNA (24.3 mg, 0.03 mmol) was dissolved in

DMF (2.0 mL) and DMSO (2.0 mL). Dimethyl-1H-pyrazole carboxamidine nitrate (41.0 mg, 0.2

mmol) and DIEA (0.06 mL, 0.34 mmol) were added, and the mixture was heated to 45 °C for 24

h. The reaction was quenched with water (30 mL), frozen, and lyophilized overnight to remove

the solvent mixture. CH3CN precipitation (12 mL) was used to remove excess impurities. The

dried white precipitate contained 21.4 mg of crude peptide. Analytical HPLC using an

XBridge™ BET130 3.5 pm C18 4.6 x 50 mm column, with a linear gradient of 60% over 15 min

and hold for 7 min, showed a peak at 11.7 min, identified by LC-MS as the Ac—Phe-Phe-
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p[da]Ser—Pro—Arg—pNA for CagHisD3NgO1:P [M + H]™ m/z = 898.4, found m/z = 898.3. Similar

conditions were used for the guanidinylation of unlabeled.

Scheme 6.3. Guanidinylation of ornithine side chain.

HZN\I/NH2+
I
NH, NH, N
N.
¢ N/&NH
§ = -HNO; H
Ac-Phe-Phe-pSer-Pro-N “pNA Ac—Phe—Phe—pSer—Pre’H “pNA
H 5 DIEA, DMF:DMSO o)

Peptides were purified by RP-HPLC, using a Waters C18 XBridge 5 um, 19 x 100 mm
semi-preparative column on a Varian Pro-Star 218 HPLC with linear gradient of 0 to 40%
CH3CN/H,0 over 16.5 min. The desired peaks were collected at 12.6 min, flow rate 10 mL/min,
A =210 nm. CH3CN was removed under vacuum, and the water was removed by lyophilization
to give Ac—Phe—Phe—pSer—Pro—Arg—pNA (3 mg, 0.84% vyield). *H NMR (500 MHz, CDs0D)
for Ac-Phe—-Phe—pSer—Pro-Arg—pNA 6 8.2 (d, J = 9.1 Hz, 2H), 8.1 (d, J = 9.2 Hz, 2H),7.3-7.2
(m, 10H), 5.0 (br s, 1H), 4.7 (g, J = 5.6, 2.3 Hz, 1H), 4.6 (q, J = 5.7, 3.8 Hz, 1H), 4.4 (m, 2H),
4.2 (m, 1H), 4.1(m, 1H), 4.0 (g, J = 11.4, 10.2, 2H), 3.4-3.2 (m, 4H), 3.0 (dd, J = 18, 5.5 Hz,
2H), 2.8(m, 2H), 2.2-1.7 (m, 10H). LC-MS 12.55 min, calcd. for CsHagNgO1P [MH]" m/z =
895.4, found m/z = 895.3. Ac—Phe—Phe—p[ds]Ser—Pro—Arg—pNA (1.9 mg, 0.53% vyield). 'H
NMR (500 MHz, CD;0OD) & 8.2 (d, J = 9.4 Hz, 2H), 8.1 (d, J = 9.4 Hz, 2H),7.5-7.2 (m, 10H),
4.7-4.5 (m, 3H), 4.4 (m, 2H), 4.1 (s, 1H), 3.9 (s, 1H), 3.5 (M, 2H), 3.1-2.9 (dd, J = 5.2,5.5, 4H),
2.62 (s, 3H), 2.8 (dd, J = 23.1, 4.8 Hz, 2H), 2.35 (m, 2H), 2.2-1.7 (m, 12H). Calcd. for

Ca9H4sD3NgO1.P [MH]" m/z = 898.4, found m/z = 898.3. (Appendix E, Figs. S67-S72).
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6.7 Measurement of K¢a/Knm

HEPES buffer pH 7.0 (35 mM stock, 1.05 pL) and trypsin (60 mg/mL in 0.001 N HCI,
120 pL) were added to a 1 mL, 1 cm, polypropylene cuvette, and pre-equilibrated to 2 °C.
Varying Pinl, from 5-20 nM in 20 mM Tris-HCI, pH 7.0 (200 nM stock, 10 pL) was added. The
thermal isomerization rate constant ks was determined in the absence of Pinl at 2 °C. Substrate
concentrations were determined by UV absorbance at 390 nm, esgonm = 12,500 M™* cm™.
Substrate in dry 0.48 M LIiCI/TFE (2.9 mM stock, 10 pL) was added via syringe, and mixed
vigorously by inversion three times with a time delay of 3-5 sec. The progress of the reaction
was monitored at 390 nm for 90 s. The concentrations of the cis component of the unlabeled

(44%) and labeled (54%) substrates were determined by the UV-Vis absorbance after complete

cleavage of the pNA by trypsin in 3 min.

6.8 Results of kinetic data

Pinl binds reversibly to the cis-substrate (cis-S) to form a Pinl::cis-substrate complex
(Pinl::cis-S). Then, the product, the trans-substrate (trans-S), is cleaved by trypsin, releasing free
PNA monitoring at 390 nm (Scheme 6.4). To enhance the amount of the cis-substrate, a dry
solution of 0.5 M LiCI/TFE was used as the substrate solvent, which increased the cis-substrate
concentration from 10-15% to 30-70% depending in the amount of moisture present[143]. When
the substrate concentration [cis-S] is much less than Ky, ([cis-S] << Ky,), the Michaelis-Menten
equation (Eq. 5) is directly proportional to the concentration of substrate [cis-S], and the

substrate concentration does not have a considerable effect on K, (Eq.6).
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Scheme 6.4. Kinetics of Pinl catalytic reaction.

Pinl + cis-S <~—=—— Pinl:cis-S

N

fast
Pinl + trans-S : pNA
trypsin 390 nm
Vi [S]
Yo = ()
Kn+[S]
Virax[S]
O, =———
o Ko (6)

Km shows how tightly the enzyme binds to the substrate, and it is a constant for the particular
enzyme with a particular substrate. Ky, is defined as the substrate concentration at which the
velocity is half of the maximum velocity (Vmax). However, the speed of any particular reaction
being catalyzed by a particular enzyme can only reach a certain maximum value. This rate is
known as Vmax. The Vinax depends on the total amount of total enzyme ([E]y) used for the assay
(Eq. 7), for a purified enzyme with known molecular weight, like Pinl MW = 22 kDa, Vmax[S]
can be expressed as a fundamental constant that is called the maximum turnover number, or

catalytic constant (Kcar) (EQ.8).
[El; =[£], +[ES] ()

Viax = kcat [E ] T (8)
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Rearrangement of (Eq. 6) and (Eq. 8) yields (Eq. 9)

kcat
U, = ( % ][E]T[S] 9)

m

When [S] << Ky, the amount of free enzyme [E], approximates the amount of total enzyme [E]+.
Therefore, k./Km behaves as a second-order rate constant for the reaction between substrate and

free enzyme.

The experimental absorbance was monitored by following the progress of the reaction for
90 s. The data was analyzed by nonlinear least-squares fit using TableCurve software V5.2 for
the measurement of Kqps, Which is equal the rate of the [ES] complex converted to product over
the progress of the reaction. To find the value of Kc./Km, the Kops Versus enzyme concentration
was plotted to fit to the form of Eq.10. This ratio shows what the enzyme can accomplish when
abundant enzyme sites are available, and it allows direct comparison of the effectiveness of an

enzyme toward different substrates (Eq.10).

kobs-k3 = kcat [E]
Kan (10)

Eq.10 is a straight-line equation in the form of y = mx + b, and the slope of the line is the
catalytic efficiency (kea/Km) for Pinl. The ratio of catalytic efficiencies for unlabeled and labeled

substrates was measured at varying Pinl concentrations and calculated using (Eg. 11)

()unlabeled

ratio= - (11)
—— |labeled
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A kea/Km value of 4,230 mM™ sec™ was measured for the Ac—Phe—Phe—pSer—Pro—Arg—
pNA, and 3,150 mM™ sec™ for Ac-Phe—Phe—p[ds]Ser—Pro-Arg—pNA (Fig.6.4). The ratio of
Keat/ Km for the unlabeled and labeled substrates gave a value of 1.34 + 0.01 for a duplicated set of
data. The magnitude of the SKIE value indicates that the carbonyl-serine hybridization does not
change from sp? to sp®. However, the 2° KIE at proline of 0.85 + 0.03 measured by Ashley

Mullins indicated that the proline nitrogen rehybridizes from sp? to sp°.

kObs at varying Pinl concentrations

[| —®— Ac-FFp[d3]SPR-pNA 1
0.08 | —=— Ac-FFpSPR-pNA B

0.06

“ o 0.04

obs

0.02

0e 4
——y=-0.0027177 + 0.0031453x R=0.97348
—y =-0.0045347 + 0.0042264x R=0.97651

002 L
0 5 10 15 20 25

[Pin1] nM

Fig. 6.4. kops at varying Pinl concentrations. A calculated k../Kn, values of 4,230 mM* sec? for
Ac—Phe—Phe—pSer—Pro-Arg—pNA (Red line) and 3,150 mM™ sec™ for Ac-Phe—Phe—p[ds]Ser—
Pro—Arg—pNA (Black line). The ratio of ke/Km values for the unlabeled and labeled substrates
gave a 2° KIE value of 1.34 + 0.01 for a duplicated set of data. (Prepared with Kaleidagraph 4.3.)
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6.9 Discussion

The R-secondary isotope effect is strongly dependent on molecular geometric and steric
hindrance factors. We believe that the large magnitude 1.34 + 0.01 of our observed 2° KIE could
be the result of a steric hindrance factor. The deuterium-labeled atom was at the B-position of the
postulated nitrogen proline that undergoes from sp? to sp® hybridization, during the rate limiting
step transition state formation. During the cis-trans isomerization steps of the labeled substrate,
the cis conformation begins in a ground-state conformation in which the aC-H/D, and BC-H/D,
bonds at serine can sterically interfere with the carbonyl of the proline ring. In the transition
state, the steric interference is relieved, a loosening of the structure, which is more important for
the C-H than the C-D substrate. Since the proline N is B to the Ser a-CH/D, the magnitude of the
2° KIE at serine is in agreement with the earlier results for cyclophilin[158]. Further experiments
are necessary to confirm the identity of Pinl residues that facilitate the formation of a hydrogen

bond to the Pro-N during the rate-limiting step of proline cis and trans isomerization.
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Chapter 7
Conclusions

Pinl inhibition has been extensively studied as a viable approach for treating a large
number of diseases, such as cancer and Alzheimer’s disease, as well as organ transplant
rejection, allergies, and asthma [92, 93, 94, 108, 109, 110, 111, 112]. In efforts to identify
potential inhibitors of Pinl, two types of assays were used to identify inhibitors and/or ligands of
Pinl. We developed the enzyme-linked enzyme binding assay (ELEBA) for the identification of
Pinl WW domain ligands from a compound library. For the ELEBA, a peptide (-VPRpTPV-)
previously identified as specific for the Pin1 WW domain with a Ky value of 7.7 uM + 3.3 was
modified [32], and synthesized using solid phase peptide synthesis. The peptide was covalently
immobilized in a pre-activated DNA-binding 96-well plate [90]. Commercially available Pinl
chemically conjugated to horseradish peroxidase (Pin1-HRP) was used for chemiluminescent

detection of ligands that block the association of the WW domain with immobilized peptide[90].

Using the ELEBA, we measured binding constants for specific WW domain ligands, and
screened a small WW domain compound library of 315 pSer—Pro peptidomimetic designed and
synthesized by X. R. Chen and F. A. Etzkorn. Three ligands cis-D2, 02, and M18 were
identified as the better WW domain ligands. Using the ELEBA, relative competitive Ky values
for cis-D2, 02, and M18 were determined to be 263 + 6.4, 206 + 3.4, and 130 + 3.0 uM,
respectively. The Ky values for cis-D2, O2, and M18 were also measured using NMR by our
collaborators, Jill Bouchard and Jeffrey Peng (University of Notre Dame). Ky values for cis-D2,
02, and M18 were determined to be 88 + 8, 175 + 21, and 108 + 20 uM, respectively. NMR
titrations studies were performed using the full-length Pin1 at different concentrations of ligands.

Interestingly, chemical shift perturbation of Pinl catalytic residues was not observed during the
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titration studies, which indicates that ligands appear to bind selectively at the Pin1 WW domain.
The ELEBA is a noncatalytic binding assay for the identification of ligands that bind to the Pinl
WW domain. The assay is fast, selective, and amenable to screening ligand libraries, with the
potential for automation. The assay is advantageous over existing methods, because it selectively
identifies compounds that bind to the Pin1 WW domain, it uses small quantities of reagents, and
not antibodies, fluorescent labels, or radioactive labels are required. We would like to investigate
further, the effect of the ligands cis-D2, O2, and M18 on Pinl catalytic activity using our
coupled-proteolytic continuous assay. The determination of the ligand mode of inhibition, if any,
will provide the necessary evidence that the WW domain could be a regulatory site for Pinl, and

allosteric inhibition could represent a viable approach for the inactivation and study of Pinl.

We utilized a proteolytic-discontinuous assay for the identification of Pinl catalytic
inhibitors. For the assay, we synthesized a chromogenic substrate, Suc—Ala—Glu—Pro—Phe—
AMC. The substrate was synthesized in ten synthetic steps using solution-phase peptide
synthesis on a large scale (3.0 g). Pinl protein was purified from E. coli BL21-DE3. The
traditional Pinl continuous-catalytic assay was then adapted from 1.2 mL to a discontinuous
assay in a 50 pL total volume in aqueous buffer. Using the proteolytic-discontinuous assay, we
manually screened the small WW domain compound library of 315 pSer—Pro peptidomimetic.
From the screening, ligands D20 and K7 decreased more than 90% Pinl catalytic activity. We
would like to investigate further the ICsy values of pure D20 and K7 using our proteolytic-

continuous assay with 0.47 M LiCl-TFE.

For the investigation of the effect of Pinl catalyzed cis-trans isomerization of c-Myc
oncoprotein Thr58 and Ser62, | synthesized and characterized four peptides corresponding to the

c-Myc sequence. Peptides AC-LLPTPPLSPS-NH,, Ac-LLPpT58PPLSPS-NH,, Ac-
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LLPTPPLpS62PS—NH,, and Ac-LLPpT58PPLpS62PS—NH, were synthesized using solid phase
peptide synthesis, purified by RP-HPLC, and characterized by NMR and LC-MS. NMR
isomerization studies were performed by our collaborator Dr. Jeffrey Peng (University of Notre
Dame). Preliminary data showed that Pinl binds and isomerizes the Ac-LLPpT58PPLSPS—NH,
at the pThr58. Recently, we purified more doubly phosphorylated Ac-LLPpT58PPLpS62PS—

NHo,, since peptide precipitation with Pinl was observed with the initial batch.

The secondary kinetic isotopic effect (2° KIE) to study the Pinl catalytic mechanism of
proline isomerization was measured. We synthesized and characterized Ac—Phe—Phe—pSer—Pro—
Arg—pNA (unlabeled) and Ac—Phe—Phe—p[ds;]Ser—Pro—Arg—pNA (labeled) substrates. The ratio
of kn/kp for unlabeled and [ds]-labeled substrate gave a 2° KIE value of 1.34 + 0.01. The
magnitude of the SKIE value indicates that serine-carbonyl hybridization is not changing from
sp® to sp®, but suggests that the prolyl nitrogen rehybridizes from sp® to sp® in the rate-limiting
step transition state. This result supports previous inhibitor, d,-Pro labeled substrate and solvent
2° KIE results for Pinl, that suggest a twisted-amide mechanism assisted by a transient hydrogen

bond in the transition state.
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Appendix A

Supplementary Material for Enzyme-linked enzyme binding assay for Pinl
WW domain ligands

Characterization of Peptides

Characterization data for H-GGGGVPRpTPVGG-NH; 1
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Fig. S1. '"H NMR spectrum of ligand 1 in DMSO-ds, some characteristic amide-protons
exchange at 7-9 ppm, the six a-protons of the peptide core are observed at 4-5 ppm, and the
valine methylenes were observed at 0.9-0.7 ppm.
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Fig. S2. *H NMR in CDsOD of ligand 1. The complete deprotection of the OBzl from phospho-
Thr side chain was confirmed by the absence of aromatic protons at 7-9 ppm. The amide-protons
were not observed at 7-9 ppm due to exchange. The six a-protons of the peptide core overlap at
4.8-4.4 ppm, and the two valine methylene doublets appear at 0.9-0.7 ppm.
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Fig. S3. LC-MS total ion chromatogram of ligand 1. The peak at 13.25 min had the correct
molecular mass (See Fig. S4).
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Fig. S4. MS with electrospray ionization (ESI+) showing the fragmentation pattern for ligand 1.
The LC peak from 13.20-13.35 min was selected for molecular ion detection, identifying [MH]+
=1089.7 m/z and [MH]2+ = 545.4 m/z.
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Fig. S5. Analytical HPLC of ligand 1 using a Waters C18 XBridgeTM 2.5 um, 4.6 x 50 mm
column, with 5% CH3CN/H,0 for 2 min, then 5% to 50% gradient over 15 min showed a major
peak at 14.2 min, 91.2% pure.
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Analytical characterization of Fmoc-VPRpTPVGGGK-NH; 2
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Fig. S6. 'H NMR in CD30D of ligand 2. The 13 o-protons of the peptide overlap at 4.8 - 3.6

EX: s2pul
ppm, aromatic protons of the Fmoc group were observed at 7-9 ppm, and the two valine

metr;ylene doublets appear at 0.9-0.7 ppm
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Fig. S7. LC-MS total ion chromatogram of ligand 2. The peak at 14.04 min had the correct
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Fig. S8. MS with electrospray ionization (ESI+) showing the fragmentation pattern for ligand 2.
The LC peak from 13.73-14.45 min was selected for molecular ion detection, identifying [MH]+
=1268.7 m/z and [MH]* = 634.9 m/z.
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Fig. S9. Analytical HPLC of ligand 2 using an XBridgeTM BET130 3.5 um C18 4.6 x 50 mm
column, with 5% CH3CN/H20 for 2 min, then 5% to 80% gradient over 5 min, showed a major
peak at 4.3 min, 96.2% pure.

Characterization data of Ac-VPRpTPV-NH; 3
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Fig. S10. *H NMR in CDs0OD of ligand 3. The six a-protons of the peptide core overlap at 4.6-
4.4 ppm, the B and y-ethyl groups of the Arg side chain at 1.4-1.3 ppm, and the two valine
methylene doublets appear at 1.0-0.9 ppm.
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Fig. S11. LC-MS total ion chromatogram of ligand 3. The peak at 15.32 min had the correct
molecular mass (See Fig. S17).
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Fig. S12. MS with electrospray ionization (ESI+) showing the fragmentation pattern for ligand 3.
The LC peak from 15.20-15.54 min was selected for molecular ion detection, identifying [MH]+
=789.4 m/z and [MH]2+ = 395.3 m/z.
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Fig. S13. Analytical HPLC of ligand 3 using a Waters C18 XBridgeTM 2.5 pm, 4.6 x 50 mm
column, with 5% CH3CN/H20 for 2 min, then 5% to 60% gradient over 5 min, then 60% for 4.5
min, showed a major peak at 5.48 min, 91.7% pure.
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Analytical characterization of Ac-LPTPPLSPS-NH, 4
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Fig. S14. 'H NMR in CD;0OD: DMSO (4:1) of ligand 4. Leucine side chains were observed at
0.9-0.7 ppm, protons of the nine a-protons of the peptide overlap at 4.9-4.0 ppm.
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Fig. S15. LC-MS total ion chromatogram of crude ligand 4. The peak at 13.75-14.5 min had the
correct molecular mass (See Fig. S21 and S22).
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Fié. S16. MS with electrospray ionization (ESI+) showing the fragmentation pattern for ligand 4.
The LC peak from 13.75-14.50 min was selected for molecular ion detection, identifying [MH]+
=949.54 m/z and [MH]2+ = 475.4 m/z.
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Fig. S17. Analytical HPLC of ligand 4 in using a linear gradient of 10% to 40% CH3CN/H,0
over 15 min showed a major peak at 8.5 min, 84.5% pure.

Optimization of Pin1-HRP concentration

The Pin1-HRP concentration was varied to optimize conditions for the ELEBA. The plate
was treated with 2.8 mM ligand 1 (100 pL/well) as described in Materials and Methods. For

ELEBA assays, 200 pM of Pin1-HRP was chosen (Fig. S18).
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Fig. S18. Calibration curve to optimize Pin1-HRP concentrations. Assays were performed in
duplicate with standard deviations shown as error bars. (Prepared with Kaleidagraph 4.3.)
Reuse of the 96-well microtiter plate with covalently bound ligand

150

200

The ability to reuse the 96-well plate with covalently bound NH,-GGGGVPRpTPVGG-
NH; 1 was tested. After one assay, the plate was rinsed with H,O and wash buffer 3 times each.
The plate was dried under high vacuum overnight, and the plate was treated with blocking buffer
overnight before reassay. A decrease in sensitivity of ~17% in comparison with a new plate is
probably a consequence of the quenching with 2N H,SOy in the first assay. Strong acid treatment
of the plate surface is likely to cause PB-elimination of phosphate from Thr side chain.

Nonspecific binding (NSB) remained similar for the new and the used plate (Fig. S19).
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Fig. S19. 96-well DNA-BIND™ plate with covalently bound NH,~GGGGVPRpTPVGG-NH, 1
after one assay to show re-usability of the plate. (Prepared with Kaleidagraph 4.3.)

Computer modeling of ligand 1

The Pinl crystal structure in complex with the RNA Polymerase C-terminal domain-
peptide (CTD) was obtained from the RCSB-Protein Data Bank (PDB ID: 1F8A) [32]. The
peptide, H-GGGGVPRpTPVGG-NH; 1, was built by mutating amino acids of the CTD-peptide
sequence (chain C), partial charges were assigned with Gasteiger and Marsili, and the complex
within an 8.0 A radius of the ligand was minimized using the force field, Amber FF02, in a water
dielectric field, with a gradient end point of 0.1 kcal/mol energy using SYBYL 8.1., Tripos, Inc.

(Fig. S20).
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Fig. S20. Molecular model of Pinl in complex with H-GGGGVPRpTPVGG-NH, 1, and
minimized using Sybyl 8.1.1 (Tripos, Inc.). The electrostatic potential (EP) of Pinl surface
indicates sites of attractive interactions with ligand 1 by matching opposite colors. The color
ramp for EP ranges from red (most positive) to purple (most negative). The model showed that
the glycine residues did not disrupt the binding of ligand 1 in the WW domain site of Pinl.
(Prepared with Sybyl 8.1.)

Effect of buffers in the ELEBA

Three buffers commonly used in Pinl catalysis assays were tested to investigate their
effect on Pin1-HRP affinity for WW domain ligand 3 without NaCl (Fig. S21). Pin1-HRP was
incubated with or without 130 uM of ligand 3 for 1 h at room temperature with orbital shaking.
The buffers used in the ELEBA were tested at pH values + 1 their respective pKa values, with
150 mM NaCl (Fig. S22). The most suitable buffer for the ELEBA was PBS with 150 mM NaCl

at pH 7.3 to prevent Pin1-HRP nonspecific binding (NSB) with the plate surface.
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OD at 450 nm

Fig. S21. Buffers commonly used in Pinl catalysis assays were tested to investigate their effect
on Pin1-HRP affinity for WW domain ligand 3 without NaCl. Pin1-HRP binding to covalently
immobilized ligand 1, with ligand 3 at 130 uM in solution, and nonspecific binding without
ligand 1 on the plate, mean of N = 3 with standard deviation shown as error bars. (Prepared with

Kaleidagraph 4.3.)

OD at 450 nm

Fig. S22. The pH value of PBS buffer was optimized for Pinl1-HRP binding to covalently

immobilized ligand 1, with ligand 3 at 130 uM in solution, and nonspecific binding without
ligand 1 on the plate, mean of N = 3 with standard deviation shown as error bars. (Prepared with

Kaleidagraph 4.3.)
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Addendum: Additional experiments supporting the development of the ELEBA.

Analytical characterization of NH2-GGGGPPGpSPPGG-NH; 5
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Fig. S23. "H NMR in CDsOD of ligand 5. Glycine side chains were observed at 4.0-3.5 ppm,
protons of the five a-protons of the peptide at 4.9-4.5 ppm.
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Fig. S24. MS with electrospray ionization (ESI+) showing the fragmentation pattern for ligand 5.
The LC peak from 12.47-13.12 min was selected for molecular ion detection, identifying [MH]+

=085.49 m/z.

Decreasing Pinl affinity for ligands 1 and 2

To explore a weaker ligand, we synthesized NH,-~GGGGPPGpSPPGG-NH; (5), which

corresponds to the cell cycle kinase Mytl at the pSer416-Pro4l17 position. Fluorescence

anisotropy has shown that the Pinl WW domain binds the PPGpSPP sequence, with an affinity

of 126 uM for the WW domain, and no detectable binding to the PPlase domain (Table 3.1). We
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were unsuccessful in detecting UV-Vis absorption at 210 and 220 nm for ligand 5. Therefore, we
used crude peptide for plate immobilization according to the DNA-BIND™ microtiter plate
specifications. The desired sequence was confirmed by LC-MS 14 min, calcd. for C3gsHgoN13016P
[M + H]+ m/z = 985.4, found m/z = 985.4(Fig. S24). The affinity of Pin]1-HRP for ligand 5 was
measured as described as for ligand 1 and 2 [90]. Results showed that the affinity of Pin]1-HRP
for the plate-linked ligand 5 was weak, as evidenced by the fact that the Pinl-HRP was removed
from the plate during washing (Fig. S25).

Pin1-HRP affinity for plate-linked

ligands
25 ~ . , , , : : . . : =

M Ligand1
Ligand 2
Ligand 5

OD at 450 nm

Plate linked-ligands
Fig. S25. Decreasing Pin]1-HRP affinity for plate-linked ligand 1 and 2. Data for for N = 3 with
standard deviations shown as error bars. (Prepared with Kaleidagraph 4.3.)
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NMR binding studies for Ac-VPRpTPV-NH; , 3

We asked our collaborator, Jeffry Peng, University of Notre Dame to measure the Ky
value for the Ac—-VPRpTPV-NH; 3. NMR titration was performed with the isolated Pin1 WW
domain (wwe6) in a 20 mM phosphate buffer containing 30 mM NacCl, and 0.03% NaN3 pH 7.0 at
278K in a 700MHz NMR spectrophotometer. The K4 value was determined by fitting chemical-
shift perturbations of 2D cross-peaks as a function of added peptide by using Argl4 as a reliable
marker. A Ky value of 3.7 £ 0.3 uM was determined, indicating that peptides not labeled with a
rhodamine flourophore were able to conserve the necessary elements to bind the Pin1 WW
domain with high affinity, as previously reported (Fig. S26) [32, 126]. A direct comparison
between currently-used methods for determining the dissociation constants for ligands binding to
Pinl and the ELEBA was not established due to the fact that ELEBA is a competitive-binding
assay. In other words, since two ligands are competing for the same receptor-binding site, we do
not determine a single ligand-receptor association or dissociation. The resulting 30-fold
difference between ELEBA and NMR Ky values that we identified is likely due to different
experimental conditions, such as ionic strength, pH, and buffer, as previously reported (Table
S2.1) [41, 87, 127]. Moreover, ligands used for ELEBA are susceptible to pH and ionic strength
changes because of the ionization state of the Arg guanidine and the phosphorylated-Thr. Indeed,
previous experimental data have shown that Pinl PPlase activity and binding affinity for

phospho-substrates is affected by high ionic strength [25, 87].
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NH Binding Isotherms of '°N/'H WW Domain During VPRpTPV Titration
278K 16.45T: Buffer = 20mM Pi, 30mM NaCl, G_OS%NaNS, pH 7.0

025 T | T | T | T | T | T | T | T | T | T | T | T
L o s -@
¢ . - & -7 * ’- _‘
o
0.2— - |
.,' & Amgld
i ¢ — Arg14FIT-K,=35+-0.3uM |
/ B Met15
e ; —— Met15FIT:K,= 3.8 +/-0.3 uM
g 015 . & Serls 7
a .. —.- SerlBFIT-K, =37 +/-0.2uM
— L 1 —
T :
z .I
S 01! —
i
- J. —
;

L./E

tot —tot
Fig. S26. NMR binding studies for Ac—VPRpTPV-NH, 3. The backbone & amide proton
mobility of Argl4 was used to calculate the binding constant. Truncated WW domain (wwe6):

ligand 3 molar ratio titration curve.
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Table S2.1. Binding affinities (Kgy) for WW domain libraries screened by a variety of

methods.
Peptides Kg UM Buffer Method Titration Ref.
WFYpSPFLE 1 50 mM Hepes, 2% fluorescence Vary [WW domain] Luetal.
(Pintide) Glycerol, and 100 mM NaCl at pH polarization 0.1 uM of ligand 1999[41]
7.4
WFYpSPFLE 44 25 mM HEPES-Na*, 1 mM DTT, fluorescence Vary Verdecia et al.
and 100 mM NaCl at pH 7.5 anisotropy [WW domain] 2000[32]
WFYpSPFLE 323 50 mM phosphate buffer, 5 mM NMR 100 uM Pinl Wu et al.
DTT, 0.03% NaNs3, and 10% 0.5-2 mM ligand 2009[127]
D20/H,0, 300K at pH 6.5
WFYpSPFLE 200-400 100 mM imidazole, 5 mM DTT, NMR Vary WW domain (0.5, Jacobs et al.
100 mM NaCl 0.03% NaN3, and 0.2,0.1,0.05, and 0.02 2003[88]
10% D20/H,0, at pH 6.6 mM )WW domain :
ligand 1:4
EQPLpTPVTDL 2.2 50 mM Hepes, 100 mM NaCl and fluorescence Vary [WW domain] Luetal.
(Cdc25C) 2% glycerol,295K, at pH 7.4 polarization 0.1 uM of ligand 1999[41]
EQPLpTPVTDL 8 30 mM imidazole-ds, 0.03% NaNs, NMR 50 uM Pin1, Peng et al.
1 mM DTT-dyo, 30 mM NaCl, and 2 mM ligand 2009[159]
10% D,0O/H,0, at pH 6.6
EQPLpTPVTDL 120 30 mM imidazole-ds, 0.03% NaNs, NMR 0.37 mM Pin1, Namanja et al.
5 mM DTT-dy, 30 mM NaCl and 3 mM ligand 2007[27]
10% D,0/H,0,, 295K, at pH 6.6
EQPLpTPVTDL 117 50 mM deuterated Tris.HCI, 100 NMR 1 mM of WW domain Wintjen et al.
mM NacCl, 285K, at pH 6.4 with 0.0 to 4.5 mM 2000[87]
ligand
EQPLpTPVTDL 29 50 mM deuterated Tris.HCI, 285K, NMR 1 mM of WW domain Wintjen et al.
atpH 6.4, with 0.0 to 4.5 mM 2000[87]
ligand
rhodamine— 7.7 25 mM HEPES-Na", 100 mM NaCl fluorescence Vary Verdecia et al.
VPRpTPV and 1 mM DTT, atpH 7.5 anisotropy [WW domain] 2000[32]
Ac-VPRpTPV- 3.6 20 mM phosphate, 30 mM NaCl NMR Vary [WW domain] Peng et al. 2009
NH; and 0.03% NaN3;, 278K, at pH 7.0 31uM starting [ligand] (Unpublished
results)
Ac-VPRpTPV- 110 15 mM sodium phosphate, 2 mM ELEBA Vary [ligand] Mercedes et al.
NH; potassium phosphate, and 150 mM 200 pM Pinl-HRP 2010 [90]
NaCl, 298K, at pH 7.3
Ac-VPRpTPV- NSB 15 mM sodium phosphate, 2 mM ELEBA Vary [ligand] Mercedes et al.
NH; potassium phosphate, 298K, at pH 200 pM Pin1-HRP 2010 [90]
7.3
Fmoc— 36 15 mM sodium phosphate, 150 mM ELEBA Vary [ligand] Mercedes et al.
VPRpTPVGGK- NaCl and 2 mM potassium 200 pM Pinl-HRP 2010 [90]
NH, phosphate, 298K, at p3 7.4
rhodamine- 10 25 mM HEPES-Na", 100 mM fluorescence Vary Verdecia et al.
YpSPTPSPS NaCl, and 1 mM DTT, at pH 7.5 anisotropy [WW domain] 2000[32]
(CTD)
YpSPTPSPS 200 100 mM imidazole, 100 mM NacCl, NMR Vary WW domain (0.5, Jacobs et al.
5 mM dithioerythritol, 0.03% NaNs, 0.2,0.1,0.05, and 0.02 2003[88]
and 10% D,0/H,0, 300K, at pH 6.6 mM )WW domain :
ligand 1:4
WFYpSPFLE 1 50 mM Hepes, 2% fluorescence Vary [WW domain] Luetal.
(Pintide) Glycerol, and 100 mM NaCl at pH polarization 0.1 uM of ligand 1999[41]
7.4
WFYpSPFLE 44 25 mM HEPES-Na*, 1 mM DTT, fluorescence Vary Verdecia et al.
and 100 mM NaCl at pH 7.5 anisotropy [WW domain] 2000[32]
WFYpSPFLE 323 50 mM phosphate buffer, 5 mM NMR 100 pM Pinl Wau et al.
DTT, 0.03% NaNs, and 10% 0.5-2 mM ligand 2009[127]

D20/H,0, 300K at pH 6.5
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Appendix B

Supplementary material for ELEBA for the screening of pSer—Pro ligand
library
Primary screening of competitive binding of pSer—Pro dipeptides was measured at 600 uM with

plate-linked Fmoc—VPRpTPVGGGK-NH; (L1). Acid N and P did not couple during the
synthesis.
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Fig.S27. The chemical shift perturbations demonstrate localized binding to the WW domain of
Pinl. Eleven residues from the WW domain (K13, R14, M15, S16, G20, R21, A31, S32, Q33,
W34, and E35) consistently reported perturbations upon ligand addition, versus one PPI residue
(K132, Table S28). Data were obtained by Jill Bouchard and Jeffrey Peng (University of Notre

Compare: Y-axis: NMR-hsqc K, valuesk, X-axis: ELEBA K values (no errors given)

note: error estimates on NMR K ;s based on excluding first set of outliers
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Dame).
Residue |  Pinl +D2ecis Pinl + D2-trans Pinl + M18 Pinl + 02 ACVPRATPY NH,
Kd(M) Enor@ |Kd(d) Enor@ |Kd(M) Enor@ |Kd(M) Emor@® |KA@M) Emor(
K13 9285 159  |1367 540 |10l 3% 20954 1626 |235 136
R14 7638 186  |14478 955 [s686 286  |164%2 1503|316 048
M 24 390 20039 1147 |10969 492 16438 3435 |34 034
s16 £504 164  [20488 493 |10106 324  |20985 746  |254 165
G20 9227 12 |17702 498 |13846 395 1841 215 |2: 100
R21 977 103 |20267 900 [972  amam  |16709 277|327 066
A3l 10855 187  |18283 613  |10036 589 | 125 647|764 032
s32 2003 133|101 614 [10245 38 |1sess 304|607 031
Q33 8633 145 2816 1179|3316 331 17516 215|309 064
W34 M 137 |77 ser |13186 419 |2s65  4s 4645 3015
WE |74 155 16824  S46  |1409 416 | 18900 302 (4645 3015
E35 ©275 152|165 39  [1115  1n 18079 309  |1045 691
K132  |39901 458  |66585 3891  |39167 8308 |4545 9693 |NA  NA
Global  [383 80 181 74 108 2 173 21 50 5.5
ELEBA | 250 740 125 250 110

Fig.S28. Representative residues included those that consistently reported chemical shift
perturbations across all titrations with ligands. Global Ky values are the average of all residue-
specific Ky values, removing any outliers above 1 RMSD, and recalculating the remaining

average. Data were obtained by Jill Bouchard and Jeffrey Peng (University of Notre Dame).
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Appendix C

PPlase catalytic assay for the identification of Pinl inhibitors
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Fig. S29. "H NMR of Boc-Phe-AMC.
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Fig. S30. "H NMR of Boc-Pro-Phe-AMC.
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Fig. S.31. "H NMR of Boc-Glu(OBn)-Pro-Phe-AMC (major isomer).
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Fig. S33.'H NMR of Boc-Ala-Glu(OBn)-Pro-Phe-AMC (major isomer).
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Fig. S34. "H NMR of Boc-Ala-Glu(OBn)-Pro-Phe-AMC (minor isomer).
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Fig. S35. 'H NMR of Suc-Ala-Glu-Pro-Phe-AMC (major isomer).
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Fig. S.36. "H NMR of Suc-Ala-Glu-Pro-Phe-AMC (minor isomer).
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Fig. S37. FAB+ molecular ion detection for major isomer, calcd. for C3gHs1Nsoll [M + H]+ m/z
=720.3, found m/z = 720.3.

Fig. S38. FAB+ molecular ion detection for minor isomer, calcd. for C3sH41N5011 [M + H]+ m/z
=720.3, found m/z = 720.3.
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Fig. S41. SDS-PAGE image stained with Comasie Brillant Blue-G250: M =Molecular Weight
Marker, L = lysate load, F = flow-through, lines 1-4 = washed with wash buffer (4 mL x 4, 0.5
mM Tris at pH 8.0). 1-3 = elution of His6-Pinl with elution buffer (3 mL x 3, 250 mM

imidazole, 500 mM NaCl, 20 mM Tris at pH 7.9).
BSA standard curve

04 —————1——— T

—y =-0.0047333 + 0.007391x R= 0.99905
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0.35 |-
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Fig. S42. Bradford Assay for the concentration determination of Pinl:

30

40

50

standard curve was

created with vary concentration of Bovine Serum Albumi (BSA, 3 mg/mL stock solution) in 250
pL of protein assay dye reagent (Bio-Rad, 500-0006) and volume was completed with water to a
final volume 350. pL. The Absorbance was recorded at 595 nm. 1.2 mg/ mL of Pinl was

obtained in 4 mL of 20 mM HEPES with 100 mM NacCl at pH 7.5.
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Fig. S43. Analytical HPLC co-injection of both isomers.
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Fig. S44. UV-Vis spectra were measured to ensure the integrity of the AMC.
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Fig S.45. HPLC of methylated-side products for major isomer, showed four major peaks. Suc-
Ala-Glu-Pro-Phe-MCA at 13.5 min, ESI+ showed [MH]" = 720.3 m/z. Suc-Ala-Glu(OMe)-Pro-
Phe-MCA and Suc(OMe)-Ala-Glu-Pro-Phe-MCA at 14.1 and 14.3 mins, ESI+ showed
constitutional isomers with [MH]" = 734.3 m/z, respectively. Suc(OMe)-Ala-Glu(OMe)-Pro-Phe-
AMC at 15.1 min, ESI* showed [MH]" = 770.3 m/z.
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Fig. S46. Pinl PPlase assay with 100 uM of pSer—Pro ligands, DMSO was used as negative
control, and Fmoc-pS—Y[CH2N]-P-2-(3-indolyl)-ethylamine (1) was used as positive control.
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Fig. S47. Pinl PPlase assay with 100 uM of pSer—Pro ligands, DMSO was used as negative
control, and Fmoc-pS—Y[CH2N]-P-2-(3-indolyl)-ethylamine (1) was used as positive control.
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Fig. S48. Pinl PPlase assay with 100 uM of pSer—Pro ligands, DMSO was used as negative
control, and Fmoc-pS—¥Y[CH,N]-P-2-(3-indolyl)-ethylamine (1) was used as positive control.
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Fig. S49. Pinl PPlase assay with 100 uM of pSer—Pro ligands, DMSO was used as negative
control, and Fmoc-pS—¥[CH,N]-P-2-(3-indolyl)-ethylamine (1) was used as positive control.
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Fig. S50. Raw data of 100 uM pSer—Pro ligands with aromatic moieties for the measurement of
possible signal interferance at Emggs/EXg460 NM. DMSO was used as negative control, and new
Fmoc-pS—¥[CH,N]-P-2-(3-indolyl)-ethylamine (NI) was used as positive control.
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Fig. S51. Quenching chymotrypsin with 2 mM phenylmethanesulfonylfluoride (PMSF) in
100% 2-propanol. No PMSF added (Top curve). PMSF partially inactivated chymotrypsin by
pipetting up and down of the quenching solution (middle curve). PMSF inactivated
chymotrypsin instantly with the proper mixing of the sample by inversion of the cuvette three
times (bottom curve).
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Appendix D
Nuclear magnetic resonance studies of Pinl with ligands

Ligands characterization
}\ -~

LLPT PPLS F

——

Fig. S52. Water-suppression '"H NMR of Ac-LLPTPPLSPS-NH, in (D;O:H,O 1:1), some
characteristic amide-protons exchange at 7-8.5 ppm, the a-protons of the peptide core are
observed at 4-5 ppm, and the leucine methyls were observed at 0.9-0.7 ppm.
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Fig. S53. RP-HPLC of Ac-LLPTPPLSPS—NH,with 0.1% TFA in 10 to 35% CH3CN/H,0

gradient over 15 min showed a major peak at 8.5 min.
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Fig. S54. FAB+, calcd. for CsoHgsN11017P [M+H]" m/z = 1142.2, found m/z = 1143.3.
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Fig. S55. Water-suppression "H NMR of Ac-LLPTPPLpSPS-NH, in (D,0:H,0 1:1), some
characteristic amide-protons exchange at 6.9-8.5 ppm, the a-protons of the peptide core are
observed at 3-4 ppm, and the leucine methyls were observed at 0.9-0.7 ppm.
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Fig. S56. RP-HPLC of Ac-LLPTPPLSPS-NH2 with 0.1% TFA in 10 to 55% CH3CN/H,0O
gradient over 26 min showed a major peak at 17 min.
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Fig. S57. LC-MS calcd. for CsoHgsN11017P [M+H]* m/z = 1142.2, found m/z = 1142.6, [M+H]**
m/z = 1164.7, [M+Na]" m/z = 571.9.
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Fig. S58. Water-suppression 1H NMR of Ac-LLPpTPPLSPS-NH2 in (D20:H20 1:1), some
characteristic amide-protons exchange at 7-8.5 ppm, the a-protons of the peptide core are
observed at 4.3-5 ppm, and the leucine methyls were observed at 0.9-0.7 ppm.
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Fig. S59. RP-HPLC of Ac-LLpPTPPLSPS-NH, with 0 in 10 to 30% CH3CN/H,O gradient over
12 min showed a major peak at 7.5 min.
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Fig. S60. FAB™, calcd. for CsoHgsN11017P [MH]™ m/z = 1143.2, found m/z = 1143.3.
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Fig. S61. Water-suppression "H NMR of Ac—LLPpTPPLpSPS—NHg in (D,0:H,0 1:1), some
characteristic amide-protons exchange at 7-8.5 ppm, the a-protons of the peptide core are
observed at 3.8-5 ppm, and the leucine methyls were observed at 0.9-0.7 ppm.
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Fig. S62. LC-MS calcd. for C50H85N11020P2 [M+H]+ m/z = 1221.5, found m/z = 1222.7,
[M+H]2+ m/z = 1244.6, [M+Na]+ m/z = 611.3.
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Fig. S63. Water-suppression 'H NMR of Ac-FFpSPR-NH, in (D,O:H,O 1:1), some
characteristic aromatic-protons of phenylalanine at 7.3 ppm, the a-protons of the peptide core are
observed at 4-5 ppm.
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Fig. S64. LC-MS total ion chromatogram of Ac—FFpSPR—NH,. The peak at 16.45 min had the
correct molecular mass (See Fig. S65).
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Fig. S65. LC-MS calcd. for C34H4gNgO10P [M+H]+ m/z = 774.3, found m/z = 774.4[89].
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Appendix E

Toward the understanding of Pinl catalytic mechanism by using kinetic
isotopic effect studies
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Fig. S.68. LC-MS total ion chromatogram Ac—Phe—Phe—pSer—Pro—Arg—pNA. The peak at 12.60
min had the correct molecular mass (See Flg 569)
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Fig. S69. MS with electrospray ionization (ESI”) showing the molecular ion for Ac-Phe—Phe—
pSer—Pro—Arg—pNA. The LC peak from 12.6 min was selected for molecular ion detection,

identifying [MH]" = 895.3 m/z.
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Fig. S.71. LC-MS total ion chromatogram AE—ﬁhé—Phe—p[dg]Ser—Pro—Arg—pNA. The peak at
12.55 min had the correct molecular mass (See Fig. S72).
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Fig. S72. MS with electrospray ionization (ESI") showing the molecular ion for Ac—Phe—Phe—
p[ds]Ser—Pro—Arg—pNA. The LC peak from 12.55 min was selected for molecular ion detection,

identifying [MH]" = 898.3 m/z.
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